
Optical nonlinearities and applications of
semiconductors near half the band gap.

Item Type text; Dissertation-Reproduction (electronic)

Authors Villeneuve, Alain.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:02:45

Link to Item http://hdl.handle.net/10150/186035

http://hdl.handle.net/10150/186035


INFORMATION TO USERS 

This manuscript has been reproduced from the microfilm master. UMI 

films the text directly from the original or copy submitted. Thus, some 

thesis and dissertation copies are in typewriter face, while others may 

be from any type of computer printer. 

The quality of this reproduction is dependent upon the quality of the 

copy submitted. Broken or indistinct print, colored or poor quality 

illustrations and photographs, print bleedtbrough, substandard margins, 

and improper alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a complete 

manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note will indicate 

the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand comer and 

continuing from left to right in equal sections with small overlaps. Each 

original is also photographed in one exposure and is included in 

reduced form at the back of the book. 

Photographs included in the original manuscript have been reproduced 

xerographically in this copy. Higher quality 6" x 9" black and white 

photographic prints are available for any photographs or illustrations 

appearing in this copy for an additional charge. Contact UMI directly 

to order. 

U·M·I 
University Microfilms International 

A Bell & Howellinformalion Company 
300 North Zeeb Road. Ann Arbor. M148106-1346 USA 

313/761-4700 800:521-0600 





Order Number 9307695 

Optical nonlinearities and applications of semiconductors near 
half the band gap 

Villeneuve, Alain, Ph.D. 

The University of Arizona, 1992 

Copyright ©1992 by Villeneuve, Alain. All rights reserved. 

U·M·I 
300 N. Zeeb Rd. 
Ann Arbor, MI 48106 





OPTICAL NONLINEARITIES AND APPLICATIONS OF 

SEMICONDUCTORS NEAR HALF THE BAND GAP 

by 

Alain Villeneuve 

Copyright© Alain Villeneuve 1992 

A Dissenation Submitted to the Faculty of the 

COMMITIEE ON OPTICAL SCIENCES 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOcrOR OF PHll..OSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1992 



THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have 

read the dissertation prepared by ___ A_l_a_in __ V_1_ol_l_e_n_e_u_v_e ____________________ __ 

entitled Optical nonlineari ties and applications of semiconductors 

near half the band gap 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of __ D_o_c_t_o_r __ o_f_P_h_i_l_o_S_o~p_h_y ____________________ __ 

Date 

Date 

Final approval and acceptance of this dissertation is contingent upon 
the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

2 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 

irector Dr )George Io Stegeman 



STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree at The University of Arizona and is deposited in the University Library 
to be made available to borrowers under the rules of the Library. 

3 

Brief quotations from this dissertation are allowable without special permission, 
provided that accurate acknowledgement of source is made. Requests for permission for 
extended quotation from or reproduction of this manuscript in whole or in pan maybe 
granted by the copyright holder 

SIGNED: ae~ ~~ 



4 

ACKNOWLEDGMENT 

I express my sincerest appreciation to: 

My advisor, George 1. Stegeman, for giving me the possibility to learn how to 

conduct research and for his patience and guidance that were always there when I needed 

it; 

Stewart Aitchison for his help in the characterization and sample preparation as 

well as useful discussions for the AIGaAs project; 

Charlie Ironside for his help in the GaAs project as well as in every other aspect 

of my thesis with useful suggestions; 

C. C. Yang for his help in analyzing and developing numerical models for 

explaining the experimental work; 

To William Banyai and Neil Finlayson for their patience while explaining the 

intricacies of experimental work; 

To all of my student colleagues as well as the professors at Optical Sciences 

Center of the University of Arizona and at CREOL of the University of Central Florida 

for their stimulating discussions 

Claudette Cedras for her patience, support and understanding that she provided 

throughout the five years of my studies. 



Dedic~ted to 

Claudette CedI-as 

and 

my family 

5 



6 

TABLE OF CONTENTS 

LIST OF FIGURES ........................................................................................................ 9 

ABSTRACT .................................................................................................................... 12 

1. INTRODUCTION ..................................................................................................... 13 

1.1 BACKGROUND AND RATIONALE ........................................................ 13 

1.2 SCOPE OF TliE RESEARCH .................................................................... 17 

1.3 LAYOUT OF TflESIS .................................................................................. 18 

2. SEMICONDUCTOR NONLINEAR OPTICS AT HALF THE BAND GAP .......... 19 

2.1 INTRODUCTION ....................................................................................... 19 

2.2 TWO-PHOTON ABSORPTION AND NONLINEAR KRAMERS-

KRONIG RELA TION ........................................................................................ 24 

2.4 APPLICA nON OF SCALING LAWS TO AIGaAs .................................. 29 

3. SEMICONDUCTORS WAVEGUIDES ................................................................... 31 

3.1 INTRODUCTION ....................................................................................... 31 

3.2 TYPES OF SEMICONDUCTOR W A VEGCIDES .................................... 31 

3.3 CALCULATION OF PROPAGATION WA VEVECTOR BY 

EFFEcrIVE INDEX METIIOD ........................................................................ 34 

3.4 DESIGN OF LOW LOSS SEMICO!'ol1)UCTOR WAVEGUIDES 

FOR ALL-ornCAL SWITCHIN'G .................................................................. 36 

4. EXPERThfENT AL APPARATUS ............................................. ~ ............................... 40 

4.1 INTRODUCTION ....................................................................................... 40 

4.2 COLOR CENTER LASER .......................................................................... 40 

4.2.1 ADDITIVE PULSE MODE-LOCK~G ...................................... 42 



7 

TABLE OF CONTENTS - Continued 

4.3 EXPERIMENTAL SET-UP FOR NONLINEAR TRANSMISSION 

J.\.1EASUREJ.\.1ENTS ............................................................................................ 44 

4.4 PUMP-PROBE TIME RESOL YED SET-UP ............................................. 46 

5. MUL TIPHOTON AND FREE CARRIER ABSORPTION ...................................... 49 

5.1 INTRODUCTION ....................................................................................... 49 

5.2 TRANSMISSION MEASUREMENT OF TWO PHOTON 

ABSORPTION .................................................................................................... 50 

5.2.1 TWO PHOTON ABSORPTION IN InGaAlAs 

WAVEGUIDE ........................................................................................ 53 

5.2.2 TWO PHOTON ABSORPTION IN GaAs WAVEGUIDES ....... 56 

5.3 PUMP PROBE ON GaAs WAVEGUIDE AND FREE CARRIER 

ABSORP'TION .................................................................................................... 59 

5.4 SUMMARY 

6. NONLINEAR DIRECTIONAL COUPLER ............................................................. 66 

6.1 INTRODUCTION ........................................................................................ 66 

6.2 TWO PHOTON ABSORPTION ................................................................. 67 

6.3 MA TlIEMA TICAL MODEL ...................................................................... 68 

6.4 EXPERIMENTAL RESULTS ..................................................................... 70 

6.4.1 DESIGN AND FABRICATION OF THE COUPLER ................. 70 

6.4.2 BULK AIGaAs NONLINEAR DIRECTIONAL COUPLER ...... 73 

6.4.3 QUANTUM WELL NONLINEAR DIRECTIONAL 

COUPLER .............................................................................................. 78 

6.4.4 AUTOCORRELATION ............................................................... 80 



8 

TABLE OF CONTENTS - Continued 

6.5 FIGURE OF MERIT V ................................................................................. 83 

6.6 IMPROVEMENTS ...................................................................................... 87 

7. NONLINEAR X-JUNCTION .................................................................................... 90 

7.1 INTRODUCTION ....................................................................................... 90 

7.2 DEVICE DESIGN ........................................................................................ 90 

7.3 EXPERIIvlENT AL RESULTS ...................................................................... 92 

7.4 SUMMARY .................................................................................................. 98 

8. EPll...OGUE ................................................................................................................ 99 

8.1 SUMMARy .................................................................................................. 99 

8.2 CONCLUSIONS ........................................................................................... 100 

8.3 FUTURE RESEARCH ................................................................................. iOl 

REFERENCES ................................................................................................................ 102 



9 

LIST OF FIGURES 

Figure 1.1 Mach-Zehnder interferometer and its response ............................................ 14 

Figure 1.2 Directional coupler and its ideal response .................................................... 16 

Figure 2.1 Band filling nonlinearity ............................................................................... 21 

Figure 2.2 Two-photon absorption in semiconductors .................................................. 22 

Figure 2.3 Accurate representation of two photon transition in semiconductors .......... 23 

Figure 2.4 Dispersion relation F2 and G2 vs. lim / E g ........................................... 29 

Figure 2.5 Two photon figure of merit T ....................................................................... 30 

Figure 2.6 Two photon absorption coefficient and nonlinear index of refraction 

for AlO.18GaO.72As ........................................................................................................ 30 

Figure 3.1 Types of semiconductor waveguides ............................................................ 33 

Figure 3.2 Schematic representation of the effective index method .............................. 35 

Figure 3.3 Intensity required for 1t phase shift as a function of guide thickness ........... 39 

Figure 4.1 Tuning curve for the color center laser ......................................................... 42 

Figure 4.2 Pulse width as a function of wavelength ...................................................... 42 

Figure 4.3 Transmission experimental set-up ................................................................ 46 

Figure 4.4 Pump-Probe experimental set-up .................................................................. 49 

Figure 5.1 Nonlinear transmission as a function of pulse shape and mode profile ....... 52 

Figure 5.2 Rib waveguide structure for InGaAlAs ........................................................ 54 

Figure 5.3 lItransmission as a function of input intensity for the InGaAlAs 

waveguide ....................................................................................................................... 55 

Figure 5.4 Two photon absorption coefficients vs. wavelength for the InGaAlAs 

waveguide ....................................................................................................................... 56 



10 

LIST OF FIGURES - Continued 

Figure 5.5 Output peak intensity vs. incident peak intensity for the InGaAIAs 

waveguide ....................................................................................................................... 57 

Figure 5.6 Loss as a function of the wavelength for the GaAs waveguide ................... 57 

Figure 5.7 Two photon absorption as a function of wavelength for the GaAs 

waveguide ....................................................................................................................... 58 

Figure 5.8 Pump probe transmission as a function of probe delay for the GaAs 

waveguide ....................................................................................................................... 63 

Figure 5.9 Free carrier absorption as a function of the intensity squared for the 

GaAs waveguide ............................................................................................................. 64 

Figure 6.1 Schematic representation of a nonlinear directional coupler ....................... 68 

Figure 6.2 Geometry of directional coupler ................................................................... 71 

Figure 6.3 Theoretical coupling length as a function of waveguide separation ............ 71 

Figure 6.4 Directional coupler's waveguide geometry ................................................... 74 

Figure 6.5 Top view of the directional coupler .............................................................. 75 

Figure 6.6 Switching fraction as a function of input intensity for the bulk AIGaAs 

directional coupler ........................................................................................................... 76 

Figure 6.7 Output intensity as a function of input intensity for the bulk AlGaAs 

directional coupler ........................................................................................................... 78 

Figure 6.8 Switching fraction as a function of input intensity for the quantum 

well GaAsl AlGaAs directional coupler .......................................................................... 79 

Figure 6.9 Output intensity as a function of input intensity for the quantum well 

GaAsl AIGaAs directional coupler .................................................................................. 80 

Figure 6.10 Autocorrelator ............................................................................................ 81 



11 

LIST OF FIGURES - Continued 

Figure 6.11 Autocorrelation of output pulses at different input intensity ...................... 82 

Figure 6.12 Pump probe and switching fraction of the nonlinear directional 

coupler ............................................................................................................................. 84 

Figure 6.13 Normalized transmission and total throughput as a function of the 

normalized input power .................................................................................................. 86 

Figure 6.14 Output switching fraction as a function of normalized input power .......... 86 

Figure 6.15 Switching power and normalized transmission as a function of the 

figure of merit V ............................................................................................................. 88 

Figure 6.16 Output pulses autocorrelation from the bar state for different V ............... 88 

Figure 6.17 Output pulses autocorrelation from the cross state for different V ............ 89 

Figure 7.1 Schematic representation of the symmetric X -switch .................................. 90 

Figure 7.2 CW output switching fraction of the X-switch as a function of the 

input power ..................................................................................................................... 91 

Figure 7.3 End facet schematic view of the X-switch ................................................... 93 

Figure 7.4 Beam propagation method results for low and high power .......................... 94 

Figure 7.5 Theoretical time average response ............................................................... 95 

Figure 7.6 Output switching fraction for two different X-switch .................................. 96 

Figure 7.7 Autocorrelation for different input power .................................................... 97 



12 

ABSTRACf 

The nonlinear optical properties of bulk and quantum well semiconductor 

waveguides were measured as well as their time response near half the band gap. 

Experiments were perfonned on different semiconductors including the following bulk 

semiconductors GaAs, AIGaAs, InGaAlAs, and on GaAs/AIGaAs quantum well samples, 

to measure the two and three photon absorption, the free carrier cross section, and the 

nonlinear index of refraction. Also all-optical switching was demonstrated in a nonlinear 

directional coupler, and for the first time in a nonlinear X-switch. The switching 

exhibited high throughput, and the switching time is shorter than the 400 femtosecond 

pulses used in the experiment. 

A three photon figure of merit including the influence of nonlinear index, 

waveguide parameters, and three photon absorption was developed for a nonlinear 

directional coupler. This new figure of merit as well as the other figures of merit 

developed for all-optical switching are shown to be satisfied in AIGaAs when used below 

half the band gap. 
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CHAPTER 1 

INTRODUCfION 

1.1 BACKGROUND AND RATIONALE 

Optical communications and signal processing are expanding rapidly in response 

to the new "information age". This is putting increasing pressure on the speed at which 

optical information can be manipulated and processed, especially since the bandwidth of 

the principal transmission medium, namely fibers, can support much denser information 

flow than is currently compatible with electronic processing techniques. An alternative is 

to do the processing totally in the optical domain, and one of the primary functions which 

needs to be implemented is all-optical switching. For communications, the desirable 

wavelengths are 1.3 and 1.55 microns [Alferness 1981, Blow 1983, Smith 1984]. 

Switching of optical signals is now done in one of two ways. The signal can be 

detected, processed by an electronic decision circuit and subsequently regenerated in 

optical form as an appropriate optical signal by a light emitting diode or laser. Switching 

in optical formats ca."1 also be performed by applying appropriate voltages to an electro

optically active medium. A simple example, known as a Mach-Zehnder interferometer, is 

shown in Fig. 1.1. The incident beam is split into two, propagates approximately equal 

distances in two independent channels, and then is recombined at the second junction. 

Whether an output is obtained or not is determined by the relative phases of the two 

signals which are recombined. In an electro-optic device, the relative phase is controlled 

by applying an electric field across one of the channels. Because the material is electro

optic, the field induces an index change so that the phase of light in that channel changes. 
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This results in the switching characteristic shown in Fig lb. Modulation speeds of 40 

GHz have been demonstrated in prototype devices. 

(a) ELECTRODE 

1 ~~ ____ ~ ____ ~ ______ ~ ____ ~~ 

ZO.8 
o -~0.6 -:; 
~0.4 
< 
~ 
E-0.2 

O-+------r--~~--_r_--__t_ 
(b) APPLIED VOLTAGE 

Figure 1.1 (a) Mach-Zehnder interferometer (b) 
Transmission as a function of the applied voltage. The 
corresponding phase shift is between 0 to 21t. 

Conceptually this device can be made into an all-optical switch by using a 

nonlinear material in one of the interferometer arms [Stegeman 1989 & 1990, Thylen 

1987]. Assuming a classical Kerr response for the nonlinearity, i.e. an index change ~n = 

n21 where I is the local intensity, then the relative phase between the signals in the two 

channels is changed by increasing the input power for an unbalanced Mach-Zehnder, i.e., 

with unequal arms or different waveguide cross section area. As a result, the output is 

modulated as shown in Fig 1 b, but with the variable being the optical power. 
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To date there have been two dominant philosophies in all-optical switching. 

Developed rust were bistable switches based on nonlinear etalons, primarily for 

applications requiring the processing of signals in parallel. More recently, the switching 

of very fast serial signals has been investigated using waveguide switches. The nonlinear 

Mach-Zehnder just discussed is an example of this second approach. 

Many waveguide based all-optical switches have been proposed and analyzed, 

and a number of them have already been demonstrated. The most successful have been in 

fibers. There the required nonlinear phase shifts have been achieved by using long 

propagation distances to compensate for the very small nonlinearities of glass. In 

integrated optics contexts, it has proven difficult to obtain the required phase shifts over 

one attenuation length of a sample due to linear and nonlinear absorption. This is 

quantified by a normalized nonlinear phase shift W = l1t/J NL /2n = l1n / aA.. The larger 

the value ofW, the more promising the material [Stegeman 1988, Wright 1988]. 

Semiconductors are a very attractive material for implementing all-optical 

switches. Because of their impact in electronics, they can be fabricated to very high 

purities, and can be selectively doped very accurately. The technology of their 

processing into waveguide form has been developed for making semiconductor lasers and 

electro-optic switches. Furthermore, the linear and nonlinear optical properties of 

semiconductors are well understood [Garmire 1985]. 

To date, the principal all-optical waveguide switching device investigated in 

semiconductors has been the nonlinear directional coupler. The nonlinear directional 

coupler and its ideal response are shown in Fig. 1.2 [Jensen 1982]. Switching has been 

demonstrated primarily in GaAs near its band gap of 870 nm (1.42 eV), using 

nonlinearities which rely on photon absorption [Li Kam Wa 1985 & 1990, Jin 1988]. 

The resulting trade-off between nonlinear index change and absorption, i.e. W, has 
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proven difficult to optimize for efficient devices [Wright 1988]. In addition, the carrier 

recombination time has limited the potential bit rate processing speed. 

~ /BAR 

/ 
" CROSS 

1 

'"' 
• . ----.-z 

I~· ~I \ ~0.8 • • 
U . 
< \ :. tt 0.6 . 
~ . \ 
::r: 0.4 • 

• \ u • 
~0.2 • 

\ tI) 

• 
0 

0.12 0.52 0.92 1.32 1.72 
NORMALIZED INPUT POWER 

Figure 1.2 Directional coupler and its ideal response. 

Semiconductors also exhibit ultrafast nonlinearities due to the nonlinear response 

of the exciton absorption to an optical field, known as the AC Stark effect. A NLDC has 

been implemented. based. on this nonlinearity just below the band gap, but two photon 

absorption deteriorated. the switching response [Chung 1992, Jin 1990]. This problem is 

quantified. by a second figure of merit in which the effective sample length is limited. by 

two photon absorption. The important quantity is T-1 = lltfJNL / 2n = ~ /2).,f32 where ~2 

is the two photon absorption coefficient [Mizrahi 1989]. 
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In a semiconductor, the two photon absorption coefficient should go to zero for 

photon energies less than one half the band gap because there are no states for the excited 

electron to occupy, implying T -? 0 [Delong 1990]. This process have been modeled 

recently and the magnitude of the nonlinearity n2 established as approximately 10-13 

cm2jW [Sheik-Bahae 1990]. Furthermore, around half the band gap in a material there 

should be no direct carrier related absorption suggesting that (l could be small and 

therefore W large. Therefore it seems that both all-optical switching figures of merit are 

attractive for photon energies less than Egap/2. 

The goal of this thesis is to establish experimentally whether semiconductors 

below one half of their band gap are useful for nonlinear optics in general, and all-optical 

switching devices in particular. The material chosen is AIGaAs whose relative aluminum 

content can be adjusted so that the communications wavelength 1.55 microns falls below 

one half of the semiconductor's band gap. 

1.2 SCOPE OF THE RESEARCH 

There are two major thrusts in this thesis. 

1. The nonlinear properties of AIGaAs materials are measured in the vicinity of the 

half the band gap. 

2. The all-optical switching characteristics of a nonlinear directional coupler and a 

X-switch are investigated. 

Most of the experimental work utilized a picosecond or femtosecond tunable color 

center laser. Many different experiments were performed to measure the intensity and 

wavelength dependence of the nonlinear transmission and the time response of the 

nonlinear processes involved. The results are compared with existing theoretical values 

and are found to agree well. 
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Fabrication of the waveguides was done at the University of Glasgow in the case 

of the nonlinear directional coupler and the X-switch, at Columbia University for the 

GaAs waveguide, and at CSELT, Italy for the InGaAlAs waveguide. The collaboration 

with Glasgow is an ongoing one allowing continuous refinement of the devices. 

For each experiment, nonlinear transmission, pump-probe, and the directional 

coupler, a theoretical model was developed to interpret the data. The main result was to 

show that all-optical switching is possible at very high repetition rates with AlGaAs used 

below half the band gap. 

1.3 LA YOUT OF THESIS 

This introductory chapter is intended to give background information about this 

thesis. Also, it gives goals for the research. The nonlinearities in semiconductors in 

general, and especially two photon absorption and the related nonlinear index of 

refraction near half the band gap are discussed in Chapter 2. The design of low loss 

semiconductors waveguides is the subject of Chapter 3. Outlined in Chapter 4 are the 

different apparatuses used during the course of this research. This included the color 

center laser and the additive pulse mode-locking used for some experiments, as well as 

the transmission and pump-probe experimental set-ups. Measurements of two photon 

and free carrier absorption are discussed in chapter 5. Chapter 6 outlines the experiments 

done on the nonlinear directional coupler including the numerical model which was used 

to determine the nonlinear index of refraction, and the two and three photon absorption 

coefficients of AlGaAs used for the waveguides. Also, a new figure of merit was derived 

to include the effect of three photon absorption on nonlinear coupling. Chapter 7 

contains results on the first nonlinear X-switches. The principal results of this thesis are 

summarized in Chapter 8. 
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CHAPTER 2 

SEMICONDUcrOR NONLINEAR OPTICS AT HALF TIffi BAND GAP 

2.1 INTRODUCTION 

The fIrst attempts at using semiconductor nonlinearities were concentrated at wavelengths 

near the band gap. There are a number of different mechanisms responsible for the 

nonlinear response there. Most of them involve a change in absorption leading, through 

the Kramers-Kronig relation (Eq. 2.6), to a change in refractive index. The change in 

absorption is due to the accumulation of carriers in the conduction and/or the valence 

band [Banyai 1986, Haug 1985 & 1988, Lin 1988]. For example, the photo-excited 

carriers can screen exciton features, hence reducing the absorption. Also the excitation of 

carriers can increase the band gap in the case of band fIlling. A band fIlling nonlinearity 

creates a blue shift in the minimum photon energy required to excite an electron from the 

valence to the conduction band [Banyai 1988, Lee 1986]. For a transition to be allowed, 

a state must be available in the valence band as well as in the conduction band. When the 

states at the top of the valence band are fIlled by holes and at the bottom of the 

conduction band by electrons, transitions which were allowed when the states were empty 

are no longer possible. When carriers are present, only photons with suffIciently high 

energy to reach an empty state can excite electron-hole pairs. Therefore band fIlling 

leads to an increase in the band edge energy as shown in Figure 2.1 (a). The change in 

absorption between high intensity n(I) and low intensity n(O) is shown in Figure 2.1(b) 

along with the associated change in refractive index. For photon frequency (or photon 

energy) lower than the band gap, the nonlinear index change is negative. It is positive for 
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photon energy above the band gap. These nonlinearities can produce much larger 

nonlinear index changes than the non-resonant one used in chapter 6 for the nonlinear 

directional coupler. However because the band filling nonlinearity originates from the 

carriers generated by the absorption, its decay time is limited by carrier recombination 

times. That is the typical recovery time of the nonlinearity varies from a few tens of 

picoseconds to a few nanoseconds [Li Kam Wa 1990 & 1991, Miller 1992]. This limits 

the speed at which devices based on this nonlinearity can be used. Another disadvantage 

is that radiation must be absorbed to produce the nonlinearity which limits the throughput 

of the device. This is why a nonresonant nonlinearity, i.e. a nonlinearity which does not 

involve real transitions and the creation of carriers, was used in chapter 6 for the 

nonlinear directional coupler. 

Linear absorption can also increase the temperature of the material. A 

temperature change can reduce the band gap, opposite to the direction obtained from band 

filling. This correspond to a red shift of the absorption edge from its low intensity value. 

In this case, the nonlinear index change can be positive for a limited range of photon 

energies smaller than the band gap. This thermal nonlinearity decays with thermal time 

constants of a few microseconds [Gabriel 1986, Jensen 1985]. 

The AC stark effect which is a renormalisation by an intense optical field of the 

band gap has been shown to recover within 100 fsec and produce sufficient phase shift to 

observe all-optical switching in a directional coupler [Chung 1992, Jin 1990]. However, 

this nonlinearity is accompanied by the detrimental creation of carriers beacause of the 

proximity of the band gap and two photon absorption. 
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To avoid the direct one photon excitation of carriers, it is necessary to use a 

photon energy lower than the band gap. However two photon absorption becomes the 

limiting absorption process between the band gap and half the band gap. Two photon 
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absorption is an intensity dependent absorption where two photons are required for a 

transition, as shown in Figure 2.2. The reduction in intensity I as a function of distance z 

through a sample with two photon absorption can be expressed as [Bechtel 1976] 

(2.1) 

where ~2 is the two photon absorption coefficient. The transmission decreases with the 

intensity squared, and the absorption coefficient is linear in the intensity, a = /321. 

E conduction 
band 

k 
_...J",.-==~--" 

Figure 2.2 Two photon absorption. Two photons are 
required to excite an electron from the valence band to the 
conduction band through an intermediate state. 

A more accurate representation of two photon absorption must include the fact 

that only real transitions can occur and that quantum mechanics must be obeyed (Figure 

2.3) [Pidgeon 1979]. In this case, one photon generates an electron-hole pair even if by 

itself it does not have the required energy. This is allowed within Heisenberg's 

uncertainty principle for a time, .1t::::::h/.1E, where .1E is the "missing" photon energy. 

Then a second electron is absorbed within .1t and supplies the difference in energy. The 
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photons do not need to have the same frequency as long as the total energy is greater than 

the band gap. However, in this thesis, only the case when both photons have the same 

energy is studied experimentally. 

Two-photon absorption (2PA) can be detrimental or beneficial, depending on the 

application. In the case of optical limiting where the purpose is to protect a detector, for 

example, from a high intensity beam, 2PA can be useful by increasing the absorption 

when the intensity increases [Boggers 1985, Sheik-Bahae 1991, Van Stryland 1985]. 

However, 2PA can be detrimental for all-optical switching because it can limit the 

nonlinear phase shift obtainable within an absorption length by decreasing this absorption 

length as intensity increases [Mizrahi 1989]. The influence of 2PA on all-optical 

switching will be discussed in section 2.3. 

The dispersion of ~2 can be related through a nonlinear Kramers-Kronig relation 

to the nonlinear index of refraction n2. This will be the subject of the next section. The 

figure of merit T for the two photon absorption will be the subject of section 2.3. The 

scaling laws for ~2 and n2 will be applied specifically to AIGaAs in section 2.4. 

conduction 
band 

k 

Figure 2.3 Two photon transition in semiconductors 
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2.2 TWO-PHOTON ABSORPTION SCALING LAW AND NONLINEAR KRAMERS

KRONIG RELATION 

Theory and scaling laws for multi-photon absorption, and in particular two photon 

absorption, have been the thrust of several papers [Pidgeon 1979, Wherrett 1984]. The 

perturbation theories used assumed direct interband multiphoton absorption for photons 

at a single frequency. No Coulomb interaction between generated carriers was 

considered, and the bands were assumed to be parabolic. Also, the influence of the 

generated carrier was not included. Within these approximations, the electron transition 

rate Mcv due to two photon absorption is given by 

(2.2) 

and the two photon absorption coefficient ~2 is given by 

(2.3) 

where O>p is the operating frequency, e is the electron charge, np is the index of refraction 

at cop, m is the electron mass, (ele· pli) and (ile· plv) are the dipole matrix elements for 

transitions between the initial state in valence band v and the intermediate state i, or 

between the intermediate state and the final state c in the conduction band. The label cv 

represents an upward transition. The sum is done over Lh.e intermediate states and the 

integral over the k space. The resulting scaling law for 2PA is [Van Stryland 1985] 
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(2.4) 

The 2PA coefficient is inversely proportional to the band gap cubed. Here K is a material 
29

K e4 

independent constant given by K = -5 .fi1i: ' where e, mo, and c are the elementary 
IItC2 

charge, the free electron mass and the speed oflight, respectively. The value ofK is 1940 

in the units chosen so that /32 is in crn/GW when Eg and Ep are in eVe However the best 

experimental value based on a fit to a large number of different materials gives a value of 

K=3100 [Van Stryland 1985]. Using a four band model Weiller calculated K=5200 for 

parabolic bands [We iller 1981, Sheik-Bahae 1991]. Ep is the Kane momentum energy 

and is nearly constant with a value of 21 e V for a wide range of semiconductors [Kane 

1966]. Its value for different materials can be found in Van Stryland (1985). The 

functional form of F2 is determined by the band structure assumed and has been 

calculated for a number of band structures [Van Stryland 1985]. When both the 

conduction and valence bands are parabolic, the functionality of F2 is given by 

(2.5) 

where x = h~g' Figure 2.4 shows the wavelength dependence of /32 for the 

degenerate case. The band gap is at hm / Eg =l and the non-resonant wavelength region 

occurs when hm / Eg tends to zero. 

Linear KK relates linear absorption to the index of refraction (and vice versa) as 

follows 
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c OOJ a( (o' ) , 
n({O)-l=- ,2 2 d {O 

1t O{O -{O 
(2.6) 

For the nonlinear case each perturbation ~, such as two-photon absorption, raman and 

Stark effects, applied to the material will create an index change and these changes can be 

considered individually and later summed. The KK transformation states that a change in 

refractive index (~n) at m is associated with a change in absorption coefficient (~a) 

throughout the spectrum (m') and vice versa [Sheik-Bahae 1991]. The KK transformation 

then generalizes to 

( .1=) _ C Joo ~a( (o' ; x) , 
~n {O,,:! -- ,2 2 d{O 

1t o {O -(O 
(2.7) 

After using this transformation, Sheik-Bahae et al. found that the scaling law for the 

nonlinear index of refraction is given by 

(2.S) 

The functionality of G2(x) can be found in figure 2.4 where n2 is plotted as a function of 

hOllEg. The nonlinear index of refraction varies with the inverse fourth power of the 

band gap. K'=l.SxlO-S when Eg and Ep are defined in eV. 

This theory has been found to fit very well for many different materials over a 

variety of wavelengths. The simple scaling laws relate directly the nonlinear absorption 
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and nonlinear index to linear parameters of the material, and in particular to the band gap 

Eg. ~2 is proportional to 1/ E; , while n2 is proportional to 1/ E; . 

2.3 TWO PHOTON ABSORPTION FIGURE OF MERIT 

All-optical switching devices depend on a nonlinear phase shift accumulated over 

the length of the device. The nonlinear phase shift ~<I> given by 

L 

~</J = J ~n2I(z)dz = ~n2IL (2.9) 
o 

where ko is the vacuum wavevector. The nonlinear phase shift is equal to the right hand 

side of Eq. (2.9) when the absorption is equal to zero and therefore the intensity I is 

constant. When nonlinear absorption such as 2PA is present, the intensity will vary in z, 

I(z), and hence reducing the accumulated phase shift ~<I>. 

The influence of 2PA on all-optical devices such as the nonlinear directional 

coupler has been determined by Mizrahi et al and Delong et al [Mizrahi 1989, Delong 

1989]. They showed that for a device to function with sufficient throughput (greater than 

lie), the following figure of merit T should be smaller than a certain value, which is a 

function of the all-optical device considered. 

(2.10) 

The smaller the value of T the better, which means that the effect of 2PA compared to the 

nonlinear phase shift is reduced. It is important to notice that T is independent of the 

intensity and depends only weakly on the particular device. The requirement for different 
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devices can be found in Stegeman et al. [Stegeman 1988]. For example, the nonlinear 

directional coupler which will be discussed in chapter 6 requires T<l for switching. A 

more physical interpretation of T is that it quantifies whether the required phase shift for 

all-optical devices can be achieved before the 2PA diminishes the throughput below an 

acceptable value. 

It is possible to combine the theory developed above with the figure of merit T to 

predict over what wavelength region T<l is satisfied [Delong 1990]. Figure 2.5 is a plot 

of T as a function of nm / E g. In two different regions the figure of merit is satisfied. 

The region near the band gap is not useful for switching, because the linear absorption is 

too large due to the proximity of the band gap. The other region seems to be the most 

promising, because both linear and two-photon absorption are vanishing small below half 

the band gap. Only below half the band gap where ~2 is theoretically equal to zero is T 

satisfied and theoretically equal to zero. However it is important to verify these theories 

near half the band gap, which is one of the goals of the present thesis. 
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The material system used for most of the experiments performed here is AIGaAs. 

Figure 2.6 presents ~2 and n2 for AIO.18GaO.76As as a function of wavelength near half 

the band gap. The composition was chosen to locate the half band gap around 1.5 Ilm. 

This allows the operation with a minimum of two photon absorption at the low-loss 

optical fiber communication wavelength of 1.55 Ilm. The two photon absorption 

coefficient goes to zero at half the band gap. The nonlinear index of refraction is 

enhanced by the proximity of half the band gap [Sheik-Bahae 1990 & 1991]. This 

material will be used in chapter 6. 
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CHAPTER 3 

SEMICONDUCTOR WAVEGUIDES 

3.1 INTRODUCTION 

Semiconductor or dielectric waveguides are used to confine and guide light over 

long distances. The advantage of waveguides for nonlinear optics is that they can 

maintain high intensities over a distance much longer than the depth of focus of lenses. 

The simplest waveguide is formed of a high index material between two lower index 

media. This structure is called a slab waveguide and confines the light in only one 

direction. Lateral confmement will be the subject of section 3.2 when different types of 

semiconductor waveguide will be discussed [Tamir 1979]. Another type of waveguide is 

the optical fiber which has very low loss and is used to transmit transatlantic signals. In 

section 3.3 a simple but efficient method for calculating the propagation constant of a 

semiconductor rib waveguide will be presented. Finally, it will be shown how to design 

low loss waveguides for all-optical switching in section 3.4. 

It is important to couple light into waveguides efficiently and different methods 

have been developed for accomplishing this. Techniques include grating and prism 

coupling rely on wavevector matching for coupling. Also, it is possible to mode match 

the incident light into the waveguide mode by a lens through a polished end face. This 

technique is known as endfire coupling and will be used throughout this thesis. 

3.2 TYPES OF SEMICONDUCTOR WAVEGUIDES 
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The index of refraction of compound semiconductors, as well as their band gap, 

can be controlled by their atomic content. For example the percentage of Aluminum in 

AIGaAs can change the band gap from 1.42 eV (870 nm) for GaAs to 2.17 eV (570 nm) 

for AlAs. The refractive index varies from 3.43 for GaAs to 2.92 for AlAs, both at 

A=1.5 J..III1 [Adachi 1985, Afromowitz 1974, aspnes 1986, Casey 1974]. Therefore by 

controlling the concentration of Aluminum during growth it is possible to make 

waveguides by fabricating regions of high index. Extremely low loss waveguides can be 

achieved with semiconductors, for example an attenuation coefficient smaller than 

0.2 dB/cm has been reported [Deri 1991, Kapon 1987]. The design of a low loss 

semiconductor waveguide in the AIGaAs compound family will be discussed in Section 

3.4. This waveguide design will be the basis for the nonlinear directional coupler 

discussed in chapter 6. It is important to note that these indices are much bigger than air 

(n=I), a useful feature for calculating the field profile since the penetration of the field 

into air will be small, and can usually be neglected. 

Figure 3.1 shows different kinds of semiconductor waveguides. The fields are 

confined vertically in the region of higher index of refraction nr [Tamir 1979]. The index 

of refraction of the cladding, usually air, is nc, and ns is the index of the substrate. A 

second cladding nl can be added if necessary. Sometimes a buffer layer between the 

guiding layer and the substrate is grown for vertical confinement, but it is not shown 

explicitly in the figure. The substrate can be either a wafer or the buffer layer. For most 

semiconductor waveguides the substrate is GaAs or InP. The layers can be grown by 

different techniques, such as Molecular Beam Epitaxy (MBE), Liquid Phase Epitaxy 

(LPE), Organo-Metallic Chemical Vapor Deposition (OMCVD or OMVPE). All these 

techniques produce epitaxial layers, meaning that the crystalline structure of the substrate 

is conserved in the new growth. 
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(c) embedded strip 

~ ns 
/, , , 

(d) strip-loaded guide (e) strip-loaded ridge (f) buried 
heterostructure laser 

Figure 3.1 Types of semiconductor waveguides. 

Moreover, the quality of the layers in the sense of impurities and crystalline defects is 

much improved as compared to the substrate. LPE is less suitable than MBE or OMVPE 

since it generally produces a rougher epilayer[Deri 1991]. For (a), the simplest channel 

waveguide possible, the raised strip of higher index is grown over the substrate and the 

lateral confinement is achieved by etching away the region outside the guide. However, 

if GaAs is the substrate, it has the highest index of the AIGaAs compound family and 

therefore this structure cannot be used for lack of a higher index lattice matched material. 

The solution is to grow a layer of lower index of refraction on top of the GaAs substrate 

and then to grow the higher index material. The lateral confinement can be achieved by 

etching partially the guiding region. The resulting difference in effective index is 

sufficient to laterally confine the field. (Ways to analyze this case will be discussed in 

the next section). Lateral cC7':,finement can be achieved by growing (regrowth) different 
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material laterally as in (f) for the buried heterostructure laser. (b),(d), and (e) are some 

examples of how these different methods of creating a waveguide can be combined. The 

approach in Figure 3.1(c) is not usually implemented with semiconductors, but nonnally 

with glass or organic media. In this case, the index of refraction of the material is 

increased inside (or decreased outside) the waveguide region, by either ion exchange in 

the case of glass guides [Banyai 1988, Cullen 1986, Findaldy 1985, Walker 1983] or by 

photo-bleaching in the case of organic guides [Diemeer 1990, Rochford 1989]. 

3.3 CALCULATION OF PROPAGATION WA VEVECTOR BY EFFECTIVE INDEX 

:METHOD 

Many methods have been developed for calculating the propagation constant J3 

and the field profile of waveguide modes [Saad 1985]. Namely, the beam propagation 

method (BPM)[Feit 1990, Thylen 1986, Yerick 1989], the method of lines [Rogge 1991] 

or discrete index method [McIlroy 1990], finite difference [Sehweig 1984] and finite 

element[Rahman 1984 & 1985], and some different variational methods [Akiba 1982, 

Gallawa 1991, Haus 1987, Henry 1989, Huang 1991, Mao 1991, Matsuhara 1973, 

Robertson 1989]. Semiconductors waveguides pose a difficult problem because the 

index difference between guiding media can be quite large, such as the air-semiconductor 

interface. Such sharp discontinuities require solving the full vectorial propagation 

equation. Most of the above mentioned methods are quite involved numerically, and 

require a great deal of computer time, each is often by itself the subject of a Doctorate 

dissertation. However, there is a simple yet powerful method which can give lots of 

insight into the behavior of semiconductor waveguides. This method is called the 

effective index method. It is progressively more accurate the further from the cut-off the 

waveguide is, but unfortunately cannot be applied to certain cases as outlined below. 
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The effective index method (ElM) [Lim 1991, Tamir1979] is an adaptation of the original 

work of Marcatilli for rectangular waveguides where there is a step in index used in all 

directions for lateral confinement [Marcatilli 1969]. In the case of the rib or ridge loaded 

waveguide, the lateral confinement is not achieved by a separate material. The difference 

in propagation constant inside and outside the rib is enough for the field to be confined 

below the rib. The propagation constant will be different for distinct cladding thickness. 

The effective index method makes use of that fact in order to calculate the propagation 

constant. The method can be separated into two steps. First one needs to calculate the 

effective index of two slab waveguides, one consisting of the region under the rib with 

effective index Nf and height t, and the other outside the rib with effective index Nt with 

height t-h, as shown in Figure 3.2. 

I I 
I I 
~w 
I ~ 
I I 

n =1 f I lh c t 
nf 

* ns 

Figure 3.2 Schematic representation of the effective index 
method. The bottom picture is the end facet view of the rib 
waveguide. The top picture is the effective slab waveguide. 

If the region outside the rib does not guide, or anyone of the two regions is multimode, 

the ElM cannot be used accurately. Each of these slab waveguides consists of media of 
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the same index. The cladding index is nc=1 for air, the film index is nf, and the substrate 

index is ns. Once the effective indices for both slabs have been calculated a third 

symmetric slab is formed with a thickness w, a film index Nf, and a cladding/substrate 

index Nt as shown at the top of Figure 3.2. The effective index of this third slab is to a 

good approximation the effective index of the original structure 

3.4 DESIGN OF LOW LOSS SEMICONDUCTOR WAVEGUIDES FOR ALL

OPTICAL SWITCHING 

To make an efficient nonlinear device requires low propagation loss and high 

optical confinement. The low propagation loss is required to maintain high intensity over 

a long interaction length. To achieve high intensity for the same average power, the 

mode area should be kept to a minimum and therefore the optical confinement should be 

strong. The optical confinement is given approximately by [Botez 1978 & 1981] 

D2 
r=---

2+D2 

where D = (2:}~Nj -N; 
(3.1) 

where d is the thickness of the guiding layer (or the diameter of the core). As seen in Eq. 

3.1 the confmement is maximum for a large core diameter, small wavelength, and large 

index difference. 

The propagation loss comes from leakage, absorption, and/or scattering. The 

leakage is due to the radiation losses into a substrate of higher index of refraction than the 

guiding region if a substantial amount of field is present in the substrate. This loss can be 

reduced exponentially by increasing the size of the buffer layer between the guiding layer 



37 

and the substrate. For example, to keep the loss below 0.1 dB/cm it is necessary to have a 

buffer layer thickness larger than 4 Jlm, for Al content less than 10% in AIGaAs on a 

GaAs substrate [Deri 1991]. In the present design, the thickness is chosen at 4 Jlm for a 

20% AI content. This is sufficient to have negligible leakage losses. Since we want to 

operate below half the band gap, the absorption losses are minimal and can be neglected. 

Hence, the limiting losses are due to scattering. The scattering is caused by roughness on 

the interfaces, either the epilayer boundaries or the etched rib surfaces. The propagation 

losses due to scattering are given by [Deri 1991] 

(3.2) 

where (j is the average height of the interface or surface roughness , ~ is the propagation 

constant, ko is the vacuum wavevector, h and p are the transverse propagation constants 

in the guide and cladding given by h = ~N:k; - f32 and p = ~f32 - k;Nr2 respectively, 

.1n is the index difference between the guiding region and the scattering layer, and the 

ratio E; / f E2 dx is the normalized optical intensity at the guide-cladding interface or 

at the rib wall. The loss increases with .1n2 for single mode guides, decreases inversely 

as d3 for fixed .1n, and is proportional to the normalized optical intensity at the guide-

cladding interface. 

The input intensity required for a 1t phase change I1t in a waveguide of length L is 

given by 

(3.3) 
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However only the portion r of the intensity inside the nonlinear layer is important so that 

(3.3) can be written as 

(3.4) 

where n2 is the nonlinear index of refraction. Since for good efficiency most nonlinear 

processes must occur within an absorption length, also known as the effective length, the 

length L can be replaced by 

l-e(-aL) 

L4[=--
a 

(3.5) 

By combining Eqs. (3.3), (3.4), and (3.5) the intensity for a x phase change is given by 

I = aA. 
1r 212zr(l- exp( -aL)) 

(3.6) 

Figure 3.3 shows Ix versus d for a.1n corresponding to .1x=5% Al in AlGaAs. Ix 

is the minimum intensity required for a x nonlinear phase shift obtained by minimizing 

the loss and maximizing the optical confinement. For example, with Nt = 3.305 and Nf = 

3.337, d=1.5 J.Lm, and A=1.55 J.Lm, the confinemnt factor is equal to 80%. Using the 

experimental value for the linear loss and nonlinear index of refraction, 0.1 cm -1, and 

1.1xl0-13 cm2/W respectively, the intensity for a x phase shift is then 1.4 GW/cm2. 

This optimization procedure suggests a thick waveguide with small .1n, which 

should be thinner that the second order mode cut-off. A value of 1.5 J.Lm is chosen for the 

experiment because it correspond to a minimum of Ix and because the waveguide is still 
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single mode in the venical direction. The actual wafer fabricated was based on these 

parameters. In addition there was some tolerances built in: The guide should still be 

single moded even if the guide was 0.1 ~ thicker and the composition increased by 1 %. 

The loss from such a waveguide has been estimated to be less than 0.1 em-I. For smaller 

values of d, the field confinement is reduced and the scattering losses are also increased 

since the field will be stronger at the interfaces. Both factors increase the required 

intensity. The lateral confinement is achieved by etching a rib in the cladding layer as 

shown in figure 3.2. The amount of material to be removed was determined 

experimentally to be 1.2 to 1.3 ~m for a 5 ~m wide rib. However a wider rib will 

generally have smaller losses because scattering losses are smaller [Deri 1987, Deri and 

Thurston 1991]. This is the 4 layer structure used for the experiments described in 

chapter 6. 
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Figure 3.3 Intensity required for a 1t nonlinear phase 
change for optimized waveguide parameters such as linear 
losses and optical confinement. 
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CHAPTER 4 

EXPERIMENTAL APPARATUS 

4.1 INTRODUCTION 

The color center laser (CCL) allows material and device investigations in one of 

the very important spectral regions for low-loss fiber optics communication, i.e. around 

1550 nm. The laser produces radiation from 1.4 to 1.9 Jlm, depending on the crystal 

used. This type of laser was first used by Mollenauer and Stolen to produce soliton 

pulses directly from the laser [Mollenauer 1984]. Also, the fact that the CCL operates in 

the negative group velocity dispersion of silica fibers makes it a perfect tool for the 

investigation of temporal soliton in optical fibers and long distance soliton transmission 

[Mollenauer 1980, 1985 & 1990, Doran 1983]. For this thesis we used the CCL to study 

devices compatible with the long distance fiber optics communication wavelength. 

The next section will give some details of the operation of the CeL. The 

following section will concentrate on the different experimental apparatus used for this 

research. In particular, in section 4.3 the methods employed to measure transmission 

through different semiconductors when the input intensity is varied will be explained. 

Section 4.4 will deal with the operation of the pump-probe set-up used to measure the 

response time of the material upon optical stimulation. 

4.2 COLOR CENTER LASER 

The color center laser consists of a NaCI crystal doped with OH, to make 

OH:NaCl. The color centers, which are the active lasing centers, can be formed by 
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different methods including gamma ray bombardment or direct Na ion implantation. 

Aggregation of the F; defects formed must be performed before the crystal can be used 

in a laser. A complete description of the optical properties and the formation of color 

centers in NaCI can be found in Georgiou [Georgiou 1987]. After aggregation the 

OH:NaCI crystal developed a strong absorption around 1.09 Jlm and has an emission 

band centered around 1.55 Jlm. A small amount of auxiliary green light , for example 

from a green ReNe laser, an Argon ion laser or a doubled Nd:YAG is required for lasing 

over an extended period of time (more than a few seconds). The reason is not well 

known but Georgiou et al speculate as follows: 

"Although not fully understood, the purpose of the auxiliary light is 
thought to maintain a sufficient equilibrium population of F2+ type defects 
during lasing by realignment of the centers into preferred orientations in 
the lattice and/or by regeneration of the center population via ionization" 

Therefore, the eel must be pumped by both a strong 1.06 Jlm beam and a weak auxiliary 

source such as a doubled Nd:YAG. 

A commercially available CCL from Burleigh was used for the experiment 

[German 1987, Pinto 1985 & 1986]. The laser is optically pumped with 4 Watts of 

1.054 Jlm radiation from a Nd:YLF laser and by a few tens of mW at 527 nm from 

doubled 1.054 Jlm. The 1.054 Jlm radiation is circularly polarized to excite all the color 

centers independently of their orientation, and the 527 nm green seed reorients them in 

the preferred lasing polarization. The laser is tunable from 1.48 to 1.73 Jlm. It is 

synchronously pumped mode-locked to produce 6 to 10 psec in the peak and the wings of 

the gain, respectively. The laser can also produce 500 mW of average output power at 

the maximum gain wavelength around 1.6 Jlm. Figure 4.1 shows the power tuning curve 

of the eeL, while Figure 4.2 shows the pulse width as a function of wavelength [German 

1987]. The corresponding peak power is between 600 and 1000 Watts. 
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Figure 4.2 Pulse width as a function of wavelength. 

4.2.1 ADDITIVE PULSE MODE-LOCKING 
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The peak power produce by the standard commercial laser is sufficient for most 

experiments involving nonlinear absorption in semiconductors and also soliton formation 

in optical fibers. However, for all-optical switching, higher peak power is necessary. 

Therefore shorter pulses are needed since the average power cannot be increased. 

Additive pulse mode-locking (APM) produces directly out of the laser, transform limited 

pulse as short as 75 fsec, with only a 50% reduction in average power [Kean 1989, 

Yakymyshyn 1989]. 

To avoid wavelength dispersion in semiconductor all-optical switching, a pulse of 

around 500 fsec is wanted. The dispersion length for AIO.2Gao.8As is approximately 

10 cm for a 500 fsec pulse and 3.5 cm for a 300 fsec [Agrawal 1989, Adachi 1985 & 

1989]. Dispersion will broaden the pulse because each of the wavelengths that make up 

the pulse will propagate at different speeds due to the dispersion in the index of 

refraction. The dispersion length Ld is the length over which the pulse width doubles and 

is defined as Ld=T02/1k21, where To is proportional to the pulse width and k2 is the 

second order dispersion [Agrawal 1989]. The detrimental effects of dispersion are to 

broaden the pulse width and reduce the peak intensity. 

Changes had to be made to the Burleigh color center laser in order to increase the 

bandwidth of the laser (and hence reduce the pulse duration). The original cavity was 

designed to sustain stable transform limited 6 to 10 psec pulses. The gain bandwidth is 

capable of sustaining pulses a few tens of fsec long. Additive pulse mode-locking is a 

complex dynamic process between two coupled cavities by which the bandwidth of the 

pulse is widened producing a shorter pulse [Sorensen 1992]. One cavity is the laser 

cavity. The other cavity is an external cavity that must include a nonlinear element and 

must remain the same length as the laser cavity [Blow 1988, Mark 1989]. The nonlinear 

element, for example an optical fiber is present only to broaden the pulse bandwidth 

through self phase modulation. The output of the laser is then fed back into the laser 
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cavity to be amplified. The external cavity acts like an intensity dependent mirror, i.e a 

nonlinear mirror. Only the high intensity part of the pulse is fed back and the pulse is 

slowly shortened through this process until an equilibrium is reached between dispersion 

in the cavity and the self phase modulation in the optical fiber. 

To increase the bandwidth of the laser one of the birefringent plates, actually the 

thickest one of the three, was removed from the laser cavity. A thick birefringent plate 

has transmission maxima closely spaced in wavelength, hence narrowing the bandwidth. 

Also, to increase the coupling between the external and the main laser cavities the output 

coupler was changed from 20% transmission to 50%. Subsequently some realignment of 

the cavity was necessary. The external cavity was interferometrically stabilized with a 

feedback circuit. The purpose of the circuit is to bias the external cavity length in order 

to ensure that only the high intensity part of the pulse is fed back into the laser cavity 

[Mitschke 1986]~ 

4.3 EXPERIMENTAL SET-UP FOR NONLINEAR TRANSMISSION 

MEASUREMENTS 

This experiment is used to measure the nonlinear transmission of a semiconductor 

waveguide, in order to estimate for example the two-photon absorption coefficient. This 

is a very simple set-up consisting of a variable attenuator for adjusting the input power 

and a detector at the output of the guide (as seen in Figure 4.3) [Villeneuve 1990]. The 

variable attenuator, a half wave plate and a polarizer, are used to change the intensity 

coupled into the waveguide for power dependent measurements. The half wave plate 

rotation is computer controlled to vary the input intensity. The rotation of the half wave 

plate was checked to make sure that there was no direction change in the beam that might 

also cause a change in coupling efficiency. The half-wave plate is not wedged but is anti-
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reflection coated to avoid creating a Fabry-Perot etalon. The light is coupled into the 

waveguide by two 20X microscope objectives. The intensities before and after the 

waveguide are also monitored by the computer. The camera is used to optimize coupling 

efficiency into the waveguide by displaying the modal intensity of the waveguide output. 

Since the nonlinear absorption is intensity dependent, the detector at the output 

will see a change in transmission. To measure transmission it is first necessary to measure 

the input intensity, for example by sampling the input beam after the variable attenuator. 

The coupling efficiency is defined as the ratio of the power injected into the waveguide to 

the incident power. To measure this efficiency it is necessary to work at low intensity to 

avoid nonlinear absorption. The waveguide loss can be measured by different methods 

such as cut-back usually done with fibers, or by Fabry Perot fringe measurements [Kapon 

1987, Deri 1991]. The Fabry Perot approach is a non destructive method and is 

independent of the coupling efficiency. This method is particularly useful for 

semiconductor devices since their cleaved end faces are perpendicular to the waveguide 

and have reflectivity of the order of 30%. The accuracy of such a method is ±0.05 dB/cm 

with a minimum measurable value of 0.1 dB/cm. The Fabry-Perot fringes are usually 

created by changing the temperature of the sample or by scanning the input wavelength. 

The visibility of those fringes is directly related to the waveguide loss. This method 

requires a single mode waveguide and a narrow bandwidth light source to avoid overlap 

between different interference orders. The technique used in this thesis is the cut-back 

method, which has the disadvantage of not being independent of the coupling efficiency 

which can change every time the waveguide is moved. The principle is that the 

transmission depends on the length of the waveguide, and if the logarithm of the 

transmission is plotted as a function of the waveguide length, the slope of the curve is the 

linear waveguiding loss [Kao 1988]. 
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Figure 4.3 Transmission experimental set-up. A/2 half 
wave plate, B/S beam sampler, 20X microscope objective. 
The A/2 and both detector are controlled by a computer. 
The camera is there to assist coupling into the waveguide. 
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To achieve efficient coupling into the waveguide, different microscope objectives 

have been tested. The best results were obtained with a standard visible 20X microscope 

objective. There is unfortunately no available 20X objective coated and designed for 

1.55 J..1.m. For the output, depending on the application a similar 20X objective is used or, 

if there is a need to separate spatially or to magnify the output, a standard visible 60X 

objective is the best choice. 

4.4 PUMP-PROBE TIME RESOLVED SET-UP 

A pump-probe experiment allows one to measure the influence of a strong pump 

signal on a material, and to measure its time response to that signal. Different time 

responses often characterize different nonlinear processes. For example two and three 

photon absorption decays instantaneously once the pulse passes, where as free carrier 

absorption decays over a few nanoseconds [Valley 1989]. The purpose of the set-up then 

is to separate out the contributions of the instantaneous absorption from the long lived 

one. The pump changes the material properties which are probed by a weak signal. In 
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order to time resolve the absorption processes, a time delay must be applied between the 

pump and probe. In one measurement the probe must precede the pump in order to 

evaluate the initial status of the material. Then the probe must be scanned through the 

pump pulse for as long as it is necessary to separate the processes. Since shorter pulse are 

less extended in space, this time delay depends on the pulse width used for the 

experiment. After the sample, only the probe contains pertinent information, and 

therefore it must be isolated and detected. Many different schemes have been used to 

separate the pump and probe signal, for example time domain interferometry [Lagasse 

1989 & 1990], different pump and probe wavelengths [Koch 1988, Haug 1985], and 

different polarizations [Cotter 1989, Finlayson 1989]. The method used here is 

polarization. The pump excites the material in one of the preferred modes of the 

waveguide while the probe is in the other polarization. After the waveguide, a polarizer 

is used to separate the pump from the probe and only the probe is detected. Typically, the 

probe is less than 10% of the pump intensity. This ratio can be kept below 1 % with some 

effort. 

Figure 4.4 is a schematic representation of the pump-probe set-up used. A pulse 

from the color center laser is split into two polarizations by the leftmost polarizing beam 

splitter cube (POL B/S). The intensity ratio between the pump and probe is less than 1%, 

but it can be modified by rotating the half wave plate (A./2) before the first polarization 

beam splitter. The probe and pump can be interchanged depending on the position of the 

A/2 plate. However, it is much easier to delay the probe rather than the pump, because 

most phenomena are linear in the probe and therefore alignment error in the probe 

coupling is not critical because the probe coupling can be measured without the pump 

and the probe transmission (with the pump present) can be corrected. If the pump is 

delayed and this results in a change in the alignment, it is impossible to correct for the 

change in coupling efficiency because the changes are not linear and the behavior of the 
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material is not a priori known. To correct the data, it would be necessary to know the 

behavior of the material a priori which is what the experiment is trying to measure. 

POLARIZER 

POL B/S Sample 50/50 B/S " 

Figure 4.4 Pump-Probe experimental set-up. A/2, half 
wave plate at 1.55 J..Lm, POL B/S polarization beam splitter, 
20X microscope objective. 50/50 polarization independent 
B/S 50% beam splitter. 

Two 20X microscope objectives are use to couple into and out of the waveguides. A 

50% beam splitter with the help of an infra-red sensitive camera allows the guided mode 

intensity profile to be monitored as well as the transmission of the probe or pump, 

depending on the orientation of the rejection axis of the polarizer. Both the delay line and 

the detector are computer controlled. A Lock-in amplifier was used after the detection 

apparatus in order to average fluctuations in the power level and to reduce background 

noise and dark current. 
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CHAPTERS 

MULTIPHOTON AND FREE CARRIER ABSORPTION 

5.1 INTRODUCTION 

As discussed in chapter 2, two photon absorption is an important limiting factor 

for all-optical switching. Semiconductors offer very large nonlinearities near the band 

gap but linear absorption limits very strongly the transmission of devices [Jin 1990, 

Lagasse 1990, Li Kam Wa 1985]. Below this region two photon absorption is the 

limiting factor for all-optical switching [Mizrahi 1989]. But two photon absorption 

should vanish below half the band gap [Wherrett 1984]. However very few experiments 

on the dispersion of the nonlinearity and the two photon absorption coefficient have been 

performed on a single material near half the band gap of semiconductors. This is 

especially important at wavelengths compatible with optical fiber communication, 

1.55 ~m. Dispersion relations have been tested with different materials measured 

primarily at 1.06 and 0.532 ~m [Van Stryland 1985]. The purpose of this chapter is to 

present measurements of two photon absorption (2PA) in the same material at different 

wavelengths, in order to support the scaling laws developed for 2PA (and also for the 

nonlinear index of refraction which is dependent on J32). 

Present along with two photon absorption is free carrier absorption (PCA) 

[Penzkofer 1989, Valley 1989]. Since the materials used are intrinsic there are no 

residual carriers present. The carriers are all generated by 2PA. This additional 

absorption can affect the measurement of ~2 if the FCA is significant compared with the 

2PA. Also no measurements of the free carrier cross section at 1.55 ~m in AIGaAs 
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semiconductors have been reported to date. The measurements performed on InGaAlAs 

and GaAs are reported here and those on AIGaAs will be discussed in the next chapter. 

The method for extracting the two photon absorption coefficient from the 

transmission experimental data will be discussed in the next section. Subsection 5.2.1 

will show results on an InGaAIAs waveguide while results on GaAs waveguide are 

discussed in subsection 5.2.2. Pump probe experiments on GaAs are the subject of 

section 5.3, which also includes a model to fit the experimental data. A brief discussion 

follows in section 5.4. 

5.2 TRANSMISSION MEASUREMENT OF TWO PHOTON ABSORPTION 

The attenuation of radiation as it propagates through a sample or waveguide can 

be described by [Valley 1989, Smith 1986] 

d1 = -a1 _ {3.,12 

dz -
(5.1) 

where a. is the linear absorption coefficient and/or waveguiding loss, 132 is the two photon 

absorption coefficient, I is the peak: intensity, and z is the propagation distance through 

the waveguide. By integrating this equation over the length L, the throughput of the 

guide is defined as the ratio of the peak: intensity (after the sample) Itrans to the peak 

incident intensity line. It is given by [Villeneuve 1990, Smith 1986] 

(5.2) 
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where 11 is the coupling efficiency into the guide, R is the Fresnel reflectivity of the front 

and end faces, and Leff = (1- e<-aL») / a. The inverse of the throughput is then 

1 line _ 1 f32 lin c Leff 1 _ 1 ( f32Leff )l (5 3) 
T = ltrans - (1- R)2 T/e<-aL) + (1- R)e<-aL) , T - TL + (1- R)e<-aL) inc • 

This equation yields a straight line when the inverse transmission is plotted as a 

function of the incident intensity. The first term is the inverse of the linear throughput 

given by 1L=(1-R)2rte(-aL) which can be evaluated from the intercept with the y-axis. 

The slope is proportional to the two photon absorption coefficient. This approach 

simplifies the analysis because only the slope of the curve needs to be measured in order 

to obtain 132, and because the measurement of 132 is independent of the coupling 

efficiency. 

The above derivation was done for cw excitation. However for pulses, the 

intensity profile will affect the result since different parts of the pulse will be attenuated 

differently. The solution would be to measure the instantaneous absorption of the pulse. 

However this is often impractical for short pulses «100 psec). Only the average intensity 

is measured and therefore Eq. 5.3 must be integrated over time. For the same reason it 

must also be integrated in space over the mode profile of the waveguide.[Smith 1986, 

DeLong 1990, Villeneuve 1990]. This gives a transcendental equation which can be 

solved by successive iteration. The transmission can be expressed as 

- r 1t f dtJ drf d81(r,8,L,t) 
T = -- 0 0 

- r 1t 
(5.4) 

f dt J dr f d81(r, 8,0, t) 
o 0 
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The intensity I(r,e,L,t) is the intensity after the waveguide, i.e. at z=L, while I(r,e,O,t) is 

the incident intensity at z=O. If a gaussian mode profile and gaussian pulse distribution 

are assumed, Eq. (5.4) can be rewritten as 

(5.5) 

where Q = ~2(1-R)nlincLeff. Figure 5.1 shows the nonlinear transmission as a function 

of Q for different combinations of pulse shape and mode profile. Only for cw excitation 

and for flat mode profIles does the inverse transmission yield a line. 
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Figure 5.1 Nonlinear transmission as a function of Q. 
Q = ~2(1-R)l1IincLeff. Flat in time = cw excitation. Flat in 
space = plane wave. Gaus=Gaussian, sech2 = sech2(t). 
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The shape of the transmission curve depends on the mode and time profIle, as does the 

inverse transmission. Data should be corrected by successive iteration because the 

correction factor depends on the value of 132. 

5.2.1 TWO PHOTON ABSORPTION IN A InGaAIAs WA VEGVIDE 

Waveguides made from the quaternary compound InGaAIAs lattice matched to 

InP are interesting because the band gap can be tuned over the long-wavelength 

communications wavelength range 0.85 to 1.65 Ilm by varying the composition [Olego 

1982]. This material offers the possibility for monolithic integration of active devices 

and detectors with the waveguide [Cinguino 1987]. 

The fabrication parameters and linear characteristics of these waveguides have 

been discussed in a previous publication [Cinguino 1987]. Two waveguides with 

different compositions were studied: sample one had the composition 

In.51Ga.32Al.17AS, yielding a band-gap Eg = 0.96 eV O .. g = 1.291lm) while sample two 

had the composition In.54Ga.15A1.31As yielding Eg = 1.17 eV (Ag = 1.06 !lID) [Olego 

1982]. The geometry of the rib waveguides used in the current study is shown in the 

Figure 5.2. Sample one had dimensions t=1.5 , h=O.6 and d=7 Ilm while sample two had 

dimensions t=3.0 ,h=O.65 and d=lO!lID. Both waveguides supponed several modes at 

1.55 Ilm. Previous measurements of losses at 1.55 J.1m in these waveguides indicated a 

value for the linear loss ex of 2 cm-1 or 9.0 dB/em and 1 cm -lor 4.6 dB/em for sample 1 

and 2 respectively. The loss were measured by successive cleaving of the waveguides. 

[Cinguino 1987] 
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Figure 5.3 presents typical curves for inverse throughput as a function of incident 

intensity [Villeneuve 1990]. The two curves show for sample 1 are taken at two different 

wavelengths, A. 1.55 JlIll and 1.65 Jl.m, and the one curve for sample 2 was for A=1.55 Jl.m. 

These data have been corrected for the assumed Gaussian pulse shape [Smith 1986]. The 

clear linear dependence is characteristic of two-photon absorption as discussed in the 

previous section. 

Values of ~2 were derived from a linear least-squares fit to the Iff curves. 

Values of ~2 as a function of wavelength are plotted in figure 5.4 for each sample. The 

error bars are the standard deviations of the measurements at each wavelength, while the 

dashed line joins the mean and is intended as a guide to the eye only. The major 

assumption made in the derivation is that the linear absorption is constant over the 

wavelength range investigated. Scaling laws [Van Stryland 1985, Wherett 1984] predict 

values of 62 cm/GW and 37 cm/GW at 1.55 Jl.m for sample 1 and 2 respectively. These 

values agree well with the experimental results of 63 and 20 cm/GW. 

The potential of 2P A for optical limiting has been pointed out by previous authors 

[Mizrahi 1989, Sheik-Bahae 1991, Van Stryland 1985, Boggess 1985, Villeneuve 1990]. 

Figure 5.5 clearly shows the optical limiting occurring in these waveguides. The 

maximum output intensity can be approximated at 20 MW/cm2. The area of the 

waveguide being 10 Jl.m2, the corresponding peak power is 2W. 

The fact that higher order effects such as free-carrier absorption were neglected 

can explain the discrepancies between the scaling law and the experimental values. 
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5.2.2 TWO PHOTON ABSORPTION IN GaAs WAVEGUIDES 
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The band gap of GaAs is generally known to occur at 870 nm or 1.42 eV. The 

half band gap at 1740 nm, is at the extreme limit for a NaCI color center laser, allowing 

the measurement of two photon absorption for a single material just below the half gap. 

The waveguide was grown by Molecular Beam Epitaxy (MBE) on a GaAs substrate. An 

insulation layer 2.7 JlIll thick of AIO.1 GaO.9As provides the lower index material defining 

the guiding layer of 1.3 ~m thick GaAs. The lateral confinement is provided by two 

grooves made by direct laser writing to an approximate depth of 0.5 ~m [Li 1991, Willner 

1989]. The distance between the grooves is 8 ~m which produces a single mode 
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waveguide at 1.55 Jlm. Figure 5.6 shows the waveguiding loss varying from 2.3 cm- l at 

1.5 Jlm to 3.8 em-I at 1.7 Jlm as the guide approaches cut-off for the fundamental mode. 
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The pulse width was 6 to 10 psec between 1.48 and 1.7 Jlm. Figure 5.7 

summarizes the result obtain from the Iff fitting, where data points include a ±3 crn/OW 

error bar and the solid line represent the scaling law prediction. 

The discrepancies between the scaling law theoretical values and the results 

acquired with the transmission method cannot be explained by the presence of free 

carriers which contribute to the absorption since the model used here included free carrier 

absorption. A systematic error in the determination of the linear loss could be the cause 

of such discrepancies. Also possible is an error in the estimation of the modal area since 

the modal profile of the waveguide is not easily calculable. However the value in the 

fitting parameter K used in the determination of the scaling laws could be in error. Some 

calculations yield K=5100 instead of K=3100 which would give a better fit to the data 

[Hutchings 1992, Weiller 1981]. The model used is discussed in the next section. 
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Figure 5.7 Two photon absorption coefficient (~2) as a 
function of wavelength. The solid line is the scaling law 
prediction. 
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5.3 PUMP PROBE ON GaAs WAVEGUIDE AND FREE CARRIER ABSORPTION 

To separate the effect of two photon absorption and free carrier absorption, a time 

resolved pump and probe approach was used. Two photon absorption is an instantaneous 

process while free carriers have a long lifetime, of the order of a few nanoseconds. 

Another solution would be to investigate the different intensity dependence of the two 

photon absorption and two photon generated free carrier absorption. Since the samples 

are intrinsic semiconductor, there are no free carriers present in either band. Therefore 

the free carriers must have been generated by the incident light, and since the linear 

absorption is negligible most carriers must be generated by 2PA. The absorption is now 

described by [Van Stryland 1985, Valley 1989] 

dl f3 2 -=-aI- 21 -GFcNI 
dz 

(5.6) 

where aFC is the free carrier cross section, and N is the free carrier density. The creation 

of carriers can be expressed as: 

dN f3 12 _=_2_ 
dt 2tu:o 

(5.7) 

Both the pump and the probe will be affected by the free carriers generated by the pump. 

When pump and probe are both present, a set of equations can be written which 

should represent as closely as possible the experimental situation. First of all, the pulses 

in the mode-locked pulse train are separated by 13.2 nsec (76MHz repetition rate). 

Therefore later pulses will be absorbed by the carriers generated by the previous pulses if 

the carriers do not have time to decay between pulses. Secondly, within a pulse the later 
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part of it will be absorbed by the carriers produced by the front part of the pulse. Both 

effects must be included in the model. The equations describing the propagation of the 

pump and probe through the waveguide are as follows: [Villeneuve 1992] 

dJ' (z t) 
p '- f3 -azJI2( ) - -~ 2e p z,t 
dz 

(5.8a) 

- a.;;C;:2 [ Dp(zl + 11;2 (Z,t' - td V('+t,-'·)I,.dt};(z,tle-2'" 

(5.8b) 

where I'p and I'b are the pump and probe intensity respectively, and a2 and a3 represent 

the overlap integrals over the modal profiles in the waveguides for the TPA and FCA, 

respectively. They are given by, 

and 
(5.9) 

where '¥ is the modal proflle and the double integrals are performed over the waveguide 

cross-section plane p . For a gaussian field profile a2=l/2 and a3=1!3. The denominator 

is the effective area A of the waveguide. Dp(z) is the carrier density remaining from the 
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previous pulse only. It is assumed that the carriers from the second previous pulse have 

decayed. Thus, 

(5.10) 

where 1:0 is the carrier lifetime in the waveguide, and 1: is the duty cycle period 

(ln6 MHz or 13.2 nsec). The delay td between the pump and probe can be negative if 

the probe precedes the pump. The assumptions used in this model are that the waveguide 

is single mode and that the carrier lifetime is much smaller than the delay time, 1:0 » td. 

The fIrst term in Eq. (5.8) (a-b) is the instantaneous two photon absorption. The terms in 

the bracket correspond to the effects of free carrier absorption. The frrst term inside the 

bracket is the absorption due to the carriers remaining from the previous pulse, w bile the 

second is the absorption due to the carrier generated until time t within the present pulse. 

At the output of the waveguide it is the average power which is actually measured, so that 

an integration over the pulse envelope is necessary. The average power in the pump and 

probe is given by 

p = A(l- R) coJI (L t)dt 
p " P' 

(5.l1a) 
-«> 

R = A(l- R) coJI (L t)dt 
b " b, 

(5.l1b) 
-«> 

In the pump probe scheme, we measured the ratio r which is the transmission of the probe 

though the waveguide as a function of td. 
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r(td ) = [ A ]Joo Ib(L,t)dt 
1'(1- R)Pb 

-00 

(5.12) 

The variables are a, ~2, cr, 'to, Ip, Ib, while a2 and a3 are evaluated for a two 

dimensional Gaussian field profile as discussed before. a and 0>, can be measured 

independently while 1d is the independent variable in Figure 5.10. The input pulse is 

assumed to have the shape f(t)=sech2(1.76t1t2), where t2 is the pulse's full width half 

maximum (FWHM). 

In Figure 5.8, the probe transmission at a wavelength of 1510 run is plotted as a 

function of probe delay for the three different input intensities, 0.21, 0.46 and 0.7 

GW/cm2 from top to bottom respectively. The two photon absorption coefficient 

deduced is 24±4 cm/GW, in good agreement with the value of 24 cm/GW obtained from 

the inverse transmission measurement. The free carrier cross section found here is 15±2 

x 1O-17cm2. This value is larger by a factor of 9.3 than the expected value of 1.6xlO-

17 cm2 obtained by using the A,.3 scaling of the cross section found by Valley et al. 

[Panvoke 1971, Valley 1989]. The transmission at td=O is determined primarily by ~2, 

which is how the ~2 values were· determined. The absorption for positive td, when the 

pump and probe no longer overlap is mainly due to the free-carrier cross section. The 

decay time is 't=5nsec, the pulse width t2 is 6.5 psec, and the linear absorption a=2.3 cm-

1. There is also a faster decay time in the process which seems to be carrier density 

dependent. In Figure 5.8(a) the transmission change after the two pulses cease to overlap 

is horizontal indicating a very long decay time compared to the time scale of the figure. 

In figure 5.8(c) the decay is much faster and Figure 5.lOb shows an intermediate stage. 
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This indicates a carrier density dependent decay time which is similar to the one found in 

a semiconductor amplifier. It can also arise from a higher order effect such as free carrier 

absorption which reduces the available carriers. 

Further analysis of the data was performed to verify that the long lived absorption 

is due to carriers generated by two photon absorption. Combining Eqs. (5.6) and (5.7) 

shows that the free carrier absorption should depend on the square of the intensity. 

Figure 5.9 clearly indicates such a intensity squared dependence of the absorption, which 

demonstrates that the carriers are generated by 2PA. To be sure that there is no two

photon absorption contribution, the absorption used in Figure 5.9 was measured at +40 

psec, where the absorption is solely due to free-carrier absorption [Villeneuve 1991]. 
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Figure 5.9 Free carrier absorption as a function of the 
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5.4 SUMMARY 

The results in this chapter, both the magnitude and wavelength dispersion of /32 

agree well within a factor of 2, with the scaling laws. The free carrier cross section in 

GaAs was measured to be ten times bigger than a value scaled from previous 

measurements at 1.06 ~m. This higher value for the free carrier cross section means that 

the free carrier absorption can be quite substantial if the carrier density is not kept to a 

minimum. 
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CHAPTER 6 

NONLINEAR DIRECTIONAL COUPLER 

6.1 INTRODUCTION 

The nonlinear directional coupler (NLDC) represented in Figure 6.1 is a power 

dependent all-optical switch which offers the possibility for ultrafast (>100 gbits/s) data 

processing. It consist of two waveguides coupled together by the evanescent field of the 

guided modes. A periodic transfer of light between the guides occurs as a function of 

distance through the coupler. A beat length is defined as the distance down the coupler 

for which the light goes from one guide to the other and back. The strength of the 

coupling can be adjusted so that the light goes from the input guide, namely bar state, to 

the adjacent guide, namely cross state. This type of coupler is named a half beat length 

coupler as compared to a full beat length coupler where the light would go from the input 

guide to the cross guide and back again. This occurs in the absence of nonlinear index 

changes which means that even at low power the light would couple over to the cross 

state. But at high powers the coupling can be inhibited by the index change caused by the 

nonlinearities, as shown in Jensen's original paper [Jensen 1982, Silberberg 1987]. 

This chapter contains the experimental demonstration of a nonlinear directional 

coupler below half the band gap in AIGaAs alloys [Aitchison 1991, Villeneuve 1992]. 

First the effect of two-photon absorption on the coupling will be discussed in section 2. 

In order to include all the absorption, such as two and three photon absorption and the 

nonlinear index change, a model is developed in section 6.3. Then in section 6.4 the 

experimental data are presented and discussed as well as the design and the fabrication of 
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the coupler. Section 6.5 deals with a new figure of merit for three photon absorption 

which is found to include not only material parameters but also geometry factors of the 

nonlinear coupler [Yang 1992]. Some improvements which can be applied to the coupler 

are discussed in section 6.6. 

NONLINEAR 

INPUT~-i 
OUTPUT,' 

---~_t_ COUPUNG REGION __ --""-~~t 

=> 

Figure 6.1 Schematic representation of a nonlinear 
directional coupler. A representation of pulse break-up for 
instantaneous nonlinearities is also shown. 

6.2 TWO PHOTON ABSORPTION 

As discussed in chapter 2, it is necessary to work below the gap to avoid the linear 

absorption associated with one photon excitation of electrons from the valence to 

conduction band. But in the spectral region between the band gap and half the band gap, 

two-photon absorption (2PA) becomes the dominant loss mechanism. The figure of merit 

T defined in Eq. (6.1) and derived for a NLDC has to be smaller than one (T<I) for 

efficient all-optical switching to be possible [Mizrahi 1989, DeLong 1989]. 



T = 2A{32/ 
/n2 
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(6.1) 

The figure of merit T allows a comparison of materials, independently of any 

particular optical switching device. Its physical significance is a test of whether a 

material can produce enough nonlinear phase shift to switch a device before the two 

photon absorption has reduced the throughput below lie. As discussed in chapter 2, there 

are scaling laws for the two photon absorption and the nonlinear index of refraction 

which can be inserted into Eq. (6.1). The result for the figure of merit T as the ratio of 

photon energy to the band gap energy was shown in Figure 2.5. In two different regions 

T is smaller than one (T<l). The first one is close to the band gap (lim / Eg == 1) where 

the linear absorption is the limiting factor for the switching and therefore this spectral 

region is not attractive. In the second region below half the band gap (Eg /2), T 

theoretically goes to zero which meets the criterion for T. Also near half the band gap 

there is an enhancement, as shown in Figure 2.4, of the nonlinear index of refraction, so 

that it would be advantageous to operate as close as possible to half the band gap, but 

outside the region where two photon absorption exists. In the next section the choice of 

wavelength and semiconductors needed to meet the above requirements will be 

discussed. 

6.3 MA THEMA TICAL MODEL 

The model used here includes the instantaneous nonlinear refractive index, two 

photon absorption and three photon absorption. This model does not include free carrier 

absorption nor does it include dispersion in the waveguide since the pulse width and 

waveguide length were chosen to avoid such complications. The equations governing the 



69 

complex amplitudes in the two waveguides of a NLDC, Al and A2 , are given by 

[DeLong 1989, Yang 1992] 

(6.2) 

The first term is the propagation term, the second term includes the nonlinear 

phase shift and two photon absorption while the last term introduces three photon 

absorption. Here, z, A., and K are the propagation coordinate, wavelength, and linear 

coupling coefficient, respectively. Furthermore, n2, ~2, and ~3 are the nonlinear 

refractive index, 2PA coefficient, and 3PA coefficient, respectively, and a2 and a3 

represent the overlap integrals over the modal profiles in the waveguides for the third

and fifth-order nonlinearities, respectively as defined in Eq. (5.9). For a gaussian field 

profile a2=1/2 and a3=1/3. By using the normalized parameters ~=z/Lc and 

qI.2=(21ta2n2Lc/A.)l/2A1,2 with Lc(=1t/2K) representing one half beat-length, Eq. (6.2) 

becomes 

(6.3) 

where 

v = 27r( ~f33I; Lc) = IcAf33 a3 
(a2kon2IcLc) a2f32 

(6.4) 

with Ie being the cw critical intensity for switching given by A.!(a2n2Lc).[Jensen 1982]. 

Note that in Eq. (6.3), V is a figure of merit associated with 3PA which is related to not 

only material parameters (n2 and ~3) but also to device design. It can be defined as the 
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ratio of the nonlinear phase shift a2kon2IcLc within an nonlinear absorption length 

a3ko~3I2cLc. The factor of 21t is the required nonlinear phase shift for a NLDC. It will 

be discussed in more detail in section 6.5. The device design includes the waveguide 

size, which determines a2 and a3, and the linear coupling coefficient on which the cw 

critical intensity depends. The input pulse is defined to have a sech2 intensity profile 

which is expected from a transform limited color center laser [Gennan 1987]. The next 

section will show typical results for the nonlinear directional coupler in AIGaAs based 

material. 

6.4 EXPERIMENTAL RESULTS 

6.4.1 DESIGN AND FABRICATION OF TIlE COUPLER 

The coupling coefficient between two slab waveguides, for the geometry shown 

in the Figure 6.2 can be approximated by [Marcatilli 1969, Kuznetsov 1983, Maron 1984, 

Cheng 1991, Kumar 1985] 

(6.5) 

Here Px and qx are the transverse propagation constants in materials 1 and 2 respectively, 

~ is the propagation constant, deff is the effective waveguide thickness, and s is the 

separation between the two guides. 
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Figure 6.2 Geometry of a directional coupler. d is the 
waveguide width and s is the separation between them. 
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For example if d is chosen to be 5 Jlm and Nt = 3.320 andNf = 3.324., the effective index 

is 3.3226 at 1.55 Jlm. This gives p;=O.371, Px=O.609, and q;=O.119, qx=O.345. The 

effective thickness is then deff=8.28 Jlm. If s is chosen as 7 Jlm, (the maximum 

separation available on the mask) the coupling efficiency CAB=6.5 x 10-5 Jlm-1 and the 

coupling length Lc = ~ == 24mm. Figure 6.3 below shows theoretical results for 
2CAB 

different guide separations with a 5 Jlm wide waveguide. 
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Fi~ 6.3 Theoretical Coupling length versus waveguide 
separation s for 5 Jlm wide guides. 
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The agreement between these calculations and preliminary experiments on coupling 

length were very good. Switching experiments were initially perfonned on the following 

structure; 5 ).lm wide guides and 5 ).lm spacing between them. The resulting design was 

found to correspond very closely to a half beat length coupler. However, it was also 

found to be too lossy for definitive results. This excess loss probably originated from 

surface defects caused during the etching of the structure. Therefore a different coupler 

was used, one with 6 ).lm wide guides and a 5 ).lm spacing between them. 

Once the design was completed the wafer was grown by molecular beam epitaxy 

(MBE). This is an evaporation process in an ultrahigh vacuum. The compounds or 

elements are heated in crucibles and the evaporated material is deposited on a substrate. 

The deposited atoms then migrate across the surface to the point of incorporation, which 

is usually the edge of a layer. The crystal surface is therefore very smooth on an atomic 

scale because growth proceeds more rapidly at the lower points. 

The growth temperature is important. If the temperature is too low then the 

deposited atoms will have insufficient energy to find the best atomic site, resulting in 

poor crystal quality. At too high a temperature the atoms can re-evaporate and cause 

interlayer diffusion. The growth temperature of GaAs is 550-600°C and good quality 

AIGaAs is grown around 680°C [Gossard 1986]. 

The samples were then cleaved to approximately the required size, by scribing 

with a diamond stylus and breaking over a sharp edge. 

The design must then be transferred to the wafer. Photoresist is used to transfer 

the pattern on the mask onto the wafer. The photo resist was Shipley S14oo-17 and was 

spun at 4000 rpm for 40 seconds. The samples were baked at 90°C for 30 minutes. The 

resulting film of resist was 0.5 ).lm thick. The samples were exposed using a chrome 

mask to create the desired pattern, using a UV lamp. The exposure time was 3.2-3.5 

seconds. The resist was developed using a solution of equal parts of water and 
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microposit developer. The development time was 1 minute, after which the samples were 

washed in water and blown dry with nitrogen. 

There are a variety of dry etching techniques possible, ranging from the physical, 

where the kinetic energy of accelerated ions is used to dislodge particles from the surface, 

to plasma etching where chemical reactions transfonn the atoms on the surface to volatile 

compounds that are removed in a gaseous form. The reactive ion etching process used 

combined these effects. The sample was placed in a chamber, which was evacuated to 

10-50 mtorr. The reactant gases were fed in and ionized to form a plasma by a RF 

generator. The only etch gas used was SiCI4. The ions were accelerated towards the 

surface by a DC voltage. The result is an anisotropic etch, which yield good vertical side 

walls. The system used was a Plasmatech RIE80, which produces typically etch rates of 

200-250 nm/min. Before etching the actual waveguide samples, a test run was done to 

calibrate the process [Somekh 1976]. 

6.4.2 BULK AIGaAs NONLINEAR DIRECTIONAL COUPLER 

The choice for the wavelength was 1550 nm to be compatible with the optical 

communication low-loss fiber wavelength. This meant that the half band gap should be 

close to, but shorter in wavelength than 1550 nm (0.8 eV). The ternary compound 

AlxGal-xAs, where x can be varied continuously from 0 to 1, allows one to engineer the 

band gap and the index of refraction by changing x [Adachi 1985 & 1989]. For x=O.18 

the band gap is 750 nm (1.65 eV) for a half band gap at 1500 nm (0.82 eV). To build a 

waveguide, this compound can be surrounded by higher Al concentration compound 

which has a lower index of refraction and higher band gap energy. All the different 

layers were grown by molecular beam epitaxy (MBE) on a GaAs wafer substrate. The 

geometry of the coupler is represented in Figure 6.4. First an isolation layer 4 Jlm thick 
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of AIO.24Gao.76As was grown on the GaAs for two reasons: (1) to avoid any two photon 

absorption in the GaAs substrate because the wavelength of operation is still within the 

region of two photon absorption for GaAs; and (2) to avoid leakage loss. The index of 

refraction of this isolation layer is 3.305 and its band gap is 720 nm (1.72 eV). On top, a 

1.5 J.lm thick guiding layer of AIO.ISGao.82As with an index of 3.337 and with the 

required band gap of 750 nm (1.65 eV) was grown. The cladding consists of 1.5 J.lm of 

the same composition as the isolation layer. As discussed in chapter 3, the waveguide is 

formed by etching outside a ridge region used to laterally define the waveguide. 

Increasing the etch depth will lead to stronger confinement of the field under the ridge. 

In conjunction with the ridge width, the ridge depth is used to adjust the coupling 

coefficient to obtain a half beat length coupler. This procedure was discussed previously 

in section 6.4.1. 

n=3.305 AIGaAs x=0.24 Strip Loading 

~ gm> «6 Jlm> 
"'-----'5 Jlm 

______________________ ~~ __ ~0.2~m 

n=3.337 AIGaAs x=.18 
Guide t=1.5 Jlm 

n=3.305 AIGaAs x=O.24 
Cladding t= 4 Jlm 

"=3.4 GaAs Substrate 
Figure 6.4 Directional coupler geometry. 
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In the samples fabricated, the ridge width was 6 ~m, the ridge were separated by 5 ~ 

and the etch depth was 1.3 ~m. Figure 6.5 is a top view of the 6.0 mm long coupling 

section preceded by a 0.96 mm long single guide input section used to avoid coupling the 

light into both guides at the input end face input. 

I 

Figure 6.5 Top view of the directional coupler. The single 
guide region is to assure input coupling into one guide only. 

The pulse width used during the following experiments varied between 300 and 

450 fsec, with a peak power of 5 to 7 kWat a 76 MHz repetition rate. Typical results are 

presented in Figure 6.6 where the output switching fraction is plotted as a function of the 

input peak intensity coupled into the waveguide. The output switching fraction is defined 

as the ratio of the power at the output of one guide over the total power coming out of the 

coupler. The coupling efficiency is included in this figure since the abscissa is the power 

inside the guide. The coupling efficiency in the case represented here is 53%, with 

typical coupling efficiencies varying from 40 to 60%. The coupling efficiency is 

measured at low powers and with long pulses to avoid any nonlinear absorption and 

refraction. The waveguiding losses are estimated to be less than 5% or 0.1 cm- I. This 

corresponds to some of the best reported in a semiconductor waveguide [Deri 1991]. 

This value was estimated by assuming that the maximum coupling efficiency was 60%. 

Low loss and high coupling efficiency means that the throughput of the coupler is 
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approximately 30%, compared to a possible maximum of 50% when the Fresnel 

reflections at the input and output faces are included. The reflectivity of each facet is 

29% when the index of refraction is 3.33. So if anti-reflection coatings were applied to 

the coupling facets or if we cut the waveguide at Brewster's angle, the optimum 

throughput would be 60% when using microscope objectives for coupling. 
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Figure 6.6 Output switching fraction as a function of the input 
peak intensity inside the guide. The solid line is a theoretical fit 
from the model of section 6.4.1. The short dashed line is the 
optimum curve calculated for no multi-photon absorption, but 
still including pulse break-up due to the instantaneous response. 
The long dashed curve is the same theoretical fit but without 
two-photon absorption to show the relative influence of two and 
three photon absorption. 

Since the input and output detectors are actually measuring the average power in 

each guide, it is necessary to consider the response of the pulse envelope to the nonlinear 

coupling. Each instantaneous intensity inside the pulse will be coupled differently 

according to the CW response discussed in Jensen's original paper and shown 

schematically in Figure 6.1 as pulse break-up [Weiner 1989, Friberg 1988]. What is done 



77 

usually to obtain the pulse response for the NLDC is to perform a convolution of the CW 

response with the pulse envelope. Another way is to integrate for a pulse input the 

coupled mode equations describing the coupling between the two waveguides. The short 

dashed curve in Fig. 6.6 is the theoretical. optimal curve when the experiment is 

performed with pulses using the best fit value for n2, but without the presence of 

nonlinear absorption. The dark squares are the experimental data points for the cross 

state while the dark circles are for the bar state. The solid line is a fit to the data based on 

the model discussed in the previous section. The linear coupling coefficient (K in Eq. 

(6.2» is estimated to be 2.191 cm-1 and hence the half beat length (Lc) is about 7.2 mm, 

compared to a physical length of 6 mm. The values used for the fit are, n2=1.1x10-

13cm2/W, ~2=0.08 crn/GW and ~3=0.05 cm3jGW2. The scaling laws predict 

n2=1.5x10-13, ~2=0.0 cm/GW and ~3=0.08 cm3jGW2 which are within reasonable 

agreement with the measured values [Wherrett 1984]. The presence of 2PA can be 

explained by the fact that there is always linear absorption below the band gap due to 

defect states, i.e the Urbach tail etc, and these states can then be excited by two photon 

absorption. Therefore to reduce the 2PA it is necessary to go to even longer wavelengths 

while still using the resonance in n2 near half the band gap. The effect of multi-photon 

absorption on the switching fraction is to increase the critical intensity, decrease the 

switching fraction obtainable in the bar state and to diminish the throughput at high 

power. To observe the strength of the 2PA, the short dashed curve is plotted for ~2=0. It 

is important to notice that most of the nonlinear absorption is coming from 3PA which 

can be reduced by increasing the coupler's length. This will be discussed in the section 

6.5 on the Figure of merit V. The switching intensity, defined here as the crossing point 

of the bar and cross state, is 6 GW/cm2. With a waveguide cross section of 6.74Ilm2, 

the switching power is 400 W peak power. The switching energy with 400 fsec pulses 

used in this experiment gives a switching energy of 160 pJ. 
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A different representation of the same data presented above is found in Figure 6.7. 

Here the output peak intensity is plotted as a function of the input peak intensity inside 

the guide. Once again the squares are the bar state experimental data while the circles are 

the experimental data for the cross state. Also represented by the triangles is the total 

output of the two channel guides. The solid line is the fitted curve using the same model 

and the same values for n2, ~2, and ~3· The long dashed line corresponds to setting only 

~2=O to show the different proportion of 2PA and 3PA present. When the peak intensity 

at the beginning of the coupler is 10 GW/cm2, 28% of the input power is absorbed 

through multi-photon absorption . 
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Figure 6.7 Output peak intensity as a function of input 
peak intensity. The solid line is a fit from the model. The 
dashed line is the same fit but with no two-photon 
absorption. 

6.4.3 QUANTUM WELL NONLINEAR DIRECfIONAL COUPLER 
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Similar results for a quantum well (QW) NLDC are presented in Figures 6.8 and 

6.9. This NLDC consisted of four uncoupled AlGaAs/GaAs quantum wells with 30 A 

wide GaAs wells and 200 A AlO.2Gao.8As barriers imbedded inside the guiding region. 

The geometry is the same as for the bulk AlGaAs NLDC, except that the cladding and the 

strip loading layers are made of AlO.25Gao.74As. The NLDC is 4.8 mm long with a 

single guide input section of 0.5 mm. In this NLDC, the linear coupling coefficient is 

estimated to be 2.675 cm- l and hence the half beat length was 5.9 mm. The parameter 

values used to fit the data in Figure 6.8 and 6.9 are n2=1.3xlO-13 cm2/W, 

~2=O.08 cm/GW, and ~3=O.16 cm3/GW2. This ~3 value is several times larger than that 

measured for the bulk AlGaAs NLDC. The difference between the bulk and the QW 

devices requires further investigation but may be due to the presence of more intergap 

states in the QW material giving rise to more two photon induced free carrier absorption 

which scales like a three photon process [Islam 1992, Ho 1991]. Larger 3PA (relative to 

the bulk AIGaAs case) is confirmed by the throughput data shown in Figure 6.10 which 

indicates 36% MP A at 10 GW /cm2. 
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Figure 6.8 Same as Figure 6.6 



,..-... 
N 

E8~------------------------~ 
u 

........... 
3: 
l? 
'-' 

~6 
(f) 

z 
w 
~4 

~ 
~ w 
0.. 2 

••••• BAR 
• ••• II CROSS 
............... TOTAL 

r • ::J 
0.. 
r 
::J 
OO~~~~~~~~~~~~~~ 
048 

INPUT PEAK INTENSITY 
Figure 6.9 Same as Figure 6.7 

6.4.4 AUTOCORRELATION 
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It is not feasible to measure directly the pulse shapes of femtosecond pulses. SHG 

autocorrelation techniques were invented to partially solve this problem. A Type I 

doubling crystal is used to produce SHG from two replicas of the signal pulse, time 

delayed relative to each other as shown in Figure 6.10 [Hopf 1985, Ippen 1977]. As the 

time delay is varied, the net SHG signal changes because the pulse overlap is varied. In 

fact this procedure yields the autocorrelation of the pulses as shown in Figure 6. 11 (a)-(d). 

The autocorrelation of a square pulse is a triangle. The autocorrelation of a double 

peaked pulse gives rise to a three peak autocorrelation signal etc. Therefore the number 

of peaks, and the shape of the autocorrelation signal provides information about the pulse 

shape. 



PINHOLE-..P~MT 
, '4- FILTER 

I 
SHG CRYSTAL~~~ 

c::::::::::> 4- LENS 
BEAM 

....-+--b,/ SPLITTER 

MOVING 
RETROREFLECTOO 

FIXED 
RETROREFLECTOO 

Figure 6.10 A utocorrelator. PMT, photomultiplier tube. 
Filter, short pass filter, to block the fundamental 
wavelength. The angle between the two beams onto the 
doubling crystal is 10°. 
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The instantaneous (compared to the pulse width) response of the nonlinearities 

leads to pulse breakup [Weiner 1989, Friberg 1989]. Pulse breakup is due to the 

nonuniform nonlinear phase shift acquired over the pulse envelope. MPA can also 

further distort the output pulses in the bar and cross states. Autocorrelations of output 

pulses in the QW NLDC are shown in Figure 6.11(a)-(d). In (a), the dashed and solid 

curves depict the normalized autocorrelations of the input pulse and bar state output pulse 

respectively, when the peak intensity at the input facet is 12.4 GW/cm2. The triangles 

and circles are results of numerical simulations (N.S.) of the theoretical model discussed 

in section 6.3. The parameter values are the same as those used to fit the experimental 

data. The autocorrelation of the input pulse, graphed as the dashed line, fits well to a 

sech2 intensity envelope assumed for the input pulse in the model, plotted as triangles. It 

is clear that in the bar state the pulse shape is basically preserved apart from suppression 

of the pulse tails through nonlinear coupling as seen schematically in Figure 6.1. 

Accordingly, the tails appear in the cross state as a double peaked feature in the output 

pulse corresponding to a three peaked autocorrelation when the nonlinear coupling is 
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significant. The solid curves in (b)-(d) illustrate progressively increased nonlinear 

coupling to the cross state for peak intensities at the input facet of 5.5, 6.9, and 9 

GW/cm2, respectively. The short dashed curves represent the results of the numerical 

simulation and show reasonable agreement with the experimental data. For comparison, 

the long dashed curve in (b) is plotted with ~2=~3=0 (MPA=O) for an input peak intensity 

similar to the experimental result in this figure. The effect of MPA on the output pulse 

shape is clearly seen. These numerical simulations using an instantaneous nonlinearity 

provide experimental evidence pointing to the fact that the nonlinearity causing the 

switching is indeed ultrafast, or at least faster than the 400 fsec pulses used. 
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Figure 6.11 Autocorrelation of output pulses. (a) input and 
bar state, the solid line is a fit of the model. (b) cross state 
at 5.5 GW/cm2 input peak intensity, the short dashed curve 
is the model fit while the long dashed curve is the same fit 
but without multi-photon absorption. (c) cross state at 6.9 
GW/cm2. (d) cross state at 9.0 GW/cm2. 
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The three peak feature of Figure 6.11 (d) is indicative of pulse break-up and therefore 

shows the ultrafast response of the NLDC. 

Additional evidence for ultrafast nonlinearities includes a pump-probe experiment 

similar to the one described in chapter 4. The NLDC used for this experiment was 

slightly different from the one used to generate the data in Figures 6.6 and 6.7. It had 4 

~m AIO.25Gao.75As isolation layer, a 1.5 ~m AIO.18Gao.82As guiding layer, and a 1.5 

~m AIO.25Gao.75As cladding. The cladding layer was etched 1.2 ~m. This NLDC was 

actually the fIrst one tried. The time delay between the pump and the probe was fIxed at 

+50 psec and the input intensity was scanned to simulate the condition used to acquire the 

NLDC experimental data. Figures 6.12 (a) and (b) show respectively the probe and pump 

output switching fraction (OSP). The input intensity in (a) is the same as in (b). Because 

the probe OSF did not change and the pump OSF did, clearly the nonlinear index change 

recovers to its initial state within 50 psec after excitation, hence excluding thermal effects 

and carrier nonlinearities. To ensure that switching with TM polarized input also occurs, 

the polarization of the pump and probe was interchanged. Although the OSF of the pump 

was slightly different, the probe OSF still remained independent of time. 

6.S FIGURE OF MERIT V 

The two and three photon absorption present in the NLDC was not sufficient to 

inhibit the nonlinear coupling but did limit the throughput and degraded slightly the 

switching characteristics. It was shown by Mizrahi et al. that it is not possible to 

diminish the effects of 2PA in a directional coupler because both the nonlinear phase shift 

and the two photon absorption scale similarly with the intensity and length, i.e. 

A<\>= kon2IL and <EJ32IL respectively [Mizrahi 1989]. Also, in section 6.4 is was shown 

that 2PA is relatively small compared with three photon absorption. 
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Figure 6.12 (a) Pump-probe output switching fraction for a 
+50 psec delay. (b) Output switching fraction of the 
corresponding directional coupler 
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The effect of 3PA on the nonlinear directional coupler will now be discussed. To 

investigate 3PA in the NLDC, it is necessary to integrate for cw input Eq. (6.4), with 

T=O. V is varied to identify the influence of 3PA only. Figure 6.13 shows the 

normalized transmission in the bar state (solid curves) and the total throughput (dashed 
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curves) as a function of the cw input power, normalized to the cw critical power (The cw 

critical power is 21t). The curves are plotted for V = 0, 0.08, 0.175, 0.35, 1.05, and 1.58 

(from top to bottom, respectively). The decrease of the normalized transmission due to 

3PA is similar to that reported previously for 2PA [DeLong 1990]. The curve 

corresponding to V=O is the same as the original curve from Jensen's paper for a NLDC. 

Figure 6.14 shows the output switching fraction in the bar state for a half beat length 

NLDC versus cw input power, once again normalized to the cw critical intensity. The 

response curves are drawn from left to right for V=O, 0.175, 0.35, 0.7, 1.05, and 1.58, 

respectively. As V increases, the switching power defined as the normalized input 

intensity at the fIrst maximum also increases and the normalized transmission at the 

switching power decreases. These trends are presented in Figure 6.15, where the 

switching power (solid line) and the normalized transmission at the switching power 

(dashed line) are plotted as a function of V. It can be seen that for the normalized 

transmission to be larger than 0.5, V (=Ic2~3a3Lc) must be smaller than 0.68. This can 

be regarded as a criterion for nonlinear switching associated with 3PA, i.e. V < 0.68. 

Similar results can be derived for a sech2 pulse, examples of which were shown in the 

section on experimental results. 

The influence of 3PA on a pulsed input is shown in Figure 6.16 and 6.17 where 

the output pulse from a NLDC is plotted, first for the bar state from top to bottom for 

V = 0,0.08,0.24, and 0.8, and second with V=O, 0.24, and 0.8 for the cross state. Since 

3PA is a nonlinear process, only the high intensity part of the bar state pulse will be 

absorbed leaving a square shaped pulse. But the output pulses in the cross state are not 

changed since only the low intensity parts of the pulses are present in the cross state and 

they do not undergo multi-photon absorption. 
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6.6 IMPROVEMENTS 

The easiest way to improve the performance of the NLDC, i.e. to achieve a 

switching curve closer to the optimum for a pulse input, would be to reduce the amount 

of 3PA since it is the major cause of absorption. In contrast to 2PA whose deleterious 

effects cannot be reduced by going to longer or larger waveguides, the effects of 3PA can 

be reduced by using the fact that V scales with the critical intensity (Ie) and the coupling 

length (Le). Another way to understand why an improvement is possible is to note that 

the nonlinear phase shift varies with the length and the intensity as ~<I>= kon2~ while the 

three photon absorption goes with the length and the inten&ity square; i.e. a=133I2L. This 

means, for example, that reducing the critical intensity by a factor of 2 by making the 

device twice as long, does not change the nonlinear phase shift but does reduce the three 

photon absorption by a factor of 2. A simple way to verify this statement is to rewrite V 

as A2133a3/[(a2n2)2Lc] which shows that increasing device length by a factor of two 

improves the figure of merit also by a factor of two, meaning that the ratio of nonlinear 

phase shift to 3PA will increase by a factor of 2. The effect of such a change is to 

increase the throughput and decrease the switching power, see Figure 6.15. In summary, 

two and three photon absorption are small enough to not inhibit the nonlinear coupling. 

Two photon absorption could only be reduced by moving to longer wavelengths. Three 

photon absorption can be eliminated by using a longer NLDC. 
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CHAPTER 7 

NONLINEAR X-JUNCfION 

7.1 INTRODUCTION 

As described in the previous chapter, the nonlinear directional coupler uses 

nonlinear refractive index change to break the coupling between two guides and hence 

change the routing of the output power between the channels. Recent theoretical 

investigations have predicted that all-optical switching can also occur in nonlinear X

junctions as a consequence of symmetry breaking [Sabini 1989, Silberberg 1988]. Figure 

7.1 shows a top view of a X-switch, the angle e may be typically 0.05° to 0.2°. Figure 

7.2 presents, for CW excitation, the digital like switching characteristics of such devices 

that are potentially useful for all-optical logic. The device design is the subject of the 

next section, while section 7.3 will show switching results and autocorrelation [Aitchison 

1992]. 

Figure 7.1 Schematic representation of the symmetric X-switch. 

7.2 DEVICE DESIGN 

The MBE grown wafer used for the X-junction is the same as that for the 

nonlinear directional coupler (NLDC) discussed in section 6.4. Figure 7.3 shows the X-
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switch cross section at the end facets. The only difference from the NLDC is the slighlty 

reduced etch depth of 1.25 ~m. The input and output guides were all 4 ~m wide and 

were single mode. The mask used to produce the device was reverse written using a 

focused electron beam. A reverse written mask is transparent in the guide region and 

opaque elsewhere. This unusual approach was due to the diffculty in writing sharp X

switches features with the existing electron beam writting facility in Glasgow. The taper 

section occurred over a propagation length of 4 mm, the angle e between the two input 

guides (same angle as between the two output guides) was 0.10 and 0.20, resulting in 

waveguide separations of 7 ~m and 14 ~m at the input and output facets. The center 

section was 500 ~m long, 8 ~ wide and supported both zero and first order modes. 
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Figure 7.2 CW output switching fraction of the X-switch 
as a function of the input power. 

The operation of the nonlinear X-switch can be understood as follows: Light is 

coupled into one of the guides on the left of Figure 7.3. The adiabatic change in the 

separation of the two inputs leads to coupling between the two waveguides as the light 
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propagates into the central region. The coupling depends on the input power level. 

Hence the relative amount of the zero and first order modes excited in the central 8 J.1m 

wide central region depends on the input power. During propagation out of the junction, 

the power will be exchanged between the output guides. The final distribution depends 

upon the amount of the first order mode excited in the junction region: a purely 

symmetric mode (zero order mode) in the central region will result in a 50/50 split at the 

output. However, adding a small amount of the first order mode will cause the output to 

appear, almost completely at either one of the outputs. Unfortunately there is no 

analytical solution or equation describing the behavior of the X-junction. Therefore the 

beam propagation method (BPM) has to be used to investigate the response of such 

devices. Such results are shown in Figure 7.4. Comparison of the low and high power 

BPM results clearly shows the switching [Sabini 1989, Silberberg 1988]. 

7.3 EXPERHvtENT AL RESULTS 

The experimental set-up has already been described in chapter 4. Here the pulse 

width was 400 fsec. As discussed in the previous chapter the experiments are done with 

pulses and therefore it is the average power out of each output which is detected. The 

result of time averaging the outputs for a sech2 temporal intensity profile are presented in 

Figure 7.5. The original cw transmission curve was taken from Figure 2 of Sabini et al. 

[Sabini 1989]. The experimental data in Figure 7.6(a) for e = 0.1 ° demonstrates good 

agreement with the time average calculation. Figure 7.6(b) is for a e = 0.2°. The 

differences between the two curves arise from the different amounts of the two lowest 

order modes generated in the central region. The coupling section is longer in the 0.1 ° 

sample and the modes are essentially coupled over the full length of the device. 

However, in the case of the 0.2° sample, with a maximum separation of 14 J.1m at the end 
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facets, the coupling occurs over a shorter distance making it harder to switch the device 

for the specific intensities available in the experiment. In analogy with the NLDC, the 

coupling length is smaller in the case of the 0.20 device which makes the critical power 

greater. 

n=3.305 AIGaAs x=O.24 Strip Loading 

1 J.lm.,. <4 JIm.,. 

------------.-.....---A 0.25 J..Lm 
n=3.337 AIGaAs x=.18 

Guide t=1.5 JIm 

n=3.305 AIGaAs x=O.24 
Cladding t= 4 J.lm 

n=3.4 GaAs Substrate 
Figure 7.3 End facet schematic view of the x-switch. For 
8=0.10 the distance between the two ribs is 7~. 
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Figure 7.4 Beam propagation method results for low and 
high power. 
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Autocorrelation measurements were perfonned on the pulses emerging from the 

two output channels at two different power levels, shown in Figure 7.7. For an incident 

intensity of 30 GW/cm2, Figure 7.7(a), shows a distinctly triangular shape indicating that 

the actual pulse had a flat top profile as discussed in the previous section. This 

correspond to an input power of 2 (a. u.) in Figure 7.5. The flat top is caused by 

incomplete switching. Only approximatively half of the peak power is switched and 

therefore a flat top results. At a higher input intensity level of 51 GW/cm2 the 

autocorrelation becomes a triple peaked distribution as seen in Figure 7.7(b). Such an 

autocorrelation is consistent with a double peaked temporal pulse, indicative of pulse 

breakup similar to that observed for the NLDC discussed in the previous chapter. This 

corresponds to an approximate value of 3.5 (a. u.) in Figure 7.5. Such pulse breaking is 

indicative of an ultrafast response relative to the 400 fsec pulse width. 
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7.4 SUMMARY 

Described in this chapter was the first experimental observation of a nonlinear X

switch. The measured experimental switching characteristics were consistent with those 

predicted by theory, once the appropriate time average imposed by the response of the 

detector was performed. The X-switch suffers from the problem of pulse breakup more 

severely than the NLDC because of the multistep digital like features of the cw response, 

each of which contribute to the break-up. Pump-probe switching through cross phase 

modulation could be used to remedy this problem. 
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CHAPTER 8 

EPILOGUE 

8.1 SUMMARY 

The multi-photon and free-carrier absorption as well as the nonlinear index of 

refraction of semiconductor waveguides near half the band gap has been measured. The 

demonstration of ultrafast, high throughput switching in a nonlinear directional coupler 

and for the first time in a nonlinear X-Switch was also reponed. 

Two photon and free carrier absorption were measured in a GaAs waveguide near 

half the band gap. It was shown that the two photon absorption tends to zero at half the 

band gap, and that the experimental values agree well with the scaling laws developed for 

two photon absorption. Also, pump-probe transmission experiments were able to 

distinguish the influence of the instantaneous two photon absorption from that of the long 

lived free carrier absorption. The free carrier cross section was found to be 15 ± 3 x 10-

16 cm2 at 1.51 !-lm with a recovery time of 5 ± 2 nsec. This value of the free carrier cross 

section is bigger by a factor of ten compared to that previously measured at 1.06 Jlm. 

A nonlinear directional coupler as well as an X-Switch was demonstrated in 

AIGaAs and in GaAs/AIGaAs quantum well samples. The nonlinear index coefficient 

was found to be 1.1 x 10-13 cm2jW in bulk and 1.3 x 10-13 cm2jW in a four quantum 

well sample. This nonlinearity was big enough to observe switching for a peak power of 

400 W corresponding to a 160 pJ switching energy for 400 fsec pulses. Also observed in 

the response were two and three photon absorption. There is still a remnant two photon 

absorption caused by residual absorption below the band gap. A two photon absorption 
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coefficient of 0.08 cm/GW was measured in both bulk and quantum well samples. The 

measured three photon absorption coefficient of 0.05 and 0.16 cm3/GW for bulk and 

quantum well samples respectively, agree well with the theoretical prediction of 0.08 

cm3/GW. The largest value of the three photon absorption coefficient was assumed to be 

enhanced by midgap states. 

The response time of the nonlinearity in AIGaAs was found to be smaller than the 

400 fsec pulse used for the experiment, primarily from the observed pulse breakup in the 

autocorrelation of the output pulses for the nonlinear directional coupler and the X

Switch. Also, a pump probe experiment with a 50 psec delay between pulses excluded 

thermal and carrier nonlineatities as the switching mechanism. The nonlinearity was 

concluded to arise from the non-resonant response of the bound electrons. 

8.2 CONCLUSIONS 

Finally, AIGaAs used below half the band gap was found to be a good candidate 

for the implementation of all-optical switching devices at 1.55 /lm. It is compatible with 

the low loss fiber optics communication wavelength. Furthermore semiconductor 

technology is well developed. AIGaAs satisfied all three figures of merit, i.e. W, T, and 

the newly developed V. The scal;ng law theories for the nonlinear index of refraction and 

the two photon absorption were found to be good design tools and predicted successfully 

the possibility for all-optical switching devices below half the band gap. In order to 

diminish the effect of three photon absorption the devices should be made longer. 
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8.3 FUTURE RESEARCH 

Suggestions for future research can be divided into two groups: (1) measurement 

of the dispersion of the nonlinear index of refraction and multi photon absorption in bulk 

and multiple quantum well material below and above half the band gap; and (2) an 

improvement in existing devices as well as new type of devices. 

The dispersion of the nonlinear index and the multi-photon absorption is 

important for optimizing the switching characteristics of all-optical devices. The 

presence of multi-photon absorption especially two photon absorption should be 

minimum while still keeping the nonlinear index change a maximum. The residual two 

photon absorption below the band gap should get progressively smaller the further the 

wavelength is from the band gap. However, the dispersion of the nonlinear index will be 

small and the reduction in its value will be negligible at wavelengths where the residual 

two photon absorption is essentially zero. 
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