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ABSTRACT 

Ultrafast and Magneto-Optical Spectroscopy of Semiconductor Heterostructures 

by 

Gary Timothy N oe II 

This thesis presents spectroscopic results using semiconductor heterostructures 

important for both applied and fundamental physics. First, we studied short-period 

superlattices of InAs and GaSh that suggest a promising alternative to mercury cad

mium telluride for mid-infrared detection. Our time-domain measurements help sam

ple growers optimize growth conditions to maximize the carrier lifetime and determine 

the superlattice period and interface quality. The second area of research has a more 

fundamental focus. Here, we study the time-integrated emission and time-resolved 

population and emission properties of high-density excitons in an InGaAs quantum 

well sample in strong perpendicular magnetic field. Our time-integrated results indi

cate that two-dimensional magneto-excitons can appear to be stable against a Mott 

transition with the application of magnetic field. Our time-resolved results provide 

the first direct observation of superfl.uorescence using a semiconductor showing the 

population inversion of magneto-excitons suddenly drop from fully excited to com

pletely unexcited emitting an intense pulse of coherent radiation. 
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Chapter 1 

Introduction 

The use of spectroscopy to study semiconductor heterostructures is important for 

both applied and fundamental physics. Short-period superlattice (SL) samples based 

on alternating layers of InAs and GaSb are a promising candidate for replacing mer

cury cadmium telluride (MCT) as the material system of choice for mid-infrared 

(IR) detection. The band gap of this Type II "broken gap" multiple-quantum-well 

structure can be tuned to a specified mid-IR wavelength by the appropriate choice 

of SL period. The major advantage of this material over MCT is the possibility of 

functioning at high operating temperatures instead of cryogenic temperatures that is 

required for MCT detectors and other devices for mid-IR detection. Although this 

material shows promise, the fabrication of high-quality detectors using these SLs re

mains challenging, and many material properties are not well understood. We have 

been working with sample growers to help identify how the growth parameters affect 

certain material properties. In Chapter 2 of this thesis, we present progress on our 

measurements of the overall carrier lifetime and coherent phonon dynamics towards 

the goal of providing useful information to help determine the appropriate growth 

parameters to create a functional mid-IR detector using these SL structures at high 

operating temperatures. 

The two-dimensional electron-hole system in semiconductor quantum well sam

ples becomes fully quantized when placed in a perpendicular magnetic field. This 

experimental setting provides an extremely rich system to explore unique phenom-
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ena. In Chapter 3, we present time-integrated absorption and emission results that 

show that two-dimensional magneto-excitons are stable against a Mott transition 

with the application of a finite magnetic field. In high magnetic fields, a theoreti

cally predicted "hidden symmetry" for two-dimensional magneto-excitons is expected, 

where all inter-exciton interactions exactly cancel, preventing a Mott transition to an 

electron-hole magnetoplasma. Our results extend this prediction as our results show 

excitonic character at all magnetic fields besides zero. In Chapter 4, we present 

time-resolved absorption and emission results that show strong evidence for super

fluorescence (SF) under the conditions of high density of excitons, high magnetic 

field, and low temperature. These results mark the first direct observation of SF in 

a semiconductor quantum well system. Before going into the details of the above 

mentioned experiments and results, a general introduction to the relevant topics will 

first be presented. 

1.1 Semiconductor Heterostructures and Alloys 

Semiconductors are materials with band gap separating a full valence band and empty 

conduction band. Their transport properties are somewhere between an insulator and 

conductor. This allows them to be very useful in terms of controlling their electronic 

properties and, hence, their importance in device applications. Since the invention 

and subsequent development of the transistor in the 1950s, semiconductor devices 

have revolutionized the way in which we live, creating ever so smaller and portable 

devices that have made their way into our everyday lives. From communications to 

computation and beyond, almost every device considered high technology has some 

kind of semiconductor device that is essential to its functionality. Laser diodes were 

originally developed in the early 1960s using GaAs junctions [10, 11]. It was not until 
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after Herbert Kroemer proposed the use of a heterojunction injection laser that semi

conductor heterostructures became the preferred method of creating a laser diode [12]. 

Later, the development of molecular beam epitaxy (MBE) allowed for the growth of 

compound semiconductor films with much improved control and the possibility to cre

ate abrupt changes in material species for creating heterostructures with high quality 

interfaces [13]. MBE and other precision growth techniques allow the engineer to 

modify the band structure of semiconductor materials in order to tune the electronic 

and optical properties to create the ideal material system for a given application. The 

most important inventions based on semiconductor heterostructures are semiconduc

tor lasers and photodetectors which are essential for optical communications. 

A rich variety of semiconductor heterostructures and alloys can be created via 

the process of MBE. A semiconductor alloy consists of two or more semiconductors 

that are mixed together to create a new composite material. Most commonly these 

materials are mixed together randomly so that one of the types of atoms has a given 

probability of being next to the other type of atom. Alloying is useful because it 

allows one to alter the band gap of the material. Figure 1.1 shows the band gap 

vs. lattice constant for various group IV fundamental and III-V compound semicon

ductor materials. Creating an alloy of two semiconductor materials will result in a 

mix of properties for both semiconductors. The lines between two semiconductor 

materials in Figure 1.1 show the available band gap and lattice constant when creat

ing an alloy. For instance, the alloy In0.2Ga0.8As will have an energy gap and lattice 

constant between the respective values for GaAs and InAs. 

Semiconductor heterostructures are formed when two different semiconductors are 

grown next to each other with an abrupt interface between them. Forming semicon

ductor heterostructures allows one to modify the electronic properties of semicon-
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Figure 1.1 : Energy Gap vs Lattice Constant for various group IV fundamental and 
III-V compound semiconductor materials. Provided by MIT OpenCourseWare. 

ductors via quantum confinement effects [14]. In order to reduce strain, growers can 

create a heterostructure with two or more semiconductor materials that have similar 

lattice constants. Alternatively, a heterostructure using In0.2Ga0.8As and GaAs will 

have strain between the layers, which will have some effects on the electronic prop-

erties of the heterostructure. Here, I studied two different types of semiconductor 

heterostructures, a Type I heterostructure and a Type II heterostructure. In Type I 

heterostructures, the conduction band bottom of semiconductor A is below the con-

duction band bottom of semiconductor Band the valence band top of semiconductor 

A is above the valence band top of semiconductor B such that the band gap of the 

well fits within the large gap of the barrier. In Type II heterostructures, the band 
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gap of one of the materials does not fit within the band gap of the other material. See 

Type I Type II 

"Staggered" 

Type II 

"Broken Gap" 

Figure 1.2 : Diagram showing different types of semiconductor heterostructure. 

Figure 1.2 for an illustration of these different types of semiconductor heterostruc

ture [15]. The important consequence of the Type II band lineup is that electrons 

and holes are confined in different layers. A multiple quantum well structure is a 

periodic structure consisting of layers of two or more semiconductor materials. A 

superlattice (SL) is a special type of multiple quantum well structure that has some 

wavefunction overlap between adjacent wells. By creating a sufficiently thin semi

conductor quantum well structure, the available energy levels for carriers in the well 

become quantized as a result of confinement effects similar to the general problem 

in quantum mechanics of a particle in a box. Semiconductor heterostructures are 

designed to take advantage of these modifications to the electronic states. By mak

ing semiconductor heterostructures and alloying, one can engineer a material with 

tailored electronic and optical properties. 
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1.2 Ultrafast Spectroscopy 

The use of ultrafast spectroscopy provides a means to study processes or events that 

occur on timescales much smaller than the timescales accessible to electronics. The 

highest speed electronics offer frequency response in the GHz range which means that 

the fastest response times are on the order of lOOs of picoseconds to 1 nanosecond. 

The shortest ultrafast pulses ever generated to date are on the order of 100 attosec

onds, centered in the x-ray frequency range or extreme ultraviolet. This is six orders 

of magnitude faster than the fastest electronics. Furthermore, the use of ultrafast 

techniques such as THz time-domain spectroscopy allows researchers to generate and 

measure the THz response of various materials, opening up the range that was once 

considered the "technological gap" between optics and electronics [16]. Finally, ul

trafast spectroscopy allows one to observe carrier and lattice dynamics in real time to 

directly determine lifetimes and scattering times in order to elucidate various inter

actions among microscopic objects in matter. Typical scattering times in solids are 

measured in picoseconds or shorter, thus requiring ultrafast spectroscopy techniques. 

For any experiment with ultrafast lasers, the minimum time resolution is ulti

mately determined by the width of the laser pulse. The development of ultrafast 

lasers over the last 50 or 60 years has seen progress from nanosecond to femtosecond 

and, now, attosecond pulses. These lasers provide researchers with the ability to 

study dynamics in a wide variety of systems from the relatively slow relaxations in 

atomic systems to very fast chemical reactions. Furthermore, the peak power during 

the laser pulse can be extremely high, which opens up the possibility to study and 

utilize the nonlinear optical properties of various materials. In semiconductor mate

rials, by exciting a very large number of carriers in a very short amount of time, one 

can study the affects of a high density of carriers without damaging the sample when 
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the equivalent high peak power of longer laser pulses would damage the sample. 

For the work contributing to this thesis, we utilized two different types of laser 

systems. For measuring small changes in reflectivity, we used a Ti:sapphire oscil

lator system with rv100 MHz repetition rate, rv80 fs pulse width, and rv1 nJ pulse 

energy. For measuring long range dynamics and non-linear dynamics, we used am

plified Ti:sapphire laser systems with rv 1 kHz repetition rate, rv 150 fs pulse width, 

and rv 1 mJ pulse energy. Also, with the amplified Ti:sapphire laser systems, we used 

an optical parametric amplifier (OPA), which utilizes nonlinear optical processes to 

provide tunable pulsed radiation in the near- and mid-IR. We used two different types 

of ultrafast techniques to study time dynamics. We used the traditional delay stage 

pump-probe method where the pump excites or modifies the electronic distribution 

of carriers in a semiconductor sample and the reflectivity or transmissivity of a weak 

probe changes in response to the pump. We also used a streak camera with 2 ps 

resolution to measure time-resolved photoluminescence after ultrafast excitation. 

With these techniques and ultrafast laser sources, we were able to measure the 

full non-equilibrium carrier and phonon dynamics of short-period SLs samples. Our 

time-integrated measurements on InGaAs quantum wells utilized the high peak power 

available in ultrafast sources to simultaneously generate large populations of magneto

excitons in order to study their nonlinear emission properties. Furthermore, using 

time-resolved methods, we were able to measure the population and emission dy

namics of magneto-excitons as a function of magnetic field, temperature, and laser 

intensity to show strong evidence for SF. 
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1.3 Non-Equilibrium Carrier Dynamics in Semiconductors 

After a semiconductor material is excited by an ultrafast laser pulse, the photo-excited 

carriers undergo a series of relaxation processes. These processes can be broadly out

lined even though they overlap temporally. First, there is a coherent regime where 

the excitations in the semiconductor have a well-defined phase relationship with the 

exciting laser pulse. Various scattering processes such as carrier-carrier and carrier

phonon scattering in semiconductors typically destroys this coherence rapidly relative 

to the coherent regime that can be created in atomic and molecular systems. Use of 

femtosecond techniques is generally required to study this regime in semiconductors. 

Next, there is a non-thermal regime where the photo-excited carriers have a distribu

tion that cannot be characterized by a temperature using Fermi-Dirac statistics (or 

Bose-Einstein statistics in the case of excitons). Typical proceses in this regime in

clude electron-hole scattering, carrier capture in quantum wells, and electron-optical 

phonon scattering. Then, the carriers thermalize to have a distribution that can 

be characterized by a temperature. This temperature is usually much higher than 

the lattice temperature, and therefore, this regime is called the hot-carrier regime. 

Typical processes in this regime include hot-carrier phonon scattering and carrier

acoustic phonon scattering. Finally, there is an isothermal regime where all of the 

carriers and phonons are in equilibrium with each other and can be characterized by 

the same temperature of the lattice. Carrier recombination and other slow relaxation 

mechanisms occur during this regime to bring the photo-excited carriers back to their 

ground state [17]. 

For our measurements on short-period Type II SLs, we observe the process of car

rier capture in quantum wells, followed by carrier-acoustic phonon scattering resulting 

in coherent phonon oscillations, and, finally, the slow relaxation process of Auger re-
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combination. For our studies of SF, we require the population of magneto-excitons 

that are initially completely incoherent. This can be ensured as we optically pump 

high above the barrier, which must be followed by many scattering events before re

laxing into the magneto-excitonic levels. Then, the excitons will recombine to emit 

light with photon energy corresponding to the energy difference between the electron 

in the conduction band and hole in the valence band. 

1.4 High-Density Excitons 

An exciton is a bound electon-hole pair. In systems where the effective mass approx

imation is appropriate, they can be analyzed in a method similar to the hydrogen 

atom except with a much lower reduced mass. An exciton can be optically created 

in semiconductors when a photon is absorbed by an electron in the valence band 

and promoted to the conduction band leaving a hole behind. This electron and hole 

become bound together via the Coulomb interaction creating an exciton that, after 

some characteristic lifetime, recombines with the emission of a photon. In the ab

sorption spectrum of the material, there will be a peak in the absorption due to the 

exciton resonance. With continuous wave ( CW) lasers, the rate of generation and rate 

of recombination of excitons usually balance in a way which leads to a steady-state 

low-density population of excitons. Using ultrafast lasers, one can simultaneously 

generate a very large density of excitons, which usually interact with one another 

before relaxing back to the original ground state. In this high-density regime, there 

are interesting electronic and emission properties such as band-gap renormalization, 

ionization of excitons, and superfluorescence. Superfluorescence (SF) is the process of 

collective coherent emission of radiation by a macroscopic sample of two-level dipoles 

from an initially incoherent polarization state. SF should be distinguished from super-
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radiance (SR), which merely refers to an enhanced recombination rate due to photon 

exchange between dipoles, without including the spontaneous appearance of macro

scopic coherence (one of the most spectacular aspects of SF). The process of SR was 

originally theoretically proposed by Robert Dicke [18]. In our time-resolved experi

ments, we study high-density magneto-excitons in a quantum well as the macroscopic 

sample of two-level dipoles in order to observe SF. 



Chapter 2 

Carrier and Phonon Dynamics in Short Period 
InAs/GaSb Superlattices 
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Currently, the most widely used material systems for mid-IR detection are based on 

either mercury cadmium telluride (MCT) or quantum well infrared photodetectors 

(QWIP). Both detectors require cryogenic cooling in order to achieve high sensitiv-

ity. With increasing temperature, increased carrier recombination mechanisms in a 

material tend to reduce the detectivity of a device using them. By increasing the 

overall carrier lifetime, one should be able to increase the sensitivity of a device. For 

instance, Auger recombination is known to place an upper limit on detectivity in long 

wavelength photodetectors [19]. Materials and structures that can produce uncooled, 

or high operating temperature, detectors in the mid-IR would provide significant 

advantage over their cryogenically cooled counterparts. In applications such as satel-

lite surveillance, cryogens are not continuously available. Also, cryogenic detectors 

require a dewar which limits the compactness of the device. 

Short-period SL samples based on alternating layers of InAs and GaSh are ex-

pected to be an promising material system for mid-IR detection. In order to maintain 

good optical absorption, the period of the SL should be sufficiently thin. Due to the 

type-11 band alignment of these SLs, the band gap can be tuned to a particular IR 

range by the appropriate choice of SL period. Also, it is expected that the band 

structure of these SLs can be designed to reduce Auger recombination to make room 

temperature operation possible [20]. However, growth and fabrication of high-quality 
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detectors using InAs/GaSb SLs still remain challenging, and basic material proper-

ties, especially dynamic properties, are not well understood. Here, we studied the 

carrier dynamics for a set of five SL samples with standard ultrafast pump-probe 

techniques for characterization. All of the measures were at room temperature. 

2. 1 Superlattice Samples 

The samples used in this study were a series of InAs/GaSb SL samples with varied 

SL period. The conduction band of InAs is lower in energy than the valence band of 

GaSb, making this a type-II 'broken gap' heterostructure. Based on the SL period, 

each sample has a different band gap in the IR. Figure 2.1 shows an example band 

diagram for these samples. Photoexcited electrons and holes are confined in different 

Gab 0.72 eV 

f 
0.354 eV 

1 

Figure 2.1 : Example band diagram for InAs/GaSb SL structure. Photoexcited 
electrons and holes are confined in different layers. Because the E1 and H1 energy 
levels depend on the thickness of the layers, the band gap can be tuned by adjusting 
these layer thickness. 
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Sample InAs/GaSb (A/ A) SL Period (A) SL Period (A) Band Gap ( e V) 

No. Nominal Nominal X-Ray 

1 21.0/24.0 45 46.0 0.32 

2 26.5/21.5 48 49.5 0.22 

3 33.5/21.5 55 56.3 0.16 

4 38.5/21.5 60 61.0 0.15 

5 48.5/21.5 70 71.2 0.09 

Table 2.1 : Data summary for the InAs/GaSb SL samples studied in this work. 
Their nominal thicknesses were estimated from shutter times, and the SL structural 
parameters where determined by X-ray diffraction. The band gaps are given at a 
temperature of 10 K. 

layers. By adjusting the layer thicknesses, the energy levels, E1 and H1 , can be 

tuned to create the desired mid-IR effective band gap. Table 2.1 shows the sample 

characteristics. For each sample, the number of SL periods was chosen so that the 

overall thickness of the SL was "'0.5 J.Lm. The SL section was grown on a Te-doped 

(n-type) GaSb (100) substrate with a 0.3 J.Lm GaSb buffer layer between the SLs and 

the substrate. 

2.2 Long Carrier Lifetime 

Because lnAs/GaSb superlattices are type-11, photoexcited electrons and holes are 

confined in different layers. The electron and hole wavefunctions have small overlap. 

Therefore, the carrier lifetime is expected to be very long, many orders of magnitude 

longer than MCT samples with the same energy gap [20). A long carrier lifetime is 

necessary in order to amplify the photocurrent to increase the sensitivity of a device 
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using this material. It is expected that this material system maintains good material 

properties for mid-IR detection at high operating temperatures, maybe even room 

temperature. Previous studies have measured the time-resolved photoluminescence 

and the frequency response of the PL to modulation in order to determine the long 

carrier lifetime [21]. Here, we are using pump-probe techniques to directly measure 

the carrier lifetimes of these samples. 

2.2.1 Measurement Techniques 

Traditional Pump-Probe 

To measure the carrier dynamics of these samples, we first set up a traditional pump

probe setup using delay stage techniques. The pump in this experiment was an 

optical parametric amplifier (OPA) that is seeded by an amplified Ti:Sapphire laser. 

We refer to our amplified Ti:Sapphire laser as a CPA in reference to the process of 

chirped pulse amplification where a low pulse energy seed pulse becomes amplified 

to make a short high energy pulse. The output pulse energy of our CPA is 1 mJ at 

a repetition rate of 1 kHz and 775 nm center wavelength. About 85% of the CPA 

output is reflected off of a beam splitter to pump the OPA. The OPA is a tunable 

source of femtosecond radiation with the characteristics outlined in Table 2.2.1. 

The remaining 15% of the CPA output is available after the beam splitter. Here, 

we used the OPA tuned to 1.5 J.Lm as the pump and the CPA as the probe. The 

basic experimental setup is shown in Figure 2.2. The time delay is introduced by 

placing corner cubes on a mm motorized 1D stage. For this experiment, we used two 

long stages, with a length of 300 and 500 mm, respectively, to introduce a long time 

delay between the pump and probe. The CPA probe passed once with the 300 mm 

stage and twice with the 500 mm stage for a total available delay of 8.6 ns. The OPA 
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OPA Source Tuning Range 

Signal 1150-1600 nm 

Idler 1600-2600 nm 

SH Signal 580-800 nm 

SHIdler 800-1150 nm 

SF Pump-Idler 533-600 nm 

DFG 1 2.4-11 urn 

DFG 2 5-20 urn 

Table 2.2 : Typical output characteristic of our TOPAS-800 optical parametric am
plifier. 

pump was reflected by 90 degrees and focused with a 6 inch parabolic mirror while the 

CPA probe was incident off axis in order to redirect the reflected light and measure 

with a fast photodiode. An optical chopper was placed in the path of the OPA to 

modulate the pump, and the reflected probe was measured with a lock-in amplifier at 

the modulation frequency. In this way, the pump-induced change in reflected probe 

light was measured as a function of time delay between pump and probe. 

Continuous Wave Probe 

Problems such as beam walk and beam divergence make it impractical to introduce 

an arbitrarily long optical delay. In order to measure carrier dynamics longer than 

the largest available time delay of 8.6 ns, we needed to come up with a different 

technique instead of standard delay stage methods. To do this, we used a continuous 

wave (CW) 658 nm laser diode as the probe instead of the pulsed CPA. The OPA 
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Figure 2.2 : Differential Reflectivity Pump-Probe Setup 
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was still used as the pump. Before the laser diode beam was incident on the sample, 

we used a beam splitter to pick off a reference for a balanced detector with 350 MHz 

bandwidth. The balanced detector measures and amplifies the difference between 

the reference and the laser diode probe that is reflected off of the sample to remove 

common mode noise. Using an oscilloscope triggered at the repetition rate of the 

OPA, we measured this difference directly and averaged over 10,000 waveforms. 

2.2.2 Results and Discussion 

The initial long scan results, shown in Figure 2.3, indicated that the carrier lifetime 

was much longer than rv8 ns, our maximum delay between pump and probe. Note 

that the horizontal axis is split to show the initial dynamics as well as the long carrier 

decay. Initially, there is a sharp decrease in reflectivity that is due to the carriers 

becoming trapped in the quantum wells. When the carriers are initially excited, 
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Figure 2.3 : Overall pump-probe differential reflectivity dynamics for 4 samples with 
varied SL period. The normalized differential reflectivity shows three features: a sharp 
decrease followed by a sign change taking a few ps, slow oscillations with period of 
rv24 ps, and a recovery much slower than 8 ns. 

because the photon frequency is greater than the plasma frequency, the increase in 

free carrier density leads to a decrease in the real part of the index that leads to a 

decrease in reflectivity. Next , there are oscillations with a period of rv24 ps , which 

we attribute to propagating coherent phonon oscillations. Finally, there is a long 

recovery much slower than 8 ns. All four samples show very similar results including 

the period of coherent phonon oscillations. The results from fitting the long decay 

gave initial estimates of a 30 ns decay constant , but the results of this fit varied wildly 

with each scan. 

In order to successfully get an estimate of the carrier lifetime, we needed to mea-

sure the full recovery back to the ground state. Figure 2.4 shows initial results using 

the CW probe setup. Here we observe two decay components. One decay component 
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Figure 2.4 Preliminary long time range differential reflectivity result for the 46 
A sample. 

is 87.5 ns, and the other is 11.0 J-LS. We tentatively interpret the rv90 ns decay as the 

carrier lifetime because it is on the order of previous results [21]. However, we are not 

certain about the origin of the very long rv 10 J-LS decay. More work will be needed to 

determine the origin of all of the decay components. 

2.3 Coherent Phonon Dynamics 

The ultrafast generation of electrons and holes in the sample by an excitation pulse 

leads to a strain pulse that perturbs the dielectric function of the sample and prop-

agates at the longitudinal acoustic (LA) sound speed. The sample acts like a Fabry-

Perot interferometer, and the period of oscillation is given by 

(2.1) 

where ..\ is the wavelength of the probe, Cs is the LA sound speed, and n(.A) is 

the wavelength-dependent refractive index [22]. For the 46 A sample, we used the 

weighted average of the material properties for InAs and GaSb to calculate Cs and 
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n(A). Using these values, the period of oscillation is 24.8 ps, which is very close to 

the observed period of 24 ps. Because the samples are all similar in composition, the 

slow coherent phonon oscillation is similar for all of the samples as seen in Figure 2.3. 

In addition to the slow coherent phonon oscillations, it was expected that there 

exist a fast coherent phonon oscillation with period of rv 1 ps, similar to fast oscillations 

seen previously [23]. The exciting laser pulse generates electron-hole pairs in the 

quantum wells of the superlattice. This creates a photoexcited carrier distribution 

that has the periodicity of the superlattice. These carriers can generate coherent 

acoustic phonon modes with a non-zero frequency and wave vector 

27r 
q=

a 
(2.2) 

where a is the SL period. These fast coherent acoustic phonon oscillations are ex

pected to result in a very small reflection modulation, rvl0-5 or rvl0-6 [24]. 

2.3.1 Experimental Setup for Coherent Phonon Measurements 

Because the fast coherent phonon oscillations result in a very small change in reflec-

tivity, a higher repetition rate laser was used to increase the signal to noise ratio in 

order to adequately resolve the oscillations. We used a Ti:Sapphire oscillator laser 

with repetition rate of 93 MHz and pulse width of 80 fs for a degenerate pump-probe 

setup where the laser beam was split into two arms for the pump and the probe. The 

pump beam reflected off of a corner cube, which was mounted on a shaker with a 

delay stage in order to create a fast scanning of the delay time between pump and 

probe. The probe beam passed a beamsplitter cube so that a reference that does not 

interact with the sample can be provided to the balanced detector with bandwidth 

of 125 kHz. The pump and probe beam were focused to the sample such that they 
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overlaped in space and a time within the range of the shaker. The balanced detec-

tor measured the difference in signal between the reference and probe reflected from 

the sample. By using an A/D converter connected to the output of the shaker for 

temporal information and the balanced detector for differential reflectivity, we were 

able to average many scans in a short amount of time. Using this method, we were 

able to measure changes in reflectivity in the probe to resolve a differential signal of 

""10-6
. We used the balanced detector setting, AUTOBALANCE, where the signal 

generated in both the reference and signal is automatically balanced when they are 

in close range of each other. 

2.3.2 Results and Discussion 

After averaging over 5000 scans of the shaker, a clear signal is obtained with great 

signal to noise ratio. Figure 2.5 shows the differential reflectivity for all five sam-

ples. These results are similar to the results shown in Figure 2.3 obtained using the 
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Figure 2.5 : The raw data from the degenerate pump-probe setup with fast scanning 
shaker for all five samples. 
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CPA/OPA system in that we see an initial decrease in reflectivity followed by a rise in 

reflectivity above zero and the beginning of a slow coherent phonon oscillation. The 

AUTOBALANCE function of the balanced detector responds fast enough to alter 

these results for the slower features, but the very fast dynamics can still be recovered. 

Furthermore, the separation between pulses in the pulse train is 10.8 ns, so the dif-

ferential reflectivity due to the slow carrier dynamics is AUTOBALANCED to zero. 

After subtracting out the initial electronic component and slow coherent phonon os-

cillations from the raw data, a very small fast oscillation can be recovered. Figure 2. 6 

shows the residual differential reflectivity after this fit. From this data, it is clear that 

16 18 20 22 24 26 28 30 
Time (ps) 

Figure 2.6 : The residual differential reflectivity for different SL-period samples after 
subtracting the background signal to isolate the fast coherent phonon oscillations. 
The oscillations show an increase in period with increasing SL period. 

the coherent phonon period increases from rv 1 ps to rv2 ps with increasing SL period. 

Figure 2. 7 shows the fast Fourier transform (FFT) of these results as a function of SL 

period. Before taking the FFT, we used a linear interpolation of 10,000 evenly spaced 

points, zero padding of 90,000 points to increase the data density of the FFT result, 

and a Hann window function. We see a large peak for each sample, which corresponds 



22 

[~~~~~~;'~I'''' I'''' I' • ']\' ·~:~~~; j 
- ~ Sample2 J\ ~~ ::J 

~ 
~ 

~ Sample 3 A j "(j) 

jss.3AI c: 
2 
c: 

ro t Sample4 /\ ~ 
c: 
C> j61.0 AI en 

[ Sam~le 5 _/\ 171.2 AI ~ 
0.4 0.6 0.8 1.0 

Frequency (THz) 

Figure 2.7: FFT of the fast time-domain oscillations in Figure 2.6. The peak position 
of the oscillation frequency decreases with increasing SL period. 

to the frequency of fast coherent phonons. Because we are using an overall time range 

of rv 16 ps, the resolution of our FFT is limited. If we took data over a longer time 

range, we should see more features in the FFT, and we would be able to accurately 

resolve the coherent phonon linewidth [25]. This information can be useful to sample 

growers as it provides information about the interface quality. After fitting the FFT 

result with a Gaussian function, the center frequency of the coherent phonons was 

obtained and plotted against the wave vector, as shown in Figure 2.8. Fitting the 

angular frequency versus wave vector, q [see Eq. 2.2], provides a value for the acoustic 

sound velocity of the SL. The value 3.87 x 105 cm/s is in between the known values 

for InAs and GaSb. Alternatively, we can use an average of the two acoustic sound 

velocities to accurately calculate the SL period. 
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Figure 2.8 : Angular frequency versus wave vector. The slope of the fit corresponds 
to the sound velocity of 3.87 x 105 cm/s 

2.4 Conclusion and Future Work 

The combined results of these measurements allow us to study the carrier and phonon 

dynamics spanning roughly 10 orders of magnitude, from the '""80 fs pulse width of 

the oscillator laser to the 1 ms separation between pulses in the CPA pulse train. We 

have measured carrier trapping, propagating coherent phonons, fast coherent phonons 

due to the superlattice, and the long carrier lifetime. Improvements must be made to 

the CW probe technique in order to provide an accurate comparison of long carrier 

lifetime for the set of five samples. Additionally, measuring the fast coherent phonon 

oscillations with a much larger time range should allow us to provide information 

about the interface quality. This information will help the sample growers adjust their 

growth parameters to improve the sample for the application of mid-IR detection. 
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Chapter 3 

Photoluminescence and Absorption Properties of 
High-Density 2D Magneto-Excitons 

When matter is placed in a high magnetic field, the electronic states are modified by 

the quantization of the spin and orbital angular momentum. In semiconductors, high 

magnetic fields quantize the electronic states of the conduction and valence bands. 

Here, we study the effect of magnetic fields on 2D excitons in the low- and high-

density regimes. Our results show that, with the application of a magnetic field and 

in the presence of single-pass gain, emission from, what is expected to be, a high-

density electron-hole magneto-plasma, surprisingly, shows excitonic character in the 

magnetic field dependence of its emission energy. 

3.1 Interband Transitions of Quasi-2D Electron-Hole Pairs 

in a Magnetic Field 

In two-dimensional semiconductor samples, a perpendicular magnetic field quantizes 

the electronic states of the conduction and valence band such that the 2D density of 

states begins to show a zero dimensional density of states where the stairstep profile 

becomes a series of delta functions. Many interesting physical phenomena can be 

studied under this full quantization condition. 
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3.1.1 lnterband Absorption in Semiconductor Quantum Wells 

When light is incident on a semiconductor, electrons in the valence band can absorb 

photons and transition to the conduction band to form electron-hole pairs if the 

photon energy is greater than the band gap. Transitions between the conduction 

band and valence band are referred to as interband transitions. Ignoring excitonic 

effects, the absorption coefficient is proportional to the joint density of states. In the 

case of 3D or bulk semiconductors, the absorption coefficient is given, by 

(3.1) 

where 

(3.2) 

is the 3D density of states for parabolic bands, 17 is the index of refraction, J-L is the 

reduced effective mass in Eq. 3.12, E9 is the band gap, m is the free electron mass, 

fiw is the photon energy, 

(3.3) 

is the matrix element where '1/Ji and 'lj;1 are the wavefunctions for the initial and 

final states, and Pa is the momentum component along the polarization direction. If 

fiw < E9 , then o:(fiw) = 0. In the case of 2D semiconductor structures, the absorption 

coefficient is given by 

(3.4) 

where 

(3.5) 
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is the 2D density of states for parabolic bands, () is the Heaviside step function which 

is 0 for negative arguments and 1 for positive arguments, fnm represents the overlap 

between the n and m subband wavefuctions, and W is the transition rate between 

the initial and final states. The function, fnm, is close to 1 for n = m and zero, 

otherwise [14]. Figure 3.1 shows the density of states as a function of E = liw- E9 
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Figure 3.1 : Comparison of the 2D and 3D density of states [1]. 

and E = Enm -liw for the case of 3D and 2D, respectively. The 3D density of states 

shows a VE energy dependence while the 2D density of states shows a stairstep energy 

dependence where each step occurs at the location of a subband transition. Because 

quantum well samples are two dimensional systems, the direct allowed interband 

transitions are between the subbands in the conduction and valence bands with the 

same quantum number after evaluation of the electron and hole wavefunction overlap 

integrals [26]. 
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3.1.2 Excitonic Effects 

If the Coulomb interaction is taken into consideration, bound states of the electron-

hole pair arise which are analogous to the bound states of the hydrogen atom. A 

photon with slightly less energy than the band gap can be absorbed to create an 

exciton, a bound electron-hole pair. This modifies the absorption coefficient of the 

semiconductor by adding a peak in the profile at slightly less energy than the band 

gap. The difference in energy of the exciton and the band gap is called the exciton 

binding energy. 

--------------- L
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Figure 3.2 : Absorption from GaAs quantum wells as a function of well thickness. 
There is a transition from 3D behavior to 2D behavior when reducing the quantum 
well thickness. For smaller thicknesses, multiple exciton peaks form and the contin
uum absorption profile approaches a stairstep profile [2]. 

Figure 3.2 shows experimental results for GaAs quantum wells with varied well 

thickness. It is clear that the absorption profile shows a transition from 3D behavior 

to 2D behavior as the well thickness decreases. In the sample with large quantum well 
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thickness, there is a single exciton peak just below the band gap energy and above 

that energy the continuum absorption increases. As the thickness of the quantum 

well decreases, multiple exciton peaks form and the continuum absorption profile 

approaches a stairstep profile. 

3.1.3 Landau Levels in Semiconductor Quantum Wells 

For a two-dimensional electron system, the component of a magnetic field perpendic

ular to the layer quantizes the orbital motion of the electron. The energy spectrum 

of the electron is quantized into Landau levels (LLs) at energies 

EN= (N + ~)rnvc (3.6) 

where 

eB 
(3.7) We=-

m* 

is the cyclotron frequency, N=0,1,2 ... is the LL index, m* is the effective mass of 

the electron, and B is the magnetic field. The density of states for the 2D electrons 

becomes a series of delta functions, and the number of states of each LL is given by 

(3.8) 

When a magnetic field is applied perpendicular to a semiconductor quantum well, 

each valence and conduction subband becomes fully quantized to form a series of LLs. 

Transitions between the conduction and valence band LLs are allowed between LLs 

with the same, N = M, LL index [1]. The energy separation for these transitions, 

ignoring excitonic effects, is given by 

(3.9) 
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where 

(3.10) 

is the effective band gap, 

eB 
Wc=-

1-" 
(3.11) 

is the cyclotron frequency, E9 is the band gap of the well, and Ee,h(ns) is the energy of 

the n8 -th conduction or valence subband. The reduced effective mass of the electron-

hole pair, p,, is defined by 

1 1 1 
-=-+-
11. m* m* r e h 

(3.12) 

where m: is the effective mass of the electron and m'h is the effective mass of the hole. 

The magnetic field dependence for the magneto-exciton energy can be approxi-

mated in the low and high magnetic field limits using perturbation theory. In the 

low magnetic field limit, when the Coulomb interaction is the dominant term in the 

Hamiltonian and the magnetic field is treated as a perturbation, the magnetic field 

dependence is given by 

* Ry* 5 ( 1) 2 [( 1) 2 7] (hMlc)2 
EN= Eg- (N + ~)2 + B N + 2 N + 2 + 20 Ry* (3.13) 

where 

* p,e4 
Ry = 327r2E2n2 (3.14) 

is the exciton effective Rydberg energy [27]. The third term in Equation 3.13 is the 

diamagnetic shift, which gives the transition energy a quadratic dependence on mag-

netic field. The orbit of the bound electron-hole pair creates an induced magnetic 

field that partially cancels the applied magnetic field. This is the origin of the dia-

magnetic shift. In the high magnetic field limit, the Landau quantization begins to 

dominate and the Coulomb interaction is treated as a perturbation. In this limit, the 
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magnetic field dependence is given by 

(3.15) 

where aN are numerical coefficients on the order of 1 [28]. There is no analytic method 

for combining these two regimes. 
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Figure 3.3 : Comparison between the energy of magneto-exciton levels and LLs as a 
function of "f, a parameter that compares the magnetic energy to the Coulomb energy. 
The exciton levels show the diamagnetic shift while the LLs show a linear magnetic 
field dependence. 

Figure 3.3 shows the energy in exciton effective Rydberg as a function of "f, 

~ 
=-2-

'Y Ry* 
(3.16) 
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where 'Y is a parameter that compares the magnetic energy to the Coulomb energy for 

the magneto-exciton levels and LLs. In this figure, the hydrogenic exciton levels and 

the LLs are labeled 1s,2s,3s, ... and 00,11,22, ... , respectively. In this study, we will 

use the Landau notation ( N ,M) to specify each 2D magneto-excitonic state instead 

of the low field notation (n,m). Unlike in 3D semiconductor systems, in the case of 

two dimensions, there is a one-to-one correspondence between the two descriptions 

and this correspondence is given by n = N + 1 and m = N - M [28]. 

3.1.4 Regimes of Electron-Hole Pairs 

Electron-hole pairs show different characteristics depending on their density. In the 

low-density regime, the electron and hole are bound to one another via the Coulomb 

interaction to form an exciton. With increasing density, when the Bohr radius be

comes comparable to the interexciton distance, a Mott transition will occur, trans

forming an insulating excitonic gas into a metallic electron-hole plasma where the 

electrons and holes are no longer bound to another, i.e., the exciton binding energy 

is zero [29]. 

Figure 3.4 shows a schematic diagram for electron-hole pairs as a function of pair 

density and magnetic field. In the low-density regime, excitons become magneto

excitons with emission energies given by Equations 3.13 and 3.15 as the applied mag

netic field increases. In the high-density regime, the electron-hole plasma becomes an 

electron-hole magnetoplasma with magnetic field dependent emission energies given 

by Equation 3.9. In this work, we are primarily interested in the high-density, high

magnetic field regime indicated by the question mark. 

For 2D electron-hole systems in strong perpendicular magnetic fields, theoretical 

studies have shown that there exists a "hidden symmetry" for Ve,vh < 2 (where Ve,vh 
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Figure 3.4 : Different regimes of electron-hole pairs as a function of pair density and 
magnetic field. With increasing electron-hole pair density, an excitonic gas experi
ences a Mott transition to become an electron-hole plasma. With increasing magnetic 
field, an excitonic gas becomes magneto-excitons. We have investigated the high mag
netic field and high pair density regime. Adapted from [3]. 

are the electron and hole filling factors), which leads to an exact cancelation of interex-

citon Coulomb interactions [30- 32]. The filling factor, v, is equal to the number of LLs 

that are filled. The consequence of this "hidden symmetry" is that an electron-hole 

magneto-plasma can transform back into magneto-excitons with increasing magnetic 

field, reversing the effect of a Mott transition. The experimental evidence for this 

"hidden symmetry" has been shown as a change from a linear magnetic field depen

dence for emission energies to a quadratic dependence at ve,vh = 2 [31]. 
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3.2 Experimental Methods 

3.2.1 In0.2 Gao.8As Quantum Well Sample 

The In0.2G8Q_8As multiple quantum well sample used in this study consists of a GaAs 

buffer layer followed by 15 layers of 8 nm In0.2G8Q_8As quantum well separated by 

15 nm GaAs barriers with a 10 nm GaAs cap layer. Because the lattice constant of 

the In0.2 G8Q_8As quantum well is larger than the surrounding GaAs barriers, there 

is compressive strain induced that shifts the band gap energies and induces a large 

valence band offset. Most importantly, the light hole (LH) energy relative to the 

heavy hole (HH) energy is lowered to reduce the hole-level coupling and its repulsive 

interaction between LH and HH subbands. Therefore, this sample minimizes the 

effects of valence band complexities in order to obtain discrete optical spectra of the 

HH and LH excitons, especially, in the high magnetic field regime [33]. Also, the 

substrate, GaAs, is transparent in the energy range where these interband transitions 

occur, so there is no need to remove the substrate via etching in order to measure 

absorption or photoluminescence. 

Figure 3.5 shows the absorption profile of this In0.2G8Q.8As quantum well sample. 

Here, we see the large separation of the HH and LH in the valence band by looking 

at the interband transitions from the HH and LH subbands to the lowest subband in 

the conduction band along with the exciton resonant transitions. 

3.2.2 Experimental Setup 

Our magneto-absorption and magneto-photoluminescence measurements were done 

in the Ultrafast Optics facility at the National High Magnetic Field Laboratory in Tal

lahassee, Florida. We used the 17.5 Tesla superconducting magnet in cell 3 (SCM3) 
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Figure 3.5 : Absorption profile of the In0 .2 Ga0.8As quantum well sample studied in this 
work. The E1-H1 and E1-L1 exciton transitions are visible as well as the continuum 
absorption for the first subbands. 

of the Magnet Lab. SCM3 is a cold bore system with bore radius of 47 mm and is 

capable of measurements from 4 to 300 K. Cell 3 houses a Coherent Legend regener-

atively amplified laser that can produce 2.5 mJ, 800 nm, and 150 fs pulses at 1 kHz 

repetition rate and pumps a Light Conversion TOPAS-800 OPA to provide a tunable 

source of pulsed radiation from the UV up to 20 J-Lm. 

To prepare the sample for measurements inside SCM3, we, first , mount the sample 

and a J-L-prism (1 mm2 area) on a sapphire window where the J-L-prism is placed at 

the edge of the sample to redirect the in-plane emission. The sample and J-L-prism 

are secured to the sapphire window using UV epoxy that is transparent to near-IR 

radiation. The probe has two 0.6 mm core diameter multimode optical fibers that 

extend down the probe such that the bare ends of the fibers are positioned at two 

holes in the copper end, one in the center and one 2 mm to the side. Then, the 

prepared sample is secured to the copper end of the probe using 3 clamps and a dab 



35 

of GE varnish such that the center of the sample is positioned over the center fiber 

and the J-l-prism is positioned over the edge fiber. Figure 3.6 shows a diagram of the 

B@ B 

Figure 3.6 : A quantum well sample is attached to a sapphire window, and a M
prism is attached to redirect the in-plane emission into an edge-collection fiber. The 
experiment is performed in the Faraday geometry where the magnetic field is parallel 
to the incident light. 

prepared sample and experimental geometry. The probe is lowered down SCM3 such 

that the sample is placed at the point in the magnet with highest magnetic field. The 

experiment is done in the Faraday geometry where the incident light is parallel to 

the magnetic field and perpendicular to the quantum wells. Two fibers, referred to 

as the center and edge, are SMA connectorized at the end of the fibers outside of the 

magnet so that we could measure their collected light with a spectrometer, streak 

camera, or fast photodiode. 

For low and high excitation photoluminescence (PL) studies, a 25-m W He-Ne laser 
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and the amplified Ti:Sapphire laser beams were introduced through a CaF 2 at the 

bottom of the magnet bore. A quartz-tungsten halogen lamp was used for white-light 

transmission measurements. We used a 1 m focal length McPherson spectrometer to 

measure the transmission and PL as a function of magnetic field. For nonlinear PL, 

pulse energies up to 10 J-LJ were focused to a 0.5 mm diameter with a 1 m spherical 

lens to create a pump fluence of "'5 mJ/cm2. 

3.3 Experimental Results 

Figure 3. 7 shows the magnetic field dependence of the emission and absorption spectra 

for the lno.2Gao.sAs quantum well sample. The absorption spectra, at zero field, shows 

a stairstep like profile with peaks at the E1-H1 , E1-L1 , and E2-H2 excitons at energies 

of 1.325, 1.40, and 1.45 eV, respectively. Each excitonic absorption peak evolves into 

a series of sharp LLs with increasing magnetic field. In this study, we focus only on 

the splitting of the E1-H1 exciton absorption peak and PL emission into the 00, 11, 

22, ... LLs. The low-density (He-Ne excitation), center-collected PL spectra show 

a single peak with increasing intensity and slight diamagnetic shift with increasing 

magnetic field. The high-density (amplified Ti:Sapphire excitation), edge-collected 

PL shows emission from the E1-H1 exciton evolve into a spectacular series of sharp 

peaks with increasing separation as the magnetic field increases. 

Figure 3.8 shows the power dependence of the high-density PL at 0 and 17 Tesla. 

The 0 field spectra show significant broadening and emission from the continuum on 

the high-energy side of the peak with increasing power. The 17 Tesla spectrum shows 

a single peak at the lowest pump power. With increasing power, there is emission 

from multiple peaks that increase in intensity but shows no sign of broadening or a 

shift in peak position. 
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Figure 3.7: Side by side comparison of nonlinear photoluminescence (a), linear pho
toluminescence (b), and absorption spectra (c) for different magnetic fields. The 
nonlinear photoluminescence measurements show bright emission from multiple LLs 
emerge with increasing magnetic field. The linear photoluminescence data shows a 
small diamagnetic shift with increasing magnetic field. The absorption profile shows 
2D absorption features evolve into a series of LLs [3]. 

The Landau fan diagrams in Figure 3.9 shows the results of fitting the absorption, 

and nonlinear PL to obtain the center peak energy as a function of magnetic field. 

Because the LL splitting is not clear, we could not obtain the peak positions of the 

higher LLs at small magnetic fields. Only the peak position of the OOLL could be 

obtained at all magnetic fields. After finding the peak energy for each transition as a 

function of magnetic field, the result was then fit to a Pade approximation for an ideal 

2D hydrogen atom in arbitrarily strong magnetic field for both the absorption and 
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Figure 3.8 : Nonlinear photoluminescence for different excitation powers at 0 (a) and 
17 Tesla (b). The 0 Tesla data shows broadening and emission from the continu urn on 
the high-energy side of the E1-H1 exciton peak with increasing power. The 17 Tesla 
data shows no sign of broadening with increasing power [3]. 

nonlinear PL data [28]. By extrapolating the higher LLs back to zero magnetic field, 

one can determine the exciton binding energy. Magnetic field dependent absorption 

measurements have proved useful for finding the exciton binding energy for many 

semiconductor materials [1]. The absorption results show the higher LLs converging 

to band gap for the In0_2 Ga0_8As quantum well at zero magnetic field. The difference 

between the band gap and the E1-H1 transition is the exciton binding energy of 

13.6 meV. The nonlinear PL results show all LLs converging to the same point, 

showing zero exciton binding energy. 

Figure 3.10 shows the result of numerically solving the Schrodinger equation for 

a system including an electron and heavy hole to get the magnetic field dependence 

of the absorption as well as the nonlinear PL peaks. The Hamiltonian includes the 

quantum well confinement in the growth direction, the interaction with magnetic 
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Figure 3.9: A side by side comparison of absorption and nonlinear photoluminescence 
Landau fan diagrams shows the electron-hole pair energies as a function of magnetic 
field. The absorption diagram shows a diamagnetic shift, and the extrapolation of the 
fit shows the higher LLs approach the effective band gap of the well. The difference 
between the effective band gap and the OOLL at zero magnetic field corresponds to 
a finite binding energy. The nonlinear photoluminescence diagram shows all LLs 
converge to the same point at zero magnetic field indicating zero exciton binding 
energy but the magnetic field dependence of the OOLL shows excitonic character at 
all magnetic fields. 

field, and the Coulomb interaction between them. For the nonlinear PL data, the 

band gap was treated as a fitting parameter to allow for its renormalization [3]. The 

results of these calculations show excellent agreement with the experimental data. 

3.4 Discussion 

Our results show that at zero magnetic field, increasing the density of excitons leads 

to a Mott transition to an electron-hole plasma because all of the LLs converge to 
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Figure 3.10 : A close up comparison of the absorption and nonlinear photolumines
cence experimental result and numerical calculation for the OOLL. The calculation 
solves the Schrodinger equation for a system including only an electron and heavy 
hole to get the magnetic field dependence. Adapted from [3]. 

the same point on the Landau fan diagram for our high-density measurements. A 

quick, rough estimate of the electron-hole densities can be made by using Eq. 3.8 

for the density per full LL and multiplying it by the number of full LLs emitting 

radiation for a given magnetic field. At 17 Tesla, the density can be calculated to 

be rv2.5x1012 cm- 2 . Figure 3.8 shows 4 full LLs emitting at 1 mW, and we used 

powers up to 10 m W so our excitation power should create electron-hole densities 

approaching 1014 cm-2 • The magnetic field dependence of the emission energy for 

the high-density electron-hole magnetoplasma shows the clear excitonic character of 

a diamagnetic shift, it can be fitted well to the Pade approximation for an ideal 2D 

hydrogen atom in arbitrarily strong magnetic field, and it can be solved numerically 

for a system including only an electron and heavy hole. These results show that, at 

any finite magnet field, an electron-hole magneto plasma can emit as a gas of non-

interacting excitons. 

Our results are different from previous studies (34] that do not show this behavior 

because we used an intense pulsed laser at high pump fiuences to create population-
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inverted electron-hole pairs. In this case, spontaneous emission can be amplified by 

stimulating the emission of other population-inverted electron-hole pairs that pro

vide gain to the system. This gain is dramatically enhanced when the recombining 

electron-hole pair spatially overlap to form a neutral two particle exciton state. Al

though the initial spontaneous emission is spread over a broader range of energies 

corresponding to the transitions between many-particle states of the system, the 

stimulated emission is concentrated within a narrow region near the peak of the gain 

at the single-exciton energy [3]. We observe single-exciton emission peaks precisely 

because this stimulated emission dominates the spectra. 

Because there are many peaks in the nonlinear PL spectrum, we can conclude that 

our electron and hole filling factors are greater than 2 which violates the theoretically 

predicted and experimentally verified constraint on the applicability of the "hidden 

symmetry" that prevents all interexciton interactions. Therefore, our results provide 

an extension to this concept as our range of magnetic field and density go well beyond 

the ranges where it has been shown to be valid. 

3.5 Conclusion 

We measured absorption along with low- and high-density excitation PL in order to 

investigate the magnetic field dependence of the energies of low- and high-density 

electron-holes pairs in an Ino.2G~.8As multiple quantum well sample at 5 K. These 

results show that high-density electron-hole pairs, in the presence of gain and a finite 

magnetic field, can show emission properties that are excitonic despite the fact that 

their densities exceed the Mott density. 
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Superfl.uorescence from Quantum Wells in High 
Magnetic Field 
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The phenomena of superradiance (SR) was originally proposed by Robert Dicke in 

his seminal paper, "Coherence in Spontaneous Radiation Processes" [18] to describe a 

class of radiation where the recombination rate of a single inverted dipole is enhanced 

due to the presence of other two-level dipoles nearby. SF is a particular example of 

superradiant emission where an ensemble of population-inverted two-level dipoles is 

prepared with an incoherent preparation method to ensure that the system possesses 

no coherent macroscopic polarization followed by the spontaneous development of 

macroscopic polarization and a burst of radiation completely reversing the population 

inversion. SF has been extensively experimentally measured in atomic and molecular 

systems but not in condensed matter systems where ultrafast scattering phenomena 

typically destroys such coherence. Here, we present the first direct observation of SF 

in a semiconductor quantum well sample in a magnetic field. 

4.1 Previous Studies of Superfluorescence 

4.1.1 Theoretical Development 

Dicke's original paper theoretically explored the situation where a large number of 

molecules, N, as a system of two-level dipoles, contained in a small volume are radi-

ating with a high degree of coherence between the individual dipoles. Previously, the 
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usual treatment of spontaneous emission assumed that the gas of molecules radiate 

independently of one another with radiative intensity proportional to N. He was 

able to show that the intensity of radiative power for this coherently radiating gas of 

molecules could be proportional to N 2 [18]. Furthermore, he was able to show that 

the coherent emission from this gas could radiate for a duration, tp ex Td N, rather 

than an exponential decay with lifetime, T1, independent of the number of molecules. 

He referred to this type of emission as 'super-radiant' emission. He also pointed out 

that if the N molecules were incoherently prepared with population inversion in a 

volume small compared to the wavelength cubed, the molecules will begin to radiate 

spontaneously and incoherently but, then, the spontaneous emission from any one 

molecule or small fraction of molecules will cause the inverted system to develop a 

very large coherent macroscopic polarization, and, after a certain delay time, will emit 

a pulse of radiation with duration, tp ex TI/N, and intensity proportional to N 2 [35]. 

The emission process of incoherently prepared SR can be solved classically, and 

the dynamics can be simply described using the Bloch sphere where the equation 

for the polar angle, (), is the classical equation for an overdamped pendulum [18, 36]. 

Figure 4.1 shows the Bloch sphere where the Bloch vector represents the sum of all 

of the N dipoles in a small volume. The north pole represents all of the dipoles in 

the excited state, and the south pole represents all of the dipoles in the ground state. 

Equation 4.1 is the overdamped pendulum equation for the polar angle of the Bloch 

vector. 

d() =-N + 1 sinO 
dt 2Tl 

(4.1) 

Initially, the Bloch vector points up, () = 1r, indicating that all of the dipoles are in 

the excited state. This initial state is stable, meaning that all of the dipoles remain 

in the excited state, but, if there is an initial tip of the Bloch vector, it continues to 
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Figure 4.1 : Bloch sphere representation of SR emission dynamics. The polar angle of 
the Bloch vector obeys the overdamped pendulum equation. Initially, e = rr indicates 
all of the dipoles are in the stable excited state. After an initial tip of the Bloch vector, 
it continues to move away from the north pole through the equator and completely 
stops at the south pole, indicating all of the dipoles are in the ground state and all 
of the energy has been emitted as light. 

move away from the north pole through the equator and, finally, completely stopping 

at the south pole when e = 0, indicating that all of the dipoles are in the ground state 

and all of the energy has been emitted as light. This classical description is adequate 

to describe the emission process but only after an initial tip of the Bloch vector. A full 

quantum mechanical treatment is required to describe the initial tipping of the Bloch 

vector from the stable north pole. The first few photons that are emitted from the 

initially inverted dipoles arise as quantum noise. These photons cause the inverted 

system to develop a large coherent macroscopic polarization and the radiated pulse 

from this macroscopic polarization maintains characteristics that result from amplified 

quantum fluctuations [37, 38]. 

The restriction of Dicke's incoherently prepared SR that requires the inverted 

two-level dipoles occupy a volume small compared to the wavelength cubed is ex-



45 

perimentally difficult to obtain for optical systems. However, there is a more general 

situation in which the large number of inverted dipoles can occupy an extended region 

of space such as a long, thin cylindrical region with Fresnel number, 

A 
F=-~l 

>..L (4.2) 

where A is the area of the end of the cylinder, ).. is the wavelength of the emission, and 

Lis the length of the cylinder. SR in an extended region of space after preparing a 

population inversion with no initial coherence is referred to as SF. The experimental 

features of SF will be an intense burst of coherent radiation coming out in a narrow 

cone from each end of the cylinder with intensity proportional to N 2 , pulse duration, 

tp ex Td N, and a delay following the initial incoherent preparation of inverted two-

level dipoles. Furthermore, because the emission is initiated by random spontaneous 

emission, there will be shot-to-shot fluctuations in the time delay and direction of SF 

pulses [35]. Amplified spontaneous emission is spontaneous emission that becomes 

optically amplified by stimulated emission in a gain medium. In experiments that 

excite an extended region of space to create a large population of inverted dipoles, 

amplified spontaneous emission (ASE) is often observed in addition to the observation 

of SF making it sometimes difficult to clearly distinguish SF. 

4.1.2 Previous Evidence for Superfl.uorescence from Atomic Systems 

SR and SF have been observed in atomic and molecular gases. The first experimental 

study and observation of SF in the optical range was done by Skribanowitz et al. in 

1973 using a HF gas at millitorr pressures [4]. Here, the gas was pumped using a HF 

laser with pulse widths of 200-400 ns to create nearly complete population inversion 

between adjacent rotational transitions in the 50-250 p,m range. The experimenters 
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took precautions such that the lower photon energy emission from this laser did not 

enter into the sample cell. Figure 4.2 shows the experimental and theoretical results 

for the case of 84~-tm emission pumped by a 3~-tm pulse at intensity of 1 kW jcm2. The 
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Figure 4.2: Oscilloscope trace (top) and theoretical result (bottom) of SF emission 
from a HF gas at millitorr pressures. The initial bump in the oscilloscope trace was 
the pump laser pulse, attenuated. There was a delay between the pump pulse and 
the SF pulse (4]. 

emission was measured with a helium cooled InGe detector with a fast preamplifier 

and a pulse amplifier for an overall rise time of 10 ns for the detection system. The 

small peak on the oscilloscope trace at t=O is the pump pulse, highly attenuated. 

The theoretical result, shown in the lower panel of Figure 4.2, is consistent with the 

experimental result showing a pulse of radiation with some delay time after the pump 

pulse. Further measurements showed that decreasing the pressure or decreasing the 

pump intensity resulted in longer delays between the pump and pulsed emission along 
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with a broadening of the pulse [4]. 

The second experimental study and observation of SF in the optical range was 

done studying cascading transitions in atomic sodium by Grosset al. in 1976 [5]. Here, 

they used two tunable dye lasers, .\1 = 589 nm and .\2 = 616 nm, with 2 ns pulse 

width pumped by the same N2 laser in order to populate the 581 state. Figure 4.3 
2 

shows (a) the transitions and (b) the basic experimental setup. Figure 4.4 shows 

photodiode 

Figure 4.3: Transition diagram (a) and experimental setup (b) for measuring SF from 
cascading transitions in atomic sodium. Two pulsed dye lasers were used to populate 
the 58 state. The emission from the 5S-4P and 4P-4S transitions were measured [5]. 

the signal collected by a fast InSb detector measured with a fast transient recorder 

after selectively filtering the various transitions with the appropriate optical filter. 

The results show (a) the pump pulse, (b) a pulse from the 5S-4P transition for two 

different pump intensities, and (c) a pulse from the 4P-4S transition. This data shows 

clear delays between the time the population inversion begins and the SF pulse that 

develops for multiple transitions. These observations were the first evidence of SF in 

the near-IR [5]. 

Later, single-pulse observations of SF were made by pumping cesium with a dye 
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Figure 4.4 : SF pulses from cascading transitions in atomic sodium after the pump 
pulse (a). Delayed pulses were observed for the 5S-4P transition (b) at high and low 
pump intensity and for the 4P-4S transition (c) [5]. 

laser with 2 ns pulse width and 455 nm by Gibbs et al. in 1977 [6]. However, the 

experimental results were not in good quantitative agreement with the current theory 

at the time. The difference between this experiment and previous ones was that a 

carefully prepared transition in Cs could ensure almost ideal conditions for observing 

"pure" SF as described by Bonifacio and Lugiato [36]. The previous experiments could 

not satisfy the stringent conditions so they could not answer the question whether 

single pulse emission could be observed. Figure 4.5 shows the results as a function 

of density. At lower densities, single-pulse emission is demonstrated. At the highest 

density, the authors mention that multiple pulses occur with shapes that fluctuate 

greatly from pulse to pulse [6]. This may have been evidence of the random nature 

of SF. 
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Figure 4.5 : Single pulse SF pulses from cesium at lower pump intensities (lower 
traces) and multiple pulses with pulse to pulse fluctuations in shape at the highest 
pump intensity (top trace) [6]. 

4.1.3 Theory for Superfiuorescence in Quantum Wells 

It was proposed by Belyanin et al. that SF was possible in semiconductor quantum 

wells in high magnetic fields [39]. To observe SF from a system of electron-hole pairs 

in a semiconductor quantum well, the cooperative frequency, 

(4.3) 

which is the key parameter that determines the coupling strength between the field 

and the optical polarization, must be greater than 2/T2 , where d is the transition 

dipole moment, N is the 2D electron-hole density, r c is the overlap of radiation 

with the quantum wells, c is the speed of light, n is the refractive index, A is the 

wavelength, LQw is the total width of the quantum wells, and T2 is the homogeneous 

phase relaxation time (dephasing time of optical polarization). In semiconductors, 

T2 is typically 1-10 ps, making it difficult to satisfy the above condition. By placing 
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a semiconductor quantum well in a high magnetic field, the density of states will be 

greatly increased due to the Landau quantization. Furthermore, the filling of all the 

lower LLs should also increase T2 , making it possible to achieve the threshold for 

SF [9]. 

Under the ideal conditions for SF, the pulse duration should scale as 

and the peak intensity scales as 

IY..vN 3 3 
lsp ex: -- ex: N2 ex: B2 

Tsp 

(4.4) 

(4.5) 

where B is the magnetic field applied perpendicular to the quantum wells. The 

theoretically predicted coherence length for SF emission in quantum wells is ""0.5 mm. 

Figure 4.6 shows theoretical results from our collaborators for the exciton occu-

pation and intensity of SF as a function of time [7]. These results show a sudden 
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Figure 4.6 : Occupation number of excitons on 22LL (blue line) and intensity of SF 
emission (dashed red line) as a function of time since the pump pulse [7]. 

depopulation of the 22LL state and the corresponding SF pulse at around 50 ps after 
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the pumping pulse. Later, we will compare our time-resolved measurements to these 

theoretical results. 

4.1.4 Previous Evidence for Superfluorescence from Quantum Wells 

Previously, at the Magnet Lab in Tallahassee, Jho et al. have measured the time

integrated photoluminescence in high magnetic fields under a variety of circumstances 

for an lno.2Gao.sAs quantum well sample with the same structure as the sample stud

ied in this work in order to provide evidence for SF [8, 9]. The magnetic field de

pendent high-intensity PL data was taken using a 31 Tesla Bitter-type magnet and 

a 150 fs amplified Ti:Sapphire laser. Their edge-collected PL data is similar to the 

data presented in Section 3.3. Figure 4. 7 shows the intensity and linewidth of the 

OOLL as a function of magnetic field and pump fluence for different excitation spot 

sizes. When the spot size was 0.5 mm, at a fixed pump fluence, the emission strength 

scaled as B1.48 and the linewidth increased for magnetic fields above 14 Tesla. At 

fields below 14 Tesla the emission strength scaled linearly with B and the linewidth 

decreases. These facts indicate that with increasing density, as the magnetic field 

increases, the dominant type of emission transitions from spontaneous emission with 

broad linewidth to ASE with a decreasing linewidth due to gain narrowing, both of 

which scale linearly in strength with increasing field, followed by SF emission that 

results in a broadening of linewidth and the expected scaling of emission strength 

(Equation 4.5). The fluence dependent data, at fixed magnetic fields, confirmed this 

type of analysis by showing a linear dependence at low fluence, decreasing linewidth 

as the gain increases (ASE), and a superlinear, NL46 , intensity scaling in intermediate 

fluences with broadening of linewidth (SF). The return to linear scaling of emission 

strength at highest fluences and saturation of linewidth indicate that the OOLL be-
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comes full and higher LLs begin to be populated. The other two spot sizes showed 

mostly a linear scaling with increasing fluence. The linewidth dropped quickly with 

the larger spot size and took longer to decrease with smaller spot size. This indicates 

that SF never dominates in either case, only in the 0.5 mm spot size, corresponding to 

the predicted coherence length for SF emission, at high field and high pump fluence. 

All of the spectra used for this analysis were integrated over 1000 excitation pulses. 

Next, a study of the directionality of the emission after single pulse excitation 

showed even more convincing evidence for SF. Figure 4.8 shows the experimental 

geometry and result for single pulse excitation. Two edge fibers were mounted next 

to two different sides of the sample with J.t-prisms to redirect the in-plane emission 

and simultaneously measure the spectra using the same CCD spectrometer. A pulse 

picker was used to reduce the repetition rate to 20 Hz in order to ensure emission was 

collected after single pulse excitation. Data was taken for low and high pump fluences, 

which correspond to the ASE dominated and SF dominated regime, respectively. 

Spectra are plotted for selected shots to show that SF emission can alternate in 

its direction between edge 1 and edge 2 under identical pumping conditions. The 

normalized emission strength vs. shot number show more clearly an anticorrelation 

between directions of emission in the high fluence regime and omnidirectional emission 

in the low fluence regime. An SF pulse consumes almost all of the electron-holes along 

its path, leaving a narrow, unpumped stripe a few J.tm in width. This suppresses an 

additional SF pulse from crossing this path and leads to an anticorrelation between 

emission directions. This data is the most convincing previous evidence for SF in 

semiconductor quantum wells. 

Finally, the excitation shape was modified by using a cylindrical lens to create 

a rodlike 3 mm by 0.5 mm excitation region in order to control the SF emission 
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orientation. Figure 4.9 shows the experimental geometry and spectra after using 

the cylindrical lens. The angle, (), is measured between the long beam axis and the 

direction from excitation to edge 2 fiber. The spectra for edge 1 and edge 2 at()= oo 

and () = goo shows that the difference in emission strength for the two directions 

is a factor of "'20. Plotting the emission strength for the OOLL as a function of () 

shows that the emission is highly directional with a full width at half maximum of 

40° which is comparable to the computed acceptance angle using J.L-prisms to redirect 

the in-plane emission. This directional emission can be expected for both ASE and 

SF so it is not sufficient evidence by itself to claim SF emission. 

4.2 Direct Experimental Observation of Superftuorescence in 

Quantum Wells 

We have performed time-resolved absorption and time-resolved PL measurements us

ing the same In0.2Gao.8As quantum well sample that was described in Section 3.2.1. 

Our results provide, for the first time, direct time-domain evidence for SF in a quan

tum well sample placed in a strong magnetic field. 

4.2.1 Methods 

The sample preparation method and equipment used are the same as the ones de

scribed in Section 4.2. In order to provide time-resolution, we used the OPA and 

the amplified Ti:Sapphire for a two-color delay stage transmission pump-probe ex

periment, and we used a 2 ps resolution streak camera to measure the time-resolved 

PL. 
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Pump-Probe 

Figure 4.10 shows a schematic diagram illustrating the basic experimental procedure. 

Upon optical excitation, using the amplified Ti:Sapphire laser with photon energy 

centered at 1.55 eV and pulse width of rv150 fs, electrons are excited well above 

the GaAs barriers leaving holes in the valence band. Both the electrons and holes 

experience many scattering events before relaxing to the bottom of the quantum well 

to form initially incoherent 2D magneto-excitons. In order to study the population 

dynamics of the magneto-exciton state as a function of LL index, we tuned the OPA 

to the energy separation between the conduction and valence band LLs. We used 

the OPA to probe the population inversion of the 00, 11, and 22 transitions as a 

function of time using standard delay stage pump-probe techniques. Depending on 

the magnetic field, LL index, and temperature, the probe energies of the transitions 

varied from 1.30 to 1.41 eV. On an optical table the pump and probe were made 

collinear before entering the bottom of the magnet bore through the CaF2 window. 

The low intensity probe was collected with the center collection fiber and then, outside 

of the magnet, filtered using a small monochromator tuned to a specific transition 

before being collected with a silicon photodiode and measured with a lock-in amplifier 

at the modulation frequency of an optical chopper introduced in the path of the pump 

line. The lock-in signal was averaged over 1000 pump pulses for each time delay 

between pump and probe. For the 00, 11, and 22 LLs, we made measurements at 

magnetic fields of 0, 10, 12.5, 15, and 17.5 Tesla with a fixed temperature of rv5 K 

and fixed pump power of 5 J.LJ, and we made measurements at temperatures of 5, 50, 

100, and 150 K with a fixed magnetic field of 17.5 Tesla and fixed pump power of 

5 J.LJ. 
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Time-Resolved Photoluminescence 

We also measured the time-resolved PL using a streak camera with 2 ps resolution. 

The output from either the center- or edge-collection fiber was collimated, filtered, and 

focused into the streak camera. A set of optical bandpass filters with 10 nanometer 

width were used to isolate the emission from the individual transitions before entering 

the streak camera. In order to calibrate the timing of the time-resolved PL, we sent 

the OPA, tuned to the wavelength of the PL emission, through the appropriate fiber 

and measured the OPA with the streak camera under the condition that the OPA 

and amplified Ti:Sapphire laser are incident on the sample at the same time and 

there is no change in optics between the OPA measurement and the time-resolved 

PL measurement. By measuring the OPA with the streak camera, we were able to 

determine our time-resolution of this setup to be rv23 ps. The main limitation for our 

time-resolution is the multi-mode optical fiber used to collect the PL. Unfortunately, 

there is no alternative and multi-mode fiber is the best option. Initially, we did not 

use a grating in conjunction with the streak camera so the horizontal axis of the streak 

images provided no additional information. The emission collected directly behind the 

excitation spot predominantly includes only typical spontaneously emitted PL which 

is emitted in all directions with equal probability. The emission collected in the center 

collection fiber should be roughly proportional to the population inversion of the 

transition. ASE as well as SF will travel predominantly in the plane of the quantum 

wells. Therefore, the edge collected emission should include spontaneously emitted 

PL, ASE, as well as SF. We made an attempt to use a spectrometer to spectrally 

resolve the PL before entering the streak camera making the horizontal axis of the 

streak images correspond to wavelength. Further work is needed to complete setting 

up the spectrometer for use in conjunction with the streak camera. All measurements 
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were taken by averaging over 10,000 pump pulses. 

4.3 Experimental Results 

Pump-Probe 

Figure 4.11 shows the magnetic field and temperature dependent results of the pump

probe measurements. The graphs (a) and (b) show the differential transmission as a 

function of time for the llLL and 22LL at different magnetic fields. As the magnetic 

field increases, a sharp reduction in population develops at earlier delay times for 

both the llLL and 22LL. Notice that the 22LL depopulates (at rv50 ps) just a little 

before the llLL (at rv70 ps), meaning that the electron-hole pairs in the 22LL did 

not simply relax down to the full llLL but instead the carriers left the system in 

some other way. The graph (c) shows the temperature dependence on the differential 

transmission for the 22LL at 17.5 Tesla. With increasing temperature, the sharp 

reduction in population happens at later time delay until it no longer occurs at 150 

K. The OOLL results are not shown because they show no obvious features with 

increasing magnetic field. One experimental problem encountered was the existence 

of pre- and post-pulses rv900 ps away from the main pulse coming out of the amplified 

Ti:Sapphire laser. Even though these pulses were measured in a long cross correlation 

to be "'100 times weaker than the main pulse, the OOLL showed a finite differential 

transmission signal before the time zero delay between the main pump pulse and the 

probe pulse. The OOLL is the lowest energy transition so it should be expected that 

it would be the most sensitive to a pre-pulse. 
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Time-Resolved Photoluminescence 

Figure 4.12 shows the edge-collected streak camera results as a function of magnetic 

field for the first three LLs at 5 K and 5 ~-tJ pump energy. With increasing magnetic 

field, we can see oscillations in the time-resolved PL for the OOLL. They increase in 

intensity and occur at shorter time delays. For the higher LLs, we see no dramatic 

pulse at 10 T but we do see a large pulse at higher magnetic fields at a time delay 

of rv150-200 ps. This figure has been corrected for the intensity for each graph 

individually. At 17.5 Tesla, the 11LL has lower intensity than the other magnetic 

fields. At this magnetic field, the separation between the 00 and 11 LLs is very close 

to the longitudinal optical phonon energy, rv36.5 meV, for GaAs which should be 

close to the value for the In0.2Gao.8As quantum well, and we suspect that there is 

relaxation into the OOLL due to this fact. 

Figure 4.13 shows the power dependent data for the first three LLs at 5 K and 15 

Tesla. As the power is increased, it appears that a pulse forms at rv200 ps and at the 

highest power a large pulse forms at rv 100 ps for the higher LLs. 

Figure 4.14 shows the temperature dependent data for the 11 and 22 LLs at 15 

Tesla and 5 ~-tJ pump energy. It is clear that pulse-like features move to greater time 

delay with increasing temperature. Even at 150 K, a pulse feature is observed for the 

22LL. 

Figure 4.15 shows our initial results using a spectrometer to spectrally resolve the 

PL before entering the streak camera. This figure is obtained by putting three streak 

images next to each other. We were not able to calibrate the timing or wavelength 

correctly for these results. However, they are promising in the sense that we see clear 

pulses of radiation from all three LLs. 
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4.4 Discussion and Future Work 

Our pump-probe measurements (Figure 4.11) show a sudden drop in population after 

a delay time of "'50 ps for the 22LL at highest magnetic field and lowest temperature, 

which is in very good agreement with the theoretical result (Figure 4.6). Also, the 

differential transmission as a function of time changes in the expected manner when 

increasing temperature or increasing magnetic field. With increasing temperature, 

the sudden drop in population moves to later time delay and eventually disappears 

because T2 decreases with increasing temperature making it more difficult to build 

the macroscopic polarization necessary for a SF pulse. Increasing the magnetic field 

increases the density of states and, in turn, increases the growth rate of macroscopic 

polarization which we observe as the sudden drop in population occurring at shorter 

time delays with increasing magnetic field. Overall, the pump-probe measurements 

provide the most convincing evidence that the electron-hole populations disappear by 

way of a SF pulse. 

The time-resolved PL measurements show large pulse features under the condi

tions of high magnetic field, high pump energy, and low temperature. Overall, these 

pulses of radiation occur under the expected conditions. However, for some of the 

data collected, such as the 11 and 22 LL at 17.5 Tesla, the intensity is much weaker 

than expected in comparison to the 12.5 and 15 Tesla cases. Furthermore, there are 

often many pulse-like features that make it difficult to distinguish which ones are the 

SF pulse and which are ASE features. There are also problems associated with the 

calibration of the timing. Because there is some slow overall drift in the triggering of 

the streak camera, there may be a slight change, ""'10-20 ps, in timing between the 

PL measurement and the OPA calibration measurement. 

In order to fully understand all of the emission dynamics, it will be necessary 
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to provide spectral resolution and time resolution simultaneously. Our initial results 

show promise, but we did not have the correct grating to measure all three LLs and 

a timing reference pulse at the same time. This will be the primary goal of future 

measurements. By using a spectrometer in conjunction with the streak camera, we 

will avoid the problems associated with using optical filters to isolate the emission 

from particular LLs. Although each filter was selected for a given transition, under 

some circumstances the peak spectral position did not exactly correspond to the 

center wavelength of the bandpass filter. Furthermore, by measuring a reference 

pulse from the OPA tuned to a wavelength with photon energy less than the lowest 

energy emission and incident on the sample at the same time as the excitation source, 

we will have a reference time zero during the measurement. This should reduce the 

errors in timing due to an overall drift on the triggering of the streak camera. 
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Figure 4. 7 : OOLL emission strength and linewidth as a function of magnetic field 
and pump fluence for spot sizes: 0.5 mm (a ) (b), 3 mm (c), and 0.1 mm (d ). A 
super linear dependence on magnetic field (a ) and pump fluence (b ) was observed 
indicating SF emission. No such dependence was observed with the spot sizes (c) (d) 
that do not correspond to the predicted coherence length for SF in this In0.2Ga0.8As 
quantum well sample [8]. 
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Figure 4.8 : Pulse to pulse fluctuations in emission direction were observed by using 
two edge fibers (a) to simultaneously measure the spectra after single pulse excitation 
for many experimental shots (b). Normalized emission strength vs. shot number were 
plotted to show an anticorrelation for high pump fiuence (c) and correlation for low 
pump fiuence (8]. 
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Figure 4.9: Spectra (a) (b) obtained from edge 1 and edge 2 while rotating the long 
axis of a rodlike excitation region. e was measured as the angle from the axis of the 
excitation line to edge 2 (c). The full width at half maximum of the emission strength 
of the 0011 was 40° roughly corresponding to the calculated acceptance angle of the 
f-L-prisms showing strong directionality of the emission [9]. 
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Figure 4.10 : Schematic diagram showing the energy levels investigated via the pump
probe experiment. Electrons were pumped well above the GaAs barriers leaving holes 
in the valence band where many scattering events occured to leave them initially com
pletely incoherent in the In0_2Gao.8As quantum wells. We probed the LL populations 
as a function of time delay between the pump and probe. 
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Figure 4.11 : Results from the pump-probe measurements. Magnetic field dependence 
for the (a) 11LL and (b) 22LL at 5 K and 5 J.-LJ pump energy. Temperature dependence 
results for the 22LL at 17.5 Tesla and 5 J.-LJ pump energy (c). There was a sudden drop 
in population after some time delay at high magnetic fields and low temperatures. 
Adapted from [7]. 
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Figure 4.12 : Magnetic field dependence on the time-resolved photoluminescence 
measurement for the (a) OOLL, (b) 11LL, and (c) 22LL at 5 K and 5 ~-tJ pump 
energy. Large pulse features indicative of SF emission emerged at high magnetic 
fields. 
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Figure 4.13 : Power dependence on the time-resolved photoluminescence measurement 
for the (a) OOLL, (b) 11LL, and (c) 22LL at 5 K and 15 Tesla. Large pulse features 
indicative of SF emission emerged at high pumping powers. 
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Figure 4.14 : Temperature dependence on the time-resolved photoluminescence mea
surement for the (a) 11LL and (b) 22LL at 15 Tesla and 5 f.-LJ pump energy. The SF 
pulses move to later time delay after the pump with increasing temperature. 
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Figure 4.15 : Spectrally resolved streak camera images for all three LLs at 5K, 15 
Tesla, and 10 f.-lJ pump energy. SF emission is observed for all three LLs. 
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Chapter 5 

Conclusions 

In conclusion, we have used ultrafast spectroscopy techniques to measure two differ

ent types of semiconductor heterostructures. For the InAs/GaSb based short-period 

superlattice samples, we measured the carrier and phonon dynamics in time ranges 

from rv 100 fs to rv5 J-lS. Our results can provide information about the long carrier 

lifetime as well as interface quality in order to optimize the growth conditions for the 

purpose of creating a material to use for mid-IR detection that can operate at high 

temperatures. 

We also measured the time-integrated PL and time-resolved PL and absorption 

using an In0.2Gao.8As quantum well sample placed in high magnetic fields. Our time

integrated PL measurements indicate that single-exciton emission can be observed 

from a dense electron-hole magnetoplasma under the conditions of gain and magnetic 

field. These results extend the concept of the "hidden symmetry" predicted to exactly 

cancel all interexciton interactions in an electron-hole magnetoplasma. Our time

resolved measurements show a sharp reduction in electron-hole population after some 

time delay and large pulsed radiation emitted in the plane of the quantum wells. 

These results provide the first direct time-domain evidence for SF in a semiconductor 

quantum well sample in high magnetic fields. 
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