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ABSTRACT 

This report summarizes research on the application of diffusion-bonded 
GaAs for high power quasi-phasematched nonlinear frequency conversion 
in the infrared (IR). Research focused on development of material 
processing methods. Microstructural, microchemical and optical 
characterization techniques were employed to analyze the nature of defects 
found at the wafer interfaces, and within the bulk material; strategies for 
minimizing them were developed. The resulting advances in processing 
technology reduced mid-IR optical losses in diffusion-bonded GaAs stacks 
by over an order of magnitude, to less than 0.2% per interface. This is 
within the range required to make practical pulsed nonlinear infrared devices 
such as CO2 doublers. Further reductions in optical losses, required for 
high average power cw IR applications, appear possible. 
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Diffusion-Bonded Nonlinear Materials 
for Practical Quasi-Phase-Matched Mid-IR Devices 

Robert L. Byer 
Principal Investigator 

I.    Introduction 

High-average-power coherent sources are needed throughout the infrared, 

especially in the 3 to 5-urn region, where atmospheric windows will permit remote 

sensing, and military countermeasures. Nonlinear frequency conversion of existing lasers 

can provide these sources. Optical parametric oscillators (OPO's) are attractive because 

they can provide output tunable over a wide range; however, currently available infrared 

(IR) nonlinear materials, e.g. the chalcopyrites AgGaS2, AgGaSe2, and ZnGeP2, are 

limited by low surface damage thresholds, large absorption coefficients, or low thermal 

conductivity. GaAs and ZnSe have high thermal conductivities and low absorption 

coefficients, and are widely used for windows and mirrors in high power IR laser systems. 

These cubic crystals also have large second order nonlinear susceptibilities; however, they 

cannot be birefringently phasematched, and, therefore, have not been used in practical 

frequency conversion applications. 

An alternative to birefringent phasematching is quasi-phasematching[l-3], where a 

periodic modulation of the nonlinear susceptibility compensates for the phase velocity 

mismatch between the interacting waves. Stacks of discrete plates at the Brewster angle 

have been used to quasi-phasematch second harmonic generation (SHG) in GaAs[4, 5]and 

CdTe[6], but reflection and scattering losses associated with the many interfaces in the air- 

spaced layers and the high indices of refraction, precluded wide-spread application in 

devices that would consist of 50 or more individual plates. 

Four years ago we proposed diffusion bonding as a means to reduce loss, and 

fabricate a practical monolithic device. Extensive modeling calculations and initial 

diffusion-bonding and non-linear conversion demonstrations were funded under ARO 

DAAL03-92-G-0400. Results were encouraging; however, losses remained excessive. 

With ONR support through the research program summarized here, and through CNOM, 

the Center for Nonlinear Optical Materials at Stanford (N00014-92-J-1903), we have made 



considerable progress in reducing optical losses in these structures, and we now believe 

continued development of high power diffusion-bonded-stacked (DBS) GaAs devices for 

quasi-phasematched (QPM) interactions is justified. Until additional funding can be 

developed, the research is being carried forward at a reduced level with ONR support 

through CNOM. 
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II.   Background 

QPM is achieved by a periodic modulation of the nonlinear susceptibility which 

compensates for the phase velocity mismatch between the interacting polarization waves, 

allowing efficient interactions in the absence of phase-velocity matching. Optimally, the 

modulation of the nonlinear susceptibility is a sign reversal, with a period L equal to twice 

the coherence length, Lc. The coherence length is the distance over which a K phase 

difference develops between the fundamental and the harmonic polarization waves, and is 

related to Ak, the wave vector mismatch due to material dispersion, by 

Lc = Ti/Ak,       where       Ak = k{   -   k2 -  k3   =  (niG^ - n2(ü2 - njoa^/c, 

where n is the refractive index, k is the wave vector, c is the speed of light in vacuum, and 

subscripts refer to quantities evaluated at the three interacting frequencies; we use the 
convention w\ > W2 ^ W3. For efficient QPM, one of the spatial harmonics Km= Inm/L 

of the periodically modulated medium must lie close to Ak, where m is an integer and is the 

order of the quasi-phasedmatched interaction. If this condition holds, quasi-phasematched 

nonlinear interactions behave similarly to conventionally phasematched nonlinear 
interactions, but with an effective wave vector mismatch MQ = Ak -Km, and an effective 

nonlinear susceptibility dm equal to the amplitude of the mth Fourier component of the 

nonlinear susceptibility. For odd-order QPM (m = 1, 3,...) with 50% duty cycle, dm= 

2deff-b /WTT, where deff-b is the effective nonlinear coefficient for the homogeneous bulk 

material. Detailed analyses of QPM appear in Refs.[2, 3]. 

The dispersion properties of some potential diffusion-bonded stacked (DBS) 

materials are shown in Fig. 1. These curves were generated using dispersion equations 

given by Pikhtin and Yas'kov[7]. The regions of low dispersion near the center of the 

curves indicate the useful spectral region for that material. The flatter the dispersion curve, 

the longer the coherence length, and the fewer bonds necessary for a given length of 

crystal. The coherence lengths determine the feasibility of the DBS structure. The longer 

the Lc, the easier the wafer is to polish and handle, and the more tolerent the final device is 

to absolute thickness errors. 
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Fig. 1.      Dispersion curves for III-V and II-VI semiconductors. 

fundamental wavelength (|a.m) 

Fig. 2.      Coherence lengths for second harmonic generation of the mid IR 

in  GaAs, GaP, InP, ZnSe, and ZnS. 

Second harmonic generation evaluates the nonlinear properties of new material, 

while avoiding problems of thresholds and loss which are critical for parametric generation. 

Coherence lengths for SHG, calculated from the dispersion relationships, are shown as a 

function of fundamental wavelength in Fig. 2. GaAs, ZnSe, and ZnS are attractive because 

of their long coherence lengths. Both ZnSe and GaAs have high damage thresholds at 10.6 

and 5.3 |im; however, single crystal ZnSe is not yet readily available. The coherence 

length for SHG of 10.6 p.m in GaAs is 106 |im and since two-side polished GaAs wafers 

300|im to 600 |im thick (third and fifth order QPM) are commercially available, the 

experimental component of the program was focused on that material. 
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Fig. 3.      Basic DBS structure in GaAs showing the layers of alternating 
nonlinear coefficients. 

Figure 3 shows a schematic of the basic DBS nonlinear structure. GaAs has 43/n 

symmetry which means that the maximum nonlinear coefficient occurs for radiation 

polarized along a <111> direction. {110} wafers were chosen for the nonlinear studies 

because they provide the maximum effective nonlinear coefficient for propagation normal to 

the input face. Adjacent wafers were rotated by 180° to alternate the sign of the effective 
nonlinear coefficient. 

Our early ARO-supported studies developed a diffusion bonding process similar to 

some two-wafer bonding techniques employed in the optoelectronic device industry [8-10]. 

DBS structures containing between 2 through 9 layers were bonded into monolithic units. 

Although the thickness of the layers was not optimal, we measured the relative SHG power 

for 2 through 9 layer DBS GaAs[l 1]. The agreement with the expected dependence on the 

number of layers demonstrated that DBS GaAs acts as a monolithic structure with a 

modulated nonlinear coefficient, providing phase coherent interaction. While we had 

verified that the nonlinear coefficient, and therefore the crystal lattice was unaffected by the 

bonding process, bonding was not always uniform; significant scattering was still present 

due to gaps and voids at the interfaces, and transmission losses were greater than 5% per 
layer. 
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III.   Diffusion Bonding Development 

Most of the process development and materials testing was carried out by bonding 

small stacks of two or three wafers. A variety of undoped and lightly doped GaAs wafers 

were used. They were all mechanical or epi-grade and polished on both sides. We were 

able to bond wafers regardless of their doping, alignment of the crystalline axes, and 

orientation: {100} to {100}, {110} to {110} and {110} to {100}. The quality of the 

bonded interfaces was evaluated by examining various physical properties: a) mechanical 

strength as evidenced by resistance to fracture under thermal shock and mechanical stress; 

b) absorption, scattering and wavefront distortion as observed interferometrically to 

measure optical quality; and c) microscopic uniformity as determined by examination of 

cleaved cross-sections using optical microscopy, scanning surface electron microscopy 

(SEM) and transmission electron microscopy (TEM). Most of our early bonds appeared 

adequate with respect to mechanical strength, and low-power planar transmission 

microscopic examination. We found numerous medium-to-small voids (2 - 0.2 um 

diameter), and thin gaps (approx. 0.2 urn) between the surfaces when we observed cleaved 

cross-sections under higher power microscopy or SEM. With the process improvements 

accomplished during the last program year (1995), significant improvements in uniformity 

and reductions in the defect density at the bonded interfaces were accomplished. We still 

find small voids (generally -0.2 urn in diameter) in varying densities, but improved 

pressure uniformity has virtually eliminated the -0.2 urn gaps at the interfaces. 

There are three stages to the diffusion bonding process developed during this 

program: preparation of the wafers, assembly of contacted stack, and high temperature 

annealing. During the last program year, significant improvements to the bonding process 

were made in all three areas. Commercial, epi-ready two-side polished gallium arsenide 

wafers were diced into 1-cm2 pieces using a diamond wafering saw. Thorough cleaning 

and degreasing were found to be critical to achieve well-bonded interfaces. A four-step 

cleaning sequence similar to that used in semiconductor processing was found to be 
effective: 

1) soap and de-ionized water 

2) trichloroethane 

3) acetone 

4) methanol or propanol. 

Prior to contacting, the diced wafers were etched to remove surface oxides using 

dilute concentrations of HF, HC1, or NH3OH. After the wafers were etched, they 

remained fully immersed in a solvent while they were assembled in the bonding fixture. 
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The stack was then pressed together to expel the excess liquid before being removed from 

the solution. Suitable solvents were: de-ionized water, methanol and propanol. 

Uninterrupted immersion minimized the chances of any particulates adhering to the 

surfaces, and slowed the regrowth of native surface oxides. 

During the annealing process the wafer surfaces are held together under pressure 

and elevated temperatures. There are three stages to the bonding process. Dipole-induced 

dipole or Van Der Waals bonds form when the surfaces are first brought together. This is 

commonly called optical contacting, and can be broken by rapid temperature cycling. As 

the wafers are heated under pressure, the bonding electrons will move between, and 

become shared between the two surfaces forming a chemical bond. These individual bonds 

are as strong as any bond in the GaAs crystal; however, no mass transport has occurred 

and therefore, no filling-in of void spaces has occurred. Any surfaces that were not 

atomically flat, will still have voids at their interfaces. During the final stage, there is a re- 

arrangement of the atoms by mass transport to fill the interfacial voids. This stage occurs 

more rapidly above the congruent evaporation point (640°C for GaAs, where As 

evaporating off the surface may permit the remaining Ga to rapidly diffuse to new 

positions). If the bonding is performed under an As overpressure, less As evaporates, and 

mass transport is much slower [12]. 

Interfacial Gaps and Voids 

To obtain perfect interfaces, it is necessary to eliminate all the gaps and voids 

created when surfaces which are not atomically flat are brought together. Voids can also 

trap gases and solvent residues between the wafers. Systematic modifications in the wafer 

bonding procedures were investigated to minimize the formation of these defects and the 

resultant optical scattering losses. Processing variations have been used previously to 

study interfacial defects found in the grain boundaries of polycrystalline ceramics [13-16]. 

These defects were eliminated by heat-treatment (mass transport) processes according to 

classical sintering theory [13]. Table I lists the alternate paths for mass transport during any 

sintering process. The dominant path(s) depends on the relative transport rates which are a 

strong function of temperature, time, vapor pressure of the materials involved, and total 

system pressure. To elucidate the sintering mechanisms in alumina, Rodel, Glaeser, and 

Powers[14-16] introduced interface voids of various shapes by bonding topographically 

patterned sapphire wafers to flat sapphire surfaces at elevated temperature. They found that 

mass was transferred from flat surfaces to fill in nearby corners which had the effect of 

"rounding out" the voids. The mass redistribution reduced both the cross-sectional area of 

the voids as well as their volume. 
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Table I.    Alternate paths for mass transport 

during the sintering process.[13] 

Mechanism 
Number Transport Path       Source of Matter    Sink of Matter 

1 Surface diffusion Surface Neck 

2 Lattice diffusion Surface Neck 

3 Vapor transport Surface Neck 

4 Boundary diffusion Grain boundary Neck 

5 Lattice diffusion Grain boundary Neck 

6 Lattice diffusion Dislocations Neck 

During the program described here, a similar approach (using a series of controlled 

interfacial voids) was used to investigate interfacial defect behavior during the wafer- 

bonding process. Artificial voids were introduced by bonding topographically patterned 

GaAs wafers to unpatterned wafers as shown in Fig. 4. In preliminary work, we 

measured the changes in the size, shape and structure of the voids as a function of the 

wafer-bonding process variables. It was found that the relative fraction of well-bonded 

areas, (total well-bonded area in void)/(original void area), in 800-Ä deep voids began to 

increase only when process temperatures exceeded 910 °C. We found that increasing the 

processing temperature above 910 °C and/or increasing the processing time improved the 

relative fraction of well-bonded areas. 

Photoresist 

(a) photoresist 
coating 

(d) photoresist 
removal 

i etching depth 
(100 A -5 Jim) 

(b) exposure 
GaAs Substrate 

flat GaAs 

(e) bonding patterned GaAs (c) wet etching 

Fig. 4.    Illustration of the steps in fabrication of artificial interfacial defects 

(i.e. voids). 



Following initial experiments, we carried out a more in-depth look at the effects of 

processing parameters on microstructure and optical quality. The processing parameters 

that were varied included bonding temperatures between 630-975°C, pressures of 0-25 Kg 

and time. Our earlier study of artificial voids was extended to include a range of depths 

between 100-1000Ä. Changes in the artificial voids were characterized by transmission 

optical microscopy (TOM) and high resolution transmission electron microscopy 

(HRTEM). 

We found that the relative fraction of well-bonded areas increased slowly with time, 

consistent with the relatively low diffusion coefficients of GaAs [17-19]. As mentioned 

previously, we found that the relative fraction of well-bonded areas in 800-Ä-deep voids 

did not start to increase until process temperatures reached 910 °C. Figure 5 shows 

transmission optical micrographs of wafers with 700-Ä-deep artificial voids bonded at 870 

°C and 910 °C, respectively. The dark regions seen in the photographs are unbonded areas, 

while the light regions are well-bonded. The relative fraction of well-bonded areas clearly 

increased with temperature, consistent with the fact that the diffusion constants increase 

with temperature [17-19]. The relative fraction of well-bonded areas in shallower 100-Ä- 

deep voids began to increase at 850 °C, and it increased as a function of time as well, as 

shown in Figure 6. 

CCD 
camera 

¥Z. 
GaAs 

IK 
interface 

light source 

(100) <110> 

light region 

dark region 

(a) (b) (c) 
100 fim 

Fig. 5. (a) Transmission optical microscope set-up and images of the 

interfacial voids ( 700 Ä deep ) after bonding at various 

temperature:(b) 870 °C and (c) 910 °C. 
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100 jan 

Fig. 6. Infrared transmission optical micrograph of artificial voids (100 

Ä depth) in GaAs wafers bonded at 850°C for various times: (a) 

2.5 hour and (b) 7.5 hour. 

Figure 7 is an HRTEM of a cross-section of the light region, or well-bonded part 

of the interface. On an atomic level the interface is very clean. Disordering exists for only a 

few atomic layers on either side of the interface. 

GaAs 

Interface 

Fig. 7.      Cross-sectional high resolution TEM of bonded wafers in light 

regions 
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Annealing Parameters 

During the annealing stage the interface and bulk device quality can be affected by a 

number of parameters. We have investigated variations in environment, bonding pressure, 

temperature and time. Below is a synopsis of our results. 

1) environment 

a) physical composition of the sample holder and anvils (spacers): 
- Bulk loss seem to be affected by the material in contact with the GaAs 

wafers during annealing. 
- Bulk loss may be affected by the porosity of the material in contact 

with the GaAs during annealing. 

b) composition of atmosphere: 
- No measurable distinction was found in the range of 0 to 20% H2 in 

N2. 
- No differences were observed using Ar instead of N2. 
- There may be some benefit in processing in As or Ga atmospheres, 

however, there are indications of these atmospheres inhibiting the 
bonding process[12]. 

c) atmosphere flow rate: 
- The bonding furnaces are typically operated in a slight over-pressure, 

purge mode. If purge rate is insufficient, oxygen can back-diffuse 
into the furnace forming an amorphous oxide coating on the sample. 

- If flow is too high, volatilized arsenic is swept away leaving an 
eroded Ga-rich outer surface. 

2) uniaxial bonding pressure 

a) magnitude: 
- Successful bonding has been observed at pressures from 0.2 to over 

50 kg/cm2. 
- A minimum pressure is necessary to maintain contact during 

processing, probably dependent on surface preparation and flatness, 
and processing temperature. 

b) uniformity/distribution: 
- Improved macroscopic pressure uniformity correlates with improved 

physical and optical uniformity of the bonds. 
- A technique has not been developed to assess the microscopic 

pressure uniformity and its influence on optical properties. 

3) temperature 

a) magnitude: 
- High quality bonds have been formed at processing temperatures 

between 700 to 975°C. 
- Interfacial defect size and density diminish as processing temperature 

increases; however, optical loss due to bulk absorption increases. 
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b) uniformity/distribution: 
- Temperature uniformity in our bonding furnaces is <±5°C across the 

sample at 850°C. 
- The use of high transverse temperature gradients was avoided in this 

study. However, it is possible that microscopic interfacial voids 
could be eliminated by a temperature gradient transport technique. 

4) time 

a) variable bonding pressures: 
- Uniaxial bonding pressures, controlled as a function of temperature 

and time, were employed during the annealing cycle to avoid 
exceeding the relatively low fracture strength of GaAs in its brittle, 
low temperature (<650°C) regime. 

- An appropriate pressure/time/temperature cycle may minimize frozen- 
in mechanical stress. 

b) heating and cooling rates 
- Heating and cooling rates affect residual stresses in semiconductor 

crystals, which will affect the bulk optical properties of diffusion 
bonded stacks. Slow heating/cooling rates (<200°C/hr) were used 
for the multi-layer stacks. 

- Quenching from elevated temperatures may offer a possible 
mechanism to freeze-in defect equilibrium distributions existing only 
at elevated temperatures. 

c) soak time: 
- Maximum bonding temperatures have been maintained for periods of 

0.5 to 19 hours. 
- Beyond a minimum time which is dependent on temperature, the 

properties at the bonded interfaces do not change significantly. 

-12- 



IV.   Furnace Design and Development 

With increased understanding of the bonding process, improved repeatability and 

optical quality were more easily obtained. Modifications of the furnace design have been 

necessary to implement techniques required for improved bonding. Three iterations in 

furnace design have been developed, evaluated, and employed during this program. 

The original furnace, illustrated in Fig. 8, was constructed using a four inch 

diameter quartz tube surrounded by a resistive heating element. Optically bonded samples 

are supported by anvils of graphite, alumina, or sapphire in holders fabricated from boron 

nitride or graphite. Weights are placed on top of the holder, and the assembly is slid into 

the oven on a graphite slab. Gas flow rate is 1 1/min. This oven provided stable, 

repeatable temperatures and a low gas flow rate adjacent to the samples. However, 

bonding pressure could not be applied uniformly, and it was not adjustable during the 

annealing procedure. 

d 

—t> 

Fig. 8. Original furnace used for bonding, (a) Sample holder, (b) Gas 

flow, (c) Weight, (d) Heating element and thermal insulation, 

and (e) Quartz tube. 

The second generation furnace illustrated in Fig. 9 addressed the problems 

encountered with the original furnace. The sample pressure was more uniform and was 

infinitely adjustable during the bonding process. It was lamp-heated to permit very rapid 

thermal cycling. Additionally, the tube was sealed and could be operated from 10-3 torr to 

atmosphere. 
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Fig. 9. Second generation wafer-bonding furnace, (a) This furnace 

provides rapid thermal cycling, and atmospheric pressure 

control, including vacuum. The sample holder (b) is inserted 

into the quartz tube. Pressure on the GaAs sample is adjustable 

to 10 kg/cm2 by the screw at the end of the sample holder. 

Typical wafer bonding processes included the following steps: 

1. Initial vacuum degassing at room temperature, 

2. Surface reduction by slowly heating up to 600°C in a pure H2 atmosphere under 

reduced pressure (0.06 atm.), 

3. Bonding under flowing H2(60 cc/min.)/N2(ll/min.) at atmospheric pressure and 

elevated temperature, and 

4. Post-processing cool-down at the rate of ~10°C/min.. 
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Details of the wafer-bonding process (temperature, compressive load, time, atmosphere, 

and heating/cooling rate) are illustrated in Fig. 10. 

Ü 
o 
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(0 >_ 
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load = 0 

■pureH2 ;| 
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T = 630 - 975 °C 

H2 60cc/min. 
tiffi'1'i'i'i'ifi't'itß. 

IN2 1 l/min. jl] 

jCompressive load = 0-25 Kg/cm 

Cooling rate: -10 °C/min 

P ~ 1 atm+ 
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T = 600 °C 
Turn off power 
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load = 0 
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Fig. 10.    Typical bonding cycle used with the second generation furnace. 
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A third generation furnace (Fig. 11) was 

designed and built to provide very uniform 

pressures up to 107N/m2 (100 kg/cm2). Quartz 

was used extensively in the construction of this 

furnace. The 32-mm-outside-diameter, 5-mm- 

wall tube (cl) is both the oven wall and the main 

structural member. The outer push pieces (al) 

are flat on the outer side and slightly convex on 

the inner side.   The inner push pieces (a2), 

which contact the sample or the spacers (a), are 

slightly smaller than the outer ones and are 

therefore free to tilt on the convex surfaces 

permitting a macroscopically uniform pressure 

to be applied to the sample. Pressure is 

transfered from the pneumatic piston (c) through 

the push rod (c4) to the push pieces. The tube 

(cl) is attached to the piston (c) by means of an 

aluminum ring and pins (c2).   The upper outer 

push piece is held in position by a spacer that is 

restrained by the top pin (c3). This furnace has 

very low thermal mass for rapid temperature 

cycling.    The pressure is applied from the 

outside, and can be adjusted at any point during 

the process. The furnace can maintain sample 
Fig. 11. The third furnace used . „ nnnn „ 

temperatures of up to 1000° C. 
for diffusion bonding. 

We have been able to produce samples with much more uniform bonds with both 

the second and third generation furnaces. However, we still observe very small (< 0.2 

U.m) voids uniformly distributed along the interface. The interface quality is much 

improved and very repeatable compared with that obtained from the original furnace 

design. Due to the furnace/holder design, however, the sample in the third generation 

furnace is exposed to higher gas flow rates than in the earlier two furnaces, and this leads 

to higher rates of arsenic loss and surface erosion. We are currently modifying the furnace 

seals to permit operation with no gas flow, or with the chamber under vacuum. 
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Table II.       Comparison of furnaces used in diffusion 
bonding studies 

Furnace model 1 2 3 

Pressure application weights spring pneumatic piston 

Pressure range (N/m2 = Pa) 0-105 0 - 3 x 106 0-107 

(kg/cm2) 0-1 0-30 1-100 

Pressure uniformity not uniform better uniformity very uniform 

Approximate gas speed at > 0.12 >0.49 2.3 

sample surface (mm/min) 

Heater type resistive wire lamps resistive wire 

Maximum heating rates 20 10 <15 

(minutes: 25 to 840°C) 

Maximum cooling rates 180 10 30 

(minutes: 840 to 25°C) 

Maximum temperature >1000 1000 1100 

(°Q 
Orientation horizontal horizontal vertical / horizontal 

Vacuum capability no yes yes 
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V.   Optical Transmission Loss 

Low absorption and scattering losses are critically important for quasi- 

phasematched nonlinear-optical applications of diffusion bonded stacked (DBS) 

semiconductor materials. Practical nonlinear devices will require stacks of 50 to 100 layers 

or more. An important component of this program was an investigation of the origin of 

scattering and absorption losses that result from the wafer bonding process. Figure 12 

illustrates two kinds of defects that were found to affect optical losses in bonded stacks of 

GaAs wafers: (1) bulk defects within individual wafers, and (2) interfacial defects 

between individual wafer surfaces. Bulk defects may include dislocations, vacancies, 

interstitials, anti-sites, precipitates, and impurities. Dislocations can be generated during 

wafer bonding by plastic deformation[20-22], while vacancies, anti-sites, interstitials and 

precipitates can be caused by incongruent evaporation of Ga and As from exposed 

surfaces. At typical processing temperatures, the evaporation rate of arsenic is higher than 

that of gallium[23, 24]. Impurities may originate from within the GaAs boule itself, or 

they may diffuse in from the wafer surfaces. Interfacial defects consist of gaps, voids and 

inclusions. They can be caused by incomplete bonding, surface irregularities, surface 

void 
inclusion 

[] O 

vacancy 

dislocation line 

interstitial 
precipitate 

impurity segregation 
(around dislocation) 

(a) Interfacial (b) Bulk 

Fig. 12. Schematic illustration of two kinds of defects that contribute to 

optical losses : (a) interfacial defects between the bonded wafers, 

and (b) bulk defects within the wafers 
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contamination, surface oxides, or gases and solvent residues trapped between the wafers. 

A 20-layer GaAs diffusion bonded stack composed of alternating 300-|im and 340- 

|im thick Atomet (110)-oriented plates was fabricated at 835° C for optical evaluation. The 

total stack thickness was 6.4mm and its average period was 320 urn which is close to the 

318 urn coherence length for SHG of the CO2 laser. Its transmission spectrum is shown in 

Fig. 13. 
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£   50   - 
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A single GaAs layer 

4 6 8 10        12 

Wavelength (microns) 
14 

Fig. 13.    Transmission spectra of a 20-layer diffusion bonded stack of 

(110) GaAs wafers and a single layer GaAs wafer 

It is useful to compare the absorption measurements of Fig. 13 with calculations of 

scattering losses. This comparison is facilitated by the log-log presentation of the data in 

Fig. 14. At wavelengths shorter than 2u,m, its transmission spectrum approximates the 

expected loss due to Rayleigh scattering. Rayleigh-type scattering can originate from voids 

at the interfaces, which were observed on cleaved cross-sections of single interfaces using 

optical microscopy. Average diameters were in the range of 0.5(xm. In the 2[im to 3p.m 

waveband, the transmission losses approximate expected losses due to gaps at the 

interface. Modeling suggests these losses can be due to one 180-nm wide gap, or nineteen 

35-nm wide gaps. Most probably, they were caused by a range of gaps with different 

thicknesses. Given our current wafer preparation procedure, it is quite plausible this type 

of scattering defect exists since gaps having a variety of dimensions are readily observed in 
our single bond experiments. The overall transmission curve covering the 1-4 |xm 

waveband is thought to be a combination of these effects. 
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Fig. 14. Comparison of measured transmission losses in the 20-layer 

DBS GaAs sample with calculated Rayleigh scattering from 

small sperical voids and from loss due to thin gaps at the 

interfaces. 

Analysis using single GaAs wafers 

The reduction of transmission at wavelengths longer than 4 |im cannot be explained 

by voids or air gaps at the bonding interfaces. Interfacial scattering is wavelength 

dependent, and will decrease as the wavelength increases. This loss is process induced, 

and can be reproduced in single wafers. It is not a surface effect; wafers have been 

polished or etched to remove more than 50 (im of their outer surfaces with no significant 

improvement in their transmission. GaAs wafers from different sources exhibited different 

post-annealing transmission values; however, the effect was consistent within a given set 

of wafers fabricated from a single boule. In Fig. 15, we show the transmission of wafers 

from two different boules from the same supplier of nominally indentical undoped, semi- 

insulating GaAs. They were annealed for the same time, and in the same holder, to insure 

identical heat treatment at 834°C. The two sets of wafers had the same transmission spectra 

before annealing. One might conclude form the figure that sample orientation has an effect. 

However, many (110) and (100) wafers from different suppliers were investigated, and no 

orientation dependence was observed. 
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Fig. 15.    Transmission spectra of different wafers after annealing at 834°C 

The transmission of both GaAs wafer sets was next investigated as a function of 

annealing temperature. The temperature for the (110) wafers was varied from 700 to 

834°C, Fig. 16, while the processing temperature for the (100) batch was varied from 850 

to 975°C, Fig. 17. In both cases, this was the range of temperature required to reduce the 

process induced loss from overwhelming to barely detectable. In both cases the optical 

loss increased as a function of temperature. This was first attributed to an increase in the 

evaporation rate of Ga and As from the wafer surfaces with temperature. The evaporation 

ratio of As/Ga begins to increase significantly from unity when the temperature exceeds 

640 °C[23, 24]. Incongruent surface evaporation results in roughened Ga-rich surfaces, 

potentially augmenting vacancies, interstitials, and precipitates in the bulk material[23,24]. 

Additionally, the density of impurities diffusing in from the GaAs wafer surface increases 

with temperature. When GaAs is placed under a compressive load, plastic deformation 

increases with processing temperature[20-22], so that a greater density of bulk defects such 

as dislocations are likely to be generated and impurities are more likely to segregate around 

the dislocation lines. All of these defects were considered as possible sources for the 

degradation in optical transmission seen during heat-treatment processing. 
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Fig.  16     FTIR transmission spectra for Atomet (110) single GaAs wafers 

processed from 700 °C to 834 °C. 
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Fig.  17     FTIR transmission spectra for Atomet (100) single GaAs wafers 

processed from 850 °C to 975 °C. 

Undoped semi-insulating GaAs typically has a carrier concentration of 1014. When 

the Hall effect was used to determine the free electron and hole carrier concentrations, a 

surprising result was found. All of the wafers had become more p-type after annealing, 
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Table III. P-type GaAs is known to exhibit the signature longer wavelength absorption that 

we observed in our annealed samples. We therefore concluded that the losses observed in 

DBS GaAs at longer wavelengths are due to p-type free carrier absorption. Semi-insulating 

wafers convert to p-type during the annealing step, dependent on soak temperatures and 

durations, and quenching rates. Conversion is also affected by thermal history and 

composition of the wafers. During the manufacturing process GaAs undergoes various 

proprietary heat treatments to improve the uniformity, and the semi-insulating quality of the 

crystal. The p-type conversion is, therefore, supplier specific and varies from one wafer 

set to another. The semi-insulating to p-type transition has been well studied[25-27], and 

is reversible; however, the process for reversing the change depends on the thermal 
history. 

Table  III:  Free carrier concentration  measured by the  Hall 

Effect voltage before and after annealing 

Wafer Type Processing 
Temperature 

(°Q 

Conductivity 
Type 

Sheet Cone. Concentration 
(cm-3) 

A: Atomet[110] unproc. n 3.00E+12 1.00E+14 
B: Atomet[100] unproc. n 1.00E+12 1.00E+13 
A: Atomet[110] 833 P 2.00E+15 5.00E+16 
B: Atomet[100] 833 P 1.90E+13 2.10E+14 
A:Atomet[110] 976 P 1.00E+15 3.00E+16 
B: Atomet[100] 976 P 3.00E+13 1.00E+14 
C: AXT[100] 833 P 9.00E+14 2.00E+16 
D: Airtronfl 101 833 n 2.00E+12 4.00E+13 

To reduce the transmission losses due to p-type conversion we have considered a) 

generally reducing the annealing temperature to minimize the conversion, or b) establishing 

a post-bonding annealing treatment to regain the materials semi-insulating quality. To 

reduce the annealing temperature, it will first be necessary to ascertain that it is possible to 

bond at lower temperatures, and to verify that the transmission through a large number of 

layers remains high. To test the concept of annealing in an arsenic atmosphere, it will be 

necessary to build a hot-wall system, which is currently being considered. 
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Analysis using bonded GaAs stacks 

The optical transmission of the single GaAs wafer from the Atomet (lOO)-oriented 

set used in the previous study, and heat treated at 850 °C, was almost the same as that of an 

unprocessed GaAs wafer (within 1%) as shown in Figs. 17. The relative fraction of well- 

bonded areas in 100-Ä-deep voids patterned on 2-wafer-stack interface was reasonably 

high in this temperature range, as well. Therefore, a 2-layer (lOO)-oriented unpatterned 

optical stack was set up for bonding at 850 °C. The percentage transmission of this stack is 

shown in Fig. 18. Its optical transmission, in comparison with a single wafer processed 

under the same conditions, was only 0.5% less which is within experimental error. Based 

on this finding, we undertook to bond a low loss optical stack of 52 GaAs (lOO)-oriented 

wafers at the optimum bonding temperature, 850 °C. (lOO)-oriented wafer stacks do not 

permit QPM. The purpose of this experiment was simply to test the feasibity of fabricating 

a relatively large stack having low optical losses. The bonded sample is shown in Fig. 19, 

and its optical transmission spectra is shown in Fig. 20. This very promising experimental 

result represents the largest number of GaAs layers bonded to date. 
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Fig. 18. FTIR transmission spectra for single wafer processed at 850 °C 

and two wafers bonded at 850 °C under a static 10 Kg load for 

two hours. 
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(a) 

1 9 mm 

52 x -600 jLim = 33 mm 
(b) 

Fig. 19.     (a)Photograph and (b) illustration of a 52 layer stack of (100) 

bonded GaAs wafers. 
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Fig. 20.     Observed transmission of the (lOO)-oriented, 52-layer wafer- 

bonded GaAs stack shown in Fig. 19. 

The studies on single Atomet (110)-oriented wafers indicated it would be possible 

to achieve a QPM stack with low losses in the mid-IR using this wafer set if we lowered 

the annealing temperature to the 700° C range to minimize the bulk absorption loss 

problem. Accordingly, we test-bonded a 15-layer stack at 700°C. The intent of this 

experiment was simply to evaluate optical losses, and therefore we used oversize wafers 

with average thickness around 340 u.m since the wafer set contained a surplus of them. 

The transmission of this stack at wavelengths longer than 3 (im was found to be relatively 

flat, with a total internal loss of only 0.04 cm-1 at 5 |im, Fig. 21. This represents a loss of 

less than 0.2% per layer. 
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Fig. 21. Comparison of the transmission spectra of the (HO)-oriented 

15-layer DBS GaAs (bonded at 700°C), the (110)-oriented 20- 

layer DBS GaAs (bonded at 834°C), and a 1 cm long 

unprocessed bulk GaAs crystal 

There remains some additional bulk loss at longer wavelengths which becomes 

apparent as we increase the thickness of the samples, indicating that p-type conversion has 

not been completely eliminated. Provided that we are able to bond these particular wafers 

at still lower temperatures, we could further improve the optical transmission. Future steps 

to improve the optical transmission will be a) to develop a post-bonding annealing process 

to re-establish the semi-insulating quality of the GaAs and b) most importantly to develop a 

better understanding of the individual manufacturers specific post-growth processing 

techniques that create the variation in the annealing behavior, which will in turn permit us to 

specify the optimal composition/thermal processing when ordering wafers from the 

vendors. 
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VI.   Nonlinear Optical Device Testing 

Second-harmonic generation of 10.6-|im CO2 radiation was performed using the 

20-layer stack that had the optimum average period but moderate mid-IR optical losses, to 

determine if the nonlinear properties of single crystal GaAs were preserved during the high 

temperature / pressure bonding process, and to verify the nonlinear conversion efficiency. 

The experimental setup is illustrated in Fig. 22. A 3-W CW waveguide CO2 laser was 

chosen for its stable output. The 10.6-jim beam was loosely focused onto a 500-^im- 

diameter spot. The radiation propagation was incident normal to the sample. The DBS 

sample was rotated about a surface normal to observe the angular dependence of the second 

harmonic generation. Results of the angular scan are shown in Fig. 23. For comparison, 

Fig. 24 shows the 5.3-jj,m signal generated with a single GaAs plate of 320-p.m thickness. 

It was later determined that four of the 20 layers had been incorrectly oriented. Therefore, 

the stack had effectively only 12 nonlinear layers, giving a predicted conversion efficiency 

144 times greater than a single plate. The experimental results in Figs. 23 and 24 show the 

20-layer stack had about a 120 times improvement in 5.3-fxm harmonic generating 

efficiency over a single plate. An absolute power measurement showed the 20-layer stack 
generated 0.14 u,W of 5.3-u,m power, which is within experimental uncertainty of the 

theoretical prediction of 0.28 uAV. 
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Fig. 22.    Experiment set-up for doubling of 10.6UMII radiation from a 

CO2 laser 
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Fig. 24.    5.3(j.m second harmonic generation in a 20-layer DBS GaAs 

structure as a function of polarization angle. Effective input 

power is -lWcw. 

Similar studies on the 15 layer low-loss stack were deferred because of its limited 
length and non-optimum 340 |im period. A higher prioriity was attached to fabricating a 

larger, low-loss SHG stack with an optimum 318 u,m period using the low temperature 

bonding process. However, this could not be completed within the program timeframe 

because we needed first to thin and repolish several wafers from the Atomet (110) set in 

order to generate a stack with the correct average period. These tasks will clearly receive 

high priority in our continuing ONR/CNOM-supported research. 
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VII.    Conclusions and Recommendations for Further Study 

In 1993, we proposed using diffusion-bonded-stacked GaAs for quasi- 

phasematched nonlinear optical conversion, to provide high peak and high average power 

sources in the the 3-5 ^m region. Preliminary experiments demonstrated the feasibility of 

DBS structures in GaAs. Monolithic diffusion-bonded GaAs stacks with periodically 

alternating nonlinear coefficients retained both the thermomechanical and the crystalline 

properties of the bulk material, and provided phase coherent nonlinear interaction over -0.4 

cm. However, these early devices suffered optical losses of 2 to 5% per layer. Minimizing 

the optical losses became a major goal of this program. 

Short wavelength loss was reduced by improving surface preparation. Techniques 

to dice, clean, etch and contact stacks of wafers were developed to minimize optical 

scattering at the bonded interfaces. For wavelengths greater than 3 u,m, processing- 

induced p-type-free-carrier absorption was identified as the major loss mechanism. P-type 

conversion was reduced by lowering the bonding temperatures. Further improvements are 

expected with the implementation of a post-bonding annealing step, and with more detailed 

and optimized wafer specifications for the commercial suppliers. 

Losses in our most recent diffusion bonded stacks have been reduced to less than 

0.2% per layer at 5 urn, more than an order of magnitude improvement during the course 

of this program. At this level of loss, it is now possible to make practical DBS GaAs 

structures for pulsed nonlinear infrared applications. An additional order of magnitude 

reduction in optical loss will make high-average-power, cw nonlinear applications practical. 

It now seems feasible that we may ultimately approach the low levels of loss found in 

GaAs bulk crystals, something that has recently been achieved in quasi-phase-matched 

interactions in periodically poled lithium niobate. Continuing improvements in the 

processing of DBS structures are being pursued under interim ONR/CNOM funding. 

Much of our bonding development work in GaAs can be applied to other semi- 

conductors. Modeling studies indicate that high conversion efficiencies can also be 

expected from ZnSe which has even higher damage thresholds than GaAs in the mid-IR, 

and longer coherence lengths, which eases the problems of wafer fabrication and handling 

for devices operating at wavelengths shorter than 5 |im. As single crystals of ZnSe become 

available from research laboratories in the US and Russia, an extension of these studies to 

the shorter wavelength regime using ZnSe is recommended. 
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Diffusion-bonded stacked GaAs for quasi- 
phase-matched second-harmonic generation 
of a carbon dioxide laser 

L. Gordon, G.L. Woods, R.C. Eckardt, R.R. Route, 
RS. Feigelson, M.M. Fejer and R.L. Byer 

Indexing terms Gallium arsenide. Optical harmonic generation. Gas 
lasers 

The authors have fabricated a diffusion-bonded monolithic suck 
of GaAs plates for quasi-phase-matched second-harmonic 
generation of a 10.6nm C02 laser. This synthetic nonlinear crystal 
retains the thermomechanical properties of the bulk material, and 
has provided phase coherent nonlinear interaction over -0.4cm. 

High average power coherent sources are needed throughout the 
infra-red and nonlinear frequency conversion of existing lasers can 
provide these sources. However, currently available infra-red (IR) 
nonlinear materials (e.g. the chakopyrites AgGaS2, AgGaSe,, and 
ZnGePi) are limited by low surface damage thresholds, large 
absorption coefficients, or low thermal conductivity [1,2]. GaAs 
and ZnSe have high thermal conductivities and low absorption 
coefficients, and are widely used for windows and mirrors in high- 
power IR laser systems. These cubic crystals also have large sec- 
ond-order nonlinear susceptibilities; however, they cannot be bire- 
fringently phasematched, and, therefore, have not been used in 
practical frequency conversion applications. 

An alternative to birefringent phase matching is quasi-phase- 
matching (QPM) [3,4,5], where a periodic modulation of the non- 
linear susceptibility compensates for the phase velocity mismatch 
between the interacting waves. Stacks of discrete plates at the 
Brewster angle nave been used to quasi-phase-match second-har- 
monic generation (SHG) in GaAs [6,7] and CdTe [8], but reflec- 
tion and scattering losses associated with the many interfaces in 
the air-spaced layers precluded wide-spread application. Although 
thin plates (250 um) of LiB,0, have been optically contacted with 
good results [9], the high indices of refraction of III-V semicon- 
ductors lead to significant losses for optical contacting wafers with 
practical polishing tolerances [6]. 

To eliminate the air-semiconductor interface problems, we dif- 
fusion bonded the adjacent layers to create a monolithic structure. 
Diffusion bonding has previously been used both for joining dis- 
similar semiconductors for optoelectronic devices [10,11] and for 
fabricating laser slabs with nonuniform doping [12]. We report 
here the fabrication and nonlinear optical testing of diffusion- 
bonded stacked (DBS) GaAs for 10.6 - 5.3 um second-harmonic 
generation. 

A variety of undoped and lightly doped GaAs wafers were used. 
They were all mechanical grade and polished on both sides. The 
wafers were diced into 1 cm2 pieces. The pieces were cleaned thor- 
oughly with trichloroethane, followed by acetone and finally 
methanol. They were then stacked in a boron nitride holder 
between graphite spacers. Pressure was applied with a 1 kg weight, 
and the assembled stack was placed in an oven with a 5% H2 and 
95% N2 atmosphere. The temperature was ramped to 840 °C over 
one hour. After maintaining that temperature for two hours, the 
oven was cooled to room temperature over approximately eight 
hours. 

Stacks with 2-9 layers were bonded into monolithic units. The 
samples cleaved along the crystal planes leaving the bonded sur- 
faces intact. We were able to bond wafers regardless of their dop- 
ings, their alignment of crystalline axes and their orientations: 
{100} to {100}, {110} to {110} and {110} to {100}. The exterior 
surfaces of the stack, which were in contact with the graphite 
spacers, were noticeably degraded after the processing. We did not 
repolish these surfaces, as the resulting uncertainty in the layer 
thicknesses would have hampered analysis of the SHG results. 

The {110} wafers were chosen for the SHG studies because they 
provided the maximum effective nonlinear coefficient in GaAs for 
propagation normal to the input face. Adjacent wafers were 
rotated by 180° to alternate the sign of the effective nonlinear 
coefficient. The dispersion equation [13] predicts a coherence 
length. I„ of 106um for doubling 10.6um radiation in GaAs. 
Available {110} wafers were 435um thick (±5um). Although this 
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thickness was adequate for intial testing of the diffusion bonding 
technique, it was not an odd multiple of L, and, therefore, not 
optimal for SHG at 10.6iim. 

Five samples, with 2. 3. 5, 7, and 9 layers were characterised, 
and compared to a single plate. Linearly polarised 10.6um radia- 
tion from a grating-tuned. 200 ns, Q-switched CO: laser was inci- 
dent normal to the DBS GaAs sample with approximately 2 MW/ 
cm; peak intensity. Second-harmonic output power at 5.3um was 
measured with an InSb detector. The fundamental polarisation 
was fixed along a < 111 > direction. 

number of layers N 
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fringent phase matching. For example, the structure shown in Fig. 
2c, composed of wedged wafers, allows wavelength tuning by 
translation instead of by rotation. Caps could be added to this 
structure eliminating any overall linear wedge, thus avoiding beam 
steering effects. Such structures would be particularly useful for 
mid-[R optical parametric oscillators and mixers. 
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Fig. 1 Second harmonic output power. Pla of CO* laser as function of 
phase mismatch and number of layers in diffusion-bonded quasi-phase- 
matched GaAs structures 

♦     data 
 sin2 fit 

Fig. 1 shows the relative SHG power for diffusion bonded 
stacks of two, three, five, seven and nine layers, as well as for a 
single plate. The measured thickness of the wafers was used to cal- 
culate the total phase mismatch as a function of the number of 
layers, N. and the output power was compared to the expected sin2 

(A/CJVA/4) dependence, where dJc ■ kla - 2ka - Km, and the wave 
vector due to the QPM grating is K„ = Inml A . Here k„ and k^ 
are the wave vectors for the fundamental and second-harmonic 
frequencies, respectively. The period of the modulation. A. is twice 
the wafer thickness. The integer m is the order of the QPM [5]. 
The agreement with the expected dependence on the number of 
layers demonstrates that the DBS GaAs acts as a monolithic 
structure with a modulated nonlinear coefficient, providing a 
phase coherent interaction. 

Many potential applications of these DBS GaAs structures 
involve frequency conversion at high average and high peak 
power. Some preliminary damage measurements were therefore 
performed. We exposed both the bulk and DBS GaAs to increas- 
ingly higher intensities for up to 5 min and then examined the 
samples under a microscope for damage. A 26 W CW CO: laser 
beam was focused to a -60 \tm 1/e2 radius spot, producing an 
intensity of ~500kW cm2. No damage was detected, whereas 
AgGaSe, damages at 5-60 kW/cm2 with a CW CO, laser [1]. A 
1 kHz pulsed CO; laser with 60 - 500us pulse width was focused to 
a peak intensity of 30MW/cm\ No damage was seen in the bulk 
GaAs. We were unable to obtain accurate data from the DBS 
GaAs at this power level because the degraded outer surfaces 
developed damage characteristic of thermal runaway. However, 
the samples were not noticeably damaged with a single pulse, 
whereas AgGaSe, is damaged at -10MW/cm2 for 80-180 ns 
pulsed operations [2]. 

DBS GaAs has very large acceptance bandwidths due to non- 
critical phase matching and high index of refraction with low dis- 
persion [13]. For a 1cm long structure for SHG at 10.6nm (-94 
layers), the FWHM wavelength acceptance is 0.5 urn. and the tem- 
perature acceptance is 270 °C. The external angular acceptance is 
64° FWHM. Because GaAs is not birefringent, there is no bire- 
fringent walk-off at any incidence angle, and QPM produces no 
phase-velocity walk-off at normal incidence [5]. 

Variations on the basic structure can be fabricated. Fig. lb 
shows a structure with {100) oriented cap layers. For this orienta- 
tion there is no effective nonlinear coefficient at normal incidence. 
Because the thickness of these cap layers is not important, this 
structure could be repolished. without compromising the conver- 
sion efficiency. QPM allows novel designs not possible with bire- 
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micrometer 

Capped OBS GaAs 

o 

Fig. 2 Proposed diffusion-bonded-stacked (DBS) GaAs devices 

Wedged   DBS GaAs 
,305.'; I 

a Basic DBS GaAs structure that was fabricated and tested 
b Basic structure with {100} GaAs cap 
c Wedged DBS GaAs structure which allows wavelength tuning bv 
translation 

These preliminary results indicate the feasibility of fabricating 
DBS structures. We were able to fuse wafers to form monolithic 
crystals, with bond strengths comparable to the bulk material. We 
measured SHG nonlinear conversion which followed theoretical 
predictions. We also determined that the damage thresholds are at 
least 500kW/cm2 for CW and 30 MW/cm2 for peak power at 
10.6um. Current work includes polishing the layers to the correct 
thicknesses, and repolishing the devices after processing, increasing 
the numbers of layers to improve conversion efficiency and testing 
for damage thresholds at different wavelengths, and with higher 
power lasers. In the future, the DBS processing techniques may be 
extended to other nonlinear crystals such as ZnSe to take advan- 
tage of different material characteristics, and to other applications 
such as difference frequency generation or parametric devices for 
tunable infrared generation. 
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Investigations  of diffusion-bonded  stacked  GaAs 
for infrared quasi-phasematched parametric oscillation 

L. A. Gordon, R. C. Eckardt and R. L. Byer 

Center for Nonlinear Optical Materials 
Stanford University, Stanford, CA, 94305 

ABSTRACT 

We are developing the diffusion-bonded stacked (DBS) structure for quasi-phasematched interactions to meet the need 
for high power nonlinear conversions in the infrared. In our preliminary investigations, we have compared optical and thermal 
properties of some potential DBS materials. Theoretical projections of device performance were compared for DBS GaAs and 
ZnSe and birefringent crystals ZnGeP2 and AgGaSe2 for both second-harmonic generation (SHG) of 10-^im radiation and 2- 
um pumped optical parametric oscillators (OPO's). We are refining bonding processes for GaAs and have initial diffusion 
bonding results for ZnSe. We have fabricated and tested DBS GaAs structures for SHG, demonstrating that the crystal 
orientation is conserved during the bonding process, and that the nonlinear generation of the individual layers sums 
coherently. These studies indicate that DBS materials have potential for application in high-average-power OPO's. 

1. INTRODUCTION 

High-average-power coherent sources are needed throughout the infrared, especially in the 3 to 5-u.m region. 
Nonlinear frequency conversion of existing lasers can provide these sources. Optical parametric oscillators (OPO's) are 
attractive nonlinear devices because they can provide output tunable over a wide range; however, currently available infrared 
(IR) nonlinear materials, e.g. the chalcopyrites AgGaS2, AgGaSe2, and ZnGeP2, are limited by low surface damage 
thresholds, large absorption coefficients, or low thermal conductivity1-2. GaAs and ZnSe have high thermal conductivities and 
low absorption coefficients, and are widely used for windows and mirrors in high power IR laser systems. These cubic crystals 
also have large second order nonlinear susceptibilities; however, they cannot be birefringently phasematched, and, therefore, 
have not been used in practical frequency conversion applications. 

An alternative to birefringent phasematching is quasi phasematching (QPM)3-4-5, where a periodic modulation of the 
nonlinear susceptibility compensates for the phase velocity mismatch between the interacting waves. Stacks of discrete plates 
at Brewster angle have been used to quasi phasematch second harmonic generation (SHG) in GaAs67 and CdTe8, but reflection 
and scattering losses associated with the many interfaces in the air-spaced layers precluded wide-spread application. 

To eliminate the air-semiconductor interface problems, we diffusion bonded adjacent layers of GaAs. Diffusion- 
bonded stacked (DBS) GaAs devices were fabricated, and SHG of 10.6 urn has been demonstrated910. Our goal now is the 
demonstration of a DBS optical parametric oscillator (OPO). We have investigated the different elements necessary in the 
realization of a mid infrared DBS OPO, and report on the progress in theory, bonding, devices and nonlinear testing. 

2. QUASI PHASEMATCHTNH 

QPM is achieved by a periodic modulation of the nonlinear susceptibility which compensates for the phase velocity 
mismatch between the interacting polarization waves, allowing efficient interactions in the absence of phase-velocity 
matching. Optimally, the modulation of the nonlinear susceptibility is a sign reversal, with a period A equal to twice the 
coherence length, Lc. The coherence length is the distance over which a n phase difference develops between the fundamental 
and the harmonic polarization waves, and is related to Ak', the wave vector mismatch due to material dispersion, by 

Lc = 7t/Ak', where Ak' = *,    -   k2 -   k^   =   (ni(0]  - n2to2 - n^^/c, 

n is the refractive index, k is the wave vector, c is the speed of light in vacuum, and subscripts refer to quantities evaluated at 
the three interacting frequencies; we use the convention to, > oh > c^. For efficient QPM, one of the spatial harmonics Km 

- 27tm/A of the periodically modulated medium must lie close to Ak', where m is an integer and is the order of the quasi 
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phasematching. If this condition holds, quasi-phasematched nonlinear interactions behave similarly to conventionally 
phasematched nonlinear interactions, but with an effective wave vector mismatch Ak = Ak' - Kn, and an effective nonlinear 
susceptibility dm equal to the amplitude of the mth Fourier component of the nonlinear susceptibility. For odd-order QPM (m 
= 1, 3, 5 ... ) with 50% duty cycle, dm = 2deff_b/mn, where deff.h is the effective nonlinear coefficient for the homogeneous 
bulk material. Detailed analyses of QPM appear in Refs.4511. 

Developing appropriate means to periodically modulate the nonlinear susceptibility is the limiting step for practical 
devices for QPM interactions. Typical coherence lengths in the visible are several microns and in the IR are several tens to 
hundreds of microns. Success in the creation of periodic domain structures in bulk and thin film oxide ferroelectrics has led to 
rapid progress in QPM for visible and near IR interactions (see Refs. in 5), but the transparency range of these materials 
precludes their use in the mid IR and far IR. Techniques for patterning the orientation of semiconductor films are emerging12; 
however, thin films are limited in their power handling capabilities. At present the only technique for producing bulk quasi- 
phasematched semiconductor media appears to be stacking rotated crystal plates. DBS structures permit the reduction of losses 
below those observed for air-spaced plates. While thin plates (250-jun) of LiB305 have been optically contacted with good 
results for QPM interactions13, the high indices of refraction of III-V semiconductors lead to significant losses for optical 
contacting wafers with practical polishing tolerances6. 

3. PRACTICAL DEVICES 

The established high power lasers in the infrared are: Neodynium at 1 |im, and C02 at 10 um. Holmium and 
Thulium based lasers are also being developed at 2 |xm. There exists a variety of semiconductor lasers from 0.8 to 1.5 ujn; 
however, their current lower powers prevents their use in high conversion nonlinear applications. We have identified options 
to produce wavelengths in the 3-5 ujn region working from these sources: a 10-nm pumped SHG, a 1-u.m pumped OPO, a 1- 
Hm pumped OPO which then pumps a difference frequency generator (DFG) or OPO, and a 2-|im pumped OPO. Each of these 
devices utilizes DBS materials. SHG is simple to demonstrate; however, the resulting wavelengths are limited by existing 
sources. Similarly, DFG demonstration is also relatively simple, but limited for wavelengths unless pumped by an OPO. 
OPO's can provide an enormous range of wavelengths; however, gain and loss is critical. There must be sufficient gain to 
allow the OPO to reach threshold during the pulse for a pulsed pump, or the loss must be low enough to permit the OPO to 
reach threshold below the damage threshold of the crystal in the continuous regime. The first DBS OPO demonstrated will 
probably be a singly resonant OPO (SRO) in the pulsed regime. Different types of three-wave nonlinear interactions are listed 
in Table 1. The waves are identified by frequency. 

Table 1. Nonlinear Devices  

input output interaction device 

co2 , CD3              CO)                      co2 + co3 = co 1                  Sum Frequency Generator (SFG) 
co2                      CO)                      co2 + co2 = co,                  Second Harmonic Generator (SHG) 
co 1                      co2 , CO3              co, = co2 + (o3                 Optical Parametric Oscillator (OPO) 
co 1 , co2              CO3                     co,  - co2 = CO3                Difference Frequency Generator (DFG) 
CO| , Clh Cpj co 1   -  CUT = co-,  

We need to produce both fixed wavelength and tunable sources. QPM tunability can be achieved in three different 
ways. As with birefringent crystals, DBS structures may be tuned by temperature and angle; however, this only provides 
coverage over narrow-spectral regions. DBS crystals may also be fabricated with intrinsic tunability. If the layers are wedged, 
the crystal may be tuned by translating it perpendicular to the incident beam, thus increasing or decreasing the coherence 
length. The wedged structure may provide greater tuning range than either angle or temperature tuning, and it does not 
introduce alignment problems such as those associated with rotating the crystal. 

There are many developmental stages in the realization of a DBS OPO. We need to choose a material with 
appropriate optical characteristics, develop a diffusion bonding process for that material, fabricate a device with modulated 
nonlinear domains and verify that we do not degrade the domain orientation or the crystal quality during the fabrication 
process, demonstrate nonlinear conversion for SHG and DFG. and finally demonstrate nonlinear conversion for parametric 
oscillation and amplification where low loss is critical. 
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3.1 Materials 

Useful DBS materials must have low absorption for the interaction frequencies, and have an adequate nonlinear 
coefficient. They need to be diffusion bondable, and have a workable coherence length for the desired interaction For hieh 
peak power and high average power, the crystals need a high damage threshold and large thermal conductivity, respectively. 

Table I compares the optical and thermal properties of III-V and II-VI semiconductors. Values for many of the 
properties, le. nonlinear coefficient and absorption, vary by factors of three or more depending on the references We have 
chiefly used four different references14151617 comparing the results obtained for the same materials. 

Table 2. Properties of some nonlinear semiconductors 

properties 

nonlinear 
coefficient (du) 
(pm/V) 

transmission 
range (pjn) 

dn/dT(°K) 
@ I0u.m 

conductivity 
K (W/m°K) 

GaAs GaP InSb 

83 14 

1-16 

37 >4 

0.6-11 

InAs InP ZnSe 

500 l5 300 IS 140 l5 50 l5 

8-25 3.8-7 1-14 0.5-22 

(l/DdL/dT(0K-')        5.7x10 5.3x10 S.OxlO-6        5.3x10"*       4.5xl0"6 

Thermal 
52 110 36 50 70 18 

ß-ZnS 

25 " 

1-11 

1.5x10 1.0x10 1.5x10 2.9x10 8.2x10 6.8xl0~5        4.1x10 ̂-5 

7.0x10"6       6.7x10"* 

27 

n    @10u.m                    3.27               2.96               3.95               3.42              3.05               2.41 2.20 

a(cm-|)@10um 0.01 021 0.009 20 <0J Q.Q0Q5 0.15 

4.5 

4 

c 
•2 3-5 ■ 
u 

J2      3 

x u 

1.5 

0.1 

IGaP 
GaAs 

I InSb ;:i 
....:.4-~:->*H 
InAs Ulli 

■-•• ZnSe i-rrrr— 

1 irT-iir^ 
Sj^InP 

ZnS \ \ 

1 10 
wavelength (u.m) 

  
100 

The ideal material will depend on the application. 
The dispersion properties of some potential DBS materials 
are shown in Figure 1. These curves were generated using 
dispersion equations given by Pikhtin and Yas'kov18. The 
regions of low dispersion near the center of the curves 
indicate the useful spectral region for that material. The 
flatter the dispersion curve, the longer the coherence length, 
and the fewer bonds necessary for a given length of crystal. 
The coherence lengths for different nonlinear interactions 
determine the feasibility of the DBS structure. The longer 
the Lc, the easier the wafer is to polish and handle, and the 
more tolerent the final device is to absolute thickness errors. 

Figure   1.   Dispersion   curves   for III-V   and  II-VI 
semiconductor materials. 
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generation 
ZnS. 

fundamental wavelength (u.m) 

Coherence lengths for second harmonic 
of the mid IR in GaAs, GaP, InP, ZnSe, and 

Coherence lengths for SHG, calculated from the 
dispersion relationships, are shown as a function of 
fundamental wavelength in Figure 2. The materials GaAs, 
ZnSe. and ZnS are of particular interest because of their 
longer coherence lengths. 

Figures 3 and 4 show calculated tuning curves for 
difference frequency generation (DFG) in DBS GaAs and 
ZnSe. These tuning curves are more complicated than those 
for SHG because it is necessary to specify two input 
wavelengths for DFG. Here we assume that the input waves 
for DFG are the signal and the idler generated in an OPO 
pumped at 1.064 u,m. The signal and the idler wavelengths 
are designated by X, and Xj. The output wavelength from the 
DFG is Xd. Because the coherence lengths are short, these 
devices would be more easily fabricated for third order QPM. 

15 20 25 30 
coherence length (jim) 

Figure 3. Difference frequency generation in DBS GaAs 
for mixing the signal and idler from a 1.06-nm-pumped 
OPO. The output wavelength, XA, vs the coherence length 
is shown. 

40 50 60 70 
coherence length (jim) 

Figure 4. Difference frequency generation, Xd, for DBS 
ZnSe when pumped by the signal and idler from a 1.06- 
u.m-pumped OPO. 

For shorter wavelengths, approaching 1-u.m, the dispersion increases for most of the semiconductors, and the 
coherence lengths decrease making it more difficult to fabricate devices; therefore, we have considered only the 2-u;m pumped 
OPO option which we present in Figures 5 and 6. For these calculations, we have asssumed that the DBS OPO's are pumped 
by the output of a 1 -u.m pumped OPO operating at degeneracy. 

We selected GaAs for the initial demonstration, because GaAs has the lowest absorption over the widest 
transmission window apart from ZnSe, and because inexpensive high-quality single-crystal wafers are commercially available. 
Although ZnSe shows promise due to it's very low absorption, single crystal ZnSe is only now becoming available and is 
still very expensive. 
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Figure 5. Parametric oscillator tuning curves for III-V 
semiconductor compounds for a 2.13-nm pump 
wavelength. 

3.2 Diffusion Bonding 

Figure 6. Parametric oscillator tuning curves of II-VI 
compounds ZnSe and ZnS. The low absortion loss of 
ZnSe may allow very high average power parametric 
oscillator devices when pumped at 2.13 \xm. 

Diffusion bonding enables permanent bonding between surfaces without disturbing the crystalline structure, and 
without introducing another material (i.e. glue) between the surfaces. Adjacent surfaces are brought into close contact under 
pressure, and heated in an appropriate atmosphere to allow diffusion across the interface, creating a monolithic structure which 
is stable when exposed to thermal gradients (unlike optical contacting) and essentially indistinguishable from a bulk crystal. 
Diffusion bonding has previously been used both for joining dissimilar semiconductors for optoelectronic 
devices19-20,2122,23-24, and for fabricating laser slabs with nonuniform doping25,26. For a DBS crystal there is ideally no 
difference in linear optical properties between the bond and the bulk material, nor any change of index of refraction at the 
interfaces. 

There are two different mechanisms or stages in diffusion bonding. The first is the diffusion process: two surfaces are 
placed very closely together permitting electrons and atoms to move from one surface to the other. This process is not 
dependent on pressure, but is dependent on temperature and time. The atoms cannot move unless there are adjacent vacancies, 
and they are equally likely to diffuse in any direction. The second stage involves mass transport. The wafer is deformed by 
pressure to force all the surfaces into contact. The point at which this deformation occurs is called the yield point, and depends 
on temperature, pressure, and the number of dislocations27. This deformation will increase the stress, and the number of 
dislocations in the crystal. It is not yet known how this will affect the optical properties of a DBS structure. 

We have experimentally diffusion bonded a variety of undoped and lightly doped GaAs wafers. They were all 
mechanical grade and polished on both sides. The wafers were diced into 1-cm2 pieces. The pieces were cleaned thoroughly 
with trichloroethane, followed by acetone and finally methanol; they were then stacked in a boron nitride holder between 
graphite spacers. Pressure was applied with a 1-kg weight, and the assembled stack was placed in an oven with a 5% H2 and 
95% N2 atmosphere. The temperature was ramped to 840° C over 1 hour. After maintaining that temperature for two hours, 
the oven was cooled to room temperature over approximately 8 hours. 

Stacks with 2 through 9 layers were bonded into monolithic units. The samples cleaved along the crystal planes 
leaving the bonded surfaces intact. We were able to bond wafers regardless of their dopings, their alignment of the crystalline 
axes, and their orientations: {100} to {100), {110} to {110} and {110} to {100}. The exterior surfaces of the stack, which 
were in contact with the graphite spacers, were noticeably degraded after the processing. We did not repolish these surfaces, as 
the resulting uncertainty in the layer thicknesses would have hampered analysis of the SHG results. 

We have succeeded in diffusion bonding polycrystalline ZnSe under similar conditions to GaAs. We expect 
polycrystals and single crystals to have similar bonding characteristics. When single crystal ZnSe growth is better 
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characterized, we will be able to transfer the DBS technology developed for GaAs to ZnSe. The key parameters in diffusion 
bonding are: surface preparation, applied pressure, temperature and time. We are currently studying the quality of the bonds as 
a function of these parameters. By considering the melting points, vapor pressures, surface mobilities and yield points, we 
should be able to transfer bonding processes from one compound to another. 

3.3 DBS Nonlinear Structure 

EA 

(110) GaAs 

I        I   -(U0) GaAs 

Figure 7. Basic DBS Structure in GaAs showing the 
layers of alternating nonlinear coefficients 
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b) Integrated Coupler Nonlinear 
Device 

c) DBS Wedged GaAs 

Both GaAs and ZnSe are 43m crystals where the 
maximum nonlinear coefficient is for radiation polarized 
along a <111> direction. The {110} wafers were chosen for 
the nonlinear studies because they provide the maximum 
effective nonlinear coefficient for propagation normal to the 
input face. Adjacent wafers were rotated by 180° to alternate 
the sign of the effective nonlinear coefficient 

Figure 7 shows a schematic of the basic 
DBS structure. Figure 8a shows a structure with 
{100} oriented cap layers. For this orientation, there 
is no effective nonlinear coefficient at normal 
incidence. Since the thickness of these cap layers is 
not important, this structure could be repolished, 
without compromising the conversion efficiency. 
The DBS structure can be built into laser output 
couplers, as shown in Figure 8b. This would reduce 
interface loss. This configuration would be 
especially suited to SHG of a C02 laser, because 
the DBS structure could be made of the single 
crystal version of the polycrystalline coupler 
material. Figure 8c shows the wedged DBS 
structure which allows wavelength tuning by 
translation instead of by rotation. Caps could be 
added to this structure eliminating any overall linear 
wedge, thus avoiding beam steering effects. The 
wedged DBS structure would permit larger tuning 
regions than comparable birefringent crystals 
because the incident beam remains normal to the 
crystal at all times. Such structures would be 
particularly useful for optical parametric oscillators 
and mixers. We have fabricated both the basic 
structure and the capped DBS structure. 

Figure 8. Variations on DBS structure in GaAs 

The DBS structure has a number of benefits compared to birefringently phasematched nonlinear crystals. DBS GaAs 
has very large acceptance bandwidths due to noncritical phasematching and high index of refraction with low dispersion 18. 
For a 1-cm-long DBS GaAs structure for SHG at 10.6-|im (-94 layers), the FWHM wavelength acceptance is 0.5-u.m, and 
the temperature acceptance is 270°C. The external angular acceptance is 64° FWHM. Since GaAs is not birefringent, there is 
no birefringent walk-off at any incidence angle, and QPM produces no phase-velocity walkoff at normal incidence5 
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3.4 Nonlinear Devices: Predictions 

«, Ki- Kr!.LSUSfefUl t0 "T* ^ the,oretical Pr°J^tions of potential DBS materials such as GaAs and ZnSe to those of 
established birefringent nonlinear crystals such as ZnGeP2 and AgGaSe2. These comparisons are presented give indications of 
material performance under similar conditions. If we disregard absorption, which is appropriate for pulsed operation we obtain 
figures of merit that are the same order of magnitude for all the materials considered. However, absorption and therma" 
properties must be considered for high-repetition-rate and continuous operation. In these cases, the appropriate figures of meri 
.nd.cate that the DBS materials are noticably better than the birefringent crystals. ZnGeP2 and AgGaSe2 are both type I 
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Calculated singly resonant OPO (SRO) thresholds provide another comparison of materials. Table 4. presents the 
values that were used for the different material parameters. The threshold for the DBS GaAs SRO was calculated assuming 
both first and third order QPM; first order QPM was assumed for the threshold calculation for ZnSe. Threshold pump pulse 
energy was calculated using the analysis of Brosnan and Byer28, with threshold defined as the level of pumping at which the 
signal output reaches 100 (jJ. Both birefringent crystals, ZnGeP2 and AgGaSe2, were type I phasematched. Pump absorption 
was included. An output coupler of R = 80% was assumed. 

Table 4. Values used to calculate the SRO thresholds 

crystal a„ 
@ 2 u.m 
(cm'1) 

@ 4 u.m 
(cm-1) 

"p "si wpm 

(2 u.m)       (4 um)       (degrees) 
Lc A cW p 

(um) (um) (pm/V)      (degrees) 

GaAs 0.01 0.01 3.341 3.304 - 26.9 53.7 61 - 
DBS 161.1 20 
ZnSe 0.002 0.0015 2.435 2.421 - 71.8 143.5 36 - 
DBS 

ZnGeP2 0.3 0.02 3.153 
(o) 

3.153 
(e) 

56 - " 64 0.65 

AgGaSe2 0.10 0.01 2.619 
(e) 

2.619 
(o) 

52 - " 26 0.64 
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2
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>> 
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 GaAs (1 st order) 
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In Figure 9 we compare the calculated threshold 
pulse energies for degenerate SRO's of DBS GaAs, DBS 
ZnSe, ZnGeP2 and AgGaSej. The SRO's are pumped by 10- 
ns 2-u.m pulses. Thresholds of all crystals are within an 
order of magnitude. As the length of the crystal increases, 
the absorption becomes more important. 

It is important to recall that damage thresholds and 
average power capabilities will be better for the DBS 
materials. This will allow superior OPO performance at 
higher levels of pumping. It should be noted that we have 
used bulk absorption for GaAs and ZnSe. This assumes no 
scattering or absorption due to the diffusion bonding. We 
have not yet shown this experimentally. 

£    io> 
t       i '        '       ■ 
0 2 4 6 8 10 12 14 

length of crystal (mm) 

Figure 9. Calculated threshold pulse energies for 2-u.m 
pumped 10-ns pulsed SRO's at degeneracy. The cavity 
length was 15 mm. 

3.5 Nonlinear Devices: Experimental 

The preliminary nonlinear testing of DBS GaAs used SHG of CO2 laser radiation. The dispersion equation18 predicts 
a coherence length, Lc, of 106 ßm for doubling 10.6 ^m radiation in GaAs. Available {110} wafers were 435 u.m thick (± 5 
urn). While this thickness was adequate for intial testing of the diffusion bonding technique, it was not an odd multiple of Lc 

and, therefore, not optimal for SHG at 10.6 urn. 

Five samples, with 2, 3, 5, 7, and 9 layers were characterized, and compared to a single wafer. Linearly polarized 
10.6-u.m radiation from a grating-tuned, 200-ns, Q-switched C02 laser was incident normal to the DBS GaAs sample with 
approximately 2-MW/cm2 peak intensity. Second harmonic output power at 5.3 urn was measured with an InSb detector. 
The SHG power for normal incidence of the fundamental was measured as a function of the angle * between the polarization 
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of the fundamental and the <110> direction. The expected (! + 3sin2<J> )cos2* dependence of the output power was observed. 
For the remainder of the measurements, the fundamental polarization was fixed along a <111> direction. 

Figure 10 shows the relative SHG power for diffusion bonded stacks of 2, 3, 5, 7, and 9 layers, as well as for a 
single plate. The measured thickness of the wafers was used to calculate the total phase mismatch as a function of the number 
of layers, N, and the output power was compared to the expected sin2 ( AkNA/4 ) dependence, where Ak s kt - 2k2 - K Here 
k2 and *, are the wave vectors for the fundamental and second harmonic frequencies, respectively. The period of the 
modulation, A , is twice the wafer thickness. The agreement with the expected dependence on the number of layers 
demonstrates that the DBS GaAs acts as a monolithic structure with a modulated nonlinear coefficient, providing a phase 
coherent interaction. 

N = number of layers 
c 2                  4                 6                 8 
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Figure 10. Second harmonic output power, P2(0, of a C02 laser as a 
function of phase mismatch and number of layers in the diffusion- 
bonded quasi-phasematched GaAs structures. 

4. DAMAGE TESTING 

Many potential applications of these DBS GaAs structures involve frequency conversion at high average and high 
peak power; therefore, some preliminary damage measurements were performed. We exposed the both bulk and DBS GaAs to 
increasingly higher intensities for up to 5 minutes, then examined the samples for damage under a microscope. A 26-W cw 
C02 laser beam was focused to a -60-nm 1/e2 radius spot, producing an intensity of -500 KW/cm2. No damage was detected, 
whereas AgGaSe2 damages at 5-60 KW/cm2 with a cw C02 laser1. A 1-kHz pulsed C02 laser with 60 to 500-us pulse width 
was focused to a peak intensity of 30 MW/cm2. No damage was seen in the bulk GaAs. We were unable to get accurate data 
from the DBS GaAs at this power level because the degraded outer surfaces developed damage characteristic of thermal 
runaway; however, the samples were not noticably damaged with a single pulse, compared to AgGaSe2, which damages at 
-10 MW/cm2 for 80-180 ns pulsed operation2. Previous work in this lab has found GaAs wafers to damage at -300 MW/cm2 

for a 200ns pulse. 

5. CONCLUSIONS 

Our preliminary investigations of DBS GaAs have included numerical modeling, process development, SHG, and 
measurement of optical damage characteristics. These results indicate the feasibility of fabricating DBS structures.We chose 
GaAs for the initial work, and were able to fuse wafers to form monolithic crystals with bond strengths comparable to the 
bulk material. We measured SHG nonlinear conversion which followed theoretical predictions. We also determined that GaAs 
damage thresholds are at least 500 kW/cm2 for cw and 30 MW/cm2 for peak power at 10.6 p.m. These measurements and 
analyses have demonstrated the potential of high average power OPO operation with this material. 
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Before we can fabricate a working DBS OPO, we need to expand our work in certain areas: a) we are studying the 
bonding process. Understanding the mechanisms will permit us to improve the bonds and transfer the technology to other 
materials, b) we have developed a polishing facility which will allow us to polish the wafers to precise thicknesses and to 
repolish the ends after processing, c) we need to increase the numbers of layers to improve conversion efficiency, d) we also 
need to measure damage thresholds at different wavelengths, and with higher power lasers before we can accurately predict 
maximum operating intensities for the DBS devices. 
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DIFFUSION BONDING OF GaAs WAFERS FOR 
NONLINEAR OPTICS APPLICATIONS 

D. Zheng, L.A.Gordon, R.C.Eckardt, 
M.M. Fejer and R.L. Byer 

Edward L. Ginzton Laboratory 
Stanford University, CA 94305 

Diffusion-bonded stacked (DBS) periodic structures can create a new family 
of nonlinear optics crystals with spatially patterned nonlinear properties, 
while the bonding process preserves the optical and mechanical properties 
of the bulk materials. GaAs devices up to 20 layers were diffusion bonded 
and characterized. Optical loss was from interfacial voids and gaps at 
shorter wavelengths, and from processing induced p-type free carrier 
absorption at longer wavelengths. 

INTRODUCTION 

Laser sources in the spectral range between 1 (im and 10 u.m have wide 
applications in spectroscopy, remote sensing and military countermeasures. However, 
currently available high-power lasers have output wavelengths around 1 |im (rare earth 
doped crystals) and at 10 |im (CO2 laser). One way to generate laser radiation at mid-IR 
wavelengths is to extend present mature laser technology to these wavelengths by nonlinear 
optical frequency conversion. Unfortunately, existing infra-red nonlinear crystals are 
difficult to grow, have poor thermal properties, and are expensive. 

GaAs has a large nonlinear coefficient, good optical transmission between 1 |im 
and 12 |im, and high optical damage threshold for high power applications. It has good 
chemical stability, good mechanical properties, and has a well developed growth 
technology. However, single crystal GaAs cannot be used directly for nonlinear frequency 
conversion because the interacting waves cannot be phasematched, i.e., there is no way to 
compensate for the wavelength dependence of the refractive indices (dispersion). In Figure 
1(a), second harmonic generation (SHG) is shown as a function of length of crystal for a 
non-phasematched interaction. The fundamental wave has a different phase velocity from 
the second harmonic wave, due to dispersion. As the two interacting waves propagate 
through the crystal, the phase difference increases, and the conversion efficiency decreases. 
One coherence length into the crystal, the two waves are 7t out of phase, and the second 
harmonic wave starts converting back to the fundamental wave. 

Changing sign of nonlinearity every coherence length allows growth of the second 
harmonic power (figure 1(b)). Sign of nonlinearity changes in 43m crystals with 180° 
rotation around [1 TO]. Stack of plates, each one coherence length thick, produces quasi- 
phasematching (QPM) structure. SHG using QPM interactions was first demonstrated in 
GaAs in 1976[1][2]. Plates were polished to one coherence length (106 urn for SHG of 



10.6 (im radiation), and aligned at Brewster's angle. Enhanced conversion efficiency was 
measured; however, alignment was tedious and there were serious optical losses due to the 
many air-GaAs interfaces. 

o 2 4 6 8 10 
Crystal Length (number of coherence lengths) 

Figure 1. Theoretical second harmonic power as a function of crystal length 
(a) Not phasematched interaction (b) Quasi-phasematched interaction 

Direct material bonding of semiconductors has been used as an alternative to 
heteroepitaxy in electronic and optoelectronic devices[3-5]. While most work has been 
done with silicon, optoelectronic devices have been fabricated in the III-V semiconductors 
using various bonding techniques[6-8]. We have used direct material bonding to produce a 
DBS structure of GaAs plates for QPM interactions with reduced optical loss[9][10]. 
Figure 2 shows a schematic of a diffusion bonded crystal that can be used for frequency 
doubling a CO2 laser radiation. Adjacent plates are rotated 180° to change the sign of the 
nonlinear coefficient. Commercial applications will require bonded stacks of 50 to 100 
GaAs plates; therefore, loss introduced by bonding must be lower than 0.2% per layer for 
efficient frequency conversion. We report on our current work to understand and reduce 
processing-dependent losses. 

=»   (110) GaAs 
=■   (no) GaAs 

10.6 fim 10.6 um 

5.3 um 

Figure 2. Diffusion-bonded stacked (DBS) GaAs for 
frequency doubling of 10.6 (im CO2 radiation 



PROCESSING 

320 fim-thick {110} semi-insulating GaAs wafers were diced into 1 cm squares, 
which were cleaned and assembled in a cleanroom. The pieces were cleaned with hot 
detergent and de-ionized water, followed by degreasing baths of trichloroethane, acetone 
and methanol. The squares were then etched in NH4OH for 15 min. After rinsing in 
flowing de-ionized water for 5 min, they were assembled by stacking alternating (110) and 
(1 TO) GaAs plates under de-ionized water to reduce particle contamination at interfaces. 
The wafers were then placed into the bonding furnace shown in figure 3. 

Figure 3. Schematic of the furnace used for bonding 

The vertical furnace has two slightly radiused outer pressure plates to apply uniform 
pressure up to 107 N/m2 (100 kg/cm2). Pressure is applied by a pneumatic piston from 
outside the furnace, permitting variation at any time during the process. The furnace can 
maintain sample temperatures of up to 1000°C. 

The wafers were bonded at temperatures ranging from 700°C to 975°C under a 
pressure up to 20 kg/cm2 in -10% H2 + N2 atmosphere. The samples remained at high 
temperature for 2 to 9 hours. 

CHARACTERIZATION 

Usually during polishing, the two sides of the wafer will develop slightly different 
surface qualities, therefore, during the process development, three pieces were bonded 
together each run to test bonding of both sides. After bonding, the samples were cleaved 
and large sections of the interfaces observed under an optical microscope. Voids at 
interfaces were observed to be less than 0.5 um in diameter. Interfacial gaps less than 0.2 
um wide millimeters long occurred occasionally. Optical transmission was measured with a 



Perkin-Elmer Lambda-9 spectrophotometer and a Bio-Rad FTS-40 FTIR. SEM and TEM 
were also use to characterize the interfaces. TEM indicates that bonding disrupts only a 
couple of atomic layers on each side of the interface. 

RESULTS 

The optical transmission spectrum of a 20 layer DBS GaAs is compared to that of 
an unprocessed single GaAs wafer in figure 4. Scattering from voids at interfaces can 
explain the loss at wavelengths between 1 (im and 2 u\m, while gaps at interfaces may 
contribute to loss between 2 |im and 3 |im, however loss at wavelengths longer than 4 jj,m 
cannot be explained by either of these mechanisms. 

Figure 5 shows transmission of a single wafer of GaAs annealed at 700°C to 
975 °C. Longer-wavelength-loss of single GaAs wafers increases as a function of annealing 
temperature. This loss at longer wavelengths is due to bulk absorption. Hall measurements 
show that semi-insulating wafers become p-type doped after annealing at 834°C, with a 
carrier concentration around 1016/cm3. This is confirmed by the similarity of the loss 
spectrum to that of p-type free carrier absorption. The semi-insulating to p-type conversion 
has been reported previously[ 11-15] and is dependent on defect density as a function of 
temperature. It also depends on trace doping and the thermal history of the wafers. The 
annealing-induced loss is significantly reduced at 700°C. 
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Figure 4. Transmission spectra of a 20-layer diffusion bonded stack 

(bonded at 834°C) and a single GaAs layer for reference 



6 8 10 
Wavelength (microns) 

14 

Figure 5. Transmission of a single GaAs wafer annealed at different temperatures 

SUMMARY 

In summary, we bonded multiple GaAs layers for nonlinear optics applications. 
Loss is from interfacial voids and gaps at shorter wavelengths, and processing induced p- 
type free carrier absorption at longer wavelengths. Induced loss is significantly lower for 
annealing at 700°C. To further reduce loss of DBS GaAs, we are currently using etching 
instead of dicing to cut wafers into small pieces for bonding so as to avoid contamination 
by the saw lubricant and debris, and lowering bonding temperature to avoid p-type 
conversion. 
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Mid infra-red (IR) sources between 1 |im and 10 |j,m have wide applications in spectroscopy, 
remote sensing and military countermeasures. Established nonlinear IR crystals such as AgGaSe2, 
and AgGaS2 have poor thermal properties, and low damage thresholds. ZnGeP2 appears 
promising for high power applications, but its growth technology is still being developed, and 
crystals are expensive. In comparison, GaAs has a large nonlinear coefficient, good optical 
transmission between 1 u.m and 12 \im, and high optical damage threshold. It also has good 
chemical stability, good mechanical properties, and a well developed growth technology. 
Unfortunately, single crystal GaAs is linearly isotropic; therefore, nonlinear interactions cannot be 
birefringently phase-matched. However, the interacting waves can be quasi-phasematched (QPM) 
by periodically modulating the nonlinear coefficient in a stack of rotated plates1-2. By diffusion 
bonding individual plates together, we can minimize scattering and reflection losses at the air-GaAs 
interfaces. Preliminary diffusion-bonded-stacked (DBS) GaAs devices demonstrated close to 
theoretical conversion efficiency3,4, but had high transmission losses. We report improved 
processing, leading to a significant reduction in the transmission loss to less than 0.2% per layer at 
5 |im. 
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Figure 1. Diffusion-bonded stacked (DBS) GaAs for quasi-phasematched 
second harmonic generation of 10.6 |im CO2 radiation 

{110} wafers were chosen to provide the maximum effective nonlinear coefficient for propagation 
normal to the input face. Each plate is three coherence lengths thick, with adjacent plates rotated 
180° to change the sign of the nonlinear coefficient. Stacks are heated to 700-975°C under pressure 
to achieve diffusion bonding at the interfaces. Figure 1 illustrates second harmonic generation in 
DBS GaAs. A range of applications become practical for stacks with less than 0.1% additional loss 
per interface. Losses from both the interfaces and bulk material contribute to the total loss of DBS 



GaAs. Incomplete bonding between surfaces leaves microscopic voids and gaps. Scattering due to 
these irregularities is the dominant loss mechanism for wavelengths less then 3 urn. 

Recently, we have discovered that the bulk material undergoes a conversion during the annealing 
process5. Loss in DBS GaAs at longer-wavelengths is a result of bulk p-type free carrier 
absorption. Semi-insulating wafers can convert to p-type during the annealing step, dependent on 
soak temperatures and times, and quenching rates6. Conversion is also affected by thermal history 
and composition of wafers; it is, therefore, supplier specific. Our semi-insulating wafers converted 
to p-type after annealing at 834°C, with a hole concentration of around 1016/cm3. By annealing 
individual wafers, we found the longer-wavelength loss increased with processing temperatures 
from 700°C to 834°C, as shown in figure 2. The annealing-induced loss is significantly reduced at 
700°C. 
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Figure 2. Transmission of a single 320-|im thick GaAs wafers annealed at different temperatures 
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Figure 3. Comparison of the transmission spectra of the 15-layer DBS GaAs 
(bonded at 700°C), with the 20-layer DBS GaAs (bonded at 834°C), 

and a 1 cm long unprocessed bulk GaAs crystal 
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Figure 3 compares the optical transmission of two DBS devices bonded at different temperatures 
with the transmission of the bulk unprocessed GaAs. All the GaAs is from the same boule. The 
20-layer DBS GaAs device, bonded earlier at 834°C, shows transmission is significantly reduced; 
at 5 fj,m the internal loss is 0.3 cm"1, corresponding to 1.5% per layer. The recent 15-layer DBS 
device was bonded at 700°C. Its transmission at wavelengths longer than 3 |im is relatively flat, 
with a total internal loss of about 0.04 cm-1 at 5 |im, corresponding to less than 0.2% per layer. It 
appears that there could still be some transformation from semi-insulating to p-type doped material 
even at processing temperatures of 700°C. We should be able to further improve the optical 
transmission by lowering the temperature again, provided that we are still able to bond the wafers 
at the lowered temperatures, by requiring specific compositions from manufacturers, or by 
implementing a post-bonding annealing step. GaAs manufacturers employ multiple annealing steps 
to ensure high quality, uniformly semi-insulating crystals. Using similar processing techniques, 
we can regain high quality semi-insulating material. 

In summary, a nonlinear frequency conversion device requires low loss. At higher temperatures, 
semi-insulating GaAs transforms into p-type, resulting in longer-wavelength absorption. By 
bonding at lower temperatures, we have reduced the loss to less than 0.2% per layer at 5 |im. 
However, some of the remaining loss is still due to p-type free carrier absorption. We plan to 
fabricate longer devices and demonstrate efficient second harmonic generation of high power CO2 
laser radiation. 
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