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ABSTRACT 

The Vertical-Cavity Surface-Emitting Laser (VCSEL) is a new type of micro cavity 

semiconductor laser with new and unusual characteristics. It is designed to have very 

high reflectivity mirrors with cavity length on the order of the wavelength of light, 

making possible dynamical studies in the smallest of laser cavities. Only one single 

longitudinal mode is supported within the gain spectrum of the active semiconductor 

material, thus requiring the cavity length to be an integer multiple of the emission 

wavelength. This short cavity length and a wide output aperture, on the order of five 

microns, provide for a high Fresnel number. The combination of the high Fresnel 

number and of the richness of nonlinear effects in GaAs makes the VCSEL an ideal 

candidate for the study of spatio-temporal dynamics in nonlinear optics. In this 

dissertation we report on the longitudinal and transverse characteristics of VCSELs 

under injection-locking. Unique features appear experimentally in the longitudinal 

nonlinear dynamics of this system including beam coupling, four-wave mixing, new 

frequency generation, subharmonic bifurcation, and enhanced relaxation oscillations, 

opening a route to chaos. Coherent Energy Transfer (CET) takes place between a 

strong monochromatic injection frequency and all the frequencies contained in the 

VCSEL's laser emission just above threshold, leading to asymmetric gain. The high 

Fresnel number of the VCSEL makes it an interesting candidate for the study of 

transverse pattern behavior under injection-locking. We have forced high-order 

transverse modes and observed transverse instabilities including optical vortices. We 

have found three ways of generating vortices in VCSELs; these are the helicoidal phase 

mask, the Gaussian-bearn-induced vortices, and the injection-locked TEM:. mode. 
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INTRODUCTION 

Nonlinear Optics has been a tremendously growing field of research in physics 

over the last thirty years. Since the first observation of a nonlinear effect by Franken et 

al. [1961], a large number of materials have been investigated for their optical 

nonlinear properties. Moreover, several structures have been found to help nonlinear 

effects, the most important of these being the waveguide (on a substrate or as an 

optical fiber) and the Fabry-Perot etalon. The advantage of both structures is that they 

locally maintain a high electric field in the medium, and hence allow for an easy 

observation of nonlinear effects. A large number of applications has resulted, especially 

in the form of devices such as frequency converters, nonlinear directional couplers, all

optical switches, and bistable devices to answer the need for fast optical processing 

components for the telecommunication industry. 

This work has been motivated by the desire to unveil and understand new 

phenomena in fundamental physics. The nonlinear medium studied throughout this 

dissertation is Gallium Arsenide (GaAs). Optical nonlinearities in bulk GaAs have been 

studied in the passive (absorption) and active (gain) regimes [McCall, 1974; Lee et al., 

1986a]. Nonlinearity can be enhanced by placing the nonlinear medium in a Fabry

Perot cavity [Lee et al., 1986b], both in the passive regime (etalon) and the active 

regime (laser). A new richness appears in lasers; due to the gain of the medium and to 

the resonance of the cavity, several weak effects can be seen that had not been seen in 

bulk GaAs [Lowry et al., 1993]. 

There are several types of semiconductor lasers, the best known and the oldest is 

the edge-emitter. Edge-emitters are heavily used in consumer electronics products and 

in telecommunication systems. They have been studied extensively, with some 
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scientific journals recently devoted almost entirely to this topic [IEEE Journal of 

Quantum Electronics, IEEE Photonics Technology Letters]. New types of 

semiconductor lasers have been developed recently in a quest to reduce threshold, they 

are called micro cavity lasers [McCall, 1974; Yamamoto et al., 1993]. Because they are 

grown using Molecular Beam Epitaxy (MBE) on a wafer substrate, they can be 

organized in I-D or 2-D arrays, which are attractive for parallel data processing 

architectures. One of these micro cavities is the Vertical-Cavity Surface-Emitting Laser 

(VCSEL). The complete structures of an optically pumped and of an electrically 

pumped VCSEL and the comparison of threshold gain for edge-emitters and VCSEL 

are described in Chapter 1. 

The VCSEL's cavity length is on the order of one micron, and its output aperture 

is on the order of five microns, providing for a high Fresnel number. The combination 

of the high Fresnel number and of the richness of nonlinear effects in GaAs makes the 

VCSEL an ideal candidate for the study of spatio-temporal dynamics in nonlinear 

optics. 

There has been considerable effort to develop an accurate theory of 

semiconductor nonlinear optics. Most of the early experimental work was based on 

semi-classical free-carrier and exciton theories [Lee et al., 1986a; reviewed in 

Peyghambarian et al., 1993], which provided many useful insights. These theories 

were later replaced by a more complete fully quantized many-body theory [Bimyai and 

Koch, 1986; reviewed in Haug and Koch, 1990]. This theory includes quantum 

confinement and carrier/carrier interactions; it has been used for all the 

theory/experiment fittings presented in this dissertation. 

-- ---------------
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This dissertation is divided into four chapters. As seen before, Chapter 1 presents 

the VCSEL. Chapter 2 is concerned with injection locking and single longitudinal 

mode temporal instabilities in a regime where the VCSEL is operated well above 

threshold. When a narrow linewidth laser beam is injected at a frequency slightly above 

or below the original lasing line of the VCSEL, injection locking occurs. However, for 

larger detunings between injection and original lasing, one needs to increase the power 

of the injection to see locking [Boggavarapu et al., 1993]. A chaotic-like behavior can 

be seen in this regime of the route to injection locking. Chapter 3 presents a coherent 

energy transfer mechanism in our VCSEL sample under injection-locking in a regime 

where the VCSEL is operated just above threshold. One of the most significant 

differences between the semiconductor medium and other gas, liquid, or solid-state 

laser media is the strong coupling of the real and imaginary parts of the dielectric 

susceptibility in a semiconductor. The injection in GaAs gain medium results in local 

gain asymmetry and the generation of new frequencies. Chapter 4 treats transverse 

instabilities in VCSELs. These instabilities are seen when the same narrow linewidth 

laser beam is injected within the width of the original lasing line. Phase defects and 

optical vortices can occur in these experimental conditions. The study of optical 

vortices is a very recent field [Coullet et al., 1989] and the VCSEL is an original 

candidate for a study of phase defects in semiconductors. 

As is often the case in research and virtually the norm in this field, this dissertation 

relies on the groundwork performed by current or former students during their 

graduate career. Their dissertations and papers have been amongst the most useful 

references for this research. 



CHAPTER ONE 

VCSEL STRUCTURE & FABRICATION 

1.1 Introduction 
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The fabrication of integrated nonlinear optical components has benefited from the 

experience accumulated by the semiconductor industry over the last two decades in the 

production of transistors and integrated circuits. Although most of these devices are 

based on Silicon (Si, an indirect bandgap semiconductor), there has also been an effort 

on Gallium Arsenide (GaAs, a direct bandgap 111-V semiconductor). GaAs is mostly 

used in the industry for making optoelectronic devices such as Light-Emitting Diodes 

(LED) and semiconductor edge-emitting lasers. It is also a candidate of choice for 

nonlinear optics [Lee et al., 1986a] and an impressive research effort in this field has 

been underway for the last ten years. This effort has addressed theory [Haug and 

Koch, 1993] and experiments [peyghambarian et al., 1993]. 

Recently, the advent of the semiconductor vertical cavity surface emitting laser 

(VCSEL) [Jewell et al., 1991] with its many unique characteristics has sparked a flurry 

of activity. These microcavity lasers are designed to have very high reflectivity mirrors 

with cavity length on the order of the wavelength of light. Only one single longitudinal 

mode is supported within the gain spectrum of the active semiconductor material, thus 

requiring the cavity length to be an integer multiple of the emission wavelength. This is 

to be compared with the traditional semiconductor laser, the edge-emitter, whose 

cavity length is on the order of 300 Jlm and supports on the order of 10 longitudinal 

cavity modes. 

The experiments described in the next chapters were conducted using either 

optically pumped or electrically pumped VCSELs. In this chapter we will describe 
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both structures and analyze how they allow one to conduct semiconductor physics 

experiments that could not be performed with edge-emitters. 

1.2 Optically pumped veSEL 

. The optically pumped GaAsI AlGaAs veSEL shown in Fig. 1-1 was used in our 

early injection-locking experiments and was designed by Chuang [1991] and grown by 

Molecular Beam Epitaxy (MBE) on a (100) GaAs substrate by Khitrova and Gibbs as 

follow. A 1 Jlm buffer layer was first deposited on the substrate in order to avoid 

strain in the VeSEL structure. The VeSEL structure per se was then deposited, 

consisting of a bottom mirror, a gain spacer, and a top mirror. The bottom cavity 

mirror is a high reflectance quarterwave-stack consisting of 27.5 periods of "high 

index" AlO.143Gaa.8S7As (length = 625 A) and "low index" AlAs (length = 733 A). The 

gain spacer, or active region consists of 7357 A of bulk GaAs; its optical length is 

3'Aol n, where 'Ao = 885 nm is the emission wavelength and n = 3.54 is the background 

index of GaAs. The top cavity mirror consists of 22 AlO.l43Gaa.857As / AlAs periods. The 

designed reflectivities near the lasing wavelength are 99.95 % for the bottom mirror 

and 99.90 % for the top mirror; this results in a single transmission peak of width 

=5 nmwithin the 830 nm to 940 nm mirror stop band. Fig. 1-2 shows the calculated 

reflectivity curve of the empty (transparent) Fabry-Perot cavity. The single Fabry

Perot dip in the middle of the stop band is a much sharper feature than the bulk GaAs 

gain spectrum (represented by a broken line). Hence, it is the location of this single 

dip, dependent on cavity length and spacer index, that will determine the single 

operating wavelength of the laser. This is in contrast with edge-emitters which have 
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multiple longitudinal modes and whose wavelength is determined mostly by the peak of 

the gain curve of the spacer. The position of this peak is modified by changing the 

composition of the bulk semiconductor or by inserting Multiple Quantum Wells 

(MQW) in the cavity. 

1.3 Electrically pumped veSEL 

The electrically pumped VeSEL shown in Fig. 1-3 was used in our study of 

longitudinal and transverse instabilities induced by injection-locking. It was grown by 

MBE on an-doped GaAs substrate by Brennan and Hammons at Sandia National 

Laboratories. The structure is as follows. The n-doped bottom mirror consists of 28 

periods of alternating quarterwave layers of AlAs and AlO.lsGaa.8sAs. The intrinsic 

active region consists of four 100 A GaAs quantum wells with 70 A Alo.3Gaa.7As 

barriers, all surrounded by graded barriers. The total length of the spacer is 7/'''0/ n, 

where 1...0 == 828 om is the emission wavelength and n = 3.54 is the background index 

of GaAs. The p-doped top mirror consists of 18 periods of alternating quarterwave 

layers of AlAs and Alo.1sGaa.8sAs like the bottom mirror, with interface steps to facilitate 

current flow. The calculated reflectivities of the mirrors at operating wavelength are 

99.98 % for the bottom mirror and 97.43 % for the top mirror. Fig. 1-4 shows the 

calculated spectral reflectivities of both mirrors. Fig 1-5 shows the measured 

fluorescence spectrum of the Sandia veSEL below threshold (linj =0.67 rnA) and 

above threshold (linj =5.32 rnA). 

The 31... optically pumped VeSEL was grown uniformly on the substrate. The gain 

region and the aperture are hence defined by the size and intensity of the pump beam. 
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Conversely, the Sandia VCSEL was fabricated into an array. The devices on the chip 

are laid out in four neighboring sections of aperture 10 J.un, 15 J.1m, 20 J.1m, and 30 J.1m. 

The bottom electrode (n-contact) is common to all the devices. The top electrode (p

contact) is a gold pad approximately 40 J.1m x 60 J.1m over each device. A circular 

aperture of diameter 10 J.1m, 15 J.1m, 20 J.1m, and 30 J.1m is on one side of the pad. To 

ensure a homogeneous current flow, the cylindrical gain regions under the ring 

electrodes are defined with hydrogen ion implantation. The other side of the pad is 

used for positioning the microprobe connected to the regulated current supply (ILX 

model LDX3620). This current supply has a battery-powered mode, giving it a noise 

of less than 850 nA RMS in the 5 Hz -10 MHz bandwidth. This is the lowest noise for 

commercial laser diode current supplies; this low noise has been critical for the results 

on asymmetric gain in Chapter 4. The threshold current ranges between 5.0 and 7.0 

rnA with the average threshold around 6.0 rnA. The series resistance is around 200 n. 

Beam divergence is between 6 and 8°. Output power can reach 300 J.1W for injection 

current in the vicinity of 15 rnA. If the current is further increased, the output power 

goes down until total extinction. This happens for thermal reasons explained in 

Chapter 4. Catastrophic damage happens if the current is maintained above the 

extinction value. The devices usually require a bum-in before they will lase. The basic 

procedure consists in driving 20 rnA of current through the device for 1 second or less 

and then returning quickly to the regular operating range. Then the device usually 

lases. If not, the procedure may be repeated for two or three times or until the 

operator is convinced that he/she has fried the device. This is a frequent occurrence, as 

fabrication of electrically pumped VCSEL arrays is still at the experimental stage. 
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1.4 Comparison of properties ofVCSELs to edge-emitters 

One obvious advantage of VCSELs over edge-emitters is their circular aperture. 

Edge-emitters have a rectangular cross-section which induces different divergence rates 

along the two transverse axes. This is usually corrected by a compensation optical 

system placed after the collimating lens. In VCSELs, only the collimating lens is 

necessary to obtain a clean collimated Gaussian beam. 

In edge-emitters, the cleaved facets of the semiconductor crystal act as mirrors. 

The large difference in index between GaAs (n = 3.54 at Abandgap = 873.2 nm) and air 

allows for a 31. 3 % Fresnel reflection at the facet. The crystal must be relatively long, 

typically 200)lm to 300 )lm, so the overall gain is sufficiently high to overcome the 

losses at the facets. 

As the VCSEL has InlITors with very high reflectivity, little overall gain IS 

necessary to overcome the losses, and the length of the gain medium need only to be of 

the order of 1000 A for bulk GaAs and 100 A for a single quantum well. Our samples 

have a cavity length on the order of the micron. As seen above, such small cavity 

length compares to the emission wavelength, which is typically (Sandia VCSEL) 

828 nm in air and 234 nm in a medium ofindex n = 3.54. Beer's law for absorption is 

/(L) =/(0) e-fJ.L (1-1) 

where L is the physical length of the absorbing medium and a is the absorption 

coefficient (typically l/)lm in GaAs). Threshold is defined as the gain (negative 

absorption) condition for the amplitude of light to be unchanged after one round-trip in 

the cavity, written as 
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(1-2) 

where 7 is the reflectance of the mirrors. The following table shows the emission 

wavelength in air, the mirror reflectances, the physical spacing between mirrors L, and 

the resulting threshold gain for the 3A and the 7A VeSELs described above, and a 

typical edge-emitter. 

3A optical 7A electrical edge-emitter 

A air 885 run 828 run 830 - 870 run 

71Dp 0.9990 0.9743 0.313 

7bottom 0.9995 0.9998 0.313 

L 0.7377 J.1m 1.637 J.1m 200 J.1m 

-alb 102 I cm 80/cm 59/cm 

We can see that the gain for the VeSELs is of the same order of magnitude as that 

of a 200 J.1m-Iong edge-emitter. 

1.5 Summary 

VeSELs can be optically or electrically pumped. As they have mirrors with very 

high reflectivities, their cavity length can be very small, on the order of a few 

wavelengths. As a result the Au = c/2nL mode spacing is larger than the gain 

bandwidth and the VeSEL emits into a single longitudinal mode. As the aperture is 

circular, the beam is easily collimated with a lens. Just as for edge-emitters, multiple 

quantum wells can be placed in the cavity to increase efficiency and displace the gain 
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towards shorter wavelengths. The vertical architecture of these lasers makes them 

especially suitable for arrays. However, fabrication techniques are still experimental 

and commercial devices are not available yet. 

n=3.54 



CHAPTER TWO 

ROUTE TO INJECTION LOCKING 

2.1 Introduction 
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The dynamics of coupled oscillators has been explored in many different systems 

and has a long history [Sargent et al., 1974]. Coupled oscillators in the optical 

wavelength regime have been investigated since the 1960's first in gas lasers and more 

recently in semiconductor lasers [Lang, 1982; Mogensen et al., 1985; Siegman, 1986; 

Kobayashi, 1991; Hui et al., 1991]. 

In this chapter we study the effect of injecting a weak external laser signal near the 

single-mode VCSEL lasing frequency. The original rationale for this was to narrow the 

VCSEL emission bandwidth and to stabilize or tune the emission frequency through 

injection-locking [Grantham, 1991]. To date, studies of weak external light injection 

into an above-threshold semiconductor laser have been limited to edge-emitting 

structures with many longitudinal modes [Lang, 1982]. Here we report on the 

injection-locking characteristics and locking range ofVCSELs. Unique features appear 

experimentally in the nonlinear dynamics of this system including beam coupling, four

wave mixing, new frequency generation, sub harmonic bifurcation, and enhanced 

relaxation oscillations, opening a route to chaos. The laser with injected signal is 

treated theoretically via laser rate equations for the field amplitude, field phase, and 

carrier density. 

2.2 Experiment 

Injection of a weak external signal in the 3A. optically pumped VCSEL described in 

Chapter 1 has been reported previously [Boggavarapu, 1993; Boggavarapu et al., 
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1993]. Here we report on injection in the 7')... electrically pumped VeSEL described in 

Chapter 1. The experiment is less critical than with an optically pumped VCSEL for 

several reasons: First, no optical pumping means one less laser system to maintain and 

one less beam to align in the setup. Second, the noise of a laser pump is fixed. 

Boggavarapu pumped his sample with a current- and temperature-stabilized diode laser 

(Spectra Diode Labs 5311-G 1) instead of the traditional Argon-Dye system. This 

allowed him to reduce the pumping noise. For the same reason we use a regulated 

current supply (ILX model LDX3620, described in Chapter 1) with very low noise to 

pump our VCSEL. 

Fig. 2-1 Shows the experimental setup. The VCSEL chip is mounted on a 16-pin 

Dual-In-Line (DIL) package. This package is in tum mounted on a temperature

regulated mount. This mount consists in a Peltier electric cooler vertically sandwiched 

between two copper blocks. The bottom block is the heat sink; it is mounted on the 

warm side of the cooler and it is water-cooled. The top block is on the cold side of the 

cooler. A thermocouple is embedded in it to provide the feedback for the temperature 

regulation loop. Thanks to the water-cooling of the bottom block, temperatures as low 

as - 8 °c have been maintained during experiments. The DIL package containing the 

VCSEL chip is directly mounted on the top copper block with thermal compound. 

The injection signal is generated with an Argon laser pumping a Titanium:Sapphire 

ring laser. This laser is actively stabilized; its bandwidth is 500 kHz. The injection 

goes through an acousto-optic modulator whose dual purpose is to fine-tune the 

intensity and to shift the frequency by 40 MHz. The shift keeps stray reflections 

returning in the ring cavity from interfering with the laser emission. Next in the path of 
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the injection beam are a set of neutral densities (NO), for coarse attenuation, and a 

halfwave plate ('}..,/2). The halfwave plate allows one to control the orientation of the 

linear polarization of the injection in the veSEL. The 7'}.., VeSEL emits along two 

orthogonal polarization directions, as will be described in Chapter 4. However, in this 

experiment we are only concerned with one polarization direction (as the veSEL 

exhibits birefringence, the emission along one polarization direction is essentially 

independent from the emission along the other direction). The halfwave plate is rotated 

so that the injection is polarized along the direction for which the VeSEL emission is 

the strongest (the emission along the other direction is filtered out by a polarizer (POL) 

placed before the measurement apparatus). Injection is then focused onto the veSEL 

by an anti-reflection coated diode laser lens (L 1) with a spot diameter of == 5 Jlm. 

Lasing output of the VeSEL is collected via the same lens as used for injection. A first 

beamsplitter (BSI) separates the output from the injection. Two other beamsplitters 

(BS2 & BS3) distribute the output to the measurement apparatus consisting of: (i) an 

80 cm grating spectrometer (resolution i:::I 0.27 A) connected to a Optical Multichannel 

Analyzer (OMA) for coarse spectral adjustments; (ii) a Burleigh scanning Fabry-Perot 

interferometer (free spectral range == 30 GHz, resolution == 600 MHz) connected to a 

photomultiplier tube for the spectral data of Fig. 2-2, 2-3, 2-5, and Fig. 2-6; (iii) a 

video camera to check the relative positions of the injection and the veSEL emission 

beams at the surface of the sample. Spatial overlap of the injection signal and veSEL 

lasing mode is critical and is greatly helped by placing apertures (A) in the beam path. 

Experimental data were taken at several different positive and negative frequency 

detunings 11 == VVCSEL -Vinj • For injection signal detuned slightly positive 

(11 =4.2 GHz) a sequence of frequency spectra is shown in Fig. 2-2 as injection 
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intensity is increased. As the injection level is increased the two frequencies compete at 

first, and then the original VeSEL frequency is suppressed. During this competition 

sidebands reminiscent of relaxation oscillations appear on both sides of the original 

VeSEL frequency as seen in Fig. 2-2(c). In Fig. 2-2(d) only one sideband is left on the 

right of the injection frequency. An injection level of 12 JlW (an injection power 16% 

of the original VeSEL power) results in complete frequency locking of the VeSEL as 

seen in Fig. 2-2(f). Larger positive detuning A results in requiring more power for 

injection locking until eventually the VeSEL is unable to frequency lock. 

Negative frequency detunings (i.e. VVCSEL < V inj ) were also investigated to 

ascertain if any asymmetric behavior existed. At small detunings the route to injection 

locking appears almost exactly as in Fig. 2-2 but in mirror image as the injection is on 

the higher frequency side of the VeSEL. One sequence of frequency spectra is shown 

in Fig. 2-3 for A = -3 GHz. Here again sidebands reminiscent of relaxation 

oscillations appear as the injection is competing with the original veSEL frequency. 

These sidebands are clearly visible on both sides of the original VeSEL frequency in 

Fig. 2-3 (b), and then on the left of the VeSEL frequency and on the right of the 

injection frequency in Figs. 2-3(c) through 2-3 (f). Note that even when the injection 

power is on the order of 20% of the original veSEL power as in Fig. 2-3(f) the 

original VeSEL frequency still has not disappeared. Yet the detuning of -3 GHz is 

smaller than in the previous positive case of 4.2 GHz, showing an asymmetry in the 

sensibility to injection-locking. 

Asymmetry in the range of frequency detunings over which locking occurs was 

first noticed by Lang [1982]. This effect is unique to semiconductor lasers and is 
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explicitly caused by the refractive index in the active region being dependent on the 

injected carrier density and the fact that the real and imaginary parts of the dielectric 

susceptibility are coupled for this medium [Lang, 1982]. It has been shown [petitbon 

et al., 1988] that the locking range can be expressed by -p < 27tA < p.J( 1 +(2
) where 

a is the Iinewidth enhancement factor and p = (c/2nL )~ P inj / PVCSEL' Fig. 2-4 shows 

theoretical and experimental values of the reciprocal of the injection power level 

needed to frequency lock the VeSEL as a function of detuning [Boggavarapu et al., 

1993]. 

We theoretically model the experimental situation with the standard coupled rate 

equations for the total field amplitUde E, field phase $, and total carrier density N, in 

analogy to the development of Spencer and Lamb [1972] but with an added term to 

account for the injected field. To properly treat the semiconductor case, the nonzero 

a-parameter must be included. The injection signal is assumed to be weak, allowing 

the equations to be linearized about the zero injection VeSEL lasing solution (see for 

example Mogensen et al., [1985]), yielding 

dE dg c 
-=AN-E+--Et cos<!> 
dt dN 2Ln / r 

(2-1) 

d</> = A +a dg AN __ c_ E/ t sin</> 
dt dN 2Ln Eo r 

(2-2) 

(2-3) 

where g( N) = AN X dg / dN is the carrier-density-dependent gain, AN = N - Nth is the 
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FIG. 2-4. Reciprocal of the injection power level needed to frequency lock the 
VCSEL as a function of detuning. The solid line shows the functional form of 
the locking range equation asymmetry assuming a =2.0. [from Boggavarapu 
eta/., 1993] 
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carrier density deviation from threshold, Eo is the VeSEL field without injection, Ej is 

the injected field, tr is the VeSEL mirror transmission, "( is the carrier decay rate, L is 

the cavity length, n is the background index, a is the linewidth broadening factor, and 

constants are grouped into kn =n2EO/hv. The many-body theory of semiconductor 

bandedge nonlinearities [Haug and Koch, 1993] IS used to calculate 

dg/dN=1.57xlO-7 cm3/s and Nih =1.lxlO18 cm-3
• The parameters used in our 

simulations are L=1 Ilm, n=3.5, tr =0.003, 1/,,(=1 ns, g(NIh )=2.57XlOll s-\ 

a = 2.0, and Eo = 20.1 kV / cm {corresponding to a relaxation oscillation frequency 

f~ = [/ong(NIh) dg/dN]/(1t2hVc) =(2 GHz)2, with 10 =nEocE;/2}. Rate equations 

(2-1)-(2-3) were integrated in time using the fourth order Runge-Kutta method. 

Time series data were Fourier transformed to obtain frequency spectra plots to 

compare with experiment. Typical computed frequency spectra are shown in Fig. 2-5 

for positive detuning (ll. = 4.2 GHz) and in Fig. 2-6 for negative detuning 

(ll. = -3 GHz): the thinner lines are experimentally observed spectra and the darker 

vertical lines are theoretically computed spectra with the injection located at the center 

of the figure in each case. The inset shows the theoretically computed phase portrait of 

the complex electric field. Both theoretical and experimental data show that aside from 

the enhanced relaxation oscillations, new subharmonic frequencies appear in large 

enough a number and with enough intensity to suggest a chaotic behavior. This is 

clearly visible in Figs. 2-5(b) and 2-5(c), where theory predicts a large number of 

frequencies in the vicinity of the VeSEL frequency. The corresponding experimental 

data actually look like a continuum, although this could be due to the limited spectral 

resolution ofthe measurement. The phase plots in the inset distinctively show complex 
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patterns again suggesting chaos. Such chaotic behavior is not obvious in Fig. 2-6; 

however, we have seen chaotic behavior for values of negative detuning other than 

A = -3 GHz. In Fig. 2-7 we have kept track of the looming and vanishing of new 

frequencies as the injection is increased. Here again, the richest spectrum is seen before 

the laser is completely locked to the injection. 

2.3 Discussion and summary 

The laser with injected signal provides a uruque system to study nonlinear 

dynamics of coupled oscillators, and now with the advent of the micro cavity laser, 

dynamical studies in the smallest of laser cavities is possible. Unusually rich behavior is 

experimentally observed, including new frequency sideband generation, subharmonic 

frequencies, injection locking and enhanced relaxation oscillation sidebands. Numerical 

simulations based on a model of coupled rate equations for the field amplitude, field 

phase, and carrier density yield good agreement between theory and experiment. This 

system of VeSEL with injection appears to be fertile ground for further study, 

especially when the injection signal approaches the same order of magnitude as the free 

running laser power. 
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CHAPTER THREE 

LOCAL GAIN ASYMMETRY AND THE GENERATION OF NEW 

FREQUENCIES 

3.1 Introduction 

In this chapter we report Coherent Energy Transfer (CET) taking place in a 

VCSEL cavity. This coherent energy transfer causes energy to be exchanged in a 

preferential way between two beams of light, regardless of their initial intensities. 

CET's most interesting characteristic is that it can lead to light amplification in a 

medium without gain. CET has been seen in nonIocal media such as photorefractives 

[Vinetskii et al., 1979; Gunther and Huignard, 1988] and in local media such as sodium 

vapor [GrandcIement et al., 1987; Khitrova et al., 1988b], a Bi12Si02o crystal in a 

strong external electric field [Rajbenbach and Huignard, 1985]. Because this effect 

takes place in a cavity, lasing at the new gain peak can occur if the net gain (CET gain 

+ original gain) exceeds the losses per pass. Hence a new lasing frequency appears in 

the VCSEL spectrum. 

3.2 Description of coherent energy transfer in a VCSEL 

Bragg diffraction in a thick holographic grating can cause an original beam to 

transfer energy to a diffracted beam. The coupled wave theory for this system 

[Kogelnik, 1969] predicts that the energy is exchanged back and forth between the two 

beams in a linear process, depending on the quality of the coupling and the interaction 

length. At a given time and location, the amount of energy transferred to the diffracted 

beam is proportional to the derivative of the field of the original beam; this and the 

boundary conditions impose a 1C/2 phase shift between the original and the diffracted 
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beam [Kogelnik, 1969]. The diffraction is non-preferential because the 1&/2 phase shift 

exists between the original beam and any order of diffracted beam. 

Two beams interfering in a nonlinear medium can write a susceptibility grating 

which will in turn diffiact energy from one to the other. The created grating is purely 

spatial when the beams have the same frequency and are not copropagating. The 

created grating is purely temporal when the two beams have different frequencies and 

are copropagating. In the latter case the term "population pulsation" is used [Meystre 

and Sargent, 1990]. 

The characteristics of the energy transfer between the two beams are greatly 

affected by the response of the medium: If the grating is purely spatial and the 

susceptibility change induced in the material is spatially superimposed with the intensity 

grating resulting from the interference of the two beams, the response is said to be 

"local" [Eichler et 01., 1986]. This is a case similar to the one described above where 

the phase shift between the two beams is 1&/2. Here again diffraction from one beam to 

the other is non-preferential and obeys the coupled-wave theory. Energy transfer 

between beams only occurs when the initial intensities of the beams are different, and 

energy is always transferred from the strong beam to the weak: beam. 

If the susceptibility grating is spatially shifted relative to the intensity grating, the 

response is "noniocaI" [Eichler et 01., 1986; Pohl et 01., 1968; Rother et 01., 1970]. 

This shift modifies the phase difference between the coupled beams. Transfer of energy 

between beams is now also dependent on the phase shift and energy is preferentially 

transferred from one beam to another (even from a weak: one to a strong one). 

An example is the photorefractive effect in electro-optic material such as LiNb03, 

Bi12Si02o (BSO), or KNb03 [Vinetskii et 01., 1979; Gunther and Huignard, 1988]. 
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Two incoming waves form an intensity grating. Carriers (positively charged holes and 

negatively charged electrons) are created in the bright fringes and this induces a charge 

gradient with the dark fringes. The electrons being the most mobile carriers, they 

diffuse into the dark fringes and a field grating is created. The field is maximum 

between two groups of species and zero at each group, the field grating is hence 

automatically in phase quadrature with the intensity grating. This is where the nonlocal 

characteristic of the material response arises. The field grating induces in tum an index 

grating through the electro-optic effect (X(2»). It is finally this grating which will 

diffract energy from one beam onto the other. The incoming wave and the grating are 

always phase-shifted by rt/2. This is the best condition for energy transfer in a 

preferential diffraction order because of a constructive phase-matching condition 

(rt/2-rt/2 = 0) for the +1 diffraction order. Conversely the opposite order will see a 

destructive phase-matching condition (rt/2 + rt/2 = rt). 

Coherent Energy Transfer (CET) is a process of preferential energy transfer akin 

to that in photorefractives, but in the time domain. Here the medium is local, yet we 

will see preferential energy transfer. Two nondegenerate incoming waves 

copropagating in a Kerr-type medium give rise to a beating of frequency flv = v 2 - VI' 

The carrier population increases at the "bright" period of the beating and inversely 

decreases at the "dark" period of the beating. As the response is not immediate, the 

population pulsation is not in phase with the beating. It induces a temporal index 

grating which will preferentially diffract energy, build up a phase-matched 

(rt/2-rt/2 = 0) frequency, and spoil a "phase-unmatched" (rt/2+ rt/2 = rt) frequency. 

In order to see any effect, the response time must be smaller than the time period of the 

grating {"C < (2rtflvt
l
). 
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This can produce optical gain without population inversion in atomic systems [WU 

et al., 1977], Rayleigh- or Raman-gain lasing [Grandclement et al., 1987; Khitrova et 

al., 1988a and 1988b; Sargent, 1988], optical loss in a gain medium, or it can give rise 

in semiconductor lasers to new lasing frequencies and extinction of the original lasing 

[Lowry et al., 1993]. Also, in the case of a strong pump field and a weak probe field 

this can translate into an asymmetric or "dispersive-like" modification of the material's 

effective absorption or gain spectrum [paul et al., 1990; Ishikawa et al., 1981 and 

1982; Agrawal, 1990; Chinn, 1991]. Asymmetric gain is seen by a probe beam 

scanning at a variable frequency VI in the vicinity of the fixed-frequency pump beam v2 

[Fig. 3-1]. 

3.3 Experiment 

We chose to investigate CET in a Fabry-Perot cavity filled with a semiconductor 

medium with gain, namely the electrically-pumped VCSEL described in chapter 1. 

Nonlinearities are enhanced near the absorption band in semiconductors, light fields are 

amplified in gain media, and the cavity will increase the local fields and the light-matter 

interaction. By injecting light into the spectrally broad lasing mode of a microcavity 

laser pumped just above threshold we produce a strong injected field at V inj [Fig. 3-1] 

and simultaneously observe its interaction with the many probe frequencies of the broad 

lasing mode. The VCSEL has the advantage of amplifying the injection over a 

thousandfold through optical gain (~1O x) and cavity storage (~300 x), allowing 

direct observation of gain asymmetry and its evolution with increased injection power. 

The experimental set-up is seen in Fig. 3-2. Depending on the device chosen from the 
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FIG. 3-1. The strong injected field will interact with the many probe 
frequencies (discrete black lines) which fill the broad lasing mode (shaded 
continuum). 
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FIG. 3-2. The experimental set-up shows the injected signal produced by an 
argon-pumped dye laser entering the VCSEL and the VCSEL emission 
measured by an IR camera, spectrometer and scanning FP etalon. The AOM 
is an acousto-optic modulator; ')J2 is a half-wave plate; BS is a beam splitter; 
AP is a small aperture; Ll, L2 & L3 are microscope objectives; CS is the 
VCSEL current supply; PC is the peltier cooler; MM is a movable mirror; 
OMA is an optical multi-channel analyzer; PA is a polarization analyzer; F IP 
is a scanning Fabry-Perot etalon, and PMT is a photo-multiplier. 
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array the VeSEL lases at s::: 830 run with a threshold of s::: 5.6 rnA . The VeSEL 

emission passes through two beam splitters and a scanning Fabry-Perot interferometer 

(FP), set at 625 MHz resolution and 30 GHz free spectral range, to finally reach a 

photomultiplier. One beam splitter reflects a portion of the emission to an infrared 

camera. A polarizer is placed in the path before the FP when analyzing polarization 

components of the emission, and a movable mirror is placed in the path to send the 

emission to a spectrometer and optical multichannel analyzer with 0.26 A resolution for 

coarse frequency analysis. Feedback from the FP to the VeSEL is eliminated using an 

aperture near the VeSEL and slightly tilting the FP input angle. The injected field is 

produced by an argon-laser-pumped narrow linewidth ring dye laser tuned around the 

frequency of the VeSEL. Feedback from the VeSEL to the dye laser is made 

inconsequential by passing the injection through the diffracted order of a 40 MHz 

acousto-optic modulator (AOM). The polarization of the injected signal is linear and 

aligned to that of the VeSEL lasing using a ')..,/2 plate. It is then reflected by a beam 

splitter and focused onto the s::: 3 J.Lm diameter VeSEL lasing spot. The injected signal 

and veSEL emission are carefully aligned to copropagate. 

When the injection is positioned at a frequency below that of the original lasing, 

we can directly observe eET on both sides of the injection. The VeSEL is lasing just 

above threshold, so as to see as wide a gain profile as possible. In Fig. 3-3 the original 

lasing is 2.61 GHz above the injection. As the power of the injection is increased, we 

see a depletion in the gain profile above v inj around the original lasing frequency and 

gain enhancement below v inj • 

To better see the gain asymmetry we subtracted the original VeSEL spectrum 

(solid line, peak at +2.61 GHz) from the spectra of veSEL + injection in Fig. 3-3. The 
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original VCSEL lasing spectrum and the difference curves are shown in Fig. 3-4. For 

P inj increasing gradually, the peak of the enhanced region, v peak , moves away from v inj 

toward lower frequencies, and the negative peak of the depleted region, v dip' moves 

toward higher frequencies. The peaks and dips are narrow compared to the width of 

the laser cavity FP peak (~80 GHz FWHM under transparency conditions), so cavity 

pulling of Vpeak.dip is considered inconsequential. As seen in Fig 3-4 gain asymmetry is 

spectrally broadened by increased P inj; particularly, increasing the injected power 

deepens the gain dip and moves it to higher frequency. The localized asymmetry and 

the blue shift of the dip show that the modification cannot be explained by a red shift of 

the lasing brought on by total carrier-density reduction. We are really seeing a local 

modification ofthe effective gain. 

3.4 Discussion of results 

The evolution of the spectrum with P inj had not been observed until now. Laser 

diode longitudinal modes (75 GHz spacing) have been used to observe the periphery of 

asymmetric gain spectra in semiconductors [Chinn, 1991], but this and other 

experiments [Inoue et al., 1987; Saito and Mukai, 1991] and calculations [paul et al., 

1990; Sargent et al., 1988 and 1993] to date have not studied the evolution of CET 

with increased P inj' The gain peak and dip of Fig. 3-4 are important because they can 

significantly modifY the output spectrum of a laser, such as creating new lasing at the 

gain peak and extinguishing lasing at the dip. An inject/probe experiment with an 

InGaAsP Traveling Wave Amplifier (TWA) has shown the peak and dip, but Pinj 

increased with propagation (from =87 J.1W to =4.4 mW [Inoue et al., 1987], and 
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from::: 220 JlW to ::: 8.4 mW [Saito and Mukai, 1991]). The probe spectrum that is 

created at a point in the amplifier is amplified with propagation. Therefore the resulting 

spectrum is a weighted sum of induced spectra with the early, low-P inj spectra 

dominant. Our experiment involves light intensity that is high enough to create strong 

power broadening and that does not change with propagation and allows us to observe 

the linear dependence of ~peak.dip on P inj' 

The usual limit on material response imposed by the carrier lifetime [Wu et al., 

1977] is ~peak ,dip ( GHz) S Ij( 21t'to) which, using the zero-light-field carrier lifetime in 

GaAs quantum wells, 'to =100 to 500 ps [Sargent et al., 1988; Chinn, 1991], gives 

~peak S 2 GHz. This is consistent with our measured ~peak,dip, but we have observed 

that increasing Pinj moves the peak out to ~peak =-14 GHz which is inconsistent with 

the usual limit. Material response following large detuning has been associated with 

the much faster carrier/carrier scattering time, 'tee =50 to 100 fs [Binder et al., 1992]. 

Such response follows fluctuations in carrier state occupation probability and is much 

weaker than that following total population fluctuation. It only becomes important 

with ~ too large to be followed by the stronger, slower total population response 

[Agrawal, 1987 and 1988]. 

Our observed maximum ~peak = -14 GHz is consistent with a model in which 

high light intensity significantly increases both stimulated emission and stimulated 

absorption without significantly changing the balance between them (and thus the 

steady state population). In order to examine this we ignore fluctuation at the beat 

frequency ~, and express the carrier rate equation as 
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. N gI 
N='A.----. 

'to lim 
(3-1) 

This equation does not describe carrier response to small and rapid fluctuations in a 

high intensity light field (e.g. weak beating), but rather evolution of the steady state 

carrier population. We compare the relative strengths of terms to see whether our 

highest injection power significantly changes N. The total carrier recombination time 

'ttoW is actually dependent on N [Agrawal and Dutta, 1986] and can be expressed in a 

Taylor-series expansion N/'ttow =(N/'to+BN2 +CN3+ ••• ) discussed by Eichler 

[1986] that includes bimolecular recombination, B, and Auger processes, C. However 

in our case the correction terms are small, and 'ttoW == 'to == 125 ps. 'A. is the rate of 

carrier generation by current pumping, gI/hro is the net rate of carrier loss due to 

stimulated emission and absorption, and I is the light intensity. We use the values: 

carrier density N = 2 X 1018 cm-3
, total carrier recombination time 'ttoW == 'to == 125 ps, 

a == 3 J.1m diameter injected spot size, the injected wavelength 825 nm, and 

g == 100 em-I. The VeSEL intracavity power ranges from 40 mW (without injection) 

to 260 mW (the highest P inj used in the experiment), therefore the net stimulated loss 

rate, gI/hm, ranges from gI veSEL /hro = 2.4 x 1026 cm-3s-1 to 

gIinJhro = 1.54 X 1027 cm-3s-1 while the carrier recombination rate is N/'to =1.6xl028
• 

This calculation has been simplified; the gain actually saturates slightly with increased 

P inj making the stimulated loss term slightly smaller than calculated. We see that the 

steady state carrier density is not significant changed by the injection. In steady state 

the rate of carrier loss is changed by 
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(3-2) 

while Apeak increases by a factor of 7, from 2 to 14 GHz. Therefore it is not the net 

change in dN/dt that determines Apeak but the significant increase in both stimulated 

emission and absorption that is relevant. 

3.5 Summary 

By injecting a continuous wave laser beam into the broad lasing line of a VeSEL 

pumped just above threshold we directly observe gain asymmetry as the lasing line is 

locally enhanced on the low frequency side of Vinj and reduced on the other. The 

detunings Apeak.dip are proportional to the intracavity power at the injection frequency 

Pinj which agrees with our theoretical studies [Lowry et al., 1993; Lowry, 1993]. The 

gain peak is pushed to Apeak = -14 GHz, seven times further than that allowed for by 

the zero-light-field carrier lifetime, while the carrier density is only slightly changed. 

The large detuning is consistent with our interpretation that high intracavity light 

intensity in the VeSEL greatly increases both stimulated emission and absorption, 

spectrally broadening (or accelerating) the carrier density response. 

Gain asymmetry through coherent energy transfer is an example of interesting 

behavior that occurs in a nonlinear gain medium. It can generate such counter-intuitive 

effects as optical gain without population inversion or optical loss in a local gain 

medium. It is this kind of phenomenon that makes fundamental physics a well of never

ending amazement. 



CHAPTER FOUR 

TRANSVERSE PATTERNS, PHASE DEFECTS, AND VORTICES 

4.1 Introduction 

51 

Transverse pattern behavior is currently a very interesting field of research for 

VCSELs. The reason for this is the large number of parameters involved; the physical 

dimensions of the cavity, diameter of the aperture, type of design, composition of the 

mirrors, composition of the quantum wells, quality of the interfaces, amount of strain 

induced by the lattice mismatching, amount of doping, electrical resistance, thermal 

characteristics, influence of defects, annealing, chemical stability are only a few of the 

variables that have been studied. As indicated in the introduction in Chapter 1, the 

VCSEL interests both the engineers who are trying to develop a reliable device and the 

researchers who are using it to unveil new fundamental physics. This is especially true 

for transverse effects, as the VCSEL has a much larger Fresnel number than the edge

emitter, and as the gain is not spatially uniform in the ring-electrode design. 

The study of transverse instabilities in passive micro cavities initiated from the 

dropping of the plane-wave approximation in the Beam Propagation Method (BPM). 

Theoretical work showed the relative importance of diffiactive coupling and self

focusing or defocusing for bistable cavities [Moloney and Gibbs, 1982], and transverse 

instabilities for a nonlinear medium were reported in sodium vapor [Giusfredi et a/., 

1988; Grantham et a/., 1991]. 

The role of transverse effects in laser instabilities was studied as well [Lugiato et 

a/., 1988], and it was shown that these instabilities were related to the spontaneous 

breaking of the cylindrical symmetry [Lugiato et a/., 1989; Tamm and Weiss 1990a; 

Green et a/., 1990], the behavior of the phase of the field [Lefever et a/., 1989 and 
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Kaige and Abraham, 1993] and the competition of the transverse modes [Lugiato et al., 

1990]. Even the notion of stable behavior above threshold was revised, as a second 

threshold -this one for instabiIity- was predicted [Jakobsen et al., 1992]. 

The original theory of laser modes in cavities [Kogelnik and Li, 1966] was 

extended to models specially addressing multitransversal solid-state lasers [Hollinger et 

al., 1990] and complex spatio-temporal behaviors in laser dynamics [D'AIessandro and 

Oppo, 1992]. Transverse effects in passive and active nonlinear optical systems have 

been reviewed in two papers [Abraham and Firth, 1990~ Lugiato, 1992], and one book 

was written on the dynamics of lasers with strong emphasis on transverse effects 

[Weiss and Vilaseca, 1991]. 

As far as VCSELs are concerned, transverse modes and polarization states have 

been characterized in early samples [Chang-Hasnain et al., 1990, 1991; Bryan et al., 

1992], and 3-D BPM has been applied to the VCSEL case for analysis of transverse 

modes [Shimizu et al., 1991]. Spatial hole burning has been reported [Vakhshoori et 

al., 1993] and was attributed to thermal lensing and gain guiding. The injection of light 

into a VCSEL has been shown to cause dramatic modifications of the phase and 

transverse output intensity profiles, including the appearance of phase defects [Lowry, 

1993a; Khitrova et al., 1993]. 

4.2 Transverse multimode operation in laser cavities 

Symmetry is the crucial parameter when analyzing transverse modes in laser 

cavities. Two cases must be considered: rectangular and cylindrical symmetry. The 

modes generated in cavities with rectangular symmetry were first introduced as "square 

mirrors" modes in the paper by Kogelnik and Li [1966] and are shown in Fig. 4-1(a). 
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The modes generated in cavities with cylindrical symmetry were similarly introduced as 

"circular mirrors" modes and are shown in Fig. 4-1(b). 

It is important to note that transverse modes represent the spatial distribution of 

the field amplitude and of the phase, but that they do not represent polarization. 

Polarization is another question that can be addressed independently of the transverse 

modes. In this chapter we will consider all laser beams to have a single linear 

polarization. This is consistent with the experimental conditions in our VeSELs where 

birefringence keeps the two linear polarization states within a transverse mode well 

separated (on the order of an Angstrom), and where one polarization state dominates 

over the other. Similarly, the injection is linearly polarized along the main direction of 

polarization of the VeSEL emission. 

The equation for the modes generated in cavities with rectangular symmetry make 

use of the Hermite polynomials. These modes are hence called Hermite-Gauss modes, 

with the notation TEMmnq, where m and n are the coefficients of the Hermite 

polynomials Hm{x) and Hn(y) and represent the transverse mode numbers, and q 

represents the longitudinal mode number. The frequency spacing between successive 

longitudinal modes is Vo = c/2/, where I is the length of the cavity. As VeSELs have 

a cavity length on the order of a few wavelengths, v 0 is larger than the gain bandwidth 

of GaAs and only one longitudinal mode is supported, allowing the index q to be 

dropped in this work. 

The equation for the modes generated in cavities with cylindrical symmetry make 

use of the Laguerre polynomials. These modes are hence called Laguerre-Gauss modes 

[Brambilla et al., 1990, 1991; Hennequin et al., 1992], with the notation ~1I' where p 
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and I are the coefficients of the generalized Laguerre polynomial L/(x) and represent 

the radial and angular mode numbers, and i can take the values 1 and 2 thus 

differentiating two similar modes shifted by 1t/2/. It should be noted that Kogelnik and 

Li [1966] labeled the Laguerre-Gauss modes TEMp1q' as can be seen in Fig. 4-1(b). 

This is now considered a misnomer, and the notation ~1I prevails in the recent 

literature. 

The frequency degeneracy of the cavity modes can be lifted in several ways by 

symmetry-breaking perturbations. We suspect that the most prevalent perturbation in 

our VeSELs is uniaxial material strain [Koyama et aI., 1991]. This strain can be 

caused by the fabrication process, impurities in the lattice, and by thermal fluctuations 

(heating) and gradients. These thermal fluctuations and gradients are due respectively 

to the Ohmic resistance and the current distribution [Nakwaski et al. 1993] in the 

structure of the electrically-pumped VeSEL. Similar thermal fluctuations and 

gradients can be envisioned in optically-pumped VeSELs, due respectively to 

nonradiative decay and nonuniform pumping (Beer's law says that pumping decreases 

exponentially along the longitudinal axis, and the pumping beam usually has a Gaussian 

transverse structure). Because GaAs has a zinc-blend crystalline structure, the strain 

forces a rectangular symmetry and the modes are of the Hermite-Gauss type. In this 

system, the mode family frequency depends on the value of the number m + n (it 

depends on the value of the number 2p+1 in the Laguerre-Gauss system). The modes 

within a family are normally degenerate in frequency. However, the degeneracy 

between modes of the same family but with different polarization -e.g. TEM~o and 

TEMio- is lifted by the birefringence mentioned above, which is another effect of the 

strain. Finally, the strain also induces astigmatism in the cavity which lifts the 
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degeneracy between modes of the same family, e.g. TEM10 and TEM01 • This is to be 

compared with the astigmatism caused by Brewster windows in gas lasers. As we will 

see in Section 4. 4, this can prevent the TEM10 and TEM01 modes from locking in phase 

quadrature and producing a TEM:1 doughnut mode. 

Cavity modes were studied extensively in the early 1960's. The relevant references 

are Fox and Li [1961] for resonant modes in a maser interferometer, Boyd and 

Kogelnik [1962] for the generalized confocal resonator theory, Vainshtein [1963] for 

plane-mirror resonator theory, Kogelnik and Li [1966] for a review article on Gaussian 

resonator modes, and Siegman [ 1986] for a comprehensive summary of the topic. 

The expression for the field associated with a coherent superposition of transverse 

modes in the Hermite-Gauss system is given by: 

(4.1) 

We assume that these modes have a common axial mode index q ( as only one axial 

mode is allowed in the case of the VCSEL) and we neglect the field variation in the z 

(axial) direction. These modes are noted TEMmnq, with m,n = O, 1,2... being 

respectively the x and y transverse mode indices. Tl and ~ are the transverse 

coordinates in the x and y directions normalized with respect to the fundamental spot 

size, and 

Hm = mthorder Hermite polynomial, 

Am = complex constant, 

the same conventions apply for the n index. 
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The transverse modes of different order in an empty spherical mirror resonator are 

equally spaced in frequency as are the fundamental axial modes. For a resonator 

consisting of two spherical mirrors, each of radius R and spaced an optical distance d 

apart, the resonant frequency O)mnq of the TEM",nq modes is: 

(4-2) 

where c is the speed of light. Looking at the spectrum of FIG. 4-2, we see that the 

wavelength of the fundamental mode is 1..007 =832 om. The index q is given a value 7 

because our veSEL has a cavity length 71... The optical spacing between mirrors is 

then d = 7 x O. 832 = 5.82 Jlm. The physical spacing L between mirrors is given by 

L = d / n, where n is the index of refraction of the gain medium. The background index 

of refraction of GaAs at 832 om is n = 3.54, hence L = 5.82/3.54 = 1.64 Jlm. The 

transverse mode spacing is given by 

(4-3) 

and is measured from the spectrum of FIG. 4-2, L\A = 4.08 A. The conversion from 

nanometers to gigahertz is calculated from llv/v = -L\A./A. and gives L\v = 177 GHz, 

hence n = 1.11 x 1012 rad / s. This allows us to calculate the radius of curvature of the 

mirrors, R = 82.1 m. 

Naturally, the mirrors are physically flat, from the MBE growth. This virtual, 

deduced radius of curvature is really information about the guiding in the gain medium. 
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The value of R is very large with respect to the value of L; this allows us to consider 

the VeSEL as a near-planar resonator. In this case, the waist Wo and the spot size at 

the mirror WI (both measured at half-width half-maximum) are large and essentially 

equal, in the form given by 

(4-4) 

This gives a theoretical value of 2wo = 127 J.1m for the waist of the fundamental mode 

in our VeSEL. However, the spot size on the surface of the VeSEL is usually much 

smaller than the value calculated above; the 1/ e2 diameter was measured to be 

40 = 3.8 J.1m. The top circular electrode of our VeSEL is the most obvious element 

limiting the aperture, but its diameter 2a = 15 J.1m cannot be responsible for this 

reduced spot size. The limiting factor is probably the diameter of the gain region, 

defined by proton implantation. 

As we are in a near-planar configuration and as the measured spot size 40 is much 

smaller than the theoretical spot size 2wl , let us assume that the aperture diameter 2a 

is equal to 40. This allows us to calculate the Fresnel number Np defined for any 

stable two-mirrors resonator as 

(4-5) 

and we obtain Nf = O.745(the Fresnel number could have been as high as Nf =41.1 if 

the top circular electrode had been the limiting aperture). 
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The Fresnel number is important in telling us which is the highest order Hermite

Gauss or Laguerre-Gauss mode that will be supported by the cavity. In the case of a 

confocal resonator (R = d), the number of this mode is given by 

(4-6) 

In the case of a near-planar resonator, any mode will be "supported", but with more or 

less diffraction losses per bounce. Once again, these losses, being due to the finite size 

of the mirrors, depend on the Fresnel number. The following table [from Fig. 22 and 

Fig. 23 in Kogelnik and Li, 1966] gives the approximate values of the losses per 

bounces (in dB) for the TEMoo and TEMoI modes for various values of the Fresnel 

number. 
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0.8 
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10 

0.035 

0.8 

40 

<0.01 

0.01 

From this table we can predict that we will see high order modes only if the aperture is 

large enough so the losses of these modes can still match the gain. 

The reflectivity maximum for the mirrors spans 100 nm; this will not limit the high 

order modes. The pseudo-curvature of the mirrors induced by the guiding spreads the 

(m+n) orders in frequency; our measurement for the typical spread is L\). =4.08 A, 

and the gain region has been measured to be 4.71 nm FWHM in a typical VeSEL. We 

could hence see up to 11 modes. It is now clear that the effective Fresnel number, that 
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is, the diameter of the gain region, is the critical parameter for the number of modes 

seen in a veSEL. 

Tai et al. [1993]report similar experimental findings and numerical simulations for 

circularly symmetric modes. 

4.3 Experimental injection-locking of high order modes. 

The setup for injection-locking of high order modes is quite similar to those used 

in the experiments in the previous chapters and is shown in Fig. 4-3. The narrow

Iinewidth (500 kHz) Ti:S laser is tuned to a frequency very close to the natural 

frequency of the VeSEL mode to be injection-locked. The new element is the 

interferometer, used to show the phase of the various lobes in a pattern. We are mainly 

interested in 1& phase jumps, appearing on the interferogram as a sharp change from 

dark to bright fringe and vice versa. 

For all practical purposes, a mode can only be interfered with itself: the frequency 

of the test beam and the reference beam need to be exactly identical to avoid moving 

fringes. We use phase locking to get around this; the beam coming from the Ti:S laser 

is split, one part is used to injection-lock the VeSEL and the other part, shown in gray 

in Fig. 4-3, is mixed with the output ofthe VeSEL. 

The Peltier cooler is of critical importance in this experiment. Nakwaski et al. 

[1993] showed that the ew threshold of a VeSEL increases with the pumping current 

for thermal reasons. elose to threshold, the injection current is low and the local 

increase in temperature due to the electrical resistance of the VeSEL is negligible. 

However, as the injection current is increased well above threshold, thermal runaway 
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takes place and the threshold current catches up and passes the actual injection current, 

halting the lasing. Fig. 4-4(a) shows this process for etched-well VeSELs of different 

active-region diameters. The maximum laser power is obtained when the vertical 

distance between the solid curve (Jth,r;w) and the dotted curve (J = Jth,cw) is maximum. 

Fig. 4-4(b) shows the low and high threshold on one of our veSELs for different 

substrate temperatures. The modes ofthe VeSEL will then have a higher gain at lower 

substrate temperature. This is especially important for high order modes, which are not 

easily seen on our sample at room temperature. In order to better see the high order 

modes, all the experimental data for the VeSELs have been taken with the substrate 

cooled to -7 ac with a Peltier cooler. 

Injecting at the TE~o frequency drives the veSEL from a mix of TEMoo, TEM\o, 

and TE~o modes to a predominant TE~o mode. Fig. 4-5(a) shows the near-field 

emission of the veSEL at the mirror-air interface. The power, measured after the 

collimating lens, is P veSEL = 109 Jl W . Fig. 4-5(b) shows the injection at the same 

mirror-air interface. The power, measured before the collimating lens, is Pinj = 18 JlW. 

Fig. 4-5(c) shows the VeSEL emission and the injection locked together. Fig. 4-5(d) 

shows the interference pattern associated with Fig. 4-5(c); we can see that each of the 

lobes of the resultant TE~o mode has opposite phase, as a bright fringe for one is 

exactly in front of a dark fringe for the other. The corresponding spectra are shown in 

Fig. 4-6; we can see that the injection doesn't completely spoil the TEMoo and the 

TEMIO modes, but it greatly enhances the TE~o mode. 

Injecting at the TE~o frequency drives the veSEL from a mix of TEMoo, TEMIO, 

and TE~o modes to a predominant TE~o mode, as shown in Fig. 4-7; we can see that 
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FIG. 4-5. VCSEL transverse mode control by injection. (a) VCSEL spatial 
profile without injection. (b) injection position and profile. ( c) VCSEL 
profile with injection at TE~0 wavelength. ( d) Interferogram showing 
alternating phase of predominantly TE~0 VCSEL profile. 
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FIG. 4-8. VCSEL transverse mode control by injection. (a) VCSEL spatial · 
profile without injection. (b) injection position and profile. ( c) VCSEL 
profile with injection at TE~0 wavelength. ( d) Interferogram showing 
alternating phase of predominantly TE~0 VCSEL profile. 
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the injection doesn't completely spoil the TEMoo, TEM10' and the TE~o modes, but it 

greatly enhances the TE~o mode. Fig. 4-8(a) shows the near-field emission of the 

VeSEL at the mirror-air interface. The power, measured after the collimating lens, is 

PVCSEL =48 J..lW. Fig. 4-8(b) shows the injection at the same mirror-air interface. The 

power, measured before the collimating lens, is P inj = 16.8 J..l W. Fig. 4-8( c) shows the 

VeSEL emission and the injection locked together. Fig. 4-8( d) shows the interference 

pattern associated with Fig. 4-8( c); we can see that all four lobes show the pattern of 

phase alternance, as a bright fringe for one is exactly in front of a dark fringe for the 

other. 

It is interesting to note that the VeSEL used for these two injection experiments 

later gave the spectrum of Fig. 4-2, as it was dying. The spectrum of this VeSEL in 

Fig. 4-7 and in Fig. 4-8 only shows the TEMoo, TEMIO, and TE~o modes, while the 

spectrum of Fig. 4-2 also shows the TE~o and TEM40 modes. This suggests that the 

gain region gets wider as the VeSEL ages and decays in performance. Consequently 

the Fresnel number gets larger and losses for high order modes get lower, allowing 

them to appear in the natural spectrum of the VeSEL. 

4.4 Theory and description of phase defects and vortices. 

A vortex is a phase singularity located in the transverse plane of a coherent beam, 

at which both the real and the imaginary parts of the field go to zero, see Fig. 4-9(a). 

The phase has a helicoIdal, or stairwell-like, structure: the phase gradient on any loop 

that encloses the vortex core is equal to 2k1r, with k representing the order of the 

vortex, or topological charge. This means that the phase at the core takes all values 

between 0 and 21f, see Fig. 4-9(c) and Fig. 4-10. This unphysical situation is not a 



69 

problem as the intensity at the core is zero, see Fig. 4-9(b) and Fig. 4-11. A more 

mathematical explanation for the zero intensity at the core derives from the fact that, as 

indicated above, the real and the imaginary parts of the field go to zero at this point. 

An important concept associated with optical vortices is symmetry breaking. 

Laser beams which correspond to the TEMmnq and the Apll notation are symmetric and 

their topological charge is zero. As in fluid mechanic systems, it takes a strong 

perturbation to create vortices, that is, to break this symmetry. We will see that an 

easier way of breaking the symmetry is to do so locally, as opposed to over the whole 

beam. This is the case of the pair of anti-vortices; two vortices of opposite topological 

charges (typically +1 and -1) are generated within the laser beam fairly close to one 

another. One sees a phase gradient of +21tor -21t as a circle is described around the 

cores of the vortices; however the topological charge around the couple of anti

vortices is zero. The global symmetry of the beam has not been broken. 

One experimental way of generating vortices is to insert a heliCOIdal phase mask in 

a laser beam with an initially smooth wavefront. In an earlier and cruder experiment, 

Swartzlander [1992] created the seed of a vortex by inserting a half-wave retardation 

platelet in half of a laser beam and a quarter-wave retardation platelet in a quarter of 

the beam, so as to break the symmetry (these platelets are just thin glass plates used for 

phase retardation over all polarizations; they are not birefringent). Also Heckenberg et 

al. [1992] generated vortices in a normal Gaussian beam with a Computer-Generated 

Hologram (CGH). OUf phase mask was designed and made using e-beam 

microlithography by Paul Maker at JPL laboratories. Fig. 4-11(a) and Fig. 4-12(b) 

show two different three-dimensional computer simulations of the mask, Fig. 4-11(b) 
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FIG. 4-9. Sketch of a vortex associated with a complex field E in a laser with 
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FIG. 4-10. Snapshot of the equiphases ofE corresponding to Fig. 4-9. The 
phase difference between two adjacent lines is 1t/4 [from Coullet et al., 

(1989)]. 
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FIG. 4-11. 3-D representations of the helico:idal phase mask. (a) Design. (b) 
Scanning force micrograph of the actual sample. (Courtesy of Paul Maker, 
JPL labs.) 
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FIG. 4-12. Caption on following page. 



FIG. 4-12{previous page). Effect of inserting a helicoidal phase mask in a 
laser beam. (a) near-field diffraction pattern of the mask; (b) computer 
simulation of the mask; (c) central region of the mask; (d) corresponding 
interference pattern; (e) far-field intensity pattern of the mask; (t) 
corresponding interference pattern. 
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shows a scanning-probe-microscope (Digital Instruments, Nanoscope ill) picture of the 

central region of the actual sample. The phase material is Poly-Methyl-MetAcrylate 

(pMMA, also called Plexiglas), spin-coated on a glass substrate. The thickness of the 

mask is the same along any radius and increases linearly from L to L + / as a loop is 

made around the center. L is the sum of the residual thickness of polymer and substrate 

under the actual phase structure and its value is not critical; / is the thickness of PMMA 

needed for a 21& phase shift. The structure is designed for A. =890 nm, the index of 

PMMA at this wavelength is n = 1.49. From the condition n/-/ = A., we can calculate 

/ = A./( n -1) = 1.82 Jlm. The size of the mask is 3 x 3 mm; the resolution is 2 Jlm, 

meaning that the mask is made of 1500x1500 pixels. The scanning field of the 

electron beam is 400 Ilm; a mechanical translation stage displaces the sample by 

400 Ilm after a field has been written. The placement error of the stage is 0.07 Ilm at 

30, we can see the field stitching error grooves due to double exposure in Fig. 4-11(b). 

There are 40 phase steps from 0 to 21&. Fig. 4-12{a) is a photograph of the diffraction 

pattern of the phase mask illuminated by a smooth laser beam at A. = 890 nm, at a 

distance of 2 cm from the sample. The radial pattern of the phase steps is clearly 

visible. The field stitching error grooves produce faint horizontal and vertical lines 

within the phase mask. The ridges around the phase mask, increasing from / = 0 to 

/ = 1.82 Ilm, and the ridge / = 1.82 Jlm of the 21& phase step in the mask produce a 

strong diffraction pattern. The black hole of the vortex can be seen in the center. Fig. 



75 

4-12(c) is a close-up of the central region on the plane of the phase mask. The 

individual pixels and the field stitching error grooves are clearly visible; the black hole 

of the vortex is very small, on the order of a pixel. 

When a vortex has a topological charge ±1, it is represented on an interferogram 

by two fringes collapsing into one. Fig. 4-12(d) is the interferogram corresponding to 

Fig. 4-12(c), one can see that two dark fringes coming from the lower right comer 

collapse into one in a small pixel-sized spot at the center of the pattern. Here again we 

see how small the vortex is at the phase mask. 

Fig. 4-12(e) and Fig. 4-12(f) show the far-field intensity pattern of the vortex and 

its interference pattern. The cross-section of the intensity pattern is shown in Fig. 4-13. 

A Gaussian fit for the original laser beam and the vortex on a uniformly bright 

background have been superimposed. The FWHM of the laser beam is 5.16 mm, the 

FWHM of the vortex on a uniformly bright background is 3.02 mm. The camera was 

located 213.4 em from the phase mask, this gives a full-angle divergence of 

2avortcx = 2.42 mRad . The vortex diverges approximately l.42 times faster than the 

laser beam (2aTi:s = 1. 7 mRad ). 

Spokes or spirals? The question relates to the geometrical shape of the radial 

equiphase lines of a vortex; are these lines straight (spokes) or curved (spirals)? The 

description of a vortex in Fig. 4-9 and Fig. 4-10 shows spirals, and Indebetouw [1993] 

mentions: "Interference (of the field diverging from a weakly guiding fiber) with a 

spherical WQlIe clearly reveals the spiral nature of the wavefront resulting from a 

mixture of LPIO and LP01 modes (i.e. the hybrid doughnut mode}." Yet Brambilla et 

al. [1991], in their explanatory description of a vortex, show spokes resembling our 
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design for the helicoidal phase mask. One numerical experiment gives an answer to the 

question: a vortex can be created with straight radial equiphase lines, but these lines 

will become curved as the vortex propagates. Hence the spiral pattern is caused by 

diffraction. We propagated a vortex in a plane-wave beam of diameter 2a = 24 J.lm at 

At = 881 nm in bulk, linear, passive GaAs. Fig. 4-14 shows the phase front of the 

vortex before (a) and after (b) 66.7 J.lm::::: 256 At propagation. The 21t phase jump 

translates into one radial equiphase line of the vortex which is straight before, and 

curved after, propagation. The spiral shape can be detected as early as after 

20 J.lm ::::: 77 At propagation. 

Another frequently asked question is whether the vortex is rotating in time and at 

which speed. The vortices that we have experimentally seen did not rotate, for if they 

had we would not have been able to see stationary fringes when interfering the vortices 

with a plane wavefront. 

Not every discontinuity in an interference fringe pattern signals a vortex. A vortex 

is a phase singularity located on a single point in the transverse plane of a beam. When 

it has a topological charge ±1, it is represented on an interferogram by two fringes 

collapsing into one. Fig 4-15 shows the result of inserting a half-wave retardation 

platelet in a laser beam, such as described in Swartzlander [1992]. The platelet is 

inserted half-way in the laser beam, that is, half of the beam is unmodified and half of 

the beam is retarded by At/2. As a consequence, we see in picture (a) two lobes in 

opposition of phase, separated by a line of zero intensity. This opposition of phase can 

well be seen in picture (b), where the interferometric fringes of the top lobe are shifted 

by half a fringe with respect to those of the bottom lobe. One could look at this 



(a) (b) 

FIG. 4-14. Numerical experiment: the 27t phase jump shows a radial 
equiphase line of the vortex. (a) The line is straight (spokes) before 
propagation. (b) The line is curved (spirals) after 66. 7 µm ~ 256 A 
propagation in linear GaAs. 

FIG. 4-15 Effect of inserting a half-wave plate in a laser beam. (a) The 
intensity is zero along the phase break line between the two lobes. (b) The 
interferometric fringes of the top lobe are shifted by A/2 with respect to those 
of the bottom lobe, showing that the two lobes are in opposition of phase. 
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interferometric pattern and say that this is a series of vortices because in several places 

along the central horizontal line, two fringes collapse into one, that is one sees a series 

of fringe discontinuities. This is erroneous because here the fringe discontinuities 

happen only for vertical fringes and there are as many fringe discontinuities as there are 

fringes. If the interferometric pattern were to have horizontal fringes, one would only 

see a jump of half a fringe (for example a bright fringe twice as thick as the others) 

along the center horizontal line. Therefore, the fringe singularities change with the 

experimental conditions of the interferogram (spacing between fringes and angular 

orientation of the fringes). This is a clear indication of a phase break along the central 

horizontal line. If this had been a series of vortices, one would still have seen as many 

fringe discontinuities along the central horizontal line as for the vertical orientation of 

the fringes. The indications of fringe singularities would not change with the 

experimental conditions of the interferogram. One last difference between series (or 

couples) of vortices and phase breaks reside in the intensity pattern. As seen in Fig 4-

IS(a), the intensity is zero along the line of the phase break. In the case of multiple 

vortices, one would see as many dark spots of intensity zero as there are vortices. 

Phase defects are regularly seen in linear optics in the case of three or more 

wavefronts mixed interferometrically. One simple way to generate them is to scramble 

a single mode in a multimode fiber [Bazhenov et al., 1990]. Speckle is an extension of 

this case: if a large number of phase fronts of the same wavelength interfere together, 

as in specular reflection, a large number of phase singularities is produced. These 

phase defects are usually not called vortices; however, the raging controversy on the 

use of the terms "phase defect" and "vortex" seems frivolous until everyone in the field 
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agrees on what should be named what. Vortices can also be seen when two Gaussian 

wavefronts interfere, and this will be discussed in section 4.5. 

The most widely known vortex in linear optics is the TEM:t (doughnut) mode. 

The TEM:t mode is a linear combination of the TEMot and the TEMIO modes in the 

Hermite-Gauss reference system. The two lobes of both the TEMot and the TEMto 

modes are axially symmetric and out of phase. As these two modes are frequency

degenerate in any normal laser, they can lock together. This locking will be in phase 

quadrature because it is the only way to maintain the opposition of phase between two 

symmetric locations. The resulting pattern is of course centrally symmetric and has a 

black hole in its center due to the fact that the phase at this point takes all the values 

between 0 and 21t. 

Not all doughnut modes have vortices. The AIO mode in the Laguerre-Gauss 

reference system (circular mirror TEMIO in Fig. 4-1) resembles a doughnut as well, but 

its phase pattern is different: the ring has a homogeneous phase that is out of phase 

with the central region. Fig. 4-16 shows such a case, in an Argon laser at 

A. = 454.5 nm. 

A gas laser does not usually generate a TEM:t mode, because its TEMot and 

TEMIO modes are nondegenerate. This is due to the Brewster window which 

introduces sufficient astigmatism in the cavity to lift the degeneracy between the TEMot 

and the TEMIO modes. 

So far, we have considered the optical vortex as a linear optics phenomenon. 

However, the vortex can also be considered in a nonlinear optics context. The 

simultaneous appearance of spatial and temporal instabilities hinted to the interesting 



FIG. 4-16. Intensity pattern (a) and interferogram (b) of the doughnut mode 
of an Argon laser at 454.5 nm. 
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prospect that one may be able to study turbulence in a laser system [Tredicce et al., 

1989]. The leading role of the phase of the field in the formation of transverse patterns 

in a laser [Lefever et al., 1989] and the theory of the nonlinear behavior of transverse 

modes in homogeneously broadened lasers prompted the prediction of the optical 

vortex [Coullet et al., 1989]. The study of vortices in lasers is based on the use of the 

set of generalized Maxwell-Bloch equations [Weiss and VilasecuJ 1991]: 

(4-7) 

aa: =-{gg+(I+iOAc)~] (4-8) 

(4-9) 

where g(r,z,t), ~(r,z,t), and g(r,z,t) are slowly varying envelopes of the electric 

field, atomic polarization and population difference. Normalized units are 

p = (1& / LAo) 112 r, 7J = z / L, 'r = Y1 t, Ao is the cavity mode wavelength; Y1 is the 

atomic linewidth; a is the material gain coefficient; v = c / L YI' 0AC is the difference 

between the atomic resonant frequency and the cavity mode frequency taken in units of 

Y1, Y = Y D I YI' Y D is the damping rate of ..@, and No (p, 7J) is the unsaturated 

population inversion. The field is expanded in a series of Gauss-Laguerre mode 

functions. The vortex solution of Coullet et al. [1989] was found by numerically 

integrating equations (4-7) through (4-9). 



For a steady state, the solution to the rate equation is: 

N a 
-=-1. 
T hv 
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(4-10) 

The first tentative experimental evidence for arrays of vortices in a laser was given 

by Weiss et al. [1990]. The first direct experimental evidence of topological defects 

was shown for a BSO crystal in a 4-mirror cavity [Arecchi et al., 1991]. Further 

studies showed the importance of a high Fresnel number for vortices in lasers 

[Abraham et al., 1991]. Brambilla et al. [1991] experimentally showed phase 

singularity crystals in a N~ laser. White et al. [1991] reported phase singularities in a 

N~ ring laser due to cooperative frequency mode-locking in a single longitudinal 

mode. Hennequin et al., 1992] and Dangoisse et al. [1992] reported multimode 

operation and vortices in a CO2 laser with a large Fresnel number (Nf ~ 4). Staliunas 

[1992] wrote a full theory of dynamics of optical vortices in a laser beam and Weiss 

[1992] published a review paper on the topic. 

Cavity vortices have also been reported for high-Fresnel number phase-conjugated 

resonators [Indebetouw and Liu, 1992] and in nematic liquid crystal film used as a 

dispersive nonlinear medium in a cavity [Neubecker et al., 1993]. 

The nonlinear-optics vortex does not always need a cavity to develop. The vortex 

can be seen as a two-dimensional spatial dark soliton. As such it is supposed to 

propagate in a self-defocusing Kerr medium where the natural divergence of the vortex 

is compensated by the self-defocusing of the propagation medium [Swartzlander et al., 

1991; Swartzlander and Law, 1992; Law and Swartzlander, 1993]. 
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In a paper differentiating the laser vortices (high Nf cavity) from the soliton 

vortices (self-defocusing Kerr medium), Arecchi et a/. [1993] describe the transition 

from boundary- to bulk-controlled regimes in optical pattern formation. 

4.5 Experimental results in VCSELs 

4.5.1 Gaussian-Beam-Induced Vortices 

We have generated two anti-vortices by injecting a CW monochromatic (10 MHz) 

beam in our VCSEL [Brown de Colstoun et a/., 1994]. The injected Gaussian beam 

has a frequency close to that of the natural TEMoo mode of the VCSEL (Fig. 4-17). 

The original lasing spot of Fig. 4-18(a) is not superimposed with the spot of the 

injection of Fig. 4-18(b), as seen on Fig. 4-18(c). However, it is close enough and 

strong enough to lock the TEMoo mode, as seen in the interferogram of Fig. 4-18(d). 

Consequently we observe a system of two Gaussian beams locked in frequency and in 

phase, propagating on parallel axes, and with waists of different size and location. The 

interferogram in Fig. 4-18( d) shows two resulting vortices of opposite topological 

charges located on both sides of the system of two Gaussian beams. 

It has been shown theoretically [Rosanov, 1993] that if such a system had the two 

beams propagating along the same axis, a series of vortices would appear, with their 

trajectories along concentric rims normal to the axis of propagation. These vortices do 

not display the phase singularity behavior in the plane normal to the axis of propagation 

and cannot be observed interferometrically. However, when the beams' axes are not 

collinear, vortices appear with their trajectories along lines oriented in the same 

direction as the axes, and thus can be observed as phase singularities in the plane 
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FIG. 4-17. The three spectra for the Gaussian-beam-induced vortices patterns of fig. 4-
18. PVCSEL =653 µW, pinj =746 µW. 



FIG. 4-18. Gaussian-beam-induced vortices. (a) VCSEL alone, lf e diameter 
is 2a = 2. 02 µm; (b) injection alone, 2a = 2. 69 µm; ( c) VCSEL, 
2a = 1.97 µm + injection, 2a = 2. 76 µm; (d) the interferogram shows two 
vortices of opposite topological charges on both side of the axis defined by 
the VCSEL emission spot and the injection spot. 

86 



87 

normal to the axes of propagation. In our experiment, the image plane coincided with 

the focal plane of the injected beam. In this plane, in a bipolar coordinate system (r\, 

r J with poles coinciding with axes of the beams, the locations of vortices are given by 

the following formulre. 

(4.12) 

(4-13) 

where index 1 stands for the laser beam, and index 2 is for the injected beam. D is the 

distance between focal planes of the two beams~ Wj are half-waists of the beams~ Aj are 

beam amplitudes~ and A. is the wavelength. 

The pair of vortices observed in the experiment corresponds to the order m = -15 . 

A neighboring pair of vortices should be located outwards at a distance of more than 

5 Jlm from the observed vortices. In our experimental setup, it is currently out of 

observation. The distance between the beams' axes is not a parameter in the above 

formulas. Hence, bringing the beams closer increases the distance between the 

vortices, and vice versa. This dependence was clearly confirmed in the experiment. 

Likewise, r2 linearly depends on w2• When w2 increases, r2 increases also, separating 

the two vortices further. These changes in positions of the vortices were also clearly 

seen in the experiment. 

The vortices seen here are clearly not of the nonlinear type described at the end of 

section 4.4., their origin is linear. The injection is needed to (a) lock the VeSEL 

emission and (b) serve as a nonconcentric second source. However, injection is not 

necessary to see this type of vortices. We have seen a case were the second 
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nonconcentric source was the diflTaction due to a speck of dust on the surface of the 

VeSEL. The speck of dust was located in the close vicinity of the VeSEL emission 

and vortices were observed. 

4.5.2 VeSEL locked doughnut vortex 

As mentioned before, there is a strong birefringence in the structure of our 

VeSEL samples, which is probably due to strain induced in the lattice during 

fabrication and to the nonuniformity of the injection current profile. As GaAs has a 

zinc-blend lattice structure, this induced a rectangular symmetry which prompted us to 

use the Hermite-Gauss notation for the lasing modes of the veSEL. Fig. 4-19 shows a 

VeSEL spectrum with a polarization mode spacing of 1.33 A (58.20 GHz) between 

the -S and the -P modes. 

The strain in the lattice also induces astigmatism in the cavity, which lifts the 

degeneracy between modes of the same family, e.g. TEMIO and TEMo,' Depending on 

the VeSEL being studied, the temperature of the substrate, and the injection current in 

the VeSEL, the frequency separation between the TEMo, and TEMIO modes can vary 

from 0 to as much as 100 GHz. This precludes the TEMo, and TEMIO modes from 

locking in quadrature to give a TEM:, (doughnut) mode. Tamm and Weiss [1990b] 

obtained a TEM:, mode in a He-Ne laser by compensating and eliminating the 

astigmatism induced by the Brewster windows. We injected a ew monochromatic 

(500 kHz) beam in our VeSEL in order to injection-lock the initially nondegenerate 

TEMo, and TEM,o modes and generate a TEM:, (doughnut) mode. Fig. 4-20(a) shows 

the pattern of the original veSEL emission (PVCSBL = 200 J.I. W), and Fig. 4-20(b) 
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between-Sand -P modes. 
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FIG. 4-20. Injecting a wide injection beam locks the initially nondegenerate 
TEMo1 and TEM10 modes into a TEM~1 mode. (a) VCSEL spatial profile 
without injection. (b) injection position and profile. ( c) VCSEL profile with 
injection at TEM10 wavelength. (d) Interferogram showing a vortex at the 
center of the pattern. 
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shows the pattern of the injection. In our other injection-locking experiments, the 

injection spot was smaller than that of the VeSEL emission; here the injection spot is 

large so as to be close to both the TE~, and the TEMJO modes. Fig. 4-20(c) shows 

the locked TEM:, mode, and the corresponding interferogram is in Fig. 4-20( d). The 

injected Gaussian beam has a frequency close to that of the natural TE~, and TEMIO 

modes of the VeSEL (Fig. 4-21). A transverse cross-section of the initial and locked 

patterns is shown in Fig. 4-22. It is interesting to note that we did not need to inject a 

vortex to obtain a TEM:, mode; the frequency of the injection is the critical factor. 

One can wonder if the TEMIO / TE~, mode seen on Fig. 4-20(a) might not be 

effectively a TEM:, doughnut mode. If it were, the frequencies of the TEMJO and 

TE~, would be degenerate and locked in phase quadrature; there would be a vortex in 

the center of the pattern. We did not look at the spectrum with enough precision to see 

if the frequencies of the modes are degenerate or not. However, we have been able to 

lock the TEMJO and TE~, modes separately, hence showing that the frequencies of the 

two modes are indeed nondegenerate. Fig. 4-23(a) shows the natural lasing modes of 

the VeSEL at an injection current of 1= 12.10 rnA with PVCSEL = 144 J.1W. Fig. 4-

23 (b) shows the position of the injection, tuned close to the frequency of the TEMJO / 

TE~, modes, with Pinj = 48 J.1W. In Fig. 4-23(c) the frequency of the injection is fine-

tuned 3 GHz below the center of the locking range and the TEMJO mode is locked. In 

Fig. 4-23(d) the frequency of the injection is fine-tuned 4 GHz above the center of the 

locking range and the TE~, mode is locked. From this we can deduct that the TEMIO 

and TE~, modes are not naturally locked together and that there is no vortex in the 

VeSEL emission. 
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FIG. 4-23. Varying the frequency of the injection allows to lock either the 
TEM

10 
or the TEMo1 mode. (a) VCSEL without injection, (b) injection with 

the VCSEL off, ( c) locking of the TEM10 mode, ( d) locking of the TEMo1 

mode. 
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FIG. 4-24(previous page). The orientation of the axis of TEM10 is driven by 
the injection. (a) VCSEL spatial profile without injection. (b) VCSEL with 
injection located on the lower part of the pattern. ( c) Interferogram of the 
VCSEL profile with injection at TEM10 wavelength. ( d) same as previous, 
with the injection now located on the left side of the pattern. (e) the injection 
is now located on the upper left side of the pattern. ( f) corresponding 
interference pattern. 

FIG. 4-25 Injection-locking the TEM;1 mode with an injection beam which 
already has a vortex in it allows to generate two anti-vortices. (a) VCSEL 
spatial profile without injection. (b) injection position and profile. ( c) 
VCSEL profile with injection at TEM10 wavelength. ( d) Interferogram 
showing the two vortices of opposite charge. 
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Injection in the spectral vicinity of the TEMIO mode at various locations in the 

periphery of the original VeSEL emission can define the axes of symmetry of the 

system. Fig. 4-24(a) shows the same original VeSEL emission pattern as Fig. 4-20(a). 

The injection is added in Fig. 4-24(b), in the lower part of the original VeSEL emission 

pattern. The corresponding interferogram in Fig. 4-24(c) shows two TEMoJ lobes 

along the vertical axis, the light along the horizontal axis is not locked with the 

injection. After moving the injection spot on the left part of the original veSEL 

emission pattern on a horizontal axis, we see in Fig. 4-24(d) two TEMIO lobes along the 

horizontal axis, and the light along the vertical axis is not locked with the injection. 

The same phenomenon happens if the injection spot is moved to the upper left part of 

the original VeSEL emission pattern on a diagonal axis, as seen on Fig. 4-24(e). The 

interferogram of Fig. 4-24(f) shows two TEMoJ lobes along this diagonal axis, and the 

light along the perpendicular diagonal axis is not locked with the injection. 

Finally, we have generated a pair of anti-vortices by locking the TEM:J mode with 

an injection beam which already had a vortex in it. This was achieved by placing our 

helicoidal phase mask in the path of the injection. Fig. 4-25(a) shows the same original 

VeSEL emission pattern as Fig. 4-20(a). The injection beam with its vortex is shown 

in Fig. 4-25(b) and the resulting intensity pattern is shown on Fig. 4-25(c). The 

interferogram in Fig. 4-25( d) shows that the two vortices have opposite topological 

charges. 

4.6 Summary 

Optical vortices are the manifestation of various linear or nonlinear effects in bulk 

medium or in cavities. We have shown experimentally the optical structure of a vortex 
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generated with a phase mask. Vortices can stem from the coherent interference of 

three or more plane wavefronts; as we have shown experimentally, they can also result 

from the coherent interference of two Gaussian beams. We have generated a cavity

induced vortex by injection-locking the TEMIO and TEMo\ modes into the TEM:\ 

donut mode. The first two methods stem from geometrical optics; the third method 

involves nonlinear mode competition in the laser cavity. 

Injection can also be used to induce a VCSEL to emit in a particular high-order 

mode. 

Because of the low Fresnel number in our VCSELs, we have not been able to 

generate in our samples the high N f cavity vortices predicted by Coullet. As the GaAs 

gain medium in our VCSEL is self-focusing, we have not been able to see the dark 

spatial solitons described by Swartzlander either. 
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