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ABSTRACT 

Gain spectra are characterized as a function of the well-width in GaAs 

multiple quantum wells with AIGaAs barriers by nanosecond pump-probe 

spectroscopy. The gain bandwidth is larger for the same peak gain in wider well

width multiple quantum wells and is explained qualitatively. The Iinewidth 

broadening factor is calculated from the gain spectra and studied as a material 

parameter. It is shown that the linewidth broadening factor increases with 

wavelength and decreases with carrier density. MBE-grown integrated-mirror etalons 

made from GaAs/AIGaAs. in the 800 nm wavelength region. and GaAlInAs/InAIAs. 

in the 1.3 /lm wavelength region. exhibit lasing by optical pumping. Below threshold. 

the 800 nm integrated-mirror etalon is used for nonlinear switching which. in the 

architecture presented. is capable of extracting a single 10 ps pulse from a pair of 

pulses spaced 40 ps apart. 

Nonlinear optical properties of type II GaAs/AIAs short-period superlattices 

are prpsented and show an apparent high energy shift of the absorption band edge at 

10K and no shift at 77 K as the absorption is saturated. Type I multiple quantum 

well structures of similar dimensions show similar high energy band edge shifts for 

both temperatures. 10K and 77 K due to phase-space filling. In contrast. electrons in 

type II structures reside in the barrier and do not contribute to the chemical potential. 

Transitions in GaAs/AIGaAs coupled-well superlattices show transitions that 

are a function of the center barrier thickness and reveal shorter carrier lifetimes than 

a GaAs quantum well of equal thickness without a center barrier. 



CHAPTER ONE 

GAIN AND L1NEWIDTH BROADENING FACTOR 

IN GaAs AND GaAs/ AIGaAs 

MULTIPLE QUANTUM WELL STRUCTURES 
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The purpose of this chapter is twofold: to study the spectral characteristics 

and the evolution of optical gain from the absorption band edge of bulk GaAs and 

GaAs/AIGaAs multiple quantum well (MQW) structures due to photo-induced carrier 

generation; and to study the critical parameters determining the Iinewidth broadening 

factor in these structures. The gain and Iinewidth broadening factor will be 

discussed sequentially. due to the fact that the gain measurement provides the 

necessary spectral quantities for calculating the Iinewidth broadening factor. 

Gain 

The absorption band edge of a semiconductor such as gallium arsenide (GaAs) 

can be saturated by the generation of carriers within the material. This saturated 

absorption eventually becomes negative for some spectral regions near the band edge. 

This negative absorption can be interpreted as gain. which is necessary for the 

operation of semiconductor lasers. Gain is defined by g(w) = - a(w). where a(w) is 

absorpticlfl per unit length. g(w) is gain per unit length. and w is the radial frequency 

of light. Here a(w) originates from Beer's Law. T(w) = e-Q(w)L. where T(w) is the 
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single-pass spectral intensity transmission of an absorbing material and L is the length 

of the absorbing material. The gain spectrum of a bulk semiconductor differs from 

that of a quantum-confined semiconductor structure. such as a multiple quantum well. 

The difference originates from the staircase d.ensity of states of an idealized MQW 

structure with infinite barriers as compared to the square-root density of states of the 

bulk material [Dingle (1975)]. neglecting excitonic and Coulombic effects. When a 

semiconductor such as GaAs is optically or electrically pumped. carriers are created 

or injected into the material which occupy the density of states. filling the lowest 

energy levels first (bandfilling). The carriers are distributed at high energy by a 

Fermi distribution which is dependent on the temperature of the material and carrier 

density. Fig. l.l illustrates band filling and the bandwidth of gain for bulk GaAs 

versus that for GaAs MQWs. At room-temperature. the MQW with its staircase 

density of states will have a narrower gain spectrum than that of the bulk case whose 

low energy side is more tapered [Burt (1983); Saint-Cricq et af. (1986)]. In this 

simplified picture the spectral dependence of gain is given by [Yariv (1989)], 

(l.l) 

where f c and f v are the Fermi distributions of the conduction and valence bands. 

respectively. and p(w) is the density of states. The Fermi function is the probability 

that an electron state is occupied by an electron which is given by the Fermi-Dirac 

law 
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(a) Density of states of bulk (3D) and an idealized MQW (2-D) with 
infinite barriers. along with a Fermi distribution. fc - fv. representing 
an arbitrary temperature and carrier density; (b) comparison of relative 
gain spectra for 2-D and 3-D cases. 



f(w) = ----'---
e(flw - flwr)/kT + I 
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(1.2) 

The difference fc - fv or - (I - felect. - fhole ) represents the filling of the conduction 

band with electrons and the filling of the valence band with holes necessary for 

population inversion. With increasing carrier concentration. this difference fc - fv. 

shifts to higher energies or band fills. which widens the gain spectrum. If the carrier 

density is large enough to fill the n = 2 exciton e.g. in a IOoA MQW. the gain 

bandwidth is enhanced and the preceding analysis may lose validity [Mittelstein et al. 

(1986)]. However. as the well-width increases. the density of states approaches that of 

bulk. The first section of this chapter encompasses the experimental characterization 

of the spectral gain bandwidth as a function of well size. 

Method for Measuring Gain 

To measure the gain. pump-probe spectroscopy is used in which the light 

beams are colinear and transmitted through the epitaxial layers of the samples. This 

allows the determination of the optical properties of bulk and multiple quantum well 

GaAs/AIGaAs structures for low and high levels of optical pumping. This technique 

is attractive in that the excitation or pump beam cross-section is easily measurable 

and is uniform over the probe beam cross-section. In contrast. measuring 

transmission along the epitaxial layers in a waveguide configuration would incorporate 

coupling losses. multimode effects. and changes in waveguide characteristics due to 

nonlinear index changes. In order to measure the absorption of these structures. 

samples as thin as I /lm (OIL'" I) are grown by molecular beam epitaxy (MBE). To 
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probe the linear (unsaturated) absorption spectrum of a particular material. feedback 

from sample surfaces must be accounted for or simply eliminated. Feedback or 

intensity reflection from an air-GaAs interface at normal incidence is approximately 

(nOaA - n . )2 
30% according to the equation, R = ( S 31r)2 ' where the index, nGaAs = 3.5 and 

nGaAs + nair 
nair - 1.0 in the wavelength range about the band edge. With 30% intensity reflection 

at each interface. a near sinusoidal oscillation appears in the transmission spectrum of 

a thin etalon of uncoated GaAs. This oscillation or Fabry-Perot (FP) pattern is 

present when the surfaces are smooth. flat. and nearly parallel. However. when the 

material absorbs a significant amount of light. the amplitude of the oscillation is 

decreased. In addition. spectrally dependent changes in the index of refraction in the 

material. change the periodicity of the pattern. The transmission of a Fabry-Perot 

interferometer including effects of absorption is given by 

Itcans (w) 

linc(w) 
(I-R)2 

[
exPO:(W)L/2 _ R ]2 + 4Rsin2 [8+ wLt.n(w>] 

expa:(w)L/2 c 

(1.3) 

where Ci(W) is the frequency dependent absorption, L is the total length of the sample, 

R is the intensity reflection coefficient, 8 is the phase. t.n(w) is the change in the 

frequency dependent index of refraction, and c is the speed of light. Given an 

absorption spectrum with Fabry-Perot oscillations, it would be nontrivial to compute 

what the absorption spectrum would be without feedback. Fig. 1.2(a) shows a 50A 

MQW probed both normal to the sample and at Brewster's angle. The situation is 

even worse when gain is introduced into the experiment. because the amplitude of the 

Fabry-Perot oscillations is magnified in the regions where there is gain. 
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(a) Fabry-Perot effects on the linear absorption spectrum of an 
uncoated soA GaAs MQW sample at normal incidence and at 
Brewster's angle; (b) the reflectivity of uncoated GaAs versus angle of 
incidence for both s- and p-polarizations. 
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In order to eliminate the FP oscillations. two methods were used: first. 

broadband anti-reflection (AR) coatings were applied to both front and back surfaces 

of the sample and the probe beam was incident at normal incidence to the sample; 

second. the sample was left uncoated and configured at Brewster's angle. In theory. 

both these methods should suffice in eliminating FP oscillations. however in practice. 

probing an uncoated sample at Brewster's angle suppressed the oscillations most 

effectively. and this method proved to be the quickest. most reproducible. and the 

least expensive. In addition. the AR-coatings were not broadband enough and did not 

provide low enough reflectivity in the high and low energy regions of the gain spectra 

to reduce FP oscillations to compare with the results of the Brewster's angle 

configuration. However. AR-coatings permit higher pumping intensities without 

lasing. Thus results from both configurations are presented. 

Sample Design and Preparation 

Experiments were conducted on a variety of MBE-grown samples: 50A. 76A. 

152A. 200A. 299A MQWs. and bulk GaAs. The 50A MQW was grown at Boeing. 

the 200A MQW was grown at The University of Michigan. and the remaining 

samples were grown at Bell Laboratories. Structure specifications are shown in table 

1.1. 



Well 

width 

soA 

76A 

IS2A 

200A 

299A 

bulk 

Table 1.1 

Well 

number 

80 

63 

100 

SO 

61 

Barrier 

width 

100A 

81A 

I04A 

4sA 

I04A 

AI(x) 

cone. 

0.30 

0.37 

0.33 

0.40 

0.36 

Sample specifications for gain measurements. 

GaAs 

total 

0.4 J.Lm 

0.48J.Lm 

I.S2J.Lm 

1.0 J.Lm 

1.82J.Lm 

2.0SJ.Lm 
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It is necessary to design structures with high concentrations (x) of aluminum in the 

AlxGal_xAs windows and barriers so that they will transmit the pump and probe 

light. This is fairly important with short well-width samples because the GaAs band 

edge approaches the AlxGal_xAs band edge as the GaAs well-width decreases. Thus 

in order to maximize pumping efficiency. the aluminum concentration is kept high 

enough to keep the band edge of the AlxGal_xAs from absorbing the pump. In 

addition. the energy of the pump wavelength is kept away from the MQW band edge 

to allow the maximum achievable gain bandwidth. The GaAs substrates must be 

removed in order to probe the transmission of the thin layered MQW structures. It is 
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necessary to design an AlxGaI_xAs etch stop layer in the structure to allow removal 

of the substrate. Also the samples are designed to have a total thickness of about 

2 Jl.m in order to facilitate handling after removal of the substrate. This is commonly 

done by designing thick AlxGaI_xAs windows. 

After an MQW sample was grown on the GaAs wafer by MBE. a small 

section of the wafer (~4 mm2 ) is cleaved and glued sample-side-down onto a flat. 

one-inch diameter. glass disk with Crystal Bond thermal glue model 509 manufactured 

by Aremco Products. Inc. The wafer is pressed firmly into the glue to make the 

sample as parallel as possible to the glass disk. The substrate is then ground to an 

approximate thickness of 25 Jl.m with 9-Jl.m-grade imperial lapping film made by 3M. 

The remaining GaAs substrate is etched with a mixture of 100 parts by volume of 

30% Hydrogen Peroxide (H20 2) to I part Ammonium Hydroxide (NH4 0H) which has 

10 - 30 etch selectivity for x = 0.3 - 0.8. The thin samples are removed from the 

glass disks by dissolving the glue in an acetone bath. Early samples were glued onto 

washers and AR-coated with a quarter-wave layer of silicon nitride on both sides 

[Chavez-Pirson (1989)]. Later. the samples were mounted differently. Each sample is 

glued onto a thin wire and mounted on a rotation stage so it can be angle-tuned to 

Brewster's angle. 

AR-coated Samples 

The AR-coated samples are not coated well enough to suppress the Fabry

Perot pattern in the transmission spectra. The coatings are also highly non-uniform 

over the surface of the sample. This is due to the 4 mm2 samples being shadowed 
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by the edges of the washers in the coating process and because they are slightly 

curled providing off-normal angles of incidence. It is difficult to measure the true 

gain amongst the Fabry-Perot oscillations in the nonlinear absorption spectra. 

However. in this configuration large gain-bandwidths are obtainable because spot size 

of both pump and probe beams can be minimized. Also. AR-coatings assist in 

reducing surface reflectivity at the pump wavelength. allowing higher levels of 

absorbed pump power and or effectively higher carrier densities within the material. 

Brewster's Angle Samples 

The pump-probe technique is very successful with the uncoated samples 

angle-tuned to Brewster's angle and uncoated samples are more uniform than the AR

coated samples. Extremely low reflectivity is required to probe the gain spectra 

because the Fabry-Perot oscillations become magnified with gain. At room 

temperature. samples are mounted on a rotation stage and angle-tuned to minimize 

Fabry-Perot oscillations in the transmissive region of the absorption spectrum. 

However. there are some disadvantages in probing the samples at Brewster's angle. 

First. the angle is very awkward and is difficult to control. for instance. in a dewar. 

Second. spot sizes are large and elliptical on the surface of the sample. Third. about 

10% of the probe light is polarized perpendicular to the layers. which is not absorbed 

by the heavy hole transition in the linear spectrum [Weiner (1985)]. Fourth. the 

colinear pump is orthogonally polarized and suffers a 70% intensity loss due to 

reflection at the first surface. Finally. lasing occurs perpendicular to the uncoated. 

30% reflecting surfaces. which clamps the carrier density. Yet. using samples that are 
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uncoated and positioned at Brewster's angle provide the lowest reflectivity for the 

probe and Fabry-Perot fringes are almost completely eliminated. 

Experimental Apparatus 

The pump-probe experimental apparatus used to measure gain is shown in 

Fig. 1.3. The pump light originates from a dye laser side-pumped by a A VCO

Everett C-950 pulsed nitrogen laser. An 1800 grooves/mm grating is used as a high 

reflector in the dye laser cavity in order to select the optimal wavelength. Pyridin-2 

laser dye is used and emission is centered at 720 nm so that the pump wavelength 

will be in the absorption band of the GaAs. but not in that of the AIGaAs. Also. 

the wavelength range of interest for these samples is 750 nm to 900 nm which does 

not include the pump wavelength. The pump pulses of the Pyridin-2 dye laser are 

typically 8 ns FWHM. The broad s~ctrum of probe light is derived from the 

fluorescence of various laser dyes. such as Styryl-9M. IR-I44. IR-140. and IR-132 in 

a 100/lm length dye cell which is end-pumped by the pyridin-2 dye laser. The 

Pyridin-2 pump laser light transmitted through the dye cell is eliminated with 4 mm 

of Schott color filter glass. model RG-780. This results in a probe spectrum of up to 

150 nm wide allowing broad absorption spectra to be obtained. 

Brewster's angle for AIGaAs and GaAs is about 74 degrees from the normal 

for this wavelength range. The s- and p-polarized intensity reflection coefficient as a 

function of incident angle is shown in Fig. 1.2(c). The refractive index is dependent 

on the aluminum concentration and the wavelength. but these changes in index do not 

significantly affect the angle-tuning of the sample to Brewster's angle. For example. a 
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Experimental arrangement for gain measurements using pump/probe 
spectroscopy. 
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relatively large 10% index variation changes the Brewster angle by only I degree. In 

addition. the spot size on the sample is considerably larger than the cross-sectional 

spot size. Taking this into account. the probe spot is measured to be about 10 flm x 

40 p.m FWHM and the pump spot is set at 40 p.m x 80 p.m FWHM. The pump and 

probe light are colinear and overlap in space and time. The probe fluorescence is p

polarized by a Glan-Thompson broadband polarizing element with high extinction and 

the pump beam is s-polarized with a polarizing beamsplitter cube. This allows the 

pump light transmitted by the sample to be extracted by another polarizing 

beamsplitter cube downstream. The intensity reflection coefficient is greater than 70% 

for the s-polarized pump beam incident at 74 degrees. but there is sufficient power 

available in the pump source to sacrifice this loss. 

The probe light transmitted through the sample is detected and integrated by 

an EG&G optical multichannel analyzer (OMA) model 1492. equipped with an image-

intensifying detector head EG&G model 1454. This instrument facilitates the 

subtraction of scattered pump light. amplified spontaneous emission (ASE). 

photoluminescence (PL). and stimulated emission from the sample due to high incident 

pump intensities. 

Gain Results 

Results include a 152A MQW sample cooled to liquid helium temperature. 

This sample is not adequately AR-coated and. at normal incidence. fails to suppress 

high levels of amplified spontaneous emission from the sample. This ASE. taken as 

noise becomes quite large at high pumping intensities relative to the weak probe 
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signal. This limits the pump level to about 2 MW /cm2 • Nevertheless this produces a 

35 nm gain bandwidth as shown in Fig. 1.4(a). The linear absorption spectrum of the 

cooled 152A MQW sample exhibits n = I and n = 2 excitons. The Fabry-Perot 

waveform reveals blue shifts in the peaks and valleys with increased pump intensity. 

corresponding to a change in index of the material. This is fundamental to the 

concept of dispersive optical bistability [Gibbs (1985)] and optical switching. which is 

discussed in chapter two. 

At room temperature. the band edge is shifted by about 50 nm and the AR

coating performs slightly better at this wavelength. Larger gain bandwidths are 

evident at room temperature due to broadening of the energy levels. Fig. 1.4(b) shows 

a 80 nm gain bandwidth for the 152A MQW. The 299A MQW and bulk GaAs 

samples exhibit similar nonlinear behavior for high pumping intensities at room 

temperature. No partiCUlar spectral features are distinct within the structure of the 

Fabry-Perot modulation in the gain spectra. Gain bandwidths up to 85 nm are 

achieved in the 299A MQW as shown in Fig. 1.4(c) and similarly for bulk in 

Fig. 1.4(d). The silicon-based detector array does not respond adequately to 

wavelengths longer than 900 nm and thus the measure of gain bandwidth at the long

wavelength or low energy region is out of measurable range and is rather 

questionable for very high pumping intensities. For the 299A MQW the linear 

absorption spectrum contains up to six exciton peaks and the maximum chemical 

potential energy IL (the high energy zero-crossing of absorption) is under the n = 4 

exciton corresponding to 820 nm. 

Fabry-Perot oscillations must be eliminated in order to observe any spectral 

structure in the gain region. Thus the sample is rotated so the probe is incident at 
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Brewster's angle. The resulting spectra in Figs. 1.5(a-d) show no signs of spectral 

structure and the gain bandwidths are reduced due to lower pump intensities on the 

sample. Slight saturation of the heavy-hole exciton is apparent in the linear 

absorption spectra due to non-zero probe intensities and the effect of probing at 

Brewster's angle where 10% of the light is polarized perpendicular to the wells and 

does not get absorbed by the heavy-hole exciton. 

The gain is plotted as a positive quantity as shown in Fig. 1.6(a) for 50A and 

200A MQW samples. The gain bandwidth for the same peak gain tends to be greater 

for greater well-widths as shown in Fig. 1.6(b). This agrees qualitatively with the 

predicted behavior discussed earlier. 

Discussion of Gain Results 

Optical pumping at these intensities does not reveal any structure in the gain 

spectrum. It is thought that if there are any spectral features in the gain spectrum 

near the chemical potential [Ell (1989)]. any nonuniformity in the carrier density or 

pump intensity. will effectively shift the chemical potential. This will then shift the 

maximum absorption over the maximum gain. thus averaging and smoothing the 

resulting gain spectrum. 

Extensive efforts were made to uncover any spectral structure in the gain 

spectra by increasing the uniformity of the carrier density. These efforts include 

cooling the samples to sharpen the transitions and constructing samples with fewer 

quantum wells in order to provide a more uniform pump distribution over the wells. 

Yet this did not reveal any structure in the gain spectrum. but merely reduced the 
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(a) Gain spectra for 50A and 200A MQWs; and (b) the peak gain as a 
function of gain bandwidth for various well-width MQW samples. 
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signal (gain) to noise (remaining Fabry-Perot fringes due to imperfect angle-tuning). 

This also increased the spacing of the fringes which facilitates the identification of 

any sharp features in the spectrum. 

Another effort was made to eliminate the temporal distribution problem of 

hav2ng equal pulse lengths for both pump and probe pulses. This causes the pump 

intensity to be nonuniform in time over the duration of the probe pulse. The 

experiment was modified to a continuous-wave (cw). single-wavelength probe which 

monitors the transmission of the sample before. during. and after the pump pulse 

arrives. Thus the nonlinear dynamics can be observed for one wavelength. The 

probe originates from an argon laser-pumped dye laser tunable over the entire gain 

region of the sample. This probe is modulated by an acousto-optic modulator to 

typically less than I p.s pulse length so as to prevent any thermal effects in the 

sample. The pump originates from the nitrogen-pumped dye laser. The probe is 

detected by a fast 90 ps risetime Antel detector model AR-S5. The actual 

gain/absorption-recovery dynamics are observed in real-time with an oscilloscope. 

However. this information provides only a single data point in the gain spectrum 

corresponding to one wavelength. The wavelength of the cw dye laser was then 

varied. This tedious experiment still does not show any structure in the gain 

spectrum. Details of the experimental apparatus are presented in chapter five. 

The major limitation in studying the gain is believed to be gain saturation due 

to high levels of photoluminescence. ASE. and stimulated emission competing for the 

gain. As soon as the gain exceeds the losses. lasing will clamp any further changes in 

the gain and absorption. In uncoated angle-tuned samples. lasing occurs 

perpendicular to the surfaces in the resonator cieated by the semiconductor-ta-air 
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interfaces. This explains why greater peak gain is achieved in the AR-coated 

samples. Ultimately however. the material exhibits irreversible blackening at 

thresholds of about 50 MW /cm2 in 8 ns pulses or 0.4 J/cm2 • and eventually burns 

through the sample. 

These data are believed to be the first measurements of AO/ over such a wide 

wavelength range and carrier density range. From these measurements. changes in 

index An can be calculated by the well-known Kramers-Kronig transformation [Kittel 

(1986); Haug and Koch (1990)]. 

(1.4) 

where E is the photon energy (E = Ilw). This transformation is accurate if AO/(E) is 

approximately zero at both limits of the integration range El and ~. Thus with 

AO/(E) and An(E) spectra, a calculation of the Iinewidth broadening factor can be 

performed. 

Linewidth Broadening Factor (LBF) 

Semiconductor lasers typically provide laser Iinewidths Av. greater than the 

Schawlow-Townes fundamental Iinewidth AVST [Schawlow (1958)]. by a factor of 

(I +~2) [Henry (1982)] 

(1.5) 



34 

(1.6) 

where Vg is the group velocity of light. hv is the photon energy. g is the gain. nsp is 

the spontaneous emission factor [Arakawa and Yariv (1986)]. O/m is the facet loss. Po 

is the output power. and (3 is the linewidth broadening factor originally derived by 

Lax and Haug [Lax (1967); Haug. Haken (1967)]. The Iinewidth broadening factor {3 

(sometimes known as the Iinewidth enhancement factor) is defined by 

(1.7) 

where XR and XI are the real and imaginary parts of the complex susceptibility and N 

is the carrier density [Osinski. Buus (1987)]. From this. an equivalent expression is 

often used 

(1.8) 

where X is the wavelength. 6.n is the change in refractive index. and 6.g is the change 

in gain per unit length (6.g and 6.0/ are used interchangeably). The measurement of 

6.g(X) for discrete values of N provides a means for calculating 6.n(A) via the 

Kramers-Kronig transformation (1.4) [Henry (1981)]. Thus nonlinear absorption/gain 

spectra for various carrier densities provide sufficient information to calculate the 
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spectral LBF as a function of carrier density. Also the peak gain is observed to shift 

as a function of carrier density and the LBF at the peak gain is usually important for 

semiconductor waveguide laser design. 

The LBF in GaAs lasers has been studied for several years [Osinski. Buus 

(I 987)J. however. GaAs/AIGaAs MQW lasers have been studied mostly theoretically 

[Burt (1984); Arakawa, Yariv (1986); Westbrook. Adams (I987)J and only a few 

experiments have been performed on MQW lasers [Ogasawara et al. (1985); Kesler. 

Harder (1990); Green et al. (1987)]]. The pump-probe experimental results are used 

for the first time to calculate the Iinewidth broadening factor. 

In the past. laser diode structures were used to measure gain spectra by the 

method of Hakki and Paoli [Hakki. Paoli (1975)] which involves calculating the gain 

from the depth of modulation of the Fabry-Perot pattern of the spontaneous emission 

below threshold. The change in refractive index was determined by measuring the 

wavelength shift of Fabry-Perot modes as a function of injection current [Ogasawara 

et al. (1984)]. This method was used with GaAs/AIGaAs MQW laser at 790 nm 

which exhibited a smaller Iinewidth broadening factor compared to its bulk 

counterpart [Ogasawara et al. (I 985)J. and similarly in a InGaAsP/lnP MQW laser at 

1.3/Lm [Green et al. (1987)]. More recently. nonlinear absorption was obtained in a 

GaAs/AIGaAs MQW laser by measuring the spontaneous emission spectra for various 

levels of injected current and calculating the nonlinear absorption spectra and the 

nonlinear refractive index spectra [Henry et al. (I 981)J. then calculating the LBF from 

the ratio [Kesler. Harder (I 990)J. This method assumes the spontaneous emission 

(photoluminescence) to be independent of contributions from impurities. dopants. or 

other luminescent sources in the laser diode structure. However. in the pump-probe 
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experiment. the nonlinear absorption/gain spectra are measured directly. This 

technique allows sampling of a uniform carrier density distribution and broad gain 

spectra to be obtained for high levels of carder densities. In addition. this technique 

avoids thermal effects [Ito. Kimura (1980)] and waveguide effects [Furuya, (1985)] 

encountered in experiments using laser diodes. Thus a fundamental study of the 

material properties of the LBF can be made as a function of photon energy and 

carrier density. 

Linewidth Broadening Factor Results 

Results show a lower LBF for higher carrier densities and shorter wavelengths 

similar to the results obtained in calculations performed by Arakawa and Yariv 

[Arakawa, Yariv (1985)]. Fig. 1.7(a) shows the change in absorption spectra 

extrapolated at the short and long wavelength regions using an exponential function 

and Fig. 1.7(b) shows the corresponding change in index spectra for a 76A MQW. 

Figs. 1.8(a, b) show a spectrum of the LBF as a function of wavelength and various 

carrier densities for a 76A and a 200A MQW. The LBF spectra does not change 

significantly with carrier densities that are high enough to achieve gain. Since diode 

lasers with closely spaced longitudinal mode spacings (waveguides with length greater 

than 100 /lm) lase at the spectral gain peak. the peak gain wavelength usually 

determines the LBF. As shown from the previous studies of gain spectra. the peak 

gain wavelength shifts to shorter wavelengths as the carrier density is increased. 

Figures 1.8(c.d) show gain spectra for the 76A and 200A MQW samples for the same 

carrier densities and on the same wavelength scale. Accurate determination of peak 
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Fig. J.7 (a) Change in absorption spectra for a 76A MQW and 
(b) corresponding change in index spectra. 
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gain wavelengths relies on the ability to reduce any FP effects in the gain spectrum. 

This is crucial in the larger well-width MOWs and bulk GaAs because of the 

relatively flat gain spectral profile. Hence comparison of LBF between bulk GaAs 

and various MOWs is difficult due to the uncertainty in determining the peak gain 

wavelength. 

At low carrier densities. the peak gain wavelength is located on a very steep 

slope of the spectral LBF. This is a reasonable observation because the change in 

absorption spectra is small at the peak gain wavelength. resulting in a large LBF. As 

the carrier density is increased and the peak gain wavelength shifts under the 

unsaturated excitonic position. the LBF decreases as a result of a large t.g(A). In a 

laser structure. the threshold is determined by the cavity losses. where gain equals the 

cavity losses. Thus as the carrier density is increased. it will clamp at the threshold 

of lasing. This is known as gain saturation. Above threshold. the gain and 

absorption spectra do not change with increased optical pumping. Consequently. the 

LBF also experiences clamping at threshold. Thus. the cavity losses ultimately 

determine the value of LBF for a laser. 

Gain measurements made by [Weber et al. (1988)] via pump-probe contain a 

significant FP pattern. not present in the Brewster angle experiments. However. gain 

studied with picosecond pulses provided comparable results for MOWs at 77 K 

[Shank et at. (1983); Shank and Fork (1982)]. but are not spectrally as broad. 

Although not via pump-probe. the calculations based on spontaneous emission spectra 

measurements result in similar LBF spectra [Kesler and Harder (1990)]. However. the 

integrity of the linear absorption spectrum of Kesler and Harder is questionable. 

There is a curious 50 nm spacing between n = I and n = 2 excitons for an 80A single 
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quantum well in contradiction with similar samples of similar well-widths. For 

example. Fig. 1.9 shows an ... I to n = 2 spacing of 70 - 100 nm for 100A and 66A 

well-width samples. 

As a final note. the LBF does not solely determine the linewidth of a laser. 

The Schawlow-Townes Iinewidth t.vST (1.6) also determines the resultant linewidth. 

The results presented here are restricted to the study of the LBF only. 

In conclusion. the spectral results presented here on the gain. index. and 

linewidth broadening factor are of the broadest obtained via the direct pump-probe 

measurement technique. This technique provides a more direct method for measuring 

changes in absorption and gain which leads to a better understanding of the 

parameters affecting the LBF. Experiments show a spectral dispersive nature of the 

LBF and the threshold of the particular laser structure under test clamps any further 

increase in carrier density which. consequently. clamps the LBF. Thus the LBF for 

each laser structure is dependent on the threshold of that specific laser. The LBF for 

waveguide laser diodes is determined at the peak gain wavelength. However. lasers 

with an external cavity and a wavelength selection element providing tunability could 

access lower values of the LBF. Similarly. vertical cavity surface-emitting lasers 

(cavity lengths ranging from I /lm to 10 /lm) have a single cavity resonance 

wavelength which is independent of the peak gain wavelength. When the cavity 

resonance wavelength is on the short wavelength side of the gain spectrum. the LBF 

will be decreased. Wavelength tunability in this type of structure is explained in 

chapter two. 
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Linear absorption spectra for various well-width MQW samples 
including a 2 pm bulk GaAs sample. Spectra are offset in the vertical 
axis only for visual aid. The 37 A sample is a short-period 
superlattice discussed in chapter three. 
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CHAPTER TWO 

GaAs NONLINEAR FABRY-PEROT ETALONS USED FOR SWITCHING, 

AND MBE-QROWN OPTICALLY-PUMPED SURFACE-EMITTING LASERS 

IN THE 800 om AND 1.3 pm WAVELENGTH REGIONS 

In contrast to the attempt to eliminate FP interference effects in chapter one. it 

is desirable for certain applications. to enhance the feedback in order to increase the 

optical field inside the cavity. An optical cavity or etalon is formed when two 

mirrors are plane and parallel to each other. The etalon transmission spectrum in 

Eq. (1.3) exhibits periodic maxima at c/2nL in frequency. where c is the speed of 

light. n is the index of the spacer material between the mirrors. and L is the actual 

length of the spacer material. When nonlinearly absorptive material is used in the 

spacer. optical switching can be performed in which a strong pump laser causes the 

etalon transmission peak to shift due to carrier-induced index changes. If the pump 

laser is strong enough. the absorption of the nonlinear material becomes negative and 

results in optical gain. With gain in an optical cavity. lasing results if the gain 

exceeds the cavity losses. Thus cavities form the basis for various applications. The 

purpose of this chapter is to use low carrier density dispersive effects in nonlinear FP 

etalons in a switching application and the gain at higher carrier densities to construct 

surface-emitting lasers or microcavity lasers. 

In order to form a monolithic cavity that is compact and rugged. it is 

desirable to attach mirrors directly on the spacer material. This is achieved by 
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growing a multilayer quarter-wave stack high-reflecting (HR) mirror with 

semiconductor materials by MBE. The construction of a multilayer high reflector is 

performed by stacking quarter-wave thicknesses of alternating high and low index 

materials in order to enhance the reflectivity of the material by multiple-beam 

interference [Macleod (1986); Chuang (1991)]. The difference between high and low 

indices determines the spectral bandwidth of the high reflective region. Broad 

spectral bandwidths are a result of large index differences. as in the case of GaAs 

and AlAs whose difference is ~O.6. Increasing the number of periods of alternating 

materials increases the peak reflectivity. but has little effect on the bandwidth. The 

optical spacer length nL is designed to be mXo/2 where m is an integer. n is the 

index. L is the actual length. and Xo is the design or resonance wavelength. such that 

the transmission maxima or reflection minima (Fabry-Perot etalon resonances) are 

separated by a longitudinal mode spacing ~X .. X2/2nL where X is wavelength. The 

spacer length varies across the wafer due to nonuniform growth which varies the 

spectral position of the resonances. The remaining chapters refer to samples grown 

by G. Khitrova at The University of Arizona in a Riber 32P molecular beam epitaxy 

machine with four elements: indium. aluminum. gallium. and arsenide. Thickness of 

layers is measured with reflection high-energy electron diffraction (RHEED) 

oscillations. Substrates are two-inch diameter. semi-insulated. GaAs or InP wafers 

obtained from Sumitomo Corporation. One-quarter wafers are attached in the 

machine with indium solder and can be rotated during the growth process in order to 

maximize uniformity. 

The design for a multilayer structure made of GaAs and AlAs and its 

transmission spectrum are shown in Figs. 2.l(a. b) [Chavez-Pirson (1989)]. The 
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with the GaAs substrate removed. GaAs absorption bandedge at 
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absorption bandedge of GaAs at 870 nm affects the interference such that the 

resonances disappear. Resonance tuning is achieved by translating the wafer and 

focussing on various locations. This resonance tunability allows variable detuning 

from the bandedge of the absorbing spacer material for performance optimization in 

nonlinear switching experiments. These multilayer MBE-grown structures are 

referred to as FP etalons or integrated-mirror etalons (IME) which are designed for 

optical switching purposes. When lasing is induced perpendicular to the layers. they 

are referred to as surface-emitting lasers (SEL). 

Pulse Extraction Experiment 

The purpose for this nonlinear switching experiment is to extract a single 

pulse out of a pair of pulses using FP etaIons with GaAs as the nonlinear spacer 

material [Lowry et al. (1990)]. The pump beam has a wavelength within the 

absorption band of the GaAs spacer (825 nm) and the probe beam wavelength 

(877 nm) is longer than that of the absorption bandedge of the GaAs and shorter than 

that of a Fabry-Perot resonance [for a review. see Gibbs (1985)]. When a pump 

pulse arrives at the sample. there is a carrier-induced decrease in index. This shifts 

the resonance to shorter wavelength in coincidence with the probe wavelength. thereby 

increasing the transmission of the probe beam. A single GaAs etalon has a sub

picosecond turn-on time (carrier-induced change in index). however. the recovery of 

the etalon can take several nanoseconds (chapter five studies recovery times in detail). 

The following experiment demonstrates a pctential demuItiplexing scheme utilizing the 

structure in Fig. 2.l(a). Two GaAs etalons. each having a 30 ns recovery time. are 
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connected in series to provide a combined fast turn-on time and a fast turn-off time. 

Both pump and probe pulsewidths are estimated to be IO ps. The states of the system 

are shown in Fig. 2.2(a) along with the timing scheme Fig. 2.2(b). In the initial state. 

both FP etaIons are reflecting. During the extraction operation. the first FP etalon is 

pumped and the first probe pulse is transmitted. then reflected from the second FP 

etalon. Finally. the second etalon is pumped 40 ps later and the second probe pulse is 

transmitted through both etalons. The result is an extraction of a single probe pulse 

from a pair spaced 40 ps apart. 

The actual experimental setup in Fig. 2.3(a) is slightly modified from 

Fig. 2.2(a) but is effectively the same. The pump and probe beams are derived from 

a Spectra-Physics series 3000 externally frequency-doubled modelocked YAG laser at 

532 nm pumping two individual. sync-pumped. Styryl-9M dye lasers. A Spectra

Physics model 375/344 dye laser with cavity-dumper is used for the nonlinear pump 

beam incident on the sample. Another Spectra-Physics model 375 dye laser serves as 

the probe beam and it is synchronized to the 82 MHz modelocking frequency of the 

Y AG laser. The ~ lOps probe pulses are spaced several nanoseconds apart. but by 

beamsplitting. delaying and recombining. two probe pulses can be spaced 40 ps apart. 

simulating a 25 GHz rate. 

The resulting contrast (ratio of extracted pulse to rejected pulse) as shown in 

Fig. 2.3(b) is 2.2. with 60 pJ/FP switching energy and a 40 ps extraction window. 

This contrast could be improved by minimizing the pulse lengths of both pump and 

probe pulses and designing a better sample. The dye lasers were just above threshold 

which could be improved with greater 532 nm power. In addition. the sample 

mirrors absorb the pump before it reaches the spacer region. affecting both the index 
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(a) Pulse extraction system: initially. both FP etalons are reflecting; 
during the extraction operation. the first FP etalon is pumped and the 
first probe pulse is transmitted. then reflected from the second FP 
etalon', finally. the second etalon is pumped 40 ps later and the second 
probe pulse is transmitted through both eta Ions; (b) the timing scheme 
of the system. 
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of the mirrors and decreasing the pump power absorbed by the nonlinear spacer 

material. Thus. this exhibits a demultiplexing scheme using nonlinear switching 

etaIons to extract a single 10 ps pulse from a pair of 10 ps pulses spaced 40 ps apart. 

Surface-Emitting Lasers (SEL) 

With the study of FP structures grown by MBE. it is only natural to link this 

effort with the field of surface-emitting lasers or vertical-cavity SELs. After all. a 

passive FP etaIon is a laser cavity if the spacer material within exhibits gain. Gain 

can be induced via optical pumping as demonstrated in chapter one. Since the first 

InGaAsP/lnP surface-emitting laser diode in 1979 [Iga et al (1979)] and an opticaIly

pumped SEL in early 1979 [Passner et al (1930)]. SELs have become very popular 

[Gourley and Drummond (1986); Iga et at. (1988); Corzine et al. (1989); Lee et al. 

(1990); Tai et al. (1990); Deppe et al. (1990)]. Some of the technological problems 

today are applying the electrical current efficiently and providing lateral confinement 

of light and current. Additionally. SELs provide a novel structure to study micro

cavity enhanced and inhibited spontaneous emission [Haroche and Kleppner (1989); 

Yablonovitch (1987); De Martini and Jacobovitz (1988)]. The following section 

describes techniques used to characterize the optical properties of optically-pumped 

SELs recently grown by MBE. The techniques presented determine sample uniformity 

and spectral location of the active region gain. 

At high optical pump intensities. various portions of the FP sample used in 

the nonlinear switching experiment discussed earlier in Fig. 2.1(a) exhibit single 

longitudinal mode lasing in the range 860 to 865 nm. This demonstrates tunability 
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across 5 nun of sample. This was possible with the nitrogen-pumped dye laser with 

sufficient energy to induce gain in the spacer or active region. Since the GaAs in the 

mirrors absorb the pump wavelength. new samples are designed to transmit the pump 

beam. The mirrors of these samples are made out of AlxGal_xAs (x - .2) and AlAs 

alloys. These samples are initially probed with a broadband source in Cary 2415 

spectrometer made by Varian. for their reflectance spectra [Rana (1990)]. This 

supplies information on how the sample behaves as a integrated structure. It is not so 

simple to characterize the optical properties of the individual components of the 

sample (e.g. each reflector and the spacer material). It is possible to model the sample 

reflection or transmission spectra by computer with or without absorption included 

[Chuang (1991)]. This attempts to account for systematic deviations from the design 

thicknesses and indices typically encountered in the MBE growth process. This 

approach is performed by trial and error in attempting to fit the measured reflectance 

spectrum to a simulated reflectance spectrum. A dip in the reflectance spectrum 

corresponds to a peak in the transmission spectrum. However. the linear absorption 

from the spacer material will reduce the depth of this resonance. Care must be taken 

to probe a small area of the sample because of sample non-uniformity. yet steep cone 

angles also reduce the resolution of the measurement. The Cary 2415 spectrometer 

light source provides small angles of incidence but focuses to a spot size of several 

millimeters in diameter which adversely affects the measurement resolution. 

Alternatively. a wavelength-tunable probe laser can be used where the sample is 

located at the focus or waist and if the Rayleigh length is greater than the sample 

thickness. then the angle of incidence is close to zero based on gaussian beam 

propagation behavior [Yariv (1989)]. In applying this technique. the wavelength can 
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then be tuned and the reflectance spectrum is recorded. This method can become 

quite tedious when the entire sample area must be characterized. 

The samples are typically non-uniform such that a map must be constructed 

to determine the location of the spectral resonance of the FP. Assuming gain can be 

induced at the FP resonance wavelength. the resonance can be much more easily 

located by optically pumping the sample and monitoring the stimulated emission with 

an OMA. This can be done in a transmission mode (substrate removed) or a 

reflection mode (sample is still on the substrate). In the transmission mode. the SEL 

emission is detected on the opposite side of the sample that the pump laser enters. In 

the reflection mode. the SEL emission is detected on the same side that the pump 

beam enters. The SEL emission can then be separated from the pump beam with a 

suitable beamsplitter. The reflection mode is preferred because the entire wafer can 

be characterized and left intact. The strong reflected pump laser signal must be 

rejected by sharp edge-filters so that only the SEL light is observed. Analysis is 

performed by imaging SEL output onto a CCD camera and an OMA for real-time 

spectral analysis. Fig. 2.4(a) exhibits the wavelength tuning range possible over the 

entire span of the wafer. This sample has an active layer with an optical thickness 

of about 3A of GaAs and is designed for 870 nm with high reflector stacks grown on 

either side. A map of the SEL wavelengths on the sample is illustrated in Fig. 2.4(b). 

Threshold for the longer wavelength emission is lower than that at shorter wavelength 

because the gain originates at the 870 nm bandedge of the GaAs and shifts to shorter 

wavelength with increased carrier density (discussed in chapter one). The laser 

emission spectrum is single longitudinal mode. but for some alignments and pump 

intensities the spectrum appears broad and unstable. This is probably due to 
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transverse mode instabilities and lack of sufficient lateral gain-guiding by the pump 

spot size. With the fabrication of 5 /lm diameter pixels etched out of the top mirror. 

lasing is achieved with less transverse instabilities due to lateral confinement [Chuang 

(1991)]. If the pump beam is expanded. laser emission can be observed from 

individual pixellated SELs spaced 20 /lm apart. 

Optically-Pumped Waveguide Lasing 

In the characterization of SELs. it is impOrtant to locate the spectral position 

of the gain of the active material. The high-reflecting multilayer stacks make it 

difficult to characterize the optical properties of the active material in the spacer 

region. A simple linear transmission spectrum perpendicular to the sample does not 

reveal the location of the absorption bandedge of the active region. As discussed 

earlier. the FP resonance depth will be affected by both spacer absorption. mirror 

reflectivity. and measurement resolution. In order to locate the bandedge of the active 

material. various techniques can be applied which eliminate the effects of the HR 

stacks: the waveguide transmission technique; the edge-emitting photoluminescence 

technique; or the waveguide lasing technique. 

The waveguide transmission technique [Weiner et al. (1985)] measures the 

linear TE and TM tran:;mission of a single quantum well waveguide by probing the 

sample along the plane of the layers with a broadband probe or a tunable laser 

source. Fig. 2.5 shows the absorption spectrum of a lOoA SQW waveguide for probe 

polarizations parallel (TE) and perpendicular (TM) to the layers. For TM polarization. 

the heavy-hole exciton is not present in the absorption spectrum due to dipole 
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selection rules [Weiner et al. (1985); Weisbuch (1987)]. For TE polarization. both 

heavy- and light-hole excitons are present. identical to the case in which the probe is 

incident normal to the sample. This method can be employed to locate the spectral 

location of the active material absorption bandedge but is rather difficult to align. 

Instead edge-emitting photoluminescence and optically-induced waveguide lasing are 

the preferred methods of locating the bandedge and peak. gain. 

Room-temperature edge-emitting photoluminescence can be obtained from the 

sample in the plane of the layers which is spectrally located at the bandedge. 

However. at room-temperature. PL is spectrally broad compared to the sharp spectrum 

from optically-induced lasing along the plane of the layers. which occurs near the 

bandedge also. Optically-induced lasing provides a larger signal than the PL signal. 

and it is easier to view on a camera and to collect for spectral analysis with an 

OMA. Room-temperature PL peaks at the same spectral position as laser emission 

along the plane of the layers. Optically-induced laser oscillation in the plane of the 

layers in MBE-grown materials is not new [Miller et al. (1976)]. Sample preparation 

for waveguide lasing is fairly simple. The sample substrate is first ground to about 

100 /.Lm thickness facilitating the cleaving of the sample edges to produce an optical 

cavity length of roughly 200 /.Lm. The uncoated cleaved ends of the sample provide a 

reflectivity great enough to form an optical cavity. The pump source is a nitrogen

pumped dye laser with several watts of peak power which is incident on the sample 

perpendicular to the layers. The pump spot size i:; adjusted to cover the length of the 

optical cavity. The lasing in the plane of the layers is imaged onto a camera and into 

the OMA simultaneously for real-time analysis. Fig. 2.6(a) shows a IX optical 

thickness 100A GaAs MQW SEL sample lasing in the plane of the layers. This 
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provides the spectral location of peak gain independent of any HR stacks on top and 

bottom of the spacer. Fig. 2.6(b) shows the same sample lasing perpendicular to the 

layers, indicating the spectral location of the FP resonance. On this spot of the 

sample, the FP resonance was not optimally located at the peak gain wavelength. The 

SEL threshold is high since a high carrier density is required to fill the band and 

achieve gain at the FP resonance. 

Lasing of a 1.3 /Lm GaAlInAs/AlInAs Integrated-Mirror Etalon 

Using various compositions of GaAlInAs/AlInAs alloys, an integrated-mirror 

etalon at the 1.3 p.m wavelength region. originally for optical switching experiments. 

was grown by MBE on InP [Khitrova et al. (1991)]. This sample revealed lasing 

perpendicular to the layers when optically pumped from the edge. Figs. 2.7(a. b) show 

a scanning electron micrograph of a cleaved and etched multilayer-stack sample used 

for this experiment [Chuang (1991)] and the linear transmission measured with the 

Cary 2415 spectrometer [Rana (1990)]. Since the silicon-based OMA has no response 

at 1.3 p.m. an InGaAsP-based Hamamatsu camera model C3283 with wavelength 

response up to 1.5 /lm is used to monitor SEL output at 1.3 p.m. The multilayer 

mirror material has an absorption edge at about 1.25 p.m. making optical pumping 

through the mirror impractical (a tunable pump source near 1.3 p.m was not 

available). However. pumping into the edge of an IME sample along the plane of the 

layers with a 740 nm. nitrogen-pumped dye laser produces surface-emiHing lasing. 

The top of the SEL is imaged onto the camera and several miniature SELs could be 

observed on the sample. An OMA detector that responds to 1.3 p.m was not available 
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to provide spectral analysis of the sa. The scattered pump light can be completely 

eliminated with several Schott RG-850 filters. Also a polished. lOO-period. 90A 

MQW of GaAlInAs on InP is used as an additional absorbing filter which transmits 

the SEL output to the camera. Fig. 2.8 shows the absorption spectrum of the MQW 

filter which has a bandedge at 1.33 /lm [Rana (1990)]. Further evidence showing that 

the sample is lasing is observed in the far-field output pattern (defocusing the imaging 

lens). The pattern is circular but appears to undulate slowly. These are probably 

transverse instabilities which is not surprising because the pump volume far exceeds 

the sa mode volume. thereby not providing any lateral gain-guiding. Pixellation 

would help the lateral confinement in this instance. 

In conclusion. optically-induced lasing perpendicular to the layers determines 

the spectral resonance of the lME or SEL. However. edge-emitting photoluminesence 

combined with optically-induced lasing parallel to the layers characterize the spectral 

location of the active region absorption band edge and gain in the SEL. 
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The short-period superlattice (SPS) differs from a mUltiple quantum well 

which is studied in chapter one. SPSs are typically constructed with GaAs wells and 

AlAs barriers. where the well thickness is 35A or less [Ihm (1987)]. SPS's or type II 

structures are described by the number of atomic monolayers in the well and the 

barrier. Atomic monolayer thickness is about 2.83A for these materials. An SPS 

with 10 monolayers of GaAs and 20 monolayers of AlAs will be referred to as a 

(10. 20) SPS sample. Fig. 3.I(a) shows a map of the type I and type II regions as a 

function of well thickness and barrier thickness. Decreasing the well-width of GaAs 

forces the allowed energy levels to increase to higher energy. AlxGa._xAs material is 

indirect in k-space. when the aluminum concentration x > 0.45. When x "" I. as is 

the case for AlAs. an allowed energy level in the AlAs barrier is formed which can 

be lower in energy than the lowest allowed energy level in the GaAs well as shown 

in Fig. 3.I(b). This forms the basis for the indirect or type II transition (X - r) in 

which the electron resides in the barrier and the holes remain in the well. By 

contrast. the direct or type I transition (r - r) involves both electron and holes being 

confined to the wells. The purpose of this chapter is to characterize the 

photoluminescence spectra and broadening mechanisms in the linear absorption 
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spectrum of type II structures and to compare nonlinear absorption spectra for two 

different temperatures in both type I and II structures with similar dimensions. 

Photoluminescence (PL) Spectra 

The photoluminescence spectrum determines whether a sample is type I or 

type II. The type II SPS has a indirect transition of lower energy than the direct 

transition since the allowed state in the AlAs barrier is lower than that in the GaAs 

well. When this structure is optically pumped into the absorbing region. the electrons 

cool into the AlAs barrier. which is k~own as r - X intervalley scattering. in less 

than I ps [Feldmann et al. (1989); Saeta et al. (1989)]. Eventually the electrons in the 

AlAs. recombine with holes in the GaAs. The resulting radiative recombination is 

photoluminescence which emits at longer wavelengths (X - r) than the absorption edge 

of the sample (r - r) [for a review see Wilson (1988)]. Fig. 3.2 shows a (I I. 29) SPS 

sample with the absorption and photoluminescence due to indirect radiative 

recombination. As the pump intensity is increased to about 50 W /cm2• direct 

photoluminescence begins in the spectral vicinity of the band edge. With greater 

pump intensities. the direct PL becomes greater in magnitUde than the indirect PL 

signal. At this point the PL is mostly due to the direct transition and the indirect PL 

is effectively saturated. The difference between type I and II structures is that the 

r - X PL only shows up in type II structures. This is sufficient in determining 

whether a sample is type I or type II. 

An additional property of type II structures is that indirect PL seems to last 

much longer than that of the direct [Finkman et af. (1987)]. A time-resolved 
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photoluminescence experiment is shown in Fig. 3.3(a) in which a (I I. 29) SPS sample. 

cooled to 10K. was pumped with a 5 ns nitrogen-pumped dye laser at 590 nm. 

Photon-counting detection with a monochromator is performed with a 5 ns gate-width. 

and the indirect PL is fit to an exponential decay which results in a lie decay of 

about 50 ns as shown in Fig. 3.3(b). By comparison. the direct PL (f - r) follows the 

5 ns pump pulse in time which is the maximum temporal resolution of the system. 

Broadening Mechanisms in Short Well-Width Structures 

In order to analyze broadening mechanisms in a two-dimensional (2D) 

structure. an expression for the linear absorption spectrum must be used. In 2D 

structures. Coulomb interaction causes exciton peaks below the band edge and an 

enhancement in the absorption continuum near the band edge. This is derived from 

the interband polarization which results in a Wannier equation that is solved for 

bound states below the bandgap (excitons) and above the bandgap (ionization 

continuum) with the assumption that the Bohr radius for the excitons is considerably 

larger than the lattice constant (Wannier excitons) [Haug and Koch. (1990)]. From the 

polarization. the optical susceptibility and absorption spectrum of the material are 

determined. The exciton binding energy Ej • and the oscillator strength is larger in 2D 

structures than it is in 3D structures. This makes the excitons more pronounced in a 

100A GaAs MQW compared to the exciton in bulk GaAs as shown in Fig. 1.9. The 

excitonic features for each individual layer. have a homogeneous Iinewidth due to 

phonon broadening and at liquid helium temperatures. the homogenous Iinewidth is 

reduced. However. as the well-width of the layers is decreased. well-width 
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fluctuations due to imperfect growth. cause an increasingly significant inhomogeneous 

broadening in the exciton Iinewidth. This is because the energy of an exciton is 

proportional to 11Lz2. where I..z is the well-width. which makes the inhomogeneous 

broadening sensitive to the ratio t.1...z1Lz. These two broadening mechanisms are 

discussed in the following analysis. 

'Ibe linear absorption spectrum for a two-dimensional structure (SPS or 

MQW) follows the density of states staircase shape. With the inclusion of Coulomb 

interactions. the linear absorption spectrum for the first step is characterized by a 

series of excitonic peaks below the band edge and an ionization continuum above the 

band edge. This is expressed by the modified 2D Elliot formula [Haug and Koch. 

(1990)]. 

(3.1) 

where i is the index of the Rydberg series. w is the angular frequency. Eo is the 

(Ilw-EQ ). h d' d 8' h H "d f t' Rydberg energy. t. = E IS t e scaled etunmg. an IS t e eavlsl e unc IOn. 
o 

The exciton Rydberg energy Eo is 

(3.2) 

where /l is the reduced mass of the electron-hole pair. 



and the Bohr radius ao is 

The binding energy for the exciton series is 

I .... 

The 2D free-carrier linear absorption coefficient 0/020 is given by 

I 
ao

2Lz 
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(3.3) 

(3.4) 

(3.5) 

(3.6) 

where Idcv 12 is the dipole matrix element. II is Planck's constant. nb is the 

background index of refraction. c is the speed of light. and Lz is the well-width. 

The exciton Iineshape function 8. is given by the following expression. 

8r (x) = I (3.7) 

"rcosh [t ] 

where r is the phenomenological homogeneous linewidth of the exciton. The 
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summation from i = 0 to 00 represents the exciton series which is a series of peaks 

beginning at 4Eo below the energy gap and progressing towards the continuum. Since 

the first exciton at i '" 0 in the summation is about 30 times the oscillator strength and 

I 0 times the binding energy of the next exciton in the series (i .. I). only the lowest 

order exciton (i == 0) is used which eliminates the summation and simplifies the 

analysis. Figs. 3.4(a-c) shows the i .. 0 and i = I excitons and the continuum with 

varying amounts of homogeneous broadening. fir = O.lEo• I Eo and SEo emphasizing 
rr 

the exciton "",iIIator strength dependence on hr. The term 9(6) e;t.>] represents the 

cosh [ JK 
ionization continuum which is twice as high close to the band edge than it is for 

energies much greater than the band edge. This effect can be observed in the 

experimental linear absorption spectrum of. e.g. a 100A MQW. in Fig. 1.9. 

It is necessary to include inhomogeneous broadening. due to layer fluctuations 

which is demonstrated in the following fitting procedure. For a typical linear 

absorption spectrum fit. a phenomenological exciton Iinewidth r. is first estimated 

from the oscillator strength of the heavy-hole experimental data. Once a rand 

exciton binding energy are selected. the exciton and continuum are inhomogeneously 

broadened by numerical convolution with a gaussian distribution whose lIe half-

width is (J. In addition a similar contribution must be made by the light-hole exciton 

and accompanying continuum. The light-hole contribution is approximately 113 that 

of the heavy-hole. and shifted to higher energy [Weisbuch (1987)]. Both the 

inhomogeneous and homogeneous broadening. and the binding energy are kept the 

same for both heavy- and light-holes. The fitting parameters are the homogeneous (0 

and inhomogeneous «(J) linewidths. excitonic energetic positions. and the scaling 
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coefficients of the heavy- and light-hole excitons. and their respective continua. 

Fitting the experimental data is performed using MathCAD software which allows on

screen plotting and manipulating of fitting parameters. A combination of these 

parameters results in a linear absorption spectrum which closely fits the experimental 

spectrum of a (l0. 20) SPS sample at 77 K. as shown in Fig. 3.5. Although 

theoretically meaningful. this method is not very efficient as a simple fitting procedure 

to be used for modeling purposes (due to the lengthy convolution process). A simpler 

approach is to fit two gaussians. representing the light- and heavy-hole excitons. and 

a single Fermi function represe::J.ting the continua. 

Analysis of Nonlinear Absorption Spectra 

Nonlinear absorption spectra were obtained in the usual pump-probe 

spectroscopic technique as described in chapter one. with the sample carefully 

configured at Brewster's angle and cooled to either 77 K in a liquid nitrogen dewar 

made by MMR Technologies. or 10 K in a liquid helium refrigerator made by Air 

Products. model L T -3-110. The pump wavelength was 590 nm from a 

Rhodamine 6G dye laser and the broadband probe was derived from the fluorescence 

of Cresyl Violet Perchlorate laser dye. 

Comparison between a type I. 26A MQW and a type II. (10. 20) SPS is 

performed for temperatures of 77 K and 10K. The 26A MQW sample is composed 

of an etch-stop layer with lOoooA of AI0.41 Gao.59 As. 150 periods of 26A GaAs wells 

and 80A AlAs barriers. followed by 4000A of Alo.41 GaO.59As and a 50A GaAs cap 

layer. The (10. 20) SPS sample is composed of 6000A of Alo.39 Gao.61 As. 150 periods 
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Experimental linear absorption spectrum of a (10. 20) SPS at 77 K 
(solid line) and a fit based on the Elliot formula (dashed line). 
Parameters are: HH position = 1.856 eV; LH position = 1.907 eV; 
(n = 0) binding energy =: lOme V; fir homo. =: 2Eo; O'inhomo. = 2r; and 
HH/LH oscillator strength ratio = 2. 162. 
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of 28A GaAs wells and 56A of AlAs barriers. followed by 5000A of Alo.39 Gao.61 As 

and an 88A GaAs cap layer. The resulting nonlinear absorption spectra are shown 

in Fi~. 3.6(a-b) for a (10. 20) SPS at 77 K and 10 K. For comparison. Figs, 3.7(a-b) 

show the nonlinear absorption spectrz . a 26A MQW at 77 K and 10 K. 

A simple saturation mechanisl can be introduced into the fitting procedure 

initially used to fit the linear absorption spectrum. The nonlinear saturation is 

performed by introducing a saturation factor. [I -.,..i). for each of the excitons. 
Jsat 

where j is an increasing integer. and ~l is the only fitting parameter. As the heavy-

hole is reduced to 43% of its original oscillator strength in the fit. a slight shift 

appears in the saturated heavy-hole excitonic peak. only slightly deviating from the 

behaviour of the experimental nonlinear data of the (10. 20) SPS at 77 K as shown by 

Fi~. 3.8(a, b). The question arises. why is there an apparent shift of the heavy-hole 

excitonic peak in the theoretical nonlinear absorption spectra when only the heavy-

hole oscillator strength is being reduced? It is shown in Appendix A. by numerical 

analysis. that a purely mathematical peak-shift is encountered when reducing a 

gaussian which resides on a slope. The magnitude of the peak-shift is dependent on 

both the gaussian Iinewidth and the magnitude of the slope on which it resides. It is 

proven that the shift is always towards higher slope. The distinct nature of this 

mathematical shift can be recognized by a lack of intersection between lines 

corresponding to different levels of saturation. An example of a non-mathematical 

shift is shown in the nonlinear absorption spectra of the (l0. 20) SPS at 10 K. In 

Fig. 3.6. the saturated heavy-hole excitonic peak is shifting to higher energy. into the 

valley between the previously un~aturated heavy- and light-hole excitonic positions. 

This is more than a mathematical shift of the saturating heavy-hole excitonic peak. 
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(a) Experimental nonlinear absorption spectra of a (10. 20) SPS at 77 K; 
(b) Nonlinear absorption fit with parameters: j = 0 to 4; jhh sat. = 7; 
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The nonlinear behaviour of a type I MQW differs from that of a type II SPS 

at 77 K. The nonlinear absorption spectra for the 26A MQW exhibits a non

mathematical shift of the saturated heavy-hole excitonic peak at both 10K and 77 K. 

Whereas the type II SPS has practically no shift at 77 K. Recent theory describing 

the shifts and the temperature-dependent behavior of type I and type II structures is 

soon to be published [Binder et al. (1991)]. The experimental results presented here. 

agree qualitatively with the new theoretical results which are shown in Figs. 3.9(a-c). 

This theory is much more sophisticated than the simple nonlinear saturation 

simulation used earlier. The primary difference in the theoretical treatment between 

type I and type II structures is that the electron Fermi distribution fe • is excluded in 

the type II case [Binder et al. (1991)]. This is because the electrons reside in the 

AlAs barriers. Phase-space filling produces a blue-shift in a saturated exciton near 

the band edge. Coulomb screening. however. produces an offsetting red-shift and 

when combined with the phase-space filling effects. the resulting combination yields a 

constant exciton position or zero net shift in the saturated exciton in bulk GaAs. 

However. in narrow type I structures. the screening is reduced resulting in a net blue 

shift of the excitons [Peyghambarian et al (1984)). In the type II case. since only the 

holes contribute to the chemical potential. the blue-shift is thereby reduced compared 

to its type I counterpart at IO K. This blue-shift i~ in fact the transition to the 

Mahan exciton or Coulomb enhancement peak at the Fermi edge. This peak is not 

really an exciton anymore because the electron-hole-pair bound state no longer exists. 

In a purely homogeneously broadened case. the heavy-hole stiII appears to blue-shift 

into the Coulomb enhancement peak [Binder et al (199 I)). The red shift of the Iight

hole in the type II case is caused by Coulomb screening from the heavy-hole plasma. 
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(a) Theoretical nonlinear absorption spectra for a type II SPS at 10 K 
and (b) at 100 K; (c) Theoretical nonlinear absorption spectra for a 
26A MQW at 10 K [Binder (1991)]. 
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with no phase-space filling. At an elevated plasma temperature of 77 K. the heavy

hole exciton shift vanishes due to reduced hole phase-space filling [Olbright et al 

(1991)]. 

In conclusion. the characterization of photoluminesence spectra determines 

whether a structure is type I or type II. A fit to the experimental linear absorption 

spectrum of a type II SPS is possible based on the Elliot formula including 

homogeneous and inhomogeneous broadening. Finally. type I and type II structures 

differ in their nonlinear behaviour in agreement with recent theoretical work which 

excludes the electron contributions in type II structures. 
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IN GaAs/ AIGaAs COUPLED-WELL SUPERLA TTICES 

80 

Recently. interest in the intersubband transition in MQWs has grown for 

applications of infrared detection and possible infrared sources [Levine et al. (1990)]. 

The intersubband transition is when the dipole occurs between two envelope states of 

the conduction-band electron wave function and is called a quantum well envelope 

state transition (QWESll [West and Eglash. (1985)]. For example. a toOA MQW as 

shown in Fig. 1.9 in chapter one. has n .. I exciton at 850 nm (1.46 eV) and n = 2 

exciton at 785 nm (1.58 eV). The energy difference between n - I. 2 excitons is 

120 meV. corresponding to the 10 pm wavelength region. Thus. by tailoring the 

MQW well-width which varies the n = I. 2 energy difference. optical transitions for 

various wavelengths can be observed. Accessing the intersubband transition is not so 

simple. absorption only occurs with light polarized perpendicular to the wells and the 

lower level must be populated. typically by doping [West and Eglash. (1985)]. 

However. tailoring the MQW structure and studying the excitonic separations in the 

near-infrared spectral regions (850 nm) is possible. Introducing a center barrier inside 

the GaAs well. shifts the ground state of the QWfST (n = I) without affecting the 

n = 2 subband because the wave function of the latter has a node in the center of the 

well [Trzeciakowski and McCombe. (1989)]. Fig. 4.l(a) shows the structure design 
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(a) The design of a single period of a coupled-well structure with 
accompanying symmetric (S) and antisymmetric (AS) wavefunctions; 
(b) an energy diagram showing the splitting in the levels due to the 
center barrier producing four allowed transitions. 
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which represents one period which is repeated several times in order to enhanCe the 

total absorption for the experiment and typical symmetric (S) and antisymmetric (AS) 

wavefunctions are shown [Dingle et al. (1975)]. The effect of the center barrier is a 

splitting in the bands producing four coupled-well states within the n = I manifold 

based on the selection rules: iln - 0; symmetric -+ symmetric; and antisymmetric -+ 

antisymmetric [Dingle et al. (1975)]. The coupled-well energy diagram is shown in 

Fig. 4. I(b) which demonstrates the splitting due to the center barrier [Bastard et ai. 

(I 984)]. Other more complex structures can be imagined such as asymmetric sidewalls 

[Pandey et al. (I 990)]. however. only symmetric structures are considered here. This 

chapter presents a study of how the center barrier width affects the linear absorption 

spectrum of a super lattice of symmetric coupled-wells depicted in Fig. 4. I(a) and 

demonstrates the nonlinear optical behaviour in one of these structures. 

Theory 

The energy levels of the bound particles can be determined by solving the 

time-independent SchrOdinger equation 

a21ft 2m EJz2 + fi2 [E - V(z)] 1ft(z) = 0 (4.1) 

where 1ft(z) is the particle wavefunction. z is the length perpendicular to the plane of 

the layers. m is the effective mass. E is energy. and V(z) is the potential energy. This 

simple wavefunction calculation neglects to include Coulomb interaction in the 

potential. Setting the wavefunctions and their first derivatives equal at the 
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boundaries. gives 

(akx - b2
) sin [ 2(Lz ~ L

b
) ] + b(ax + k) cos [ 2(Lz ~ 4) ] =- 0 (4.2) 

where x = tanh(a4/2) for symmetric states. x = coth(a4/2) for antisymmetric states. 

4 is the barrier width. Lz is the sum of the individual well-widths and the barrier 

width. and k. b. and a are defined by 

a2 = 2m (V - E - W) fl2 0 

(4.3) 

(4.4) 

(4.5) 

where m is the effective mass. E is the negative energy of the bound state. W is the 

height of the side barriers. and Vo is the potential difference between the side 

barriers and the center barrier [Trzeciakowski and McCombe. (1989)]. Two types of 

structures are studied: first. the center barrier is equal in height to the sidewalls 

(V 0 = 0); and second. the center barrier is greater in height than the sidewalls and 

the width 4 is varied among three individual samples. 



Sample 

# 

Sl 

S2 

S3 

S4 

Well 

width 

llsA 

97A 

108A 

ll8A 

Table 4.1 

Barrier 

width 

7.sA 

3A 

6A 

12A 

Al(x) 

center 

barrier 

0.3 

1.0 

1.0 

1.0 

Al(x) 

side 

barrier 

0.3 

0.133 

0.12 

0.125 

Side 

length 

lOsA 

198A 

198A 

198A 

Sample specifications for coupled-well studies. 

Linear Absorption Spectra 
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Linear absorption measurements reveal transitions that are allowed for 

coupled-well superlattice samples. A variety of samples. listed in table 4.1. have 60 

periods and were rotated during MBE growth for high uniformity. Sample #SI 

consists of coupled wells which have equal sidewalls and center barrier heights 

(Vo = 0). Samples #S2 - S4 have 3A. 6A. and 12A AlAs center barrier widths 

respectively. which are higher than the sidewalls [Khitrova et al. (1991)]. Using the 

same procedure discussed in chapter one. the samples are removed from the GaAs 

substrates and carefully mounted at Brewster's angle and cooled to 77 K in a liquid 

nitrogen dewar. A broadband probe is generated by focussing onto a I mm long rod 
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of Ti:sapphire pumped with -100 mW from a multiline Coherent Innova model 90-6 

argon-ion laser. Probe fluorescence from the Ti:sapphire provides the broadest 

spectral bandwidth probe from a small source. Generally. a small source size is 

desirable in order to focus onto a small spot of the sample. thereby reducing any 

spectral broadening due to sample nonuniformity. Care is taken to filter out near-ir 

spectral lines emitting from the gas in the argon laser before it pumps the Ti:sapphire 

crystal. An alternative technique is to adjust the argon laser to single wavelength. 

e.g. 514 nm. and reflect the pump beam off a diffraction grating before pumping the 

Ti-sapphire crystal. The short-wavelength pump laser beam transmitted throught the 

Ti:sapphire crystal is filtered out before it interacts with the sample. 

Fig. 4.2 shows the linear absorption spectrum of sample #SI at 77 K. Slight 

Fabry-Perot oscillations are evident at energies below the bandedge due to imperfect 

alignment of the sample to Brewster's angle. Within the n = I manifold. four spectral 

peaks are observed as predicted. These four transitions are labeled I - 4. not to be 

confused with n = I and n =- 2 manifolds. The transitions labeled I and 2 are 

between symmetric hole (light and heavy) and symmetric electron states. Similarly. 

transitions 3 and 4 are between antisymmetric states. Calculations resulting in energy 

positions of the transitions I - 4. are denoted in rigs. 4.2. by the triangles along the 

horizontal axis. These calculations [Khitrova et al. (1991)] agree quite closely with the 

experimental results. In the calculation. the conduction and valence band offsets were 

assumed to have a 85:15 ratio [Dingle (1975)]. The calculations for this particular 

sample fit the experimental data without requiring the consideration of superlattice 

effects due t.o neighboring coupled-well periods. 

Figs. 4.3(a-c) show the linear absorption spectra of three samples with 
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The linear absorption spectrum of 60 periods of two s4A GaAs wells 
divided by a 7.sA Alo.3Gao.7As barrier and bound on each side by 
IOsA of Alo.3Gao.7As sidewalls of equal height at 77 K. Triangles on 
the energy axis represent calculated transition energies. Absorption 
peaks 1-4 correspond to transitions indicated in Fig. 4.1 (b). 
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different center barrier thicknesses. The spectral positions of the I and 2 transitions 

appear to be dependent on the center barrier width. When Lb is varied from 6A to 

12A. the 2 and 3 transitions cross. This demonstrates the spectral tunability of the 

exciton peaks by varying the center barrier width. Calculations based on independent 

coupled-well periods do not fit the experimental data adequately. However. when 

superlattice effects are included. the calculated energies agree well with the 

experimental data as shown by the arrows in Figs. 4.3(a-c) [Khitrova et al. (1991). 

In conclusion. linear absorption spectra show that tuning of transitions in the 

n - I manifold relative to the n .. 2 transition is possible by changing the barrier 

width in a coupled-well superlattice. Experimental transition energies agree well with 

the calculated transition energies. 
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CHAPTER FIVE 

CARRIER LIFETIMES IN VARIOUS MBE-GROWN STRUCTURES 

An optical switch based on carrier-induced nonlinearities can be activated in 

about I ps [Migus et af. (1985)]. However. the recovery-time or time it takes to 

perform another operation. can be several tens of nanoseconds. As discussed earlier 

in chapter two. the recovery time of a single optical switch is limited by the time it 

takes for the electrons and holes to recombine. For bulk GaAs. typical values for this 

recovery time is about 30 ns [Chavez-Pirson (1989); Chemla et af. (1984)]. The 

carrier lifetime depends on the recombination rate of the electron and hole in the 

semiconductor structure. When the carriers recombine. the absorption spectrum 

returns to its original linear absorption spectrum as it was prior to carrier generation. 

Thus carrier lifetime and absorption recovery time are used interchangeably. Carrier 

recombination can be due to either radiative recombination. e.g. photoluminescence 

and lasing. or non-radiative recombination. e.g. surfaces. interfaces. and defects. 

However. since the carrier-induced nonlinearities depend solely on changes in the 

absorption spectrum of a material. the recovery time of this absorption change is of 

primary interest. If the recovery time in an optical switch is reduced. faster 

switching rates are possible. The carrier lifetime depends on the amount of exposed 

surface due to surface recombination. When AIGaAs windows are grown directly on 

bulk GaAs. the carrier lifetime of the GaAs is increased [Lee et af. (1986)]. Also. 

with the introduction of recombination centers within the material. the carrier lifetime 
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can be decreased. e.g. proton-bombardment [Silberberg et al. (1985); Lee et al (1986)]. 

The carrier lifetime is observed to vary with well-width in MQWs [Chavez-Pirson 

(1989)] and is believed to be due to recombination occurring at growth interfaces. It 

may also be the case that. the carrier lifetime is reduced by the introduction of 

additional elements. e.g. alloys GaAIInAs versus InGaAs. This chapter summarizes 

and compares measurements made on the carrier lifetimes of various MBE-grown 

structures including bulk GaAs. various well-width GaAs MQWs. a ternary alloy 

MQW of InGaAs. a quaternary alloy MQW of GaAIInAs. and GaAs MQWs split 

with center barriers as described in chapter four as coupled-well superlattices (here 

referred to as a multiple coupled quantum well or MCQW). The GaAs-based 

structures are grouped separately from the InGaAs and GaAIInAs structures. 

GaAs-Based Structures 

The experimental apparatus used for the measurement of carrier lifetimes is 

shown in Fig. 5. I (a). A Spectra-Physics 3000 series modelocked. 1.06 p.m Nd:YAG 

laser is externally frequency-doubled to 532 nm. This synchronously pumps a Styryl-

9M dye laser which is cavity-dumped. The cavity dumper is an acousto-optical 

modulator inside the dye laser cavity which enables a down-conversion of the 

82 MHz repetition rate of the modelocked 1.06 p.m laser and results in dye laser 

output with more power in a shorter pulse. The dye laser is operated at 

approximately 830 nm. the peak gain wavelength of the dye. The dye laser pulses 

are estimated to be about lOps and this serves as the pump laser to the GaAs-based 

samples. The repetition rate is typically less than 4 kHz to minimize the average 
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(a) Experimental apparatus for the measurement of the carrier lifetime 
for GaAs-based structures; (b) a photograph of an oscilloscope trace 
of the increased probe transmission due to a fast pump pulse. The 
time scale is 10 ns/division and the sample is a 152A GaAs MQW 
grown by Bell Labs in 1982. 
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power on the sample in order to avoid any thermal effects. 

A cw 7 W. multiline. Coherent 90-6 argon-ion laser pumps a second cw 

Styryl-9M dye laser. made by Coherent. model CR-S99. which is externally modulated 

by an IntraAction Corp. acousto-optical modulator. model AOM-40N. The output is 

a submicrosecond pulse with a repetition rate synchronized to the cavity-dumped 

frequency of the 10 ps laser. The externally modulated laser serves as the probe laser 

for the GaAs-based samples and the wavelength is tuned to the absorption edge (near 

the n = I heavy-hole exciton) of the sample under test. The pump and probe beams 

are overlapped on the sample with the pump spot size adjusted to about 100 /lm 

diameter and the probe minimized to less than 10 /lm diameter. Thus with pump and 

probe beams overlapped in time and space. the nonlinear dynamics of the sample are 

observed on the probe signal. The probe beam transmitted through the sample is 

focussed onto a fast. PIN. silicon detector. model AR-SS. made by Antel Optronics 

Inc. The detector has a 90 ps risetime and 200 ps FWHM from a lOps pump pulse. 

It is also accompanied with amplifying electronics with an available gain of up to 

100. The detected signal is directed to a Tektronix 7104 oscilloscope with a fast 

amplifier. model 7AI9 and fast time base. model 7B92A. The resulting temporal 

waveform is characterized by the transmitted probe pulse of about SOO ns and 

superimposed on this is a sharp increase in transmission that occurs when the pump 

pulse arrives at the sample. The increased transmission is due to the pump bleaching 

or saturating the absorption of the heavy-hole exciton where the probe wavelength is 

tuned. Fig. S.I(b) is a photograph of a decay curve measured in 1990 for a IS2A 

MQW sample grown in 1982 at Bell Laboratories. The decay is fit to an exponential 

and represents the carrier lifetime of the sample under test. If the probe is tuned to 
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the low energy side of the exciton. a slight increase in transmission can be observed. 

corresponding to nonlinear absorption spectral results presented in chapter one. Using 

this technique permits real-time observation of the carrier dynamics and tunability of 

the probe wavelength provides even greater versatility. For lifetimes faster than a 

few nanoseconds (oscilloscope-limited). a Tektronix. model S-4. sampling head is used 

with a sampling unit. model 7SII. and accompanying sweep unit. model 7TII. The 

rise time of the sampling head is 25 ps. Thus temporal resolution is limited by the 

detector response. Oscilloscope traces are photographed and magnified. Several data 

points are recorded and entered into the plotting program GRAPHER and an 

exponential fit is performed. All carrier lifetime measurements were taken at room 

temperature. 

Past carrier lifetime experiments were performed on four MBE-grown MQW 

samples grown at Bell Laboratories. all of which were grown in the early 1980's and 

measured in 1987 [Park et at (1988); Chavez-Pirson (1989)]. Fig. 5.2 shows a map of 

measured carrier lifetimes for samples grown recently in 1989 and those grown at Bell 

Laboratories in the early I 980·s. This shows a trend of decreasing carrier lifetime 

with decreasing well-width. However. after extensive use in experiments. including 

high intensity nanosecond optical pumping and exposure to atmosphere. different 

lifetimes were measured in 1990 than those made in 1987. The new measurement 

used I nJ. 10 ps pump pulses versus 100 nJ. 500 ps pulses used in the initial 

measurement. The most recent samples grown in a new. uncontaminated machine 

seem to produce longer lifetimes than their Bell Labs counterparts. Additionally. 

samples with more interfaces seem to have shorter carrier lifetimes. Three out of 

four multiple coupled quantum well (MCQW) samples. ~lOoA GaAs wells split with 
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Map of carrier lifetimes as a function of well-width for GaAs-based 
structures. (M) represent our MQWs grown in 1989; (B) represent 
Bell Labs MQWs grown in the early 1980's and measured in 1987; 
(BB) represent the same Bell Labs samples but remeasured in 1990 
(individual BB labels represent Bell Labs samples measured for the 
first time in 1990); (0 represent our coupled-well superlattices or 
100A GaAs quantum wells split with a center barrier of AlAs. 
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an AlAs center barriers. have shorter lifetimes compared to MQWs with ~looA GaAs 

wells and no center barriers which were grown in the same MBE machine. In 

addition. a 2 p.m bulk GaAs sample with AIGaAs windows grown at Bell 

Laboratories in 1983 (not shown in Fig. 5.2) was measured in 1987 to have a 32 ns 

lifetime. In 1990. it was measured to be 16 ns. a curious factor of two shorter 

lifetime. similar in behaviour to the 299A MQW sample grown at Bell Laboratories. 

This is may be due to defect growth or exposure to atmosphere degrading the 

crystals. Carrier lifetimes do not vary noticeably with pump intensity or wavelength. 

In addition. there is no noticeable variation in carrer lifetime across the sample. 

indicating high uniformity. 

It is sensible to explore the limitations of reducing the well-width of MQWs. 

As the well-width is reduced. the energy gap is increased. If the carriers are to be 

confined in the wells the aluminum concentration of the AlxGa'_xAs barriers must be 

increased. However. aluminum concentrations of x > 0.45 cause indirect transitions in 

the AlxGa'_xAs. As the well-width of the GaAs is decreased to less than 35A and 

the thickness of the barrier is decreased along with an increase in aluminum 

concentration. the lowest energy level in the barrier. can be lower than the lowest 

bound state in the well. This is a type II short-period superiaUice as described in 

chapter three. Time-resolved photoluminescence experiments of SPS samples at 77 K. 

show indirect photoluminesence (from the X level) with approximately a 50 ns decay. 

Thus the carrier lifetimes for type II structures are long compared to bulk GaAs. 

However. recent measurements on a type I. 26A GaAs MQW show a carrier lifetime 

shorter than 0.5 ns using a femtosecond pump source at 620 nm and the sample 

cooled to IO K [Fluegel and Meissner (1990)]. 
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InGaAs and GaAlInAs Structures 

It may be possible to reduce the carrier lifetime further by introducing 

additional elements into the well material. such as aluminum. The ternary alloy 

InGaAs can be used as a quantum well material to produce an absorption edge at a 

wavelength of about 1.3 p.m. Similarly with the appropriate stoichiometry. a 1.3 p.m 

absorption edge can be constructed from a quaternary alloy. GaAlInAs [Khitrova 

(1991)]. 

A MQW of 40A well-width of the ternary alloy. InGaAs. and a 95A well

width of the quaternary alloy. GaAlInAs. both exhibit a bandedge at -1.35 p.m. The 

sample is grown on an InP substrate which is optically transparent for wavelengths 

longer than -I p.m. Indium solder. used to attach the substrate to the molybdenum 

block during growth. must be removed in order to transmit light. This was done by 

thermally bonding the sample to a glass disk and grinding the indium solder off with 

9 p.m-grit-paper and polishing with a 1.2 p.m-grit-paper. The sample is sandwiched 

between the InP substrate and the glass disk in order to provide heatsinking. 

A carrier lifetime measurement requires a short pulse laser source at about 

1.3 p.m for these samples. The experimental apparatus is shown in Fig. 5.3. A 

Quantronix 1.319 p.m modelocked Nd:YAG laser. model 416. is used for both pump 

and probe. The repetition rate is 75 MHz and the pulse duration is 100 ps. measured 

with an Antel AR-G20 germanium photo detector. specified with a 50 ps risetime. 

The modelocked laser output provides a strong pump. and a weak probe is split-off 

from the pump. The pump and probe beams are focussed and combined at the 

sample with the probe at normal incidence and the pump incident at -40 degrees 
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Experimental apparatus for the measurement of carrier lifetimes for 
InGaAs and GaAlInAs alloyed MQWs in the 1.3 /lm wavelength 
region. 
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from the normal. The lifetime is measured by optically delaying the probe with 

respect to the pump. The probe beam is guided through a Keplerian telescope (two 

positive lenses separated by the sun! of their focal lengths) in order to compensate for 

lensing due to diffraction. The pump beam is chopped at 700 Hz which modulates 

the transmitted probe beam and the depth of modulation is measured as a function of 

optical delay between pump and probe. using a Stanford Research Systems lock-in 

amplifier. model SR51O. 

Peak pump intensity incident on the sample is maintained to I MW /cm2 

corresponding to less than 10 kW/cm2 average pump intensities (at 75 MHz) and the 

peak probe intensity is about 10k W /cm2 • The exponential fit to the data resulted in 

a 5.3 ns lifetime for the ternary alloy 40A MQW of InGaAs and a 1.1 ns lifetime for 

the quaternary alloy 90A MQW of GaAlinAs as shown in Fig. 5.4(a. b). Although 

the trend is decreasing carrier lifetimes with decreasing well-widths for GaAs-based 

MQWs. a shorter lifetime is obtained for the longer well-width quaternary alloy 

sample than that of the ternary alloy. This may be due to the aluminum affecting the 

carrier lifetime in the quaternary alloy compared to the that of the ternary alloy. 

Carrier lifetimes may be carrier density dependent due to Auger recombination for 

small energy gap materials. The carrier density was not varied in this experiment. 

In conclusion. carrier lifetimes seem to decrease with shorter well-widths. and 

MQWs of ~IOoA have longer lifetimes than MCQWs of ~looA split iIi the center 

with a barrier of ~lOA of AlAs. It is also thought that samples degrade with age 

(shorter carrier lifetime) and quaternary alloyed MQWs have shorter lifetimes than 

ternary alloys. 
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Exponential decay curves for (a) 40A MQW of InGaAs and (b) 90A 
MQW of GaAlInAs. Vertical scale is in arbitrary units representing 
relative modulation of the probe beam by the pump beam. 



APPENDIX A 

THE MATIlEMATICAL SHIFT OF A GAUSSIAN PEAK 

ON A SLOPE DUE TO SATURATION 

100 

When a gaussian peak resides on a slope. reducing the amplitude of the 

gaussian shifts the peak towards higher slope. This is shown by simply setting the 

first derivative to zero. A gaussian on a slope is represented by 

x2 

f(x) = e - ;Z + S x 

and its corresponding expression with a reduced (saturated) peak is 

x2 
-::2 

g(x) =- A e U + S x 

(A. I) 

(A.2) 

where x is the variable. a is the I Ie halfwidth. S is the slope. and A is the saturation 

coefficient (A < I). Setting the first derivatives to zero and letting the first zero 

crossing of f be at x = r r a and letting that of g be at x co r g a. the equations reduce 

to 

r 2 
S a = 2 rr e- r (A.3) 
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The shift in the peak of the gaussian t.x. is determined by 
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(A.4) 

(A.5) 

where t.x is expressed in units of lIe halfwidths a. Fig. A.I shows f(x). g(x). f'(x). 

g'(x). and the first derivative zero-crossings. It can be shown that the maximum value 

for fr is 11-12. which also provides a constraint on the Sa product 

I 
S a < .J2 e-z or S a < 0.85 (A.6) 

In Fig. A.2. the peak shift t.x is ploUed versus S for various values of A. S 

is given in units of inverse lIe halfwidths cr l . When the gaussian is multiplied by 

A = 0.10. the maximum peak shift approaches 1/.J2. as expected. with very little slope 

required. As the lines become vertical (t.x ... 00). the gaussian on the slope fails to 

have a peak or. alternatively. there is no zero-crossing of the first derivative. 

In conclusion it has been shown that saturating a gaussian on a slope. shifts 

the peak of the gaussian towards higher slope. The maximum shift mathematically 

possible is 1/.J2 times the lIe halfwidth of the gaussian. This purely mathematical 

phenomena should be considered in the determination of spectroscopic shifts of 

inhomogeneously broadened absorption lines under nonlinear saturation conditions. 
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(a) Superposition of a gaussian peak and a slope. f(x). and a saturated 
gaussian and a slope. g(x); (b) first derivatives. f'(x) and g'(x) showing 
peak positions at the zero-crossings. 
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