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ABSTRACT 

Nonlinear optical properties of passive and active semiconductors are investigated 

experimentally and theoretically. Improvement of switching cycle time in optical 

nonlinear etalons to 40 ps is demonstrated, and strained-layer InGaAs/GaAs quantum 

well material is used in an asymmetric etalon to greatly improve switching power and 

contrast. Coherent energy transfer (CET) induced by injection of an external light field 

is demonstrated in a GaAs quantum well vertical-cavity surface-emitting laser (VCSEL). 

The evolution of CET induced asymmetric gain with increasing injected power is 

investigated experimentally and theoretically, and it is found that the CET induced 

effective gain peak and dip are detuned proportionally with injected power as in 

homogeneously broadened media and in contrast to other multi-wave effects in GaAs 

which are detuned proportionally with the light field. 1iansfer of gain modification 

between orthogonally polarized modes of the VCSEL and cascading of gain modification 

within a mode is observed and investigated. The approach of a laser to an injection 

locked state through increased injected power is investigated experimentally and 

theoretically, showing new emission frequencies produced which evolve to chaos-like 

behavior before reaching the phase locked state. CET induced gain modification is used 

to demonstrate low-power high-contrast switching between polarization modes of the 

VCSEL with differential gain of 3,510. Switching speed and switching bistability is 

observed and investigated. Injection induced modification of VCSEL transverse modes 
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is studied experimentally and theoretically. Field defects in the resulting field are 

observed, and their locations are dependent on the frequency of the injected field, in 

contrast to the temporally evolving defects normally observed. The rich behavior of 

nonlinear properties, especially in gain media provide interesting results and valuable 

applications. 



CHAPTER ONE 

INTRODUCTION 

14 

Current methods of communication and data storage as well as proposed methods 

of high speed data processing use optically formatted data in order to achieve very high 

data throughput. This large and growing volume of optical data often has a bit rate too 

high for conventional electrical switches, and the optical communication channels used 

(e.g. optical fibers and free space) are capable of transmitting far higher data rates. 

Therefore these approaches are currently limited to either fixed-path or "batch" 

communication because they lack the ability to rapidly route and switch optical signals. 

The need for faster switching and modulation has spurred extensive research in 

nonlinearities of "passive" media (those without optical gain). The need for laser diodes 

emitting at new wavelengths, temporally stable and narrow linewidth lasers, wide band 

optical amplification and data generation through high frequency modulation has spurred 

study of nonlinearities of gain (or "active") media. 

Direct gap semiconductors such as (InAI)GaAs exhibit strong optical 

nonlinearities, and fabrication methods are well established. The optical nonlinearities 

are especially strong near the absorption band edge where changes in carrier density as 

well as electric and magnetic fields strongly modify the complex material polarization 

(absorption and refractive index). In passive materials these modifications have been 

successfully applied to field-effect devices (electro-optic and magneto-optic) as well as 

all-optical switching and modulation. 



15 

Field-effect devices are well developed and tend to be slow in operation (on the 

order of l#-,s switching time) with the exception of the "SEED" devices [Miller, 1990, 

and the references therein] which have shown switching times less than a nanosecond. 

All-optical devices can be grouped into two catagories: "Real-carrier" devices are those 

switched by the creation and relaxation of carriers (excited electron/hole pairs) which 

change the absorption and refractive index of the material. They operate with lower 

switching power and are faster ( < 1 ps switching time and 30 - 0.1 ns cycle time which 

is discussed in Sec. 2.2). In "virtual-carrier" devices the material polarization is changed 

by the immediate presence of the switching light field. They are the fastest of the three 

types « 1 ps cycle times [Hulin et al., 1986]) but require high switching power. The 

study of optical nonlinearities is important because it provides understanding of 

fundamental semiconductor physics principles and because it has immediate application 

to useful optical devices. 

The theory of nonlinearities in passive semiconductors has been developed from 

a semi-classical free-carrier theory to a fully quantized many-body theory that includes 

quantum confinement and carrier/carrier interactions [Haug and Koch, 1993]. 

Furthermore, theory is being developed to include alterations to the material, including 

the effects of material strain [Lau et al., 1989], and further reductions of dimensionality, 

i.e. quantum wires and dots [Haug and Koch, 1993]. 

The ability to study optical nonlinearities is increased by placing the nonlinear 

material in a Fabry/Perot etalon. The etalon is a resonant structure, and can be 
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extremely sensitive to changes in absortion and refractive index. Additionally, the light 

intensity used to induce nonlinear behavior can be greatly enhanced by the resonance. 

Therefore the study of optical material in an etalon can benefit from great sensitivity and 

high light intensity. 

If the carrier density in the semiconductor is sufficient, the material has optical 

gain. In this case the nonlinearities are modified from those of absorbing material, and 

effects that would otherwise be weak and isolated may be greatly enhanced by the gain. 

When the gain in the etalon is sufficient to produce lasing, nonlinearities can lead to rich 

behavior such as temporal and spatial instabilities. 

This dissertation describes modeling and experimentation that studies optical 

nonlinearities of passive and active semiconductor materials. It is organized into six 

chapters. Optical nonlinearities of passive media and the enhancement gained in a 

nonlinear etalon are reviewed in the second chapter. Experiments are presented in which 

the well developed theory of absorbing media is applied to optical switching. This 

includes a discussion of one of the most severe limitations to the performance of real 

carrier devices, the carrier recombination time (giving the device tum-off time). An 

approach is studied in which etalons are combined in series to alleviate this limitation. 

Enhancement of nonlinearities in strained layer material is introduced and its application 

to an etalon design that enhances switching contrast is discussed. 

Nonlinearities in active media are introduced in the third chapter. Experiments 

In coherent modification of the gain spectrum through nonlinear multiwave mixing 

- ------------------



17 

(MWM) are discussed. They show that an injected light field may significantly alter the 

emission spectrum of a laser, and they demonstrate significant power broadening of the 

material response to MWM. In the fourth chapter we describe the effect of MWM on 

a laser pumped well above threshold, including the route to injection locking and 

injection induced switching of the lasing temporal mode. The mode switching is 

especially efficient because the vertical-cavity surface-emitting laser, VeSEL, used is 

very nearly unstable, and only a small perturbation is required to switch modes. In the 

fifth chapter we describe the effect of MWM on the spatial modes of the laser including 

transverse mode selection and field vortices. In chapter 6 we summarize the above and 

discusses possible directions for future research in semiconductor physics with application 

to optical sources, modulators and switches. 
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CHAPTER TWO 

NONLINEAR OPTICAL PROPERUES OF PASSIVE SEMICONDUClDRS 

2.1 INTRODUCflON 

The study of optical nonlinearities in passive materials is largely motivated by 

potential application to useful devices such as high speed optical modulators and 

switches. These applications would directly answer needs of existing and proposed 

methods of communication and data processing. Direct gap semiconductors such as 

(InAI)GaAs exhibit strong optical nonlinearities near the absorption band edge where 

carriers are accumulated and spectral resonances are readily saturated. 

2.1.1 Review of Semiconductor Optical Nonlinearities 

Early theories of optical nonlinearities [Bloembergen, 1965; Shen, 1984; Hopf 

and Stegeman, 1985] describe the light-matter interaction in terms of a nonlinear 

susceptibility tensor expanded in a power series of the light field 

(E) - (1) (2) • E (3) • E . E 
XIj - XIj + Xljk' k + Xljkl' k' I +... , (2.1) 

which, through insertion into the wave equation, gathering appropriate scalar values and 

dropping high order terms, gives the nonlinear refractive index 

(2.2) 

where nl is proportional to x(2) and describes electro-optic interactions (nl = 0 in media 

having inversion symmetry such as bulk GaAs); n2 is proportional to X[3) and describes 
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many cases of multhw.ve mixing. In this so-called "Kerr-model" the incident light is 

assumed to have a wavelength far from a spectral resonance, and the incident light must 

be of low enough intensity that higher order terms are not significant. Despite these 

restrictions this model has been used to describe the nonlinear behavior of semiconductor 

etalons [Miller, 1981; Wherrett, 1984; Gigioli, 1988] and multiwave mixing [Wright and 

Meystre, 1985]. It gives a qualitative description of nonlinear etalon behavior and 

multiwave mixing but must be phenomenologically fit to specific regimes of 

semiconductor application and behavior for quantitative accuracy. This is because the 

nonlinearities of significance in semiconductors are near the band edge or other 

resonances, and semiconductors can not be described as Kerr-media (i.e. n is not 

proportional to I) . 

The strong resonant nonlinearities in semiconductors are only indirectly dependent 

on the light intensity in the media but are directly dependent on the density of carriers, 

N. Therefore it is necessary to understand the fundamental processes that determine the 

dependence of the susceptibility on N. The most important of these are free-carrier 

absorption with bandfilling, plasma screening, coulomb interaction and bandgap 

renormalization [Haug and Koch, 1993; Lee et al., 1986]. Nonequilibrium Green's 

function techniques have been used to develop a non-perturbative, quantum mechanical 

theory of bulk semiconductor nonlinearities [Haug and Schmitt-Rink, 1984] which is 

successful but requires intensive numerical solution. Banyai and Koch [1986] have 

developed a simpler, partly phenomonological treatment which is a generalization of 
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Elliott's theory [Elliott, 1957] to high carrier densities and room temperatures by 

including many-body coulomb effects. Following Haug and Koch [1993] we express the 

refractive index as a sum of linear and carrier-density-dependent nonlinear terms, n = 

no + lln(N) and assume an ~ no, which is true for carrier density approaching material 

transparency conditions [Lee et al., 1986]. Using this we may express the intensity 

absorption coefficient as 

(2.3) 

The susceptibility, x(N), is obtained by numerically inverting the semiconductor Bloch 

equations [Haug and Koch, 1993]. This approach includes free-carrier absorption with 

band filling, plasma screening, coulomb interaction and bandgap renormalization, giving 

(2.4) 

where gl/2 is the number of bound electron/hole (exciton) states, and 0r(x) = 

[7I"rcosh(x/r)J1 is a broadened delta-function describing the exciton resonance; CXo is a 

linear absorption prefactor; me,b,r are the electron, hole and reduced masses, and m,b = 

me,b/mr' The change in refractive index, an(w,N2-NI) =n(w,N~-n(w,NI)' is given by Eq. 

(2.4) and the Kramers-Kronig transformation 
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(2.5) 

where P indicates the principal value. 

Eq. (2.4) is a partially phenomenological construction and is designed to model 

the saturation of a(w,N) over a wide range of N and for various semiconductor materials. 

Models of the zero-carrier-density material dispersion, n(w,N =0), [e.g. Jenkins, 1990] 

are more accurate for specific materials such as AlxGal.xAs because they have been 

carefully fit to experimental data under specific conditions. Therefore the dispersion at 

a given carrier density can be obtained by combining the two models as n(w,NJ = 

Fig. 2-1 shows GaAs a and 8n spectra for N = lOIs, 1017
, 1018 and 1.7 x 1018

, 

calculated using material parameters typical to room temperature bulk GaAs [Richardson, 

1991]. 
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It can be generally stated that as the carrier density is increased the absorption is lowered 

(well into the gain region). The change in refractive index is negative below the bandgap 

energy Eg; mixed very near I;, and positive well above Eg.. These changes in refractive 

index and absorption are the basis for nonlinear passive-material switching and 
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modulation as well as many other nonlinear optical effects. 

2.1.2 Theory of Nonlinear Fabry-Perot Etalons 

The effect of the nonlinearities described in section 2.1.1 can be greatly enhanced 

by placing the material in a Fabry-Perot etalon. The Fabry-Perot etalon, or 

interferometer, [Born and Wolf, 1970; Marburger et aZ., 1978] is a resonant cavity (Fig. 

2-2) consisting of two partially reflecting mirrors, separated by a distance L, and 

containing a "spacer" material. The most common use of etalons today is in the edge 

emitting laser diode in which the cleaved edges of the semiconductor crystal act as 

mirrors with = 30% reflectivity, and the cavity length, L = 50 to 300 I'm. More useful 

in passive optical switching and recently developed for surface emitting lasers is the 

vertically integrated cavity in which the entire structure is constructed using precise 

epitaxial growth techniques such as molecular beam epitaxy (MBE). 1)pically the cavity 

has a length L = 1 to 5 I'm and is designed using thin film design principles [MacLeod, 

1992] to attain highly reflective mirrors (reflectivity R = 0.99). 

The utility of the resonant etalon for the study or application of nonlinearities is 

that it can have a high quality factor, Q, giving an extremely sensitive resonance 

condition. Light incident on the front mirror, ~, is partially transmitted into the cavity 

(Fig. 2-2). This light interferes with light that had entered the cavity previously and is 

bouncing back and forth within the cavity. If the interference is constructive the 

intracavity light intensity builds 
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up to about Q times the incident intensity (for the above high-R etalons Q = 100 to 

500). Because the interference involves light making as many as Q round trips, the 

resonance condition is very sensitive to the round trip phase delay, the mirror 

reflectivities and spacer absorption. The resulting interference determines the fraction 

of the incident light that is reflected by the etalon, Er, that which is transmitted, 1;, and 

the intracavity light intensity. 

We may model the etalon resonance by describing the intracavity light field as a 

complex-valued sum of the forward-going field and the backward-going field. 
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(2.6) 

where g;,b are the real-valued field amplitudes, and <Pr,b are the complex-valued field 

phases. At the boundaries, Z = 0 and L, we have the conditions 

E, (z=O) = PI E, + ..fRJ Eb(z=O) 

Eb (z=O) = {if" Elz=L) e'w-

E 
E, (z=L) = -' = E,(z=O) e'w-

{t;, 
(2.7) 

where Tr,b and Rr,b are the mirror transmittances and reflectances respectively, and we 

have assumed normal incidence. The spacer or mirrors may have absorption in which 

case the round-trip phase delay can be expressed as <P = (2kn + icy)L where k = 27r/'A 

is the free-space wave number. We combine the boundary conditions to find the etalon 

transmittance and reflectance 

(2.8) 



(fiiJ e a.l/2 - {Rb e-a.l/2)2 + 4Rsin2(knL) 

(ea.l/2 - Re-a.l/2)2 + 4Rsin2(knL) 
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(2.9) 

where R = VRrRb' In the limit that Rr = Rb and ex = 0 we obtain the simple 

expression 

1 
TFP = -----

1 + Fsin.2(knL) 
(2.10) 

where F = 4R/(l-R)2 is the cavity coefficient of finesse, related to the cavity finesse by 

9' = v'F" ·7r/2, and Rpp = 1 - T FP' The cavity transmittance spectrum is seen in the 

dashed line of Fig. (2-3) which shows high transmittance on resonance and a rapid 

decrease off of resonance. 

- .------------- -------
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The resonance condition of Eqs. (2.8) through (2.10) is that knL = m7r, or that 

an integer number of half-wavelengths fit in the cavity, nL = m'A/2. If the refractive 

index, n(N), is lowered by increased N, as in Fig. 2-1, the cavity transmittance peak is 

shifted to lower wavelength, "blue shifted" [solid line of Fig. (2-3)]. Thus Tpp and Rpp 

at a given incident wavelength (e.g. Jlprobe of Fig. 2-3) can be dramatically modified. This 

important point is the basis for dispersive nonlinear etalon switching (see for example 

[Gibbs, 1985; Lee et aZ., 1987,1991; Thi et aZ., 1987; Richardson, 1991] and the 

references therein). 
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2.2 NONLINEAR ETALONS RESPONSE TIME: LIMITATIONS AND SOLUTIONS 

An important characteristic of a switching device is the number of operations it 

can perform in a given time. This number is often implied using the switch-on time, T 0It' 

but it is actually limited by the sum of Ton and the switch-off time, Toff' Recovery times 

in semiconductor etalons are much slower than Ton and severely limit switching or 

modulation frequencies. However combining two switches in series can overcome this 

limitation. 

2.2.1 Fast Carrier Generation and Slow Recombination 

The switching described in section 2.1.2 is dependent through n(w,N) on the 

carrier density in the cavity spacer. In GaAs etalons, carriers are created and the etalon 

is switched very rapidly, Ton < 1 ps [Migus et aZ., 1985]. This can be seen in the 

carrier density rate equation 

(2.11) 

where I is the intracavity pump intensity (creating carriers) with standing wave effects 

washed out by carrier diffusion, and the carrier recombination time is Tree = 30 ns in 

bulk GaAs and 3 ns in multiple-quantum-well samples [Chavez-Pirson, 1989; Chavez-

Pirson et al., 1989]. The relative effects of the carrier generation term and the carrier 

relaxation term may be seen through a simplified calculation using values from Migus 

et aZ. [1985]: with a pump pulse of peak intensity ~ump = 0.1 W / J.tm2, a pump = 1 J.tm-1, 
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and Apump =:: 760 nm, we get the carrier generation rate, Iotlliw =:: 3.8 x 1()29 cm-3 S-I. 

Assuming that the carrier recombination term, NIT= =:: 1018 cm-3 I 30 ns =:: 3.3 x 1025
, 

is negligible, the pump term generates the =:: 1017 cm-3 carriers required to switch the 

etalon in Ton =:: 0.25 ps. Actually a(w,N) is saturated even at Apump as the carrier density 

increases (Fig. 2-1) and consequently Ton is increased (Migus et al. reported Ton =:: 1 ps 

[1985]). When the pump is turned off only the recombination term is left, and the 

carrier density relaxes at the rate, T = =:: 30 ns. This is seen in Fig. 2-4 where 

modification of the etalon transmittance (as in Fig. 2-3) is rapidly turned on through 

Fig. 2-4 The transmittance of a bulk GaAs I/ol/lil/ear etaloll illitially 011 

resollallce (5 lIS I major div.) shows rapid switch-oil but much slower 
recovery. 
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carrier generation (faster than the detector response time =::: 200 ps) and recovers much 

more slowly (=::: 30 ns) through carrier recombination. 

The recovery time, T =, may be decreased by using material with carrier 

recombination sites such as material impurities or defects, interface irregularities or 

surface states. However higher pump energies are required in this case because the 

recombination term in Eq. (2.11) is no longer negligible and suppresses the accumulation 

of carriers. A very short cavity, "windowless" etalon, L = 0.3 urn has recovered in Tree 

= 60 ps requiring 20 pJ switching energy (an etalon with L = 0.135 urn recovered in 

Tree = 30 ps but required "much higher switching energy ") [Lee et al., 1986]. Small 

diameter « 0.5 urn) microresonators have used the close proximity of surface states to 

speed recombination, recovering in < 30 ps [Jewell et al., 1989]. NOR devices based 

on the optical Stark effect (a so-called "virtual carrier II effect introduced in chapter 1) 

switch with =::: 1 ps on/off time [Hulin et al., 1986] but require even higher switching 

energy than the fast-recombination approaches described above. Therefore, to our 

knowledge, the fastest cycle time demonstrated with acceptable switching energy in 

nonlinear etalons has been 30 to 70 ps. Further reduction of etalon recovery time 

through increased carrier recombination will be limited by switching energy, in the case 

of the thin sample approach, and also the ability to focus to a small spot size in the case 

of the microresonator. The ideal solution is perhaps a situation in which the carrier 

recombination time, Tree' is dramatically decreased when desired, a "driven relaxation. II 

As incongruous as this sounds it has been found difficult to achieve. 
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2.2.2 Decreasing Cycle TIme with Combined Etalons 

If rapidly creating and destroying carriers in the same etalon is not currently 

practical, a similar result may be achieved by combining two etalons in series [Lowry 

et ai., 1990]. The first etalon gives a fast tum-on time and the other acts as a disable 

switch giving a fast tum-off time. The motivation for this approach, slow carrier 

recombination, and the method used, tum-on/disable, are similar to those seen in some 

photoconductive switching [Auston, 1875]. 

Fig. 2-5 is a schematic diagram of this approach with PBS indicating a polarizing 

beam splitter; L is a quarterwave plate; F/P is a Fabry-Perot etalon; and the two etalon 

states are: initially-reflective, Ra, and switched-to-transmissive, T. For example, Fig. 

2-5(a) shows both etalons in a reflective state. In Fig. 2-5(b) the probe beam is 

transmitted through the first etalon after it has been switched. Thus the probe is routed 

to the output (to the right) from the time that the first etalon is switched, Fig. 2-5 (b) , 

until the time that the second etalon is switched, Fig. 2-5(c) .. 
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(a) 

L PBS 

PBS L PIP L PBS 

T 
(b) 

PBS L PIP L PBS 

T 
(e) 

PBS L PIP L PBS 
Fig. 2-5 The three states of the eta/oil pair are selected by illdividually switchillg each etaloll. (a) before 
operatioll, (b) durillg operatioll, alld (c) after operatioll. PBS is a polarizillg beam splitter,· L is a quarter
wave plate,' FP is a Fabry-Perot etaloll,' the etaloll states are: illitially reflective (R,,) alld switched-to
transmissive (1'). 
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2.2.3 Experimental Results 

In order to test this approach an etalon pair defining a high-cycle-rate operation 

was constructed. The etalons were grown by molecular beam epitaxy (MBE) and have 

GaAs spacers and integrated mirrors made with stacks of alternating A/4layers of AlAs 

and GaAs. Individually, the etalons recover in 30 ns as shown in Fig. 2-4. A slight 

variance in the spacer thickness across a growth sample allows selection of the etalon 

transmission-peak wavelength, Apw" through location of the focus spot. Thus device 

operation (OR, NOR) is configured by tuning the probe wavelength, Aprobe and ~ as 

seen in Fig. 2-6. 

Fig. 2-6 The trallsmittallce of a 150 liS FWHM probe pulse (50 lIS / maj. div.) shows the etaloll as all (a) 
OR alld (b) a NOR device. The etaloll is COli figured by tUllillg ~cb< relative to ~..t. 

Using the etalon pair two experiments were performed. In the first, a 50 ns full-

width half-maximum (FWHM) probe pulse was tuned to 880 nm wavelength to avoid 

absorption in the GaAs spacer (see the GaAs absorption spectrum in Fig. 2-1), and the 
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:::: 10 ps pump pulse was tuned to 830 nm in order to be well absorbed. The detector 

response time is 200 ps. The two etalons were configured in series: the probe was 

transmitted through the first etalon (after the etalon was switched) and sent on to the 

second etalon. The probe was reflected by the second (until the second was switched) 

and sent to the output. The first device operated as an OR gate: the probe pulse was 

transmitted only after switching; the second device was a NOR gate: reflection was cut 

off at switching. Figure 2-7(a) shows the segment of the probe pulse that reached the 

output. The signal contrast is :::: 4: 1. Figure 2-7(b) shows the result of adding a delay 

of 300 ps before cutoff, defining a longer extraction period. 

(a) (b) 

Fig. 2-7 Output illlensity of the eta/on pair (200 ps/div.) shows e.ttractioll of (a) a short-time segmellt and 
(b) a 300 ps segmelll of the 50 liS FWHM probe pulse. 1=0 is at the bOllom of the displayed scale. 

In the second experiment, the pump and probe pulses were:::: 10 ps FWHM, 825 

nm and 877 nm respectively, and were produced with a frequency-doubled Nd: YAG 

laser synchronously pumping two dye lasers (LDS 821). As seen in Fig. 2-8, a 

split/delay/recombine technique was used to split the probe pulse into a pulse doublet, 
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probe-l and probe-2, separated by 40 ps. The response time of the detector, 90 ps, is 

greater than the pulse separation, therefore, probes 1 and 2 were viewed separately by 

blocking one leg of the split/delay/recombine section. The pump pulse was split into 

pump pulses 1 and 2, also separated by 40 ps. Pump-land 2 were sent to the first and 

second etalons respectively. 

Delay 
Pump 

Delay 

.AA. 
Doublet 

Probe ~ ..... --~ 
Fig. 2·8 The short-pulse experimelltal set-up shows the 10 ps probe pulse split illto a doublet (bold lille) 
alld trallSmitted by the first eta tOil alld reflected by the secolld i1ll0 the detector. 

Pump-! switched the first etalon, allowing probes 1 and 2 to pass through to the 

second etalon. Probe-l was then reflected by the second etalon into the detector. Finally 

pump-2 switched the second etalon, routing probe-2 away from the detector. The part 

of the probe doublet that was extracted was determined by the timing of pump-l and 



36 

pump-2 as seen in Fig. 2-9(a) where the probe pulse that was surrounded in time by 

pump pulses was extracted. 

Input Output 

(a) 

1\/\ /\ Probe t ~t 

Pump 1\ 1\ t 

(b) 

Probe 

Pump 

Fig. 2-9 The timing diagram of the short-pulse experimellt shows the pump pulses timed to extract (a) the 
first probe pulse, and (b) the second. 
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The detected pulses, probe-l and probe-2, are seen in Fig. 2-1O(a,b). Alternatively, 

probe-2 was extracted by delaying both pump-l and pump-2 by 40 ps [see Fig. 2-9(b) 

and 2-10(c,d)]. Some triggering jitter is seen in Fig. 2-1O(d), but the identities of 

probe-l and probe-2 are known by the probe-pulse blocking procedure mentioned above. 

(c) (d) 

Fig. 2-10 The output illtellsity with 100 ps / major div. shows (a) the extracted probe-l with (b) probe-2 
leakage, alld alternatively (c) probe-l leakage with (d) the extracted probe-2. 

2.2.4 Applications 

The probe beam in either experiment may be thought of as containing data, in 

which case high-speed routing and logic operations on data may be performed. As we 

see in Fig. 2-5 the probe beam follows the same exit path before switching and after all 

switching is completed. Therefore after a segment of data has been routed to an output, 

the remaining data may go on to another etalon pair for processing. After a number of 
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pairs have been used (determined by the onset of recovery of the used devices), the data 

stream may be routed to a duplicate branch of devices, allowing the first branch to 

complete recovery. As seen in Fig. 2-11 the etalon pair may be expanded to perform 

bit demultiplexing (or multiplexing) and bit permutation. 

... FEDCBA Demux Permute 

A D 

B B 

C F 

... FED 

Fig. 2-11 Demu/tiplexillg of illput data bits (. . . FEDCBA) may be dOlle by combillillg mallY eta/oil pairs 
which each extract a bit ilJ sequellce. PennutatiolJ may be dOlle by extractillg bits out of sequellce. 
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In most demultiplexing or routing applications, a slow detector is used to determine the 

value of the bit of interest. With n bits within the detector response time, bit energies 

Ex (bit to be extracted) and Ej (other bits) and extractor signal contrast C, then the 

detected energy is 

(2.12) 

there are two extreme cases, in the first the extacted bit is a one, and all the others are 

zeroes; in the second just the opposite is true. 

Casel Case 2 

E = x 1 Ex = 0 

& & 

E( = 0 E( = 1 
~= 0 ~ = 1 

: 

En = 0 En = 1 

Comparing the two cases: Ed! > Ed2 only if n < (C + 1). This condition limits n for 

absolute-threshold determination of Ex. With C =::: 2.2 (Fig. 2-10), n = 3, and 3:1 

multiplexing may be done. However for some applications (e.g. final detection of a 

multiplexed signal) differential or self-referenced determination of Ex may be used in 

which Ed is compared with a reference level 
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(2.13) 

In this case the limit on the number of demultiplexed bits becomes n :::;; (C - I)R where 

R is the resolution of the comparator, and a much higher n: 1 demultiplexing may be 

done. 

In the experiment a total incident switching energy of 300 pJ was divided between 

the two etalons each with a 10 I'm diameter focus spot. At the pump wavelength the 

etalon mirrors have transmittances of :::: 0.4 (value obtained from a different sample with 

the same mirror structure) [Chavez-Pirson, 1989], and the spacer has an absorption of 

[l - exp(-aL)] :::: 0.4. This gives an absorbed energy of .::: 0.3 pJII'm2 which is lower 

than typical powers:::: 1 pJII'm2 [Jewell et al., 1985]. Measuring the performance of 

the individual devices, contrast increased with greater switching energy; therefore, the 

contrast of the etalon pair was energy limited. The etalons had transmission peaks of 3 

nm and 3.6 nm FWHM giving finesses of :::: 9 and :::: 7 respectively. The low cavity 

quality was due in part to degradation over time of the top AlAs layer of the etalon 

[Dallesasse et al., 1990]. Individual device contrast greater than 6 has been reported 

using only 3 pJ of switching energy [Jewell et al., 1985], and recently produced etalons 

have Q as high as 100 to 500 [Jewell et al., 1988; Lowry et al., 1993]. Therefore, 

cavity quality at the probe wavelength, and mirror transmission at the pump wavelength 

may be readily improved, increasing signal contrast. 

The extracted time window was 40 ps long, but device limitations indicate that 
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a much shorter time window may be extracted. The switch-on time of a 

multiple-quantum-well etalon has been reported to be 1 ps; limiting factors were the 

exciton screening time, < 150 fs, the cavity build-up time, 2nL/(1 - R)c = 500fs, 

mirror build-up time, and some additional time caused by induced absorption [Migus, 

1985]. Therefore, short pump pulses and an MQW etalon should enable the extraction 

of time windows as short as a few picoseconds. Coupling this approach with a 

much-improved signal contrast would enable demultiplexing a bit stream of a few 

hundred Gbitls, the utility of which is discussed by Goutzoulis and Davies [1989]. The 

data extraction experiment shown here can be thought of as having generated a 25 Gbitls 

very short data stream (removed either bit from a pair). By using short pump pulses, 

this approach may be used to remove undesired bits from a continuous stream of pulses, 

generating data at a rate of a few hundred Gbitls (or otherwise limited by the availability 

of the continuous pulse stream). 

We have used etalons that have a 30 ns recovery time to extract a 40 ps time 

window from an input stream. Shorter pump pulses and improved etalons show promise 

for improving contrast and shortening the extracted time window to a few picoseconds. 

The data extractor may be expanded to perform operations such as multiplex, 

demultiplex, self-routing, bit permutation and data generation, however far improved 

contrast would be required for these applications. Although recovery times in switching 

elements may be decreased, low switching energy, high speed devices such as nonlinear 

etalons will probably continue to have extremely asymmetrical response times. 
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Therefore, this approach that trades switch cycle time for system complexity and has 

unique memory properties may have application. 

2.3 THE STRAINED-LAYER ASYMMETRIC REFLECTION MODULA1OR 

Another approach to using passive optical nonlinearity for etalon switching is in 

the asymmetric reflection modulator, ARM. This is a modification of the nonlinear 

etalon described above in which the reflectivities of Eq. (2.9) are not equal, Rr < Rb• 

The etalon reflectivity, Rpp, is zero when the etalon is on resonance and when the spacer 

absorption, asp, is greater than zero, effectively balancing Rr and Rb• If this intensity 

condition is violated by saturation of asp, the balance of Rr and Rb is destroyed and Rpp 

can greatly increase. The absorption in the etalon spacer broadens the reflection 

spectrum resonant dip which makes the etalon much less sensative to manufacturing 

tolerances, input wavelength and etalon temperature than the symmetric etalon. 

Therefore a very "hard" zero-reflectance condition (Rpp = 0) is relatively easy to attain. 

This allows for high contrast (> 1000: 1 [Krol et al., 1993]) and is one of the main 

advantages to such a design. Additionally, the absorption of strained-layer quantum-well 

semiconductors saturates at lower carrier density than bulk material, and reflection 

modulation through saturation of a,p, can take advantage of this, attaining sub-milliwatt 

switching power [Jin, Khitrova, Gibbs, Lowry and Peyghambarian, 1991]. 
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2.3.1 Nonlinearities of Strained-Layer Quantum Wells 

Semiconductor quantum well, QW, material is composed of a thin sheet of 

material, the potential energy "well," surrounded by material of a higher band gap, the 

potential energy "barrier." If the well thickness is less than the electron de Broglie 

wavelength in the material, :::= 300 A in GaAs, quantum confinement effects can be 

observed; these include splitting and shifting of the valence and conduction bands into 

higher energy subbands. 

The optical nonlinearities of quantum-well material are modified from those of 

bulk material in that the density of states function is significantly altered by the quasi

two-dimensional potential field imposed on the carriers. Exciton effects are enhanced 

because the electrons and holes are held in close proximity to each other. The band

filling effect is stronger because there are fewer states in the quasi-two-dimensional k

space, and it takes fewer carriers to fill them. On the other hand, plasma-screening is 

less effective because the electric field lines between electrons and holes extend outside 

of the QW and are less affected by carriers confined to the well [Peyghambarian, et al., 

1993; Park et al .• 1988; Chavez-Pirson, 1989a,b; Chemla et al .• 1984]. 

QW effects enhance the exciton resonance giving a greater .1cx for a given change 

in carrier density; optical modulation based on saturation of absorption can be assisted 

by this. The change in refractive index decreases more rapidly with detuning from the 

exciton resonance than in bulk material, and dispersive modulation that requires low 

absorption (therefore detuning from the band edge) is not significantly different in QW 
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or bulk material. However carrier confinement in quantum wells provides faster carrier 

recombination than in bulk, as is mentioned in section 2.2.1, and faster etalon recovery 

(1 to 0.1 ns) is possible. 

In a strained-layer quantum well the lattice constant (typical distance between 

lattice sites in the bulk material) of the well material differs from that of the barrier 

material (for epitaxial growth differences are usually < 3 %). If the well is thin enough 

(less than the so-called "critical thickness") and the barrier thick enough, growth of the 

well material will conform to the barrier lattice constant, inducing a static strain on the 

well material. Strain affects the electronic and optical properties of the material [Pereira, 

Koch and Chow, 1991; Lau et ai., 1989; Dutta, 1984]. This is seen in the schematic 

dispersion curves of Fig. 2-12 where the conduction band (upper bold curve) has a much 

smaller effective mass (sharper dispersion parabola) than that of the un strained top 

valence band (lower thin curve). Under compressive strain the effective mass of the top 

valence band is reduced near k=O (lower bold curve), and the conduction and valence 

dispersion curves are much more closely matched. Therefore the number of electron 

states and hole states within a given energy range are more closely matched, and 

saturation of absorption is more efficient (as seen in the lower required pump powers of 

surface emitting lasers made with InGaAs/GaAs strained layer quantum well material 

[Huang et ai., 1989; Jewell et ai., 1989]). Recent measurements [Jin et ai., 1991] show 

that the carrier density required for a given saturation of absorption in compressively 

strained IIlo.18Gao.82As/GaAs quantum wells is about half that required in un strained GaAs, 
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k 

Fig. 2-12 Schematic dispersioll diagram of the cOllductioll band (upper most lille) and top valellce band 
of uIlStrained (thill lille) and strained (bold lille) qual/tum well material. 

Nul(strained InGaAs) = Nul(GaAs)/2, but (like the difference between bulk material and 

QW material) dispersive effects at wavelengths detuned from the exciton resonance are 

not significantly altered. 

2.3.2 Theory of the Nonlinear ARM 

The nonlinear ARM operates mainly with absorption change and can benefit from 

the above increased saturation efficiency. On resonance the general etalon reflectivity 

of Eq. (2.9) reduces to 

(2.14) 
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and the intensity condition for zero reflection is Rf = Rb e-2aL. That is for R f < Rb, 

1 Rb « = - In(-) > 0 
2L Rf 

(2.15) 

Saturation of asp as in Fig. 2-1 violates the intensity condition and Rpp is increased. 

2.3.3 Experimental Results 

In order to test the use of strained layer quantum wells in an ARM, a modulator 

was constructed with a spacer of length L = 0.531 Jtm made of 47 A IIlo.18GClo.82As 

quantum wells and 87 A GaAs barriers [Jin et al., 1991]. The front mirror is the air-to-

spacer interface with a reflectivity of Rf = 0.31. The back mirror consists of 19 

alternating A/4layers of AlAs and GaAs giving Rb = 0.91. GaAs is used in the mirror 

to achieve a high index difference between mirror layers. The band edge of the strained 

In0.18GClo.82As layers is lower in energy than that of GaAs, and the absorption of GaAs 

at the ARM operating wavelength is !::: O. 

The reflectivity of the ARM was probed by luminescence from a TI:Saphire 

crystal with ~robc extending from 0.75 to 1 Jtm. The ARM pump was a continuous-wave 

argon laser with ~ump = 488 nm. A 10 x microscope objective focused the light to a 

!::: 10 Jtm diameter spot on the sample at normal incidence. The room temperature 

reflectivity spectrum was measured using a calibrated spectrometer and optical 

multichannel analyzer. 

The ARM is designed to meet the intensity condition, Rf = Rb e-2aL, with zero 
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pump power and carrier density, as seen in the measured reflectivity spectrum of Fig. 

2-13(a). The minimum is Rpp = 0.0008 at Amin = 922.3 nm. As pump power is 

applied [Fig. 2-13(b)] carriers are generated in the spacer, and a,p is saturated increasing 

Rpp. With a pump power of 0.84 mW [Fig. 2-13(c)] the reflectivity minimum is Rpp = 

0.527, but it has been shifted by carrier induced refractive index change to a wavelength 

of 917.8 nm. At ~in the reflectivity is Rpp = 0.707 giving a switching contrast of 

883.75 with a pump intensity of == 6 p.W/p.m2
• 

1.0 

o 
871.9 922.3 972.7 

Wavelength (nm) 

Fig. 2-13 Reflectivity spectra a/the II1GaAs ARM with pump powers (a) 0 mW, (b) 0.7 mW alld (c) 0.84 
mW show Ot saturatioll alld dispersive ejfects that raise RFP at 922.3 IImfrom (a) 0.()()()8 to (c) 0.707. 
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2.3.4 Applications 

Both saturation of Olap and shift of the etalon resonance through index change 

contributed to the ARM switching. The efficiency of the saturation was improved by the 

use of strained layer quantum well material, giving switching with a on/off contrast of 

883.75 at a pump intensity of 6 p.W/p.m2
• In many other applications the signal-to-noise 

ratio is more important than contrast (determined by full signal swing rather than the 

level of the "hard zero"). In this case the ARM is at a disadvantage because absorption 

at the probe wavelength, Olprobc, leads to the limitation that the probe intensity, ~robc, itself 

must be low enough that it does not saturate Olsp. Therefore careful design must be done 

in order to allow for even a moderate power probe, and the ARM cannot be used for 

obtaining optical differential gain in which ~robc is significantly greater than Ipump. 

Additionally the absorption is saturated by creating carriers in the spacer, and the 

recovery-time limitations discussed in section 2.2 apply. Within these limits the ARM 

provides low-power, very high-contrast switching. 

2.4 SUMMARY 

Optical nonlinearities in passive semiconductors have been extensively studied. 

Theories have been developed from t.he classical Kerr model to a fully quantized, many

body theory inc1udng quantum confinement and material strain. It is recognized that 

semiconductor nonlinearities depend on the carrier density in the material and only 

indirectly on the light intensity. Study of the medium within a resonant cavity such as 
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a Fabry-Perot etalon has allowed measurement of even small changes in refractive index 

and absorption. This approach has been applied to optical switching and modulation in 

high-Q, dispersion-switched etalons that are capable of switching probe beams of fairly 

high power. Passive nonlinearities are also used in an asymmetric reflection modulator 

that is switched by both absorption saturation and dispersion effects. The ARM is robust 

in operation, requires low switching power and attains high contrast, but it is limited to 

low probe power. Any optical effect based on carrier generation is subject to the speed 

of carrier elimination (through carrier recombination, carrier "sweep-out" or other 

means), but a series combination of fast-on, slow-off etalons may be used for high cycle 

rate switching. The passive nonlinearities discussed in this chapter have lead researchers 

to good understanding of semiconductor physics and have provided applications useful 

to optical switching and modulation. 



CHAPTER THREE 

MULTI-WAVE MIXING IN SEMICONDUCTOR GAIN MEDIA 

3.1 INTRODUCfION 
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From chapter 2, especially Fig. 2-1, we see that, in general, light in an absorbing 

semiconductor increases the carrier density, saturating the absorption and decreasing the 

refractive index below the absorption band edge. In tum, light in a semiconductor with 

optical gain tends to reverse this process. For a given change in carrier density the 

changes in absorption and refractive index induced in gain media are smaller than those 

induced in passive media, suggesting that the results of optical nonlinearities are smaller 

in gain media. However the consequences of nonlinearities in gain media are richer in 

behavior and utility than this simplified description would suggest. Light fields that may 

arise in the material are often sustained or amplified in intensity, therefore the 

consequences of nonlinear processes in gain media can be dramatic and are almost always 

dependent on the interaction of multiple light fields, i.e. multi-wave mixing or MWM 

(for example see Eichler et aZ. [1986]). 

The results of nonlinear effects that may be weak, isolated and difficult to observe 

in an absorbing medium may be greatly amplified and strongly interact in a gain medium. 

An example of this interaction is seen in Fig. 3-1. The dashed curve shows the emission 

spectrum of a semiconductor microcavity laser with a relaxation oscillation sideband on 

either side of the central lasing peak (for a review of relaxation oscillations see [Yariv, 

1989]). As in this spectrum steady-state relaxation oscillations are usually weak in 
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lasers. Four-wave-mixing, FWM, (a multi-wave process that can be analogous to 

electronic signal mixing and reviewed in section 3.1.1) and so-called "asymmetric gain 

modification" (a multi-wave process discussed in section 3.2) occur in passive media. 

However when asymmetric gain is induced in the laser by a narrow band injected light 

Relaxation 
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Fig. 3-1 A laser emissioll spectrum with relaxatioll oscillatioll sidebands (dashed) is modified (solid, 
same vertical scale) by i1ljected light which cascades the sideba1lds (1 to 6, a1ld -1 to -4) a1ld 
enha1lces them Oil the low freque1lCY side of the i1ljectioll. 

field, the three effects (relaxation oscillation, FWM and asymmetric gain) strongly 

interact as seen in the solid curve of Fig. 3-1. The sidebands are cascaded six times on 
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the low frequency side of the injection and four times on the high frequency side by 

FWM. Also they are enhanced on the low frequency side and suppressed on the high 

frequency side by asymmetric gain. Here nonlinear effects are individually weak but 

enhanced when combined in a gain medium. 

In this example each effect (relaxation oscillation, FWM and asymmetric gain) 

is separately recognizable (see section 3.1.1 and 3.2 for further discussion of FWM and 

asymmetric gain), but this is not always the case. The dynamics of sustained or 

amplified light fields and a nonlinear medium almost always involve multi-wave mixing 

processes and can lead to complex behavior including temporal and spatial instabilities, 

phase locking and chaos. 

3.1.1 Review of Four-wave Mixing 

A useful formalism for describing multi-wave interaction is that of four-wave 

mixing, FWM (other processes such as three-wave mixing, two-wave mixing or 

harmonic generation may be thought of as degeneracies of FWM). A commonly used 

configuration is seen in Fig. 3-2(a). Here an intensity grating is formed by the 

interference of two waves, Fl and F2. Since the material susceptibility, X, is nonlinear 

the intensity distribution forms a susceptibility grating which is read by the probe wave, 

P, giving the diffracted wave, D. The vector diagram of Fig. 3-2(b) shows the phase 

matching conditions for writing the grating, q = kl - k2' and for reading it, kD = kp + 

q, where kl and k2 are the pump wave vectors, kp and kD are the probe and diffracted 
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q 

Fig. 3-2lnforward FWM (a) an illlensily grating isfonned byforward-going waves, Jj and Fzo The phase 
matching condition is seen in (b) with the grating vector, q, and field k vectors. 

wave vectors respectively, and q is the grating vector. 

In general, FWM may be simplified by introducing degeneracies. If all light 

frequencies are equal (e.g. VI = V2 = Vp = VD), then the gratings are stationary, referred 

to as "degenerate four-wave mixing," DFWM. If not, the gratings move at a velocity 

determined by the frequency difference v = 271"· ll.vlq, and build-up of the X grating is 

subject to material response times, TDIAU < (271"ll.V)"I. Another approach to degeneracy is 

to have some waves copropagating. In the case that all the waves are copropagating 

there is no spatial intensity pattern; the light frequencies are not equal, and gratings can 

be better described as frequency beating or pulsations (further discussed in section 3.2). 
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As seen in Fig. 3-3(a) if light frequencies VI and V2 enter the material, intensity beating 

at the difference frequency, ..1 = V2 - Vh is created producing material response at ..1. 

Energy is equally transferred to VI = V2 - ..1 and a new frequency V3 = V2 + ..1 [Fig.3-

3(b)]. The phase matching condition is seen in Fig. 3-3(c) with kl = k2 - qbeat and k3 

= k2 + qbcat· 



k 
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k 
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k 
3 

V2 
Frequency 

Ilia 
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(C) 

Fig. 3-3 A schematic MWM spectrum (after Meystre and Sargel/t [199OJ) shows (a) input fields 
which (b) beat distributing energy to PI and PJ' (c) The phase matching diagram shows field k 
vectors. 
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As discussed by Eichler et al. [1986] if the susceptibility change induced in the 

material is "immediately defined" by the light intensity (immediate in both space and 

time), the response is said to be "local. II If.1X is not immediately defined, i. e. the 

susceptiblilty grating is phase shifted relative to the intensity grating by either spatial 

shifting or response-time lag, the response is IInonlocal." An example is the 

photorefractive effect in electro-optic material [such as LiNb03, Bil2Si02o (BSO), KNb03 

or even GaAs]. Here the intensity grating forms an in-phase (with the intensity grating) 

distribution of excited charge carriers which move, through drift or diffusion, forming 

a space-charge grating. The resulting electric field grating is spatially phase shifted 

relative to the intensity grating, as is the induced susceptibility grating, a nonlocal 

response. 

In materials with local response the waves to be diffracted are in phase with the 

material gratings. They are diffracted with energy symmetrically distributed among 

diffraction orders according to standard diffraction theory as in the distribution of energy 

from "2' to "1 and "3 in Fig. 3-3. Therefore energy transfer between beams only occurs 

when the intensities of the beams are different, and energy is always transferred from the 

strong beam to the weak beam [Eichler et al., 1986]. 

In material with nonlocal response the phase difference between the wave and the 

material grating causes the wave to preferentially diffract into a specific order and 

transfer of energy between beams is dependent on the phase shift mentioned above. This 

may give amplification of a weak beam [Fig. 3-4(a)] or a weak field [Fig. 3-4(b)]. 

--------.-. 
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(a) 

p~ 

(b) 

Fig. 3-4 FWM in a IIoll/ocal medium shows amplification of (a) the weak beam, P, alld (b) the weakfield 
at Pz (compare Fig. 3-3). 
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For example spatially nonlocal response has been used for dynamic image amplification 

[Akhmanov, 1978; Gunter, 1982] and temporally nonlocal response (response lag) has 

been used in stimulated Rayleigh amplification experiments [Fohl, 1968; Rother et al., 

1970] and in the asymmetric gain discussed in section 3.2. 

3.2 ASYMMETRIC GAIN THROUGH COHERENT ENERGY TRANSFER 

An example of coherent energy transfer (CET) due to nonlocal response is so

called "asymmetric gain" where energy is preferentially transferred from one wave to 

another [as in transferring energy from V2 to VI and from V3 to V2 in Fig. 3-4(b)]. This 

creates a "dispersive-like" modification of the material's effective absorption spectrum 

which may give rise in atomic systems to optical gain without population inversion [WU 

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

1988a, 1988b; Sargent, 1988], optical loss in a gain medium, or as we see below new 

lasing frequencies and extinction of the original lasing in semiconductors [Lowry et al., 

1993]. Understanding of these effects is important for applications of optical gain such 

as optical amplifiers and lasers. 

Nonlinearities are enhanced near the absorption band in semiconductors; light 

fields are amplified in gain media, and the combination can produce complex behavior, 

including instabilities, and allow more accurate measurement of that behavior. Therefore 

we have made theoretical and experimental study of CET in a semiconductor medium 

with gain. By injecting light into the spectrally broad lasing mode of a microcavity laser 
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we produce a strong injected field at Jlinj [like Jl2 in Fig. 3-4(b)] and simultaneously 

observe its interaction with the many probe frequencies of the broad lasing mode [like 

JlI and Jl3]' The vertical-cavity surface-emitting laser, VeSEL, has the advantage of 

amplifying the injection over a thousand fold through optical gain (e:: lOx) and cavity 

storage (e::300x), allowing direct observation of gain asymmetry and its evolution with 

increased injection power. As described above the eET mechanism is dependent on 

material response times, specifically the ability of the carrier population to follow rapid 

light modulation. However we have observed that the population response is power 

broadened (accelerated by light intensity) to follow small changes in light field much 

more rapidly than allowed for by To, the carrier recombination time discussed in chapter 

2. 

The VeSEL has the further advantage of lasing simultaneously in two cross

polarized modes of slightly different frequency. We observe that the gain asymmetry 

induced by injection into one mode is transferred to the other mode. This gives a unique 

method of observing gain asymmetry without injection in that mode and provides strong 

evidence for the eET origin of gain asymmetry. Also we observe "cascaded asymmetry" 

in which a second gain asymmetry is produced by the first. A quantitative understanding 

of the evolution of gain asymmetry with the injected power in the material, Pinj , gives 

insight into the mechanism of eET, demonstrates the effect of intense light fields on the 

population response rate, and is crucial to a first-principles description of diode-laser 

instabilities. 
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3.2.1 Theory of Asymmetric Gain in Semiconductors 

Following the development of recent theory of multiwave mixing in 

quasiequilibrium semiconductors [Sargent, Paul and Koch; 1992] we express the total 

electric field seen in the spectrum of Fig. 3-3(a) as 

-Iv t 
E(r,t) = 1/2 g'(r,t)e l + C.c. (3.1) 

where the complex amplitude g'(r,t) varies little in the dipole decay time T2 (rate equation 

approximation) and is of the form 

g'(r,t) = g;(r) e l{k1'r+ At) + Wz(r) e I (12'r) + g;(r)e'{k;,'r-At) (3.2) 

with k = "/c; ~ and g; are assumed to be too weak to saturate the material response; 

g; is arbitrarily strong, and .1 = "2 - "1' The material polarization is of the form 

P(r,t) = 1/2 P(r,t)e -ivt + C.c. (3.3) 

with the slowly-varying envelope 

P(r,t) = e X (N, v) 3{r,t) (3.4) 

where E is the material background permittivity and X directly depends on the carrier 

density (quasiequilibrium approximation) as discussed in chapter 2. 

We expand N to first order as 
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N(Tt) = N + (n e-I~t + n eillt) , 0 1 -I (3.5) 

where No is the carrier population density for a constant field (~ = g; = 0), and n1 = 

n.1 * is the much smaller coefficient of population pulsation at the frequency A 

(radians/second) produced by the beating of the fields at "1 and "2' The pulsations put 

sidebands onto the medium response to the "2 mode which occur at the sidemode 

frequencies "1 = "2 - A and at "3 = "2 + A contributing to the sidemode gain 

coefficients. We do a first order Thylor expansion of X giving 

x(N) ... X(NJ + a~~IN (n_lelllt+nle-Ill~ 
o 

(3.6) 

where x(No) is obtained by numerically inverting the semiconductor Bloch equations 

[Haug and Koch, 1993] as discussed in section 2.1.1. 

An equation of motion for N may be given as 

. eE2 
N = '" - r(N) + 1/2 v Im{x} -

llV 
(3.7) 

where r is the sum of decay processes, and A is the carrier density pump. Combining 

Eqs. (3.2), (3.5), (3.6) and (3.7) and keeping terms of the frequency A we get 
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(3.8) 

where the power-broadened relaxation rate is 

Po = ar _ .!v eE2 alm{x;} • 
1 aN 2 1'IV aN 

(3.9) 

Combining Eqs. (3.8), (3.6) and (3.4) and projecting onto exp(ikl·r) we obtain the 

polarization component for the side mode at PI, 

where z is the propagation direction and phase matching similar to that of Fig. 3-3(c) is 

seen in the exponential. Substituting Eq. (3.10) into the slowly varying Maxwell 

equation 

d~ ik -=-p 
dz 2e 1 

(3.11) 

gives the propagation equation for the side mode at PI' 

(3.12) 

The intensity absorption coefficient of the side mode at PI is a I = - ikx(NJ - 2t?" with 

the side mode coupling coefficient 'i?1 
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= ike Im{x(N,)} aX(N,) I g'bt/12 
oc: a-;r. 

°1 
2h aNo r~-ia a2+r.2 

(3.13) 

where ~j is the injected field [V2 in Fig. 3-4(b)]. Eq. (3.13) shows how the gain of the 

field at VI is changed due to CET. TIming a = VI - V2 (by changing VI) we see the 

"dispersive like" shape of the change in gain where Re{~} ex a, and this is seen in Fig. 

3-5 where gain is increased at frequencies lower than vinj and decreased at higher 

frequencies. 

~ 
~ 0 ~------------~--------------~ 

~ 
.S 

i a ~ 

o 
VI - V. . (AU) IDJ 

Fig. 3-5 The cha"ge ilJ sidemode gai" due to CET is schematically show" to be asymmetric about P"" with 
gain ilJcreased at p below P"" and decreased above (after (SargelJt et al., 1992J). 
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In applications where gain competition is important, such as in lasers, it is 

valuable to know the frequencies of the gain modification extrema, that is the detuning, 

L\ = VI - Vinj, where the gain modification is most positive, ~, and where it is most 

negative, Adip . In order to do so we set 8Re[ CxI]/8A=O [Lowry et al., 1993] and find 

(3.14) 

where Apeak,dip is in units of radians/second. The linewidth enhancement factor is not to 

be confused with the absorption coefficient, but through accepted practice it is also given 

the notation (¥ and is 

~ = aRe{X(N)}/aN 
alm{x(N)}/aN 

(3.15) 

Comparing iYI with that found in quantum mechanical theory ofFWM [Paul et al., 1990] 

we find 

r' = - 21 g: 12 alm{x} 
1 Yo Il itIf aN (3.16) 

where 'Yo = 117.0 is the low light intensity carrier recombination rate discussed in chapter 

2. 

With Eqs.(3.14) and (3.16) we see that the detuning of the gain asymmetry peak 

and dip ~,dip = (Vpeak,dip - Vinj) is linearly dependent on Pinj (as seen in Fig. 3-8 below). 

The linear dependence of Apeak,dip on Pinj is distinct from related processes such as Raman 

gain in sodium [WU et al., 1977; Khitrova et al., 1988a, 1988b; Argent, 1988], laser 
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relaxation oscillation [Yariv, 1989], laser modulation bandwidth [Su et al., 1992] and 

laser injection locking range [Lang, 1982], which scale as the square root of the 

intracavity power. Additionally, CET is directly dependent on light intensity and only 

parametrically dependent on N; whereas the relaxation oscillation frequency is directly 

dependent on both intensity and N. Analyzing theory of Rayleigh gain in short-T2, 

homogeneously-broadened atomic systems [Khitrova et al., 1988a, 1988b; Argent, 1988] 

we find that Apeak is linear with Pinj (for low Pinj) , but to our knowledge such a 

dependence has not been experimentally observed. Semiconductors are normally thought 

of as inhomogeneously broadened material and may be thought to follow the square-root

of-power dependence seen in sodium, but in the case of multi-wave mixing the rapid 

dephasing of carriers causes the light field to be dependent on the total carrier population 

and Apeak,dip is linearly dependent on Pinj • 

Our interpretation of the power broadening is that high light intensity available 

in a high-Q VeSEL significantly increases stimulated processes while only slightly 

changing the steady state carrier density (as is discussed further in section 3.2.2 carrier 

generation by current injection is approximately equal to the carrier recombination rate, 

N/Ta; both are much larger than gJlfzw, the net rate of carrier loss due to stimulated 

emission and absorption). Spectral hole burning and coherent carrier/field effects such 

as Rabi flopping are not seen on this time scale because of rapid carrier/carrier scattering 

(Tee = 50 to 100 fs in GaAs under these conditions [Binder et al., 1992]). 
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3.2.2 Experimental Observation of Asymmetric Gain 

In order to experimentally observe eET and induced gain asymmetry we require 

a semiconductor gain medium and a strong injected light field in the midst of a spectrally 

broad probe field. This is obtained by injecting narrow band light into the spectrally 

broad lasing mode of a VeSEL, pumped just above threshold, and observing 

modification of the lasing emission. In the experiment we use an electrically pumped 

veSEL from an array grown at Sandia National Laboratories by molecular beam epitaxy 

on an-doped GaAs substrate. The n-doped bottom mirror consists of 28 periods of 

alternating quarterwave layers of AlAs and AIo.1sGao.8sAs. The intrinsic active region 

consists of four 100 A GaAs quantum wells with 70 A Alo.3Gao.7As barriers, all 

surrounded by graded barriers. The p-doped top mirror consists of 18 periods like the 

bottom mirror, with interface steps to facilitate current flow. 

The experimental set-up is seen in Fig. 3-6. Depending on the device chosen 

from the array the veSEL lases at =:: 830 nm with a threshold of =:: 5.6 mAo The 

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

interferometer (FP), with 625 MHz resolution, to 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 
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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). 

IlnJ 'A/2 

--~'~--r---~ AOM DYE ARGON .- t- LASER t- LASER 

PA 

F/P ~~ 
L2 PMT 

,It ,II 

'<:1 1.-----.:1---1 SPECTROMETER ~ 
L CAMERA La 

Fig. 3-6 The experimellIal set-up shows the injected sigllal produced by an argoll-pumped dye laser elllering 
the VeSEL and the VeSEL emission measured by all IR camera, spectrometer and scallllillg FP etaloll. The 
AOM is all acousto-optic modulator,' Al2 is a half-wave plate,' BS is a beam splitter,' AP is a small aperture,' 
Ll, L2 & L3 are microscope objectives,· es is the VeSEL currellt supply,' pe is the peltier cooler,' MM is 
a movable mirror; OMA is all optical multi-chanllel analyzer,' PA is a polarization analyzer,· FIP is a 
scanning Fabry-Perot etalon, and PMT is a photo-multiplier. 

The polarization of the injected signal is linear and aligned to that of the veSEL lasing 

using a 'A12 plate. It is then reflected by a beam splitter and focused onto the = 3 Ilffi 

diameter veSEL lasing spot. The injected signal and VeSEL emission are carefully 

aligned to copropagate. 



68 

In the experiment we directly observe gain asymmetry as the continuous emission 

spectrum of the veSEL lasing line is locally modified. In Fig.3-7(a) the lasing line (thin 

line) is 7.2 GHz FWHM with the veSEL operated just above threshold. An external 

power (rather than intracavity power) of 1.2 ,.,.W is injected at Pjqj = Pvc + 3.1 GHz, and 

a region of the VeSEL lasing spectrum (medium line) is enhanced on the low frequency 

side of Pinj giving a narrow peak at P - Pinj = -2.6 GHz. In Fig. 1 (b) injection signals of 

0.12 ,.,.W (medium line) and 0.8 ,.,.W (bold line) external powers are tuned to Pinj = Pvc -

5.0 GHz. A region of the spectrum is reduced on the high frequency side of Pinj' giving 

minima at P - Pinj = 3.4 and 5.2 GHz respectively. 

(a) (b) 

'1nJ 
Frequency (5 GHZ/Dlv.) Frequency (5 GHz I Dlv. ) 

Fig. 3-71he lIo-illjectioll veSEL spectrum (thillllestlille) is locally modified (thicker lilies) by the illjected 
sigllal showillg (a) gain ellhallcemelll below 1'"" alld (b) gaill suppressio" above v"" [exterllal power at 1'"" 
is 0.12 "W (medium lille) alld 0.8"W (thickestlille)j. 
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In Fig. 3-7 the injected power is low enough that significant gain modification is 

localized (= 13 GHz full width), leaving edges of the lasing line largely unaffected. 

Increasing the injected power deepens the gain dip and moves it to higher frequency. 

Note that these two points (localized asymmetry and 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 (this would be the reverse of the etalon switching process discussed in 

section 2.1.3). Rather it is a local modification of effective gain. 

In order to further study the evolution of gain modification seen in Fig. 3-7 we 

dramatically increase the intracavity injected power, Pinj • The result is seen in Fig. 3-8 

with PUij increasing from spectrum (b) to (e). The peak of the lasing spectrum, vpeak' 

moves away from Vinj toward lower frequency, and Vdip moves toward higher frequency 

with increasing power. 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. We note, especially in curve (e), that FWM effects 

are also seen in the spectrum showing a "copy" of the gain peak from the low frequency 

side of Vinj visible on the high frequency side at VFWM = 2vUij - vpeak. Such effects may 

also be obtained from the development of Sec. 3.2.1. The two side modes should not 

be confused with relaxation oscillations (with Arcl•osc. oc -VP); we have observed and 

distinguished both the gain asymmetry peak and relaxation oscillation peaks in the same 

spectrum. 
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Fig. 3-8 The no-injection VeSEL emission spectrum (a) is modified as Pin) is increased in spectra (b) 
through (e) showing the gaill peak and dip grow ill magnitude and move out from """. 
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The data symbols in Fig. 3-9 show I Apeak,dip I as a function of Pinj with A given 

in units of GHz rather than the radians/second expressed in Eq.(3.14). These are 

obtained from two series of experimentally measured spectra (VeSEL-l and VeSEL-2) 

like the series seen in Fig. 3-8. The lines for ~ (thin lines) and A dip (bold) are 

calculated from Eqs. (3.14) and (3.16) using the carrier lifetime To = 125 ps, 

carrier/carrier scattering time Tcc= 50 fs, and carrier density N = 2xl018 cm-3• Pinj is 

obtained by integrating the VeSEL emission spectrum near Jlinj and dividing by the 

veSEL mirror transmittance, T eo: 0.001 (estimating mirror loss of eo: 0.2%). With Pinj 

= 0 the y-intercepts, I A~,dip I, of Fig. 3-9 and Eqs. (3.14) and (3.16), are 

proportional to 'YO' the material response rate in the low intensity limit. The VeSEL-2 

A~eak of -1.8 GHz, the lifetime of To = 125 ps and Eq. (3.14) give a value for the 

linewidth broadening factor of O! = 2.828, reasonable for our conditions. The slopes are 

proportional to CJIm{x}/CJN and so depend on Jlinj relative to the band edge. The slopes 

and y-intercepts of veSEL-l peaks and dips are correctly modeled by Eqs. (3.14) and 

(3.16) assuming lasing at eo: 1 meV below the material renormalized band edge, which 

is consistent with our lasing conditions. The slope of the VeSEL-2 peaks is higher and 

is fit by assuming the lasing frequency and "inj are eo: 4 meV higher relative to the band 

edge than those of veSEL-l which is consistent with the slightly higher current pumping 

and slightly cooler temperature used with VeSEL-I. 
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The usual limit on material response imposed by the carrier lifetime is ~.dip 

(GHz) ~ (2'11"1"0)-1 [WU et al., 1977] which, using the zero-light-field carrier lifetime in 

GaAs quantum wells, 1"0= 100 to 500 ps, gives ~ ~ 2 GHz. This is consistent with 

our measured ~~.diP' but we observe that increasing Pinj moves the peak out to ~ = -

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, 1"ee = 

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]. 

Our observed ~pcak = -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 

restate the carrier rate equation, Eq. (3.7) as 

II = A. _ N _ g/ • 
'to 'he..> 

(3.17) 

Eq. (3.17) 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 1"1oIAl is 
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actually dependent on N [Agrawal and Dutta, 1986] and can be expressed in a Thylor

series expansion NITtolaI = (NITo + 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 T10Ial = To = 125 ps. A is the rate of carrier 

generation by current pumping, gIlliw is the net rate of carrier loss due to stimulated 

emission and absorption, and I is the light intensity. We use the values consistent with 

Fig. 3-9: carrier density N = 2 X lOIS cm-3, the total carrier recombination time T1oIal= 

To= 125 ps, a = 3 I'm diameter injected spot size, the injected wavelength 825 nm, and 

g = 100 cm-I
• The VCSEL intracavity power ranges from 40 mW (without injection) 

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

rate, gIlliw, ranges from gIvcsrulfzw = 2.4 x 1026 cm-3 S-I to gIm/liw, = 1.54 X 1027 cm-3 

S-I while the carrier recombination rate is NITo = 1.6 X 102s • This calculation has been 

simplified as in section 2.2.1; the gain in fact saturates slightly with increased Pinj making 

the stimulated loss term slightly smaller than calculated. We see that the steady state 

carrier density is not significantly changed by the injection. In steady state the rate of 

carrier loss is changed by 

(Iinj-IYCSm)g/hw ct 8.0% 
N/-co + IYCSELg/hw 

(3.18) 

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

change in dN/dt that determines ~peak but the significant increase in both stimulated 
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emission and absorption that is relevant. 

Another way to see this is by reexpressing the carrier equation of motion and 

following the development of Sargent, Zhou and Koch [1988]. 

with the non radiative and radiative recombination rates 'YNR and r respectively, the 

carrier Fermi-Dirac distributions fco and fho, the electric-dipole matrix element (p, the 

dipole dephasing time 'Y, the complex Lorentzian S!" and the steady state carrier 

probability difference do = fco + fho - 1. Eq. (3 .19) describes change in the total carrier 

population and may be expanded as 

N(N) !!! N(N ) + (N - N ) tIN 
o 0 dN 

(3.20) 

giving the power-broadened response at the beat frequency [given in Eq.{3.9)] to be 

where gc and gh are the normalized derivatives ex dfc,h/dN, and gch = gc + gh' 

Comparing Eqs. (3.19) and (3.21) we see that the relaxation rates are very similar in 

form. However the net stimulated loss rate [calculated from the gIlliw term in Eq. (3.17)] 

is seen in Eq. (3.19) to be dependent on do (proportional to the material gain). In 

contrast the response at the beat frequency is dependent on geh in Eq.{3.21). These 

values may be compared in Fig. 3-10 which shows fl.do (dashed) and fl.~ (solid) 

as a function of reduced-mass energy. We see that fl.~ ex (df/dN + dfh/dN) peaks 
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at higher energy than the gain curve~do, and shows a rapid change of fc as a function 

of N at the electron quasiequilibrium chemical potential. This is the origin of the 

asymmetric shape in the gain modification spectrum [Sargent et al., 1993]. At the 

veSEL emission energy ~ is greater than do. The dc or steady state population response 

is dependent on do and the response at the beat frequency is similarly dependent on geb' 

therefore response at the beat frequency is power broadened by a significant increase in 

both stimulated emission and stimulated absorption, but the steady state total carrier 

population is only slightly changed. The response may follow small changes in the light 

field more rapidly than allowed for by To, and ~peaIc, dip can be extended well beyond that 

for 'Yo alone by increasing I g"inj I 2. 
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300 

Fig. 3-10 Weighted distribulions W·do (dashed), W'gh (dotted), W·g. (dash-dotted) and W'gth (solid)for bulk 
GtlAs versus the energy above the renormalized band ifwith W = VlJ: N = 2 X 100B, T = 300 K, and 
effective masses m. = 1. 166m and mh = 6. 669m. The gth curve is of high value at the quasi-equilibrium 
chemical potelltial giving the asymmetric shape to the gaill modificatioll. At the approximate VeSEL 
emissioll energy gth > do, allowing a high response rate at the beat frequency a without significantly 
changing the total carrier density. 
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3.2.3 Intermodal Transfer of Gain Modification 

Within the same longitudinal and transverse mode order VCSELs may lase 

simultaneously in two linear, but orthogonally polarized modes at slightly. different 

frequencies [Chung and Lee, 1991; Koyama et al., 1991; Chang-Hasnain et al., 1991]. 

Although these modes are slightly detuned from each other they are coupled through the 

carrier states (discussed below). In order to test the population dependent CET origin 

of asymmetric gain we study the lasing modification produced in two cross-polarized 

VCSEL modes of slightly different frequency when light is injected into only one mode. 

The frequency splitting of the two modes is due to birefringence induced by 

uniaxial material strain [Koyama et al., 1991]. This causes the cavity resonance 

frequency to be slightly different for the two linear polarizations: along the strain and 

perpendicular to it. In the top of the valence band, strain is said to induce mainly a shift 

of the band edge [Bir and Pikus, 1974], which we calculate from the mode frequency 

splitting, ~Vmode = 32 GHz, and the material dispersion, n(A) [Jenkins, 1990], to be a 

reasonable value of ~Eg:::::0.5 meV. Alternatively, we may express the change in the TE 

mode permittivity as [Maciejko et al., 1993] 

A 2 [ ( P 11 + p 12 \ 1 
l.1E,a = -e exx 2 + P441 + eyy PI2J (3.22) 

with the photoelastic constants for GaAs: PH = -0.15; PJ2 = -0.115, and P44 = -0.056, 

and assuming strain in only one direction, exx = du/dx, where u is the displacement in 

the x direction. We calculate the stress O'xx = (A + 2JL)exx + Aezz where JL = 4.86 X 
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1011 dyn/cm2, and A = .4.3 X 1011 dyn/cm2 [Kirby and Selway, 1979] to be Uxx = 1.13 

X 104 Nt p.m2 which is comparable with the 104 to 10-3 NI p.m2 values quoted for strain 

in thin deposited films [Kirby and Selway, 1979]. These simple calculations show that 

the explanation of strain induced birefringence for modal frequency splitting is within 

reasonable material parameters. 

When the injected signal is tuned to induce gain asymmetry in one mode we also 

observe it in the other mode. In Fig. 3-11(a) the thin line shows the cross-polarized 

VCSEL modes centered at "1 and lip = "1 + 31 GHz which are unaffected by the injected 

signal at ,,°inj' If the injection is tuned to within a mode of opposite polarization, no 

asymmetry is observed. When the p-polarized intracavity injection power Pinj = 12 mW 

is tuned to within the p-mode at "inj (medium line), the p-mode spectrum shows gain 

asymmetry as in Fig. 3-8 (mostly the gain dip is seen because the cavity FP effect 

diminishes the peak). However, the s-mode spectrum is also modified, showing the gain 

dip even though there is no injection into the s-mode. In Fig. 3-11(b) the gain 

modification in the s-mode directly follows the tuning of "inj in the p-mode. We note that 

energy from the injection does not appear in the s-mode, therefore the s-mode 

modification is not a copy of the p-mode modification scattered by simple four-wave 

mixing (as in the scattering of the field at "1 to "3 in Fig. 3-2). Instead, both modes 

experience CET due to carrier population pulsations produced in the p-mode. 
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Fig. 3-11 (a) The unmodified VeSEL spectrum with sand pomodes (thinnest line) is modified (medium line) 
by the p-polarized, 12 mW intracavity injection power at PUrr When the injection is increased to 20 mW 
and tuned to Pp (bold line) the spectrum is modified by both the injection and by the new tone at "/It'" (b) 
Gaill modificatioll ill the veSEL s-mode directly follows "In} in the p-mode (spectra are vertically 
compressed and offset). 
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The bold line in Fig. 3-11(a) shows Pinj =20 mW tuned to the center of the p-

mode, "p. The gain enhancement on the low frequency side of "p is sufficient that a new, 

narrow lasing line at "new appears above the original veSEL lasing. The unique point 

here is that the new line also modifies the gain, and two gain dips are seen in the s

mode. This effect is almost totally obscured in the p-mode by Pinj and P new' and the 

ability to observe gain asymmetry in the s-mode with no obscuring injection is required 

to notice it. In this curve if the second dip were a FWM scattering of the first dip then 

is would be similar in frequency scale to the first. However in fact the second 

modification (due to Pnew= 10 mW) is similar in magnitude and frequency scale to that 

produced by Pinj = 12 mW (medium curve) rather than similar to the first modification 

(due to the Pinj =20 mW signal); therefore the second dip is due to asymmetric gain 

modification induced by Pnew rather than FWM. This demonstrates "cascaded 

asymmetry" in which two asymmetry curves occur in the same spectrum, the second 

being produced by the result of the first. The first order theory of Eqs. (3.5) through 

(3.16) is not sufficient to describe cascaded eET and a second order theory expressing 

the saturation of the material response due to the probe (here Pnew) is required. 

We interpret the transfer of gain modification between modes in the following 

way: In GaAs quantum wells, two transitions from the conduction band to the heavy 

hole band are made with circularly polarized light of the states u+ and u. [Zakharchenya 

et at., 1982]. The p-polarized injection and VeSEL p-mode are of the state (u+ + i u.) 

and induce population pulsations in both transitions. The s-mode, of the state (u+ - i u.), 
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is scattered by the fluctuating (1+ and (1. transitions. We note that in the p-mode (Fig. 3-

11) the gain is modified by coherent transfer of both the injected energy and the mode 

energy, so the injection contributes to the gain peak. However in the s-mode only the 

mode energy is redistributed, therefore the gain dip is readily seen, but the gain peak is 

much weaker than in the p-mode. Gain modification in both the s and p-modes with 

injection in only the p-mode is strong evidence that CET is responsible for the 

modification. 

3.2.4 Discussion of Results 

CET has been extensively studied in atomic systems showing Rayleigh gain and 

lasing [WU et a1., 1977; Grandclement et a1., 1987; Khitrova et a1., 1988a, 1988b; 

Argent, 1988]. Laser diode longitudinal modes (75 GHz spacing) have been used to 

observe the periphery of asymmetric gain spectra in semiconductors [Chinn, 1991]. 

However as we see in Figs. 3-7 and 3-8 the gain peak and dip 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) [Saitoh and Mukai, 1991] has shown the peak 

and dip, but Pinj increased with propagation (from = 87 p.W to =4.4 mW). As seen in 

Figs. 3-8 and 3-9 gain asymmetry is spectrally broadened by increased Pinj • Also the 

probe spectrum that is created at a point in the amplifier is then amplified with 

propagation. Therefore the resulting spectrum is a weighted sum of induced spectra with 
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the early, low-Pinj spectra dominant. Therefore evolution of the spectrum with Pinj has 

not been observed until now. Experiments [Chinn, 1991; Saitoh and Mukai, 1991] and 

calculations [Agrawal, 1987; Paul et al., 1990; Sargent et al., 1993] to date have not 

studied the evolution of CET with increased Pinj , therefore they show ~,dip ~ 2 GHz, 

consistent with our A~,dip and determined by the carrier lifetimes, To= 200 ps [Saitoh 

and Mukai, 1991] in InGaAsP and To= 100 to 500 ps in GaAs [Agrawal, 1987; Chinn, 

1991]. Four wave mixing involving I Apeak,dip I greater than a few GHz has been 

attributed to carrier/carrier scattering [Agrawal, 1987; Chinn, 1991], but our observed 

CET is inconsistent with the recently reported scattering time Tcc=50 to 100 fs [Binder 

et al., 1992]. Light intensity that is high enough to create strong power broadening and 

that does not change with propagation allows us to observe the linear dependence of 

3.3 SUMMARY 

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

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. 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 
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interpretation that high intracavity light intensity in the VCSEL greatly increases both 

stimulated emission and absorption, spectrally broadening (or accelerating) the carrier 

density response. Gain asymmetry is observed in a cross-polarized mode of the VCSEL 

at a slightly different frequency without the appearance of the injection in that mode, 

providing strong evidence for the CET origin of the asymmetry. Additionally, "cascaded 

asymmetry" has been observed in which two gain dips appear in the same spectrum, the 

second being produced as a result of the first. 

Gain asymmetry through coherent energy transfer is an example of interesting 

behavior that occurs in a nonlinear gain medium. It can have such anti-intuitive 

consequences as optical gain without population inversion or optical loss in a gain 

medium. The effect is transferred between cross-polarized, detuned laser modes and is 

cascaded. A quantitative understanding of CET and its evolution with injected power 

gives insight into the broadening of the population response through stimulated emission 

and absorption, and is important to a first principles description of semiconductor gain 

media including amplifiers and lasers. 
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CHAPTER FOUR 

COMPLEX BEHAVIORS INDUCED BY STRONG CAVITY EFFECTS 

4.1 INTRODUCflON 

As discussed in Chapter 3 we have studied nonlinear effects in gain media with 

the aid of Fabry-Perot cavity enhancement. However in Chapter 3 cavity effects were 

not strong enough to become an active element in the nonlinear processes (Le. self

consistent equations including cavity behavior were not required to model field/material 

interaction). In fact effort was made to limit cavity effects to enhancement (e.g. 

operating the VCSEL just above threshold), and therefore the broadband behavior of 

Chapter 3 is largely a weighted superposition of the three wave mixing seen in Figs. 3-3 

and 3-4. In contrast, this chapter discusses the case in which cavity effects become 

active in nonlinear processes. The VeSEL is operated sufficiently above threshold that 

gain competition becomes significant. Gain asymmetry and mode competition lead to 

polarization switching between the orthogonal modes introduced in Chapter 3. Strong 

competition also allows the multi-wave mixing of Chapter 3 to develop into complex 

behavior including true many-wave interaction, phase locking and chaos. The 

development of unique emission spatial patterns is discussed in Sec. 4.4 where phase 

singularities known as "field vortices" are observed. In this regime the spectral effects 

of the cavity join the macroscopic field and microscopic material effects to self

consistently define the nonlinear behavior. 

- ------ -----.-.. _-------- -----
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4.2 GAIN ASYMMETRY INDUCED POLARIZATION SWI'ICHING IN A VCSEL 

As discussed in Sec. 3.2.3 VCSELs may lase in two linearly but orthogonally 

polarized modes that are slightly detuned. Polarization switching in edge-emitting laser 

diodes has been modelled [Kawaguchi et al., 1992] and accomplished with current pulses 

[Chen and Liu, 1984]. Switching has also been done using light injection [Sapia et al., 

1987] with T switch = 2 ns, but strong polarization selection in the quantum-well edge

emitting laser required a switching power of 60 p.W to switch 400 p.W of laser power, 

giving a differential gain of =6.7. Koyama et aZ. [1991] have measured the temporal 

stability of the two polarization modes in a VCSEL and found them to be highly stable. 

In a VCSEL the selection of lasing mode is determined by polarization dependent optical 

gain which is induced by material strain [Patel et aZ., 1973; Yu, Liu and LaCourse, 

1990; Pereira et al., 1991]. Bryan et aZ. [1992] found that the dominance of one mode 

may be switched with T switch = 500 ns by electrical current induced heating. 

Another approach to mode switching is to use the gain asymmetry discussed in 

Chapter 3 which induces a spectrally local change in effective gain, and "... in 

semiconductor lasers there are many spectral modes which have approximately the same 

net gain above [threshold]. Small perturbation of the gain curve due to the anomalous 

mode interaction [gain asymmetry] can produce a significant change of the laser output 

like switching of the dominant mode .... II [Bogatov et al., 1975]. Mode dominance in 

VCSELs is stable but only marginally so, therefore we have studied switching of the 

modes through the application of gain asymmetry as suggested above and found high-
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contrast, low-power and high-gain switching through light injection. 

4.2.1 Theory and Experimental Approach 

Polarization switching experiments mentioned above use "field seeding" to select 

a dominant mode in which the threshold gain of a desired mode is reduced by the energy 

supplied by the injected field. As given by Sapia et al. [1987] the threshold gain for the 

p-mode is 

g =gth-~Ph!l.cos4> 
P P L 

P 

(4.1) 

where gth is the no-injection threshold gain; Pp is the no-injection p-mode internal power; 

Pinj is the internal injected power as in Chapter 3, and L is the cavity length. cP is the 

phase detuning between the mode field and the injected field given by 

'" _ • -1 [ 41tnL ( _. '\ ~P )] '¥ - sm -- Vir!! vp' -
c Pir!! 

(4.2) 

where "inj and "p are the optical frequencies of the injected and p-mode fields 

respectively. From Eq. (4.1) we see that if Pinj is large enough relative to Pp, then the 

p-mode threshold can be lowered below that of competing modes. This requirement on 

Pin/Pp means that high differential gain is not available with this approach (gain of 6.7 

was achieved [Sapia et al., 1987]). 

In contrast we may use gain asymmetry to modify the gain spectrum as seen in 
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Chapter 3. In field seeding a field is injected that is copoZarized with the desired p-

mode. Here we inject a field that is copo/arized with the undesired s-mode. The two 

fields interact as in Sec. 3.2. The injected frequency is tuned such that the gain at Va is 

decreased as in Fig. 3-5, and the field intensity of the s-mode is decreased. This allows 

the competing p-mode to take over the gain and become dominant. This seems to be an 

indirect process, but as we see below very high differential optical signal gain may be 

achieved. Additionally the process described suggests that the switching mechanism may 

be bistable, and indeed bistability is observed. In order to gain further understanding of 

the two switching methods we experimentally compared them. 

4.2.2 Experimental Results 

We first studied the use of asymmetric gain for mode switching. The 

experimental set-up is the same as in Fig. 3-6 with the AI2 plate being used to control 

the injected field polarization. The VCSEL was operated well above threshold with an 

output power of PlOt = 597 p.W. The s-mode centered at V. was initially dominant (Fig. 

4-1, thin line) with Pa > 100 x Pp• The cw injected wave, tuned to Vinj = VVCSEL - 5 

GHz, was also s-polarized with an external power of 0.17 p. W. When the injection wave 

entered the VCSEL (Fig. 4-1, bold line) the lasing switched to the p-mode centered at 

vp = V. - 22 GHz and almost completely extinguished the s-mode. 
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Frequency ( 6 GHz/ Div. ) 

Fig. 4-1 The 1I0-illjectioll veSEL emission spectrum (thin line) is s-mode domillont with 597 p. W output 
power. When 0.17 p. W of s-polarized light is injected the lasing switches to the p-mode(bold). 

Switching 597 ,.,. W using 0.17 ,.,. W gives a differential gain of 3,510. This high 

efficiency is due in large part to high cavity and gain enhancement of Pinj that allows very 

low input power switching. In order to test the switching time the injection signal was 

gated with an acousto-optica1 modulator, and switching was found to be limited by the 

gating transition of = 100 ns. The injection frequency was tuned to optimize the 

switching efficiency, and it was found that the bandwidth through which Pinj can be tuned 
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while maintaining low power switching was 4J1inj =:: 3 GHz full width. Therefore it 

would be valuable to try switching with pulses as short as = 0.5 to 1 ns FWHM in order 

to achieve a switching bandwidth of =:: 1 to 2 GHz. 

In order to test the "field seeding" approach a p-polarized injection was used to 

enhance lasing of the VeSEL p-mode. Since the approach does not require a specified 

frequency detuning between the VeSEL lasing and the injection, short injection pulses, 

=:: 10 ps FWHM, were used to accuratelly test the switching time [however we see in 

Eq. (4.2) that seeding efficiency decreases with increased injection detuning]. The 

VeSEL s-mode is seen in Fig. 4-2 showing switch-off in =:: 2 ns and recovery to (1 -

e-I)p. in =:: 7 ns. Much higher peak: power was required in the "field seeding" switching 

than in the gain asymmetry switching. 
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o 
Tim e (5 n sID i v .) 

Fig. 4-2 The veSEL s-mode was switched offill = 2 lIS through "field seedillg" by a = 10 ps p-illjection 
pulse alld recovered ill = 7 lIS. 

4.2.3 Injection Induced Polarization Bistability 

The asymmetric gain switching mechanism described in Sec. 4.1.1 suggests 

testing for polarization bistability. This was done as in Sec. 4.1.2 with an s-polarized, 

cw injection signal tuned to the low frequency side of the VeSEL s-mode. Fig. 4-3 

shows the spectrum of the no-injection VeSEL (thin line) with = 100 p.W output power 

and the s-mode dominantly lasing (a) at ". = lip - 22 GHz. When Pinj was increased to 
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PI == 10 p.W the VeSEL lasing switched (medium line) to the p-mode (b), and with Pz 

== 15 p.W the injection signal phase locked the VeSEL to "inj (c). As Pinj was then 

reduced the VeSEL lasing switched directly to the s-mode (a) without passing through 

the p-mode. 
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Fig. 4-3 As the s-polarized P/IJJ is ill creased the veSEL lasillg switches from (a) the s-mode to (b) the p
mode alld all to (c) the locked mode. As P/IJJ is decreased the lasillg moves directly from state (c) 10 (a). 

The switching behavior is seen schematically in Fig. 4-4 which shows progressive 

switching from state (a) to (b) to (c) with increasing Pinj• Reversing the process Pinj is 

reduced to PI before the state changes directly from (c) to (a) giving bistable behavior 
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in states (b and (c). 

S 
~ 

(a) 

~ 
.~ 

.s 
Pinj (AU) 

~ (b) 
~ 

~ ..... 

j 
Pinj (AU) 

S 
~ 

(c) 

~ ..... 

j 
Pinj (AU) 

Fig. 4-4/mellSities o/the modes ill FigA-3 (a,b,c) are see1l schematically ill (a), (b) alld (c). They challge 
state with P/IfI' alld the p-mode (b) alld the illjection locked mode (c) exhibit bistability. 
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The competition between polarization states in a VCSEL is less controlled than 

in edge-emitting lasers. Therefore if multiwave mixing effects are used to switch modes, 

less switching power is required and much higher differential gain is available. Further 

work is required to determine the actual switching time of the multiwave mixing 

approach. High speed testing of "field seeding" showed a switching time comparable 

with results in edge-emitters, and injection locking was seen to be polarization and 

frequency bistable. 

4.3 THE ROUTE TO INJECTION LOCKING 

In the Sec. 4.1.3 the VCSEL operated well above threshold and Pinj was increased 

to the extent that the VCSEL was injection locked, or coherently locked to the phase of 

the input injection wave, Fig. 4-3(c). In such a highly driven system VCSEL modes 

strongly compete with the injected field for dominance yielding new frequencies that can 

lead to complex behavior. 

4.3.1 Theory of Many-Wave Interaction in an Optical Cavity 

Injection locking is based on mode competition in the laser cavity and requires 

the cavity phase conditions to be included in the set of coupled field and material 

equations. As in Sec. 2.1.3 the field in the cavity (see Fig. 2-2) is a sum of the 

intracavity field and an incident injected field. In Sec. 2.1.3 the intracavity field is 

simply a weighted sum of the incident field with cavity induced phase properties. 
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However in this case. the incident field is independent of the initial lasing field, and Eq. 

(2.7) is modified to be 

E ( -0) - IT q. -Icp"" Q:> -ICP.aa 
tctDl z- - V"1 ~fnj e + ~YCSEL e (4.3) 

Following the theory of Hu and Koch [Boggavarapu et al., 1993] we may evaluate the 

resonant mode and its change in phase and amplitude resulting from one round trip in the 

cavity with gain and obtain the coupled equations for the laser field amplitude, phase and 

the material carrier density 

Acp = Av + IX...£. dg AN - ~ t g:fnjsinAq> 
2n dN 2nL r 

(4.5) 

. N gJ 
N=P----

't 'hc..> 
(4.6) 

where g and K are the intensity gain and cavity loss in units of cm-! respectively; g and 

the linewidth enhancement factor Ol are obtained from the susceptibility x(N) [see Sec. 

2.1.1 and Eq. (3.15)]; x(N) is calculated by numerically inverting the semiconductor 

Bloch equations [Haug and Koch, 1993]; fl.CP = (CPVCSEL - CPinj); fl." = ("vesEL - "inj), and 

the intensity I = I/Z €ocn~. 

Looking for a steady state solution 
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Ilv + «(N) dg IlN = _c_ t g;R,sinll«p 
dN 2nL r .. " 

(4.7) 

we see that if 

(4.8) 

then no steady state solution exists. This leads to the chaotic behavior mentioned in Sec. 

4.1. Between chaos and a fully injection locked state there exist solutions involving 

many-wave interactions that can be calculated from Eqs. (4.4) through (4.6) using the 

fourth order Runge-Kutta method. 

4.3.2 Experimental Results 

In order to observe complex behavior induced by gain competition between 

veSEL modes and the injection field, we use the experimental set-up of Fig. 3-6 with 

the VeSEL output power PVCSEL = 120 p.W and measure the VeSEL emission spectrum. 

A series of measured spectra is seen in Fig. 4-4 (thin lines) where the injection is tuned 

to the high frequency side of the injection, "inj = "veSEL + 3.0 GHz, and Pinj is increased 

in Fig. 4-4 from (a) 1.1 p.W to (b) 2.0 p.W to (c) 7.4 p.W. The series is in good 

agreement with the spectra calculated from Eqs. (4.4) through (4.6) and using the 

parameters L = 1 p.m, n = 3.5, and 1r = 0.003 (thick vertical bars in Fig. 4-4). The 

sub-harmonic frequencies are diminished as "veSEL is slightly pushed to lower frequency 

by the injection. 
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Fig. 4-5 The 120 JL W veSEL spectrum shows lIew frequellcies gellerated alld PVC5EL pushed to lower 
frequellCY as PInJ, at PInJ = PVCSEL + 3 GHz, is illcreased from (a) 1.1 JLW to (b) 2.0 JLW to (c) 7.4 JLw. 
The thi" curves are measured spectra,· the thick vertical bars are calculatio"sfrom Eqs. (4.4)-(4.6). 
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The next series of spectra was measured with the injection on the low frequency 

side of the veSEL lasing, "inj = "veSEL - 4.2 GHz. Here Pinj is increased from (a) 0.2 

p.W to (b) 7.5 p.W to (c) 33.3 p.W. Again the thin curves are measured spectra, and the 

thick vertical bars are calculated from Eqs. (4.4) through (4.6). 

(a) 

(b) 

(c) 

J 1 

v· . IDJ Vvcsel 

Frequency (2 GHz I Div.) 

Fig. 4-6 A series of spectra like Fig. 4-4 with P VCSEL = 200 JLWand PInJ = PVCSEL - 4.2 GHz. PInJ = (a) 
O.2JLW, (b) 7.5 JLWand (c) 33.3 JLw. The VeSEL lasing is replaced by many weak modes. 
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As the injection power is increased PYCSEL is not pushed out from Pinj but is extinguished 

and replaced by many low level frequencies. 

Extending the conditions of Fig. 4-6(c) we set PYCSEL ::::: 200 p.W, Pinj ::::: 70 p.W 

and tune the injection within a range of approximately (PIDIEL - 14 GHz) :::;; Pinj :::;; (PVCSEL 

- 4 GHz). The injection induces a broad, continuous lasing spectrum (20 to 24 GHz 

FWHM) that is suggestive of the chaotic behavior seen in the theory of Hu et al. [1993]. 

Further study of fluctuation statistics or the route to such behavior is necessary to 

determine whether or not it is actually chaotic. 

1N1 veSEL 

1N1 veSEL 
Frequency (6 GHz I Div.) 

Fig. 4-7 200p. W veSEL spectra are modified by the 70 p. W injection to Jonn broad, continuous spectra 
indicative oj chaotic behavior. The injection alld initial veSEL frequencies are indicated, and IIr,} extends 
beyond that showlI ill both curves. 
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4.4 SPATIAL INSTABILITIES AND FIELD DEFECfS 

The theory of transverse modes in simple cavities has been well developed (see 

Hecht and Zajac [1979], Yariv [1989], Siegman [1986] and the references therein). As 

we have discussed so far in Chapters 3 and 4 optical nonlinear gain can induce very 

complex behavior in cavities. Extensive study of spatio-temporal complexities has been 

done by Lugiato et aI. [1988,1990], Coullet et aI. [1989], and good reviews of work to 

date have been given by Abraham and Firth [1990], and Weiss et aI. [1993]. These 

include instabilities induced by feedback and those in ring geometries. Complex 

transverse patterns have been experimentally observed using gas lasers [Hennequin et al., 

1992; White et aI., 1991; Zhang et aI., 1990]. 

VCSELs are uniquely suited for study of transverse patterns because the laser 

cavity is almost always much wider than it is long. The cavity effective length (Lclf = 

LcaJT where T is the mirror transmittance) can be much longer than the cavity width due 

to multiple intracavity round trips. However light interacts with the same cavity volume 

many times before "walking off' to another transverse location in the cavity. Therefore 

high order patterns due to nonlinear effects should be well supported by the cavity. 

Some observation of VCSEL transverse modes has been done [Jewell et aI., 1989] but 

largely in discussion of simple modes and spatial hole burning (saturation of gain). 

Johnston et al. [1968] and Auston [1968] did early work on controlling transverse 

modes in Helium-Neon (He-Ne) lasers by injecting light of a desired mode pattern and 

frequency, and Thmm and Weiss [1990] have done recent work on bistability of mode 
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patterns in He-Ne lasers through the same means. By injecting light into a VCSEL we 

combine the powerful nonlinear gain effects discussed thus far with the VCSEL potential 

for rich transverse patterns. We observe complex transverse patterns that are dependent 

on the frequencies and intensities of the VeSEL lasing and the injected light. 

4.4.1 Theory of Spatial Instabilities 

Following the development of Weiss [1991] spatio-temporal instabilities in 

homogeneously broadened lasers without injection are governed by the set of generalized 

Maxwell-Bloch equations 

aD 
at 

ag- + .!. ag- = 1. «(fg- + .!. al') _ aLP 
c3f) u at 4 ap2 p ap 

ap = -[g'D + (1 + ia.Ac)P] 
at 

(4.9) 

(4.10) 

(4.11) 

where g'(r, z, t), Per, z, t) and D(r, z, t) are slowly varying envelopes of the electric 

field, atomic polarization and population difference. Normalized units are p = ( 7r/LAa 

)1/2r; 11 = z/L; 7=I'lt; Ao is the cavity mode wavelength; 1'1 is the atomic linewidth; a 

is the material gain coefficient; v = c/LI'l; OAC is the difference between the atomic 

resonant frequency and the cavity mode frequency taken in units of 1'1; I' = I'DII'I; I'D 

is the damping rate of D, and No(P, 11) is the unsaturated population inversion. The field 

is expanded in a series of LaGuerre-gaussian mode functions. Eqs. (4.9) through (4.11) 

were numerically integrated (for example [Coullet et al., 1989]) and a singularly 
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interesting solution resulted. The electric field under appropriate conditions forms a field 

defect in which the phase front resembles a spiral stairway. As one follows the phase 

front around a normal field point the phase may vary but no net phase is gained; 

integrating around a defect one gains a multiple of 211". Because the phase is two valued 

at the defect the field amplitude must be equal to zero. Defects usually occur in 

opposing pairs (one gains phase, and one loses phase with circular integration). The 

defects are also temporally dynamic in that they move about in the field: "Recent studies 

suggest that interactions among nodes can lead to a kind of weak turbulence. Any single

optical-mode pattern has its nodes fixed by the cavity geometry, but multimode patterns 

have nodal positions that move ... .if the amplitudes of several different modes are at 

work, the nodes may execute an elaborate dance in the transverse plane." [Abraham and 

Firth, 1990] (see also [Oppo et al., 1990] and [Klische et al., 1989]). 

The theory describing our experimental approach is currently being developed. 

Eqs. (4.9) through (4.11) must be made to reflect semiconductor nonlinear gain, and they 

must be modified to include our injected field. 

4.4.2 Experimental Results 

The experimental set-up of Fig. 3-6 was used to study the near-field pattern of 

the VeSEL by imaging the top mirror surface to an infrared camera. With the VeSEL 

driving current a little above threshold, i = 5.6 rnA, the output transverse mode is 

TEMoo. Increasing the current to i = 10 rnA a sum of the TEMoo and "donut" mode 



(TEMIO + TEMol modes) is emitted as in Fig. 4-8. 

Fig. 4-8 The veSEL lIear-jieid illlellsity pattem with the 
drivillg currelll i = 10 rnA shows a sum of TEM 00, 01, 10 
and 11 modes. 
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The VeSEL emission spectrum seen in Fig. 4-9 was measured with the spectrometer and 

optical multichannel analyzer seen in Fig. 3-6. The emission pattern of Fig. 4-8 is 

composed of a strong "donut" mode (sum of TEMol and TEMIO modes) at the wavelength 

Adoout = 831.7 nm, a weaker TEMoo component at Aoo = 832.15 nm and very weak 

TEMll and TEM12 components at All = 831.25 nm and A = 830.8 nm respectively. We 

began studying spatial instabilities from this basic relationship between spatial mode 

patterns and frequency content. 
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Fig. 4-9 The veSEL emission spectrum with i = 10 rnA shows the TEM 00, 01, 10, 11, and 12 modes. 
(Note the break and rescaling of the vertical scale). 

Our first experiment studied the interaction of only a VeSEL TEMoo mode with 

the TEMoo injection. The injected frequency was about equal to that of the VeSEL 

mode, I'inj = 1'00, and tuned within the TEMoo line of the spectrum in Fig. 4-9. Fig. 4-

lO(a) shows a cross section of the transverse mode of the VeSEL with no injection (thin 

line) and that of the injection alone (bold line). eare was taken to center the two mode 

patterns in order to avoid experimentally introduced asymmetry in the system. When the 

injection was sent into the veSEL the mode cross section was changed to that seen in 

the thin line of Fig. 4-1O(b) with the entire mode pattern seen in Fig. 4-11(a). 
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(a) 

(b) 

Cross Sectional Distance (2 um/Div.) 

Fig. 4-10 Transverse mode cross sectiollsfor (a) the VeSEL alone (thin lille) and the illjectioll alolle (thick) 
are modified whell combilled ill (b). As 1'"" is challged by afew GHz (b)we see the thill alld thick lilies. 

This change in transverse pattern is interesting because both the mode patterns and 

wavelengths of the injection and VeSEL correspond to the TEMoo mode in the cavity. 

One might guess that this is a simple interference pattern, but the frequencies differ by 

1 to 2 GHz and a stable interference pattern would not result. As we changed "inj by a 

few GHz (higher or lower) the profile of the injection alone did not change, but the low 

intensity region of the combined mode moved across the spot [Fig. 4-1l(b)], changing 
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the cross section to that seen in the thick line of Fig. 4-10(b). Since the individual 

profiles are well centered and do not change with Pinj, the modification of the combined 

profile is a result of relative phase between the two fields. 

In order to further test the effect of Pinj on mode pattern we increased the drive 

current to 10 rnA producing the combination mode of Figs. 4-8 and 4-9. By injecting 

on or near the frequency of the TEMoo veSEL mode, Poo, we reproduced the results 

above changing the no-injection mode of Fig. 4-8 to that of Fig. 4-11(a) with injection 

at Poo and that of Fig. 4-11 (b) with slightly detuned injection. 

(a) (b) 

Fig. 4-11 The transverse mode patterns of the VeSEL are modified by injection frequencies (a) and (b) 
tuned near Poo. The curves of Fig. 4-1O(b) are cross sections of the mode patterns shown. 
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When "inj was tuned near "10 the "family" of induced mode patterns was different, as seen 

in Fig. 4-12, and is characterized by the presence of three high intensity lobes rather than 

the two of Figs. 4-11 and 4-10. 

(a) (b) 

Fig. 4-12 TUlli"g P"" "ear POI creates mode patterns characterized by three bright lobes a"d two field 
"odes. The field "odes move i" the trallsverse plalle with tUlli"g of P"". 
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The pattern of increased complexity continued as we tuned Pinj near PH [Fig. 4-13(a), (b) 

and (c)] and near P12 [Fig. 4-13(d)]. 

(a) (b) 

(c) (d) 

Fig. 4-13 Tuning P"" near Pll and P12 generate more complex transverse patterns. Interferometry shows 
that those in (a) through (c) have/our phase dejects in each pattern. 
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Noting that the theory of Sec. 4.4.1 predicts field defects, we better understood 

the transverse patterns of Fig. 4-11 through 4-13: Rather than concentrating on the 

number of bright lobes in the pattern we looked at the pattern nodes. In order to identify 

the nodes as phase singularities we used the interferometric technique used by White et 

al. [1991]. As seen in Fig. 4-14 the experimental set-up of Fig. 3-6 was modified to 

include an interferometer that analyzed the phase of the transverse mode pattern. 

BS 

AOM DYE ARGON 

PA 

F/P ~ 
L2 DET 

PS 

~CAMERA 
0 

SPECTROMETER ~ 
L3 

Fig. 4-14 The experimental set-up of Fig. 3-6 is modified to illclude illleiferometric measuremellt of the 
phase of the trails verse mode pattem. 
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The fringe pattern seen in Fig. 4-15 is produced by interfering the laser emission 

seen in Fig. 4-12(b) with a reference wave obtained from the injection laser as in Fig. 

4-14. It shows two points of fringe bifurcation. Integration of the phase around these 

points results in net gain of 2'1(' radians caused by the vortex shape of the phase front. 

Fig. 4-15 Illteiferellcefrillges resultillgfrom the phase allalysis dOlle ill Fig. 4-14 show two poillls o/frillge 
bifurcatioll illdicatillg vortex-shaped phase sillgularities (fig. is black-white illverted). 

In Figs. 4-11 throught 4-13 and 4-15, the locations of the defect points in the 

transverse plane were dependent on vinj and on Iinj ; as vinj was tuned within a few GHz of 

VOl, or Iinj was changed the defect points moved in the transverse plane. Similar defect 
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points were seen interferometrically in the mode patterns of Figs 4-11 and 4-13. 

4.5 SUMMARY 

In Chapter 3 we discuss the study of semiconductor nonlinear gain without including 

cavity effects such as gain competition and spatial modes. In this chapter we include the cavity 

effects and see gain competition induced polarization switching and bistability. Strong mode 

competition causes temporal instabilities and many-wave mixing which can lead to chaos or to 

injection locking of the lasing mode. 

The unique structure of a VCSEL supports transverse modes well and provides 

opportunity to effectively study complex spatial patterns generated by the interaction of multi

wave fields, the laser cavity modes and material nonlinearities. Study of such patterns has been 

ongoing, but the observation of such in semiconductor lasers and the inclusion of an externally 

generated injection field is new and requires further development of theory. The interaction of 

temporal and spatial effects leads to very complex behavior (as the injection frequency was tuned 

the temporal instabilities discussed in Sees. 4.2 and 4.3 also occurred), and a complete theory 

of all these interactions will not be available soon. However understanding these behaviors will 

provide greater insight into semiconductor nonlinearities and cavity effects. 
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The study of optical nonlinearities is largely motivated by the desire for improved 

light sources and amplifiers in the case of nonlinear gain material, the desire for 

improved light switches and modulators in the case of nonlinear passive material, and in 

general the need for greater understanding of light/matter interaction and complex 

systems. Semiconductor materials have exhibited strong nonlinearities due to the 

saturation of resonantly enhanced bandedge effects, and placing the material inside a 

resonant structure such as an etalon greatly enhances the ability to study and apply optical 

nonlinearities. The theory of passive nonlinearities has been developed to very 

successfully describe the behavior of bulk material and quantum wells, and is now being 

developed to describe strained material as well as one dimensional and zero-dimensional 

structures. The theory of nonlinear gain in semiconductors, by the existence of the gain, 

requires evaluation of complex multi-wave interactions with the material. The behavior 

of different experiments varies widely such as with CET induced gain asymmetry (a 

material and multi-field interaction) or with chaos in VCSELs (a complex process 

involving the material, many light fields and cavity effects). Therefore the development 

of understanding is making "piece-wise" progress in which a specific condition of 

interest is studied using a specific approach. 

The nonlinearities of gain media involve amplification of "stray" fields that would 

be reduced beyond relevance in absorbing media. Therefore the compl~xity of the 
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interaction is continually "fed" by the gain leading to "a-few-wave" or "many-wave" 

interactions. Cavity effects enhance competition that may increase the scattering into 

new frequencies or allow dominance of a single mode giving phase locking. Cavity 

spatial modes lead the above interactions to interesting spatio-temporal behavior such as 

field defects. The results are varied, but a common concept is emerging in which very 

generalized Maxwell-Bloch equations may be used to describe behavior with the material 

described by semiconductor-Bloch equations. Still, present c,?mputation ability requires 

that situation specific approximations are used. 

Therefore is valuable progress being made towards improved devices? In the case 

of passive devices the answer is a marginal "yes." We have discussed low-power high

contrast switching with cycle time limitations and a method of combining etalons to 

reduce cycle time at the expense of system complexity. In the case of active devices the 

answer is a "healthy" yes, with the caveat that the effects of gain can be so varied and 

complex that a great deal of work lies ahead. However since the development of the 

laser, especially the semiconductor laser, optical gain has been continually applied to 

valuable devices as understanding has developed. Understanding of CET is valuable to 

the development of lasers and amplifiers. Phase locking has been applied to narrow band 

lasers and high power laser arrays. Switching of active devices has been studied (for 

example see [Chan et al.,1990], and low power polarization switching may have 

application. The study of optical defects and chaos provides milestones for the 

understanding of underlying nonlinearities (and may supply some needs for random 
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OUtput). Optical nonlinearities can lead to interesting and often anti-intuitive results as 

well as valuable applications. 
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