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ABSTRACT 

This dissertation presents a study of high density plasma dynamics in 

semiconductors. Chapter 1 serves as an introduction and presents the basics of 

how we will use optical nonlinearities in the study of a high density plasma. 

Chapter 2 develops the necessary femtosecond laser system and 

techniques utilized in this investigation. The basics of our colliding pulse 

modelocked femtosecond laser system are presented. A variety of data 

acquisition systems are also outlined and discussed. A detailed description of 

our method for chirp measurement and correction rounds out the chapter. 

Chapter 3 presents a study of plasma dynamics in type I and type II GaAs 

multiple quantum well samples. First, the samples are compared in the quasi

equilibrium regime. The transfer of carriers from the wells to the barriers in the 

type II sample is found to profoundly affect the optical nonlinearities. A many

body theOlY calculation of thr.se nonlinearities is then presented. We also utilize 

the unique properties of the type II structure to study the picosecond dynamics 

of a one component (hole) plasma. Finally, the possibility of transient gain in 

the type II structure is explored and discus!Jed. 

Chapter 4 describes an investigation into the gam dynamics in an 

optically inverted semiconductor. Spectral hole buming is observed throughout 

the gain region, and the dynamics of the hole buming are shown. Since this 

system is highly inhomogeneously broadened, these results are first modeled by 

a group of noninteracting, inhomogeneously broadened, two level transitions. 

This model permits simple insight into the dynamics, but does not do a complete 
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job of modeling the results. So, a full many-body treatment is included to more 

completely describe the experiment. 

Chapter 5 presents a study of the dephasing time through the gain region 

and into the absorption region of an optically excited GaAs multiple quantum 

well sample. Both spectral and temporal methods for measuring the dephasing 

time are utilized. A distinct maximum of the dephasing time is observed at the 

transparency point. A many-body theory calculating the carrier-carrier 

scattering rate is presented to explain this maximum. 
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CHAPTER 1 

INTRODUCTION 

The following is a study of the dynamics of an electron and/or hole 

plasma in semiconductors. The plasma dynamics are studied through their 

effects on the optical absorption spectra. We observed the plasma dynamics in 

both the so-called quasi-equilibrium regime as well as in the transient or 

coherent regime. 

The introduction of real carriers into a semiconductor modifies the optical 

properties of the material. The modification tends to be dependent on the 

number of carriers introduced into the system. If the carriers are introduced by 

optical excitation of the semiconductor, the changes are referred to as optical 

nonlinearities. It is through these optical nonlinearities that we studied the 

plasma dynamics. The nonlinearities produced by real carriers can be broadly 

divided into two categories: 1. Coulomb effects, and 2. occupation effects. 

Since charged carriers (electrons and holes) are excited in a 

semiconductor, all states in that semiconductor are linked through the Coulomb 

interaction between these charged particles. In fact, electrons in the conduction 

band and holes in the valence band can form bound pairs called excitons due to 

the Coulomb interaction. This accounts for the optical absorption peaks found 

below the bandgap in unexcited semiconductors. However, the presence of an 

excited carrier at one state in the semiconductor reduces the range of the 

Coulomb interaction for all other states in the same band as well as interactions 

between oppositely charged carriers in different bands. This is referred to as 
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screening, and produces optical nonlinearities. Screening causes the bandgap to 

shrink (renonnalization) and also reduces the oscillator strength of excitons if 

they still exist. The bandgap renonnalization occurs through the Coulomb hole 

self-energy, "£CIf' The Coulomb hole self-energy is less than zero and becomes 

greater in magnitude as the carrier density increases. The reduction in exciton 

oscillator strength results in a decrease of the absorption at the exciton. The 

effects of screening increase as the excited carrier density increases. 

Other optical nonlinearities arise from the Pauli exclusion principle which 

says that Fennions (elect Tons and holes) can only occupy each quantum state 

once. So once an electron (hole) is excited into the conduction (valence) band, 

the state it occupies is said to be blocked. This blocking decreases the 

absorption at the energy of the occupied state. The Pauli exclusion principle 

also causes a renonnalization of the bandgap through the exchange self-energy, 

"£exc' Again this tenn is less than zero and becomes greater in magnitude as the 

carrier density increases. 

So, the introduction of a finite density of carriers in both the conduction 

and valence bands results in optical nonlinearities including screening, blocking, 

and bandgap renOlmalization. We observed these nonIinearities in order to 

study the dynamics of the electron and/or hole plasmas. 

The optical nonlinearities can also be classified by the timescale on which 

they occur. Initially the excitation field and the semiconductor are coupled. 

Nonlinearities occurring on this timescale are referred to as transient or coherent 

nonlinearities. These nonlinearities generally follow the excitation pulse and 

must occur on a timescale before the coupling can be destroyed. In 

semiconductors, this is usually on a timescale of a few tens of femtoseconds. 
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Once the light-matter coupling is broken, the material has in essence forgotten 

how the carriers were introduced. The effects then enter the quasi-equilibrium 

regime. Here, the carriers in each band are in local thennal equilibrium. 

However, the semiconductor itself is not in thennal equilibrium, and carrier 

recombination continues to occur while in this regime. Thus, quasi-equilibrium 

nonlinearities can be studied on a timescale which is shorter than the carrier 

recombination time of the sample (usually nanoseconds to microseconds for 

semiconductors). 

In this work, we have looked at electron and/or hole plasmas which are 

above the Mott density. What is the Mott density? As the carrier density is 

increased from zero, the bandedge shifts to lower energy and the exciton binding 

energy decreases. Eventually, excitons can no longer fonn. The carrier density 

required to cause this ionization of the excitons is referred to as the Mott 

density. At these high densities, the Coulomb interaction between the carriers is 

heavily screened. 

Chapter 2 develops the necessary femtosecond laser system and 

techniques for studying these nonlinearities. Chapter 3 presents an investigation 

of plasma dynamics in the quasi-equilibrium regime in type I and type II 

multiple quantum well structures. The unique properties of the type II structure 

are exploited to study the dynamics of a one component hole plasma. In chapter 

4, we start with a plasma in quasi-equilibrium and observe how that plasma 

interacts with an excitation pulse. Finally in chapter 5, we study the dephasing 

time across a plasma in quasi-equilibrium. 
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CHAPTER 2 

EXPERIMENTAL SETUP AND TECHNIQUES 

Experimental techniques used for this work include both ultrafast 

transient spectroscopy and ultrafast time-integrated four wave mixing (TI

FWM). To perfonn these experiments, the femtosecond laser system shown in 

Fig. 2-1 is employed. This laser system consists of a colliding pulse modelocked 

(CPM) ring dye laser, a dye amplifier, continuum generation, and a second dye 

amplifier. 

r-

Nd:YLF 

CPM 

I" 
Amp. 

620nm 

Broadband Probe c: :::J E.G. 

Ie Pump (540 nm to 820 nm) 2D11 Nd: 
Amp. 

Ttmab 
YLF 

Fig. 2-1: Overview of the femtosecond laser system used in this 
work. The three usable output beams are shown 
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CPM 

Our CPM is very similar to early versions [Fork et al. (1981), Valdmanis 

et aI. (1985)] and is shown in Fig. 2-2. A cw argon laser pumps the gain jet of 

Rhodamine 6G (R6G) dye which is 375 J..lm thick. The pump is focused on the 

gain jet by a mirror which is external to the ring cavity. This arrangement 

eliminates the requirement for a broadband high reflectivity coating on an 

intracavity focusing mirror and decreases the amount of dispersion in the cavity 

[DeSilvestri et al. (1984)]. The saturable absorber is diethyloxadicarbocyanine 

iodide (DODCI) and its jet is 40 /-lm thick. The four prism assembly introduces 

variable group velocity dispersion in the cavity, and is adjusted to yield stable, 

short output pulses [Fork et al. (1984), Martinez et al. (1984), Dietel et al. 

(1983)]. 

~----------~~ ~ 

Fig. 2-2: Colliding pulse modelocked (CPM) ring dye laser. Ml 
and M2 have focal lengths of 25 mm. M3 and M4 have focal lengths 
of 50 mm. The saturable absorber (SA) is DODCr and the gain dye 

is R6G. 
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When the laser is operating, the cavity contains two counter-propagating pulses; 

stable operation occurs only when these two pulses collide at the saturable 

absorber, creating a transient grating which has two effects. First, the grating 

increases the amount of saturation occurring at the absorber. The transient 

grating also scatters part of each pulse in the direction of the other. This ensures 

that the pulses remain coherent and greatly increases the stability of the colliding 

pulse laser over a unidirectional laser [Stix et al. (1983)]. 

The wavelength of the CPM is detelmined by the overlap of the R6G 

luminescence and the DaDCI absorption which occurs right around 620 nm. 

The large gain-bandwidth of the R6G causes the output pulses to routinely be 60 

to 70 fs. The pulse train runs at approximately 90 MHz. With a 3% output 

coupler, each pulse has 0.1 to 0.15 nl of energy. 

1 kHz Amplifier 

The pulses from the CPM are amplified 111 a six-pass dye amplifier 

pumped by a doubled Nd:YLF laser as shown in Fig. 2-3. The amplifier design 

is a modified version of the so-called bow-tie type amplifier [Knox et al. 

(1984)]. In our adaptation, we remove the saturable absorber between passes 

two and three, and move the mirrors much closer to the gain cell. This 

shortening of the path permits a single 1000 mm focal length lens placed 1120 

mm before the dye cell to focus the beam to a diameter between 1.0 and 1.5 mm 

over the first four passes. We retain the 300 J.l1I1 malachite green saturable 

absorber between passes four and five i.n order to remove the amplified 

spontaneous emission (ASE). Rhodamine 640 dye dissolved in ethylene glycol 

flows through the gain cell which is 2 mm thick and is anti-reflection coated for 
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620 run. We find that the use of a cell over a jet markedly increases the stability 

of our amplifier. 

SA 

Fig. 2-3: Six-pass, bowtie dye amplifier. Gain dye is R640 and the 
saturable absorber (SA) is malachite green. A gain of approximately 

10,000 per pulse is realized using Nd:YLF pump laser. 

We also achieved a large increase in stability by changing pump sources. 

Instead of pumping the amplifier with a copper-vapor laser (CVL), we now 

utilize a diode-pumped, doubled Nd:YLF laser running at 1 kHz [Becker et al. 

(1991)]. The pulses out of this laser have a duration of approximately 7 ns, have 

an energy of 200 111, and have a wavelength of 523.5 run. Although this is less 

than one fifth of the energy per pulse produced by a CVL, we find that no 

modification of our amplifier design is required to obtain similar output 

energies. This can be attributed to the higher beam quality of the N d: YLF laser. 

The beam has a higher degree of focussability and is polarized at a greater than 

300-to-l ratio. Additionally, the pulse-to-pulse fluctuation is small compared to 

that of the CVL. The high degree of polarization translates directly into a 
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reduction of the ASE. The increase in time to take data due to the reduction in 

repetition rate from 8.5 kHz to 1 kHz is more than compensated for by shorter 

warm-up time (1 hour versus 4 hours), greater long-term stability, and lack of 

general maintenance. I cannot overstate the increase in laboratory efficiency 

brought about by the use of this solid-state laser. 

The pulses out of our amplifier have an energy around 5 ,.u and are 

compressed by an SFIO prism pair back down to approximately 70 fs. For some 

experiments requiring use of intense 620 nm light, a portion of this beam (~ 

15%) is split off at this point. The remaining beam has more than enough 

energy for continuum generation. 

Continuum Generation 

A white light continuum is generated in a 1.3 mm jet of ethylene glycol 

[Fork et al. (1983)]. The incoming 620 nm light is focused onto the jet with a 

microscope objective. The process of continuum generation has been much 

studied and will not be presented here [for a review see Alfano et al. (1989)]. 

The continuum is collected by yet another microscope objective and extends 

from approximately 380 nm out past 870 nm (limit of our detection system). 

Again, switching from the CVL to the Nd:YLF laser pays dividends. The 

continuum created utilizing the Nd:YLF laser is much quieter in both amplitude 

as well as in spatial profile compared to that created by the CVL pumped 

amplifier. For pump-probe experiments, a small portion (~3%) of this 

continuum is split off at this point for use as a broadband probe. The majority of 

the continuum is used to create a tunable pump. 
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Continuum Re-Ampliflcation 

The continuum is sent through an interference filter and into a second dye 

amplifier. By changing the interference filter, the tilt of the interference filter, 

and/or the dye in the amplifier, we create a tunable pump source from 540 run 

out to 820 nm. The amplifier utilized has a telescopic design as shown in Fig. 2-

4 [Khoroshilov et al. (1988)]. The amplifier consists of two mirrors with 

different radii of curvature which are confocal. M 1 focuses the beam on the 

gain media, and M2 recollimates the beam and sends it back to MI. Since the 

radius of curvature of M2 is less than that of MI, the beam moves closer to the 

center of the mirrors with each successive pass. After the sixth pass, a mirror 

sends the beam out of the amplifier. The pump beam is brought in through a 

hole in the center of Ml. With this configuration, the amplifier can be readily 

switched to any number of passes. However, we most often use the full six 

passes. 

Ml M2 

Fig. 2-4: Telescopic dye amplifier. Ml and M2 have radii of 
curvature of 300 mm and 240 mm respectively. Pump beam enters 

through central hole in MI. 
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This amplifier design is much easier to use than the bow-tie amplifier, 

however it has no provisions for a saturable absorber. Therefore, it is 

necessarily a lower power amplifier. In a recent change, the gain jet was 

changed to a cell. As in the first amplifier, this greatly increases the stability of 

the amplifier by removing flow instabilities. The output energy from this 

amplifier is ~ 0.5 ~ per pulse depending on the transmission of the interference 

filter and the efficiency of the dye at the anlplifying wavelength. Again, the 

amplifier is pumped by aNd: YLF laser with a 7 ns pulsewidth. There has been 

some problem with short lifetime dyes. Since tlle telescopic amplifier has a very 

long total path length compared to the bow-tie design, when using near infra-red 

dyes (LDS 751, LDS 798, and LDS 821) with short lifetimes the last two passes 

see little if any gain. To this point, the experiments have not required higher 

pulse energies than the current amplifier design produces. However if this 

becomes a problem, it could be rectified by choosing shorter focal length mirrors 

in the amplifier, and thus sh0l1ening the total path length of the amplifier. 

After the amplifier, the pulse is once again compressed with a prism pair. 

The temporal width of the pulse is determined by the spectral width of 

interference filter. For a given spectral width, the pulses produced are nearly 

transform limited. This pulse serves as a tunable pump pulse. 

Henceforth, the laser system described will be treated as a black box with 

three usable output beams. First, there is an intense, 70 fs, 620 nm pulse. There 

is also a weak broadband probe pulse. Finally, there is an intense, tunable (540 

nm to 820 nm) pump pulse of various duration and spectral width. 
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Data Acquisition System 

We utilize three different data acquisition systems in this work. The most 

common system yields spectral data at discrete times. We also use PMT's and a 

fast analog to digital converter (ADC) to give temporal data at discrete 

wavelengths. Finally, we use a PMT to detect the time-integrated four wave 

mixing (TI-FWM) signal as a function of delay time. In all cases, the beams are 

focused to an approximately 50 /lm diameter spot, and there is a 15° angle 

between each of the beams. "Time delay" refers to tprobe-tpump. Thus, a 

positive time delay indicates that the pump pulse arrives at the sample before the 

probe pulse. The variable delay is introduced by spatially moving a 

retroreflector in one of the beam paths with a stepper motor. The stepper motor 

utilized in this work has a resolution of 0.10 /lffi or 0.667 fs. The general data 

acquisition systems will be described here and specifics given for each particular 

experiment. 

The system for spectral data is based around an optical multichannel 

analyzer (OMA) (see Fig. 2-5). The OMA measures the transmission of the 

broadband probe through the sample over a 120 nm spectral region. The pump 

beam is synchronously chopped at either 2 or 4 Hz by a shutter controlled by the 

OMA. We then calculate the change in absorption: 
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Thus, a positive signal indicates an increase in transmission or a bleaching of the 

absorption, and a negative signal indicates a decrease in transmission or an 

induced absorption. The data are treated as cw light in that the OMA sums all 

Pump 

Variable 
Delay 

00_ ................ _. , , , , , , 

, 

Sample 
Spec. 8 

, 1 __ .......... __ .... __ ... _________ .... __ .. ________ .. ___ .. ____ .. ____ ........ _______ .. _ 

Fig. 2-5: Spectral data aquisition system. 

light collected over 40 ms time periods. This allows 40 laser pulses to hit the 

detector during the summing window. This procedure is performed with the 

pump off (shutter closed) and with the pump on (shutter open). The amount of 

light at each wavelength is summed for each case separately. This process is 

repeated hundreds of times for a single data curve. Finally, the OMA calculates 

-~a.L for the given time delay and changes to the next specified time delay by 

moving the stepper motor. 

In the case of temporal data, -~a.L is also calculated. Here, the pump is 

not chopped, rather it is left on at all times. However, the broadband probe is 

split before the sample (see Fig. 2-6). Part of it goes through the sample, and the 

remainder goes around the sample. The beams are then recombined with a slight 

vertical offset and sent into a monochromator containing two output ports. 
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Using a mirror just before the detectors, the two beams are again separated and 

sent to different PMT's. The PMT signals are sent to an ADC and -L\a.L 

calculated. Since this system detects each pulse separately, the level of the 

pump pulse is also 

Variable 
,-----, Delay 

Ir(pumpon) 

Ir (pump oft) 

Monochromator 

Fig. 2-6: Temporal data aquisition system. The monochrometer is 
set to detect a 40 A region of the probe. The computer monitors the 

pump energy and can set an allowable window. 

monitored. If the pulse energy does not fall within a specified range of values, 

the data from that pulse is rejected. In reading data from this system, one must 

realize that in the long time scans the system may miss the actual peak value of a 

signal as seen in a short time scan under the same conditions. This is due to the 

larger time step taken between data points. 

Detecting the TI-FWM data involves putting beams with vectors kl and 

k2 on the sample, and detecting the output light in the 2k2-kl direction (see Fig. 

2-7). The light in direction k2 is chopped. The output light is detected by a 
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PMT. The PMT signal is sent to a lock-in amplifier referenced to the 1 kHz 

frequency of the laser system. This lock-in merely acts a simple filtered preamp. 

The output of the first lock-in is sent to the input of a second lock-in referenced 

to the chopper. This method produces backgrOlmd free data. 

Variable 
DeJay 

Sample 

~ ~ foo! 
, ' . , , , I~ _____ ----------------------------------------------- ____ • _____ ~ 

: 

Output to • 
Computer 

Fig. 2-7: Time-integrated four wave mixing data aquisition system. 
Duals lock-ins permit background free data, 

Chitp: Measurement and Correction 

When taking data with the OMA, one must always consider the effects of 

group velocity dispersion (GVD). When the broadband probe pulse travels 

through any dispersive media, different wavelengths travel at different velocities 

[Martinez et al. (1984)]. The effect of this is that the red portion of the pulse 

arrives at the sample before the blue portion of the pulse. In terms of the data, 

the red portion of the probe sees a smaller time delay than the blue portion. So, 

in the raw data we always see the signal come in from the blue side of the 
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spectra and move to the red side. In order to correctly interpret the data, we 

must measure the chirp and correct the data appropriately. 

The traditional method for measuring chirp has been to cross correlate the 

probe pulse with a reference pulse (usually the pump pulse from the experiment) 

which has a variable delay. A doubling crystal (i.e. KDP or KTP) was used to 

upconvert the probe light. The upconverted light was measured on the OMA 

and a temporal distribution of the probe mapped out (see Fig. 2-8). 

Unfortunately, the angle of the doubling crystal had to be constantly adjusted to 

maintain the proper phase-matching condition. Often, this method did not yield 

reliable data over the entire 120 nm spectral region. The process also involved 

dismantling the detection portion of the system in order to send the up converted 

light to the OMA. As one can guess, this was not an easy process. 

Probe 

OMA 

Reference 
Fig. 2-8: Illustration of measuring chirp with upconverted light. 

An instantaneous effect involving the probe and reference pulse must be 

available to detect the chirp. It was recently proposed that two-photon 

absorption (TPA) would fulfill this requirement [Albrecht et al. (1991)]. 

Basically, the effect consists of reference photons and probe photons combining 
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in two photon absorption. The signal manifests itself as an induced absorption 

in the probe beam since the OMA sees less probe light in the region which is 

temporally coincident with the reference beam. Using this method, a wide 

bandgap crystal (we use ZnO or CdS) is placed in the sample position, and a 

standard pump and probe experiment run. The data £i'om such a run are shown 

in Fig. 2-9. As can be seen in the data, the chirp is smaller on the red side of the 

spectra than the blue side. This manifests itself as a broader signal in the red 

because smaller chirp causes a wider spectral region of the probe to be 

temporally coincident with the reference beam on the sample. It also indicates 

that parabolic chirp must be considered. The peak position for each curve is 

found and the temporal distribution of the probe is calculated. This method 

requires no disassembly of the detection optics, is not limited by phase

matching, and yields data over the entire spectral region. Additionally, after 

chirp correction this data yields the pump-probe cross-correlation time (Fig. 2-

10). The flat areas in the lower right and upper left of the figure show areas in 

which data was lost due to dechirping. 

To correct the chirp in the data, we employ a computer program which 

allows for parabolic chirp, fits a curve to each wavelength, shifts each of these 

curves by an amount determined by the chirp, and reconstructs the data at the 

requested times. The curve fitting utilizes a cubic spline interpolation. Since a 

cubic spline has a continuous second derivative at each point, this method 

introduces much less error into the data than a linear interpolation [Press et al. 

(1988)]. We found that linear interpolation caused large errors when the data 

changed rapidly. The cubic spline has much less problem with this. The 

question becomes when to dechirp the data. One must remember that the probe 
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beam is always chirped. So, the data should be dechirped when the dynamics of 

the signal are occurring on a timescale which is shorter than or on the order of 

the chirp across the spectral region of interest. Thus, observing the behavior of 

broad features requires much more data for dechirping than natTOW features. 
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Here, the pump-probe cross correlation time is about 220 fs. 
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CHAPTER 3 

HIGH DENSITY PLASMA DYNAMICS IN TYPE I AND TYPE II 

QUANTUM WELLS 

Introduction and Background 

Quantization occurs when a thin layer of a material is sandwiched 

between layers of a material possessing a larger bandgap. If the thin layer is 

thinner than, or on the order of the exciton Bohr radius of that material, a 

quantum well is created. For GaAs, a layer thickness of less than 100 A meets 

this criterion. Here, confinement in one dimension will be discussed: a 

quantum well. This confinement has several interesting effects on the optical 

properties of the material. First, the allowed energy levels of the carriers 

become quantized at a higher energy than the bulk material since we now 

essentially have a particle in a box [for a review see Eisenberg and Resnick 

(1974)]. Also, the density of states becomes a step function due to the 

quantization instead of having a square root dependence as in bulk GaAs. 

Additionally, there is an enhancement of the Coulomb interaction between 

particles [Schmitt-Rink et al. (1985)]. 

There are two types of quantum wells which possess very different band 

structures. Type I wells are the more traditional quantum wells in which the 

band structure confines the photoexcited electrons and holes in the well material. 

In contrast, type II wells have a band structure such that photoexcited electrons 

and holes become separated in different layers. In our case, the type II stl1lcture 

possesses GaAs wells and AlAs barriers. AlAs is an indirect material with a 
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conduction band minimum at the X point while GaAs is a direct gap material. If 

the GaAs well thickness is less than 35 A and the AlAs barrier thickness is 

greater than 16 A, the lowest r -electron state in the GaAs lies energetically 

above the lowest X-electron state in the AlAs. However, the lowest energy state 

for the holes remains in the GaAs wells (see Fig. 3-1). Thus, electrons 

photo excited in the wells scatter to the X point minimum in the barriers while 

the holes remain in 

Type I Type II 

r GaAa AlOaAs 0aAs AlAs 

r r 

Fig. 3-1: Energy level diagram of type I and type II multiple 
quantum well structure. 

the wells. The exact nature of this scattering process is not yet fully understood. 

The electrons must undergo a large change in momentum as well as move 

between materials. Thus, carrier-carrier scattering is ruled out. It also does not 

seem possible for electron-phonon scattering to account for all the changes. So, 

one would hypothesize that there is an interaction between the material interface 

and the electrons. After the scattering, the electron and hole distributions are 

separated in both real space (different layers) as well as in reciprocal space 

(holes at r -point and electrons at X-point). This produces a plasma decay time 
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on the order of microseconds in the type II structures. Because of this long 

recombination time, type II structures provide an ideal environment for the 

investigation of the dynamics of the one-component hole plasma [Meissner et al. 

(1991)]. 

The general process carriers undergo when excited in a sample can be 

easily described. Initially, the carriers are excited in a non-thermal energy 

distribution depending heavily upon that of the pump pulse. This is the 

aforementioned coherent regime. The carriers then thermalize into a Fermi 

distribution which can be characterized by a chemical potential and a 

temperature which is generally higher than the lattice temperature [Knox et al. 

(1986), Erskine et al. (1984)]. At this point, the carriers have lost all memory of 

the excitation pulse and are in a quasi-equilibrium state. This process occurs 

through carrier-carrier scattering as well as carrier-LO phonon scattering. Since 

carriers are strongly coupled to the LO phonons, the process usually occurs in 

tens to hundreds of femtoseconds. Once in this Felmi distribution, the 

distribution cools toward the lattice temperature through acoustic phonon effects 

[Shank et al. (1983), von der Linde and Lambrich (1979)]. Since carriers are not 

strongly coupled to the acoustic phonons, this process takes a much greater time. 

The cooling produces a higher occupation probability at the lower energy states. 

Due to the long recombination lifetime of the type II sample, we will be able to 

observe the hole distribution as it cools toward the lattice temperature without 

interference from recombination effects. 

In this chapter, the optical nonlinearities of similar type I and type II 

quantum wells under femtosecond excitation are compared and contrasted. We 

concentrate on the carriers after they have established a Fenni distribution. The 
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samples are pumped both into the interband absorption as well as resonantly into 

the heavy hole exciton. These data are analyzed utilizing the results of a many

body theory appropriate for both type I and type II structures. Direct 

measurement of the hole plasma relaxation dynamics in the type II sample will 

also be presented. Finally, a brief foray into the possibility of transient gain in 

the type II sample will be presented. 

Experiment 

For this experiment, our samples were grown by molecular beam epitaxy 

(M8E) and have very similar GaAs well thicknesses for comparison. The type I 

sample consists of 150 periods of26 A GaAs wells and 80 A AlxGa(1_x)As (x = 

0.41) barriers. The type II sample consists of 150 periods of 28 A GaAs wells 

and 56 A barriers. 80th samples have AIGaAs caps on each end. Fig. 3-2 

illustrates the two samples. 

Type I Type II 

AlGaAs AlGaAs -
-AlGaAs -

~: ~ (x=O.41) 
GaAs 

AlGaAs AlGaAs - -

Fig. 3-2: Structure of type I and type II MQW's used in this work. 
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To perfonn this work, both the spectrally resolved and the temporally 

resolved data aquisition systems are utilized. The broadband probe and a narrow 

pump are incident on the samples as in Figs. 2-5 and 2-6. We used both a 636 

run pump (interband) and a tunable pump in the region of 660 to 690 nm for 

resonant pumping. hl the case of the 636 nm pump, the pulse width is 150 fs, 

and the peak power density is 7x 1 08 W cm-2. In the case of the tunable pump, 

the pulse width is 130 fs and the peak power density is 7 x 108 W cm-2. In this 

range of pump power density, the samples are linear. The samples are held in a 

cryostat at approximately 25 K. 

The spectrally resolved data for resonant pumping in the type I and type 

II samples are shown in Figs. 3-3 (a) and (b), respectively. The pumps, shown at 

the bottom of each figure, are centered at 685nm for the type I and 667 nm for 

the type II. At early times (0 ps), the two samples behave similarly. There is a 

bleaching and blue shift of both the heavy and light hole exciton peaks. 

However after this initial similarity, the two samples behave very differently. In 

the case of the type I sample, the two exciton peaks recover both their bleaching 

as well as their blue shift together due to recombitnation of electron hole pairs. 

This recovery occurs on a rather fast time scale due to the electrons and holes 

being confined to the GaAs. In the case of the type II sample, the same recovery 

is not seen. By 3ps, the light hole exciton no longer exhibits a blue shift and it's 

bleaching has begun to recover. By the final curve at 100 ps, the light hole 

recovers from the bleaching as well. The heavy hole exciton also exhibits a 

recovery from the bleaching and blue shift by 3 ps. However, the low energy 

side of the heavy hole exciton rebleaches between 3 ps and 100 ps. There is also 
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an area of induced absorption which appears between the heavy and light hole 

excitons by the 100 ps CUlVe. Interband pumping yields similar data except the 

signal seems to be a bit smaller initially. 

In order to look at these dynamics more closely, we took time-resolved 

data with the probe centered around the heavy and light hole excitons. Fig. 3-4 

(a) and (b) show short and long time traces for both samples with the probe 

centered on the heavy hole exciton and the same pumps as in the spectral data 

(Figs. 3-3 (a) and (b». The type I sample shows a rapid bleaching, and a 

recovery with at least two distinct components. The fast component may be due 

to the theImilization of the caITiers. The slower component is governed by the 

camer recombination lifetime and may be affected somewhat by carrier-phonon 

cooling. The type II sample exhibits a large initial bleaching followed by a rapid 

(time constant < 1 ps) recovery to approximately half of the original bleaching. 

After this, the signal again increases until it reaches a constant value around 80 

ps. Thus, the dynamics of the two samples are initially very similar. However, 

they differ greatly after reaching quasi-equilibrium. 

Fig. 3-5 shows the temporal behavior of the light hole signal when 

pwnping at the heavy hole exciton. In the type I sample, the light hole shows 

two distinct recovery times just as the heavy hole did. A fast recovery of 40 to 

50% of the signal could again be due to thermalization of the carriers or a 

coherent effect. The long recovery time is again governed by the recombination 

lifetime. Thus, the dynamics of the light hole signal match those of the heavy 

hole quite well. In the type II sample the parallel between light and heavy hole 

does not exist. The light hole recovers approximately 40% of its original 

absorption in less than 2 ps. This occurs faster than any feature in the type I 
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sample. There is then a slow recovery of another 40% of the absorption which 

lasts until approximately 80 to 100 ps. From this point onward, the signal 

remains at a constant level. Here, the light and heavy hole dynamics occur on 

very similar time scales, but the signals are very different. 

To investigate the dynamics of the electron plasma in the type II sample 

fully, temporal data are taken with the probe fixed on the heavy hole exciton, 

and the pumping performed both resonantly in the heavy hole as well as in the 

interband absorption with the same pump intensity. The data shown in Fig. 3-6 

are not normalized, so the actual levels can be directly compared. The resonant 

pwnp produces a larger initial bleaching which recovers pat1ially in less than 1 

ps, and then rises at longer times. The interband pump produces a smaller initial 

level which does not recover to the degree of the resonant pump, but does 

recover a small amount in the same time as the resonant pump. However, the 

interband pump does create a larger final bleaching than the resonant pump. 
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Theory 

To help analyze these dynamics, a many-body calculation of the optical 

nonlinearities in type I and type II structures is perfonned by Binder et al 

[Binder et al. (1991)]' Here, only the general assumptions and the results are 

described. The equations for the interband polarization of the light hole and 

heavy hole transitions are numerically solved. Relevent exchange and dynamic 

screening effects are included. For the type II structure, a perfect electron-hole 

separation is assumed so only the ['-point holes contribute to phase space filling 

of GaAs exciton states. In the type I structure, both electrons and holes 

contribute to the nonlinear spectra. Inhomogeneous broadening due to well

width fluctuations is included by averaging the spectra over a distribution of 

well thicknesses assuming an approximate half-monolayer thickness fluctuation. 

Figs. 3-7 (a) and (b) show the computed absorption for the type I and type II 

structures respectively. Linear absorption curves are shown as solid curves and 

quasi-equilibrium absorption spectra are shown as dotted curves. The plasma 

sheet density used for the type I structure is na; = 0.2 and for the type II 

structure is na; = 0.8, where ao is the bulk exciton Bohr radius. Because the 

calcutions assume a quasi-equilibrium situation at a plasma temperature of 30 K, 

they are compared with the corresponding 100 ps spectral data from Fig. 3-4 

(shown again in Figs. 3-7 (c) and (d». A lower carrier density is used for the 

type I sample due to the much shorter recombination time. 
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Discussion 

Our analysis indicates that the heavy hole exciton bleaching in the type I 

sample is due to phase space filling and screening due to both the electrons and 

holes. At very small densities, the formation of an exciton gas may account for 

the blue shift of the exciton [Peyghambarian et al. (1984)]. At densities above 

the Mott density, the observed blue shift is mainly that of the Coulomb 

enhancement peak (Mahan exciton) at the chemical potential [Binder et al. 

(1991)]. Although the exciton no longer exists, the Coulomb attraction between 

caniers still results in enhanced absorption above the bandedge. The bleaching 

recovers due mostly to electron-hole recombination. However, the final cooling 

of the electron and hole plasmas via acoustic phonon effects should also affect 

the recovery. This is revealed by the the slow recovery of the lower energy 

portion of the heavy hole peak. Because the heavy and light hole excitons share 

the same electron states, population of the electron states leads to a simultaneous 

blocking of both transitions. Thus, the light hole exciton shows the effects of 

the electron plasma blocking, and recovers due to electron-hole recombination 

along with the heavy hole exciton. 

At early times before the electrons transfer to the AlAs layer, the type II 

sample behaves exactly the same as the type I sample. Thus, the heavy hole 

exciton experiences bleaching and blue shifting due to phase space filling and 

screening by the electrons and holes. The light hole exciton experiences 

bleaching and blue shifting due to phase space filling by the electrons and 

screening by both electrons and holes. As electrons scatter from the r -point in 

the GaAs to the X-point in the AlAs, the heavy hole bleaching and blue shift 

partially recover by 3 ps. The scattered electrons no longer block the electron 



46 

states of the light hole exciton. Therefore, the blue shift of the light hole 

recovers completely. However, the bleaching only partially recovers because 

the holes remaining in the GaAs still screen the transition. This results in some 

loss of oscillator strength. Once the electrons have scattered into the AlAs, we 

are now observing the dynamics of the hole plasma. Because the electrons and 

holes have such a long recombination time, the effects of electron-hole 

recombination are inconsequential on this timescale. Between 3 ps and 100 ps, 

the lowest energy portion of the heavy hole re-bleaches due to cooling of the 

holes. Here, the hole plasma, which initially possessed a temperature greater 

than the lattice temperature, cools toward the lattice temperature by acoustic 

phonon interactions. The increasing occupation probability for the lower states 

causes this rebleaching. 

The temporal behavior of the light hole sheds much light on the 

dynamics. The fast initial recovery of 40% of the signal is due to the electrons 

scattering into the AlAs. The electron plasma blocked the transition before the 

electrons scattered into the AlAs. Then, there is another 40% decay of the signal 

out to about 80 ps. This time matches well with the cooling time of the hole 

plasma measured with the heavy hole data. To understand this, it should be 

noted that the signal remaining at the light hole is due to screening by the hole 

plasma. As the temperature of this plasma decreases, the screening strength also 

decreases [Binder et al. (1991)]. 

The data in Fig. 3-6 give insight into the dynamics of the electron plasma. 

The initial signal at the heavy hole is partially due to the pre-scattered electrons, 

and the final (long time) signal should be proportional to the number of holes in 

the one-component plasma. Therefore, the resonant pump created a larger initial 
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signal with fewer carriers. This is most likely due to a more efficient use of the 

electrons created. Because the pump is resonant, all the electrons created 

contribute to the signal. Whereas in the interband case, many electrons scatter 

into the AlAs before they reach the bottom of the band and therefore do not 

contribute to the blocking. 

From the data, the scattering time from the i-point in the GaAs to the X

point in the AlAs is estimated to be approximately 850 fs. This is in good 

agreement with earlier reports [Feldman et al. (1990), Feldman et al. (1989), 

Saeta et al. (1989)]. The hole cooling time is estimated to be approximately 25 

ps from the same figure. This appears to be a reasonable time for hole-acoustic 

phonon interaction. Our analysis did not include band bending in the type II 

sample due to the charge separation because the wells are small in our sample. 

The spatial separation of the electrons and holes can induce a local electric field 

which perturbs the ener!,'Y levels of the system. This effect is very dependent n 

the width of the wells and the barriers. The band bending of the ic-ih transition 

in the GaAs becomes small because the bands are bent in the same direction by 

the hole plasma remaining in the wells. The energy shift becomes a second 

order perturbation which yields a factor that goes as the well width to the sixth 

power. This shift is negligible for our sample. This effect will be larger for the 

Xc AIAs-ih GaAs' but we are not observing this transition [Sasaki et al. (1990)]. , , 
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Gain in Type II Quantum Wells 

One of the major consequences of a high density, two component plasma 

is optical gain. Generally, gain requires: (1- fe(k) - iJ,(k») < O. The fact that 

the electrons scatter out of the GaAs layer in the type II structures suggests that 

sustained optical gain is impossible. However, there are two possiblities for 

seeing gain in a type II structure. First, enough electrons could be put into 

system that the AlAs wells could fill to within kB T of the r-point energy of the 

GaAs. This would result in a certain density of the electrons remaining in the 

GaAs. This situation has been investigated under nonresonant femtosecond 

pumping conditions [Fu et al. (l992a), Fu et al. (1992b)]. This would not be 

seen in the present theory which assumes an infinite well in the AlAs. 

The more interesting case is one which requires resonant pumping of the 

heavy hole exciton. In this case, both electrons and holes are initially placed in 

the lower k states. As seen in Fig 3-6, the electrons created in resonant pumping 

are much more efficient at blocking the low energy states than those created by 

nonresonant pumping. The experiments also show that the r to X scattering 

time of the electrons is on the order of a picosecond (850 fs). This should allow 

a period of sub-picosecond gain before the electrons scatter. In terms of a 

device, this property could be used to write subpicosecond pulses onto a carrier 

beam whose wavelength is slightly below the heavy hole exciton. 

PreliminalY experiments were performed on the previously described type 

II sample. Spectral results are shown in Fig. 3-8 and temporal results in Fig. 3-

9. Unfortunately, the Fabry-Perot fringes of our samples do not allow an 

unambiguous interpretation of the data. Even with one surface of the sample 

anti-reflection coated, the fringes are large enough to cause problems. However, 
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there is definitely a gain signal which lasts on the order of a picosecond. There 

also appears to be a longer lived gain signal. The total signal is probably a 

combination of the cases described above. A reasonable course of action may be 

to choose a sample with a wider barrier region. This would create a deeper well 

for the electrons and could possibly help eliminate the long-lived gain signal. 

More importantly, the continuation of this experiment requires that the Fabry

Perot fringes be completely eliminated. Work is currently being done to meet 

these requirements. 

Summary 

We have looked at the differences in the absorption spectra between type 

I and type II quantum wells in the presence of a high density plasma. The 

results are very similar at early times, but differ greatly after the electrons scatter 

into the AlAs layers in the type II sample. The time constant for the electron 

transfer is approximately 850 fs in our sample. The electron-hole recombination 

rate governs the long time dynamics of the two component plasma in the type I 

sample. However, the extremely long recombination time in the type II sample 

permits observation of the one component hole plasma after the electrons scatter. 

The final cooling of the hole plasma is found to have a time constant of 

approximately 25 ps. 

The possibility of transient optical gain in type II structures has also been 

explored. Preliminary results indicate that there is a fast component of the gain 

in our type II sample. However, more work must be done in order to fully 

understand the dynamics of the gain. 
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CHAPTER 4 

GAIN DYNAMICS IN AN INVERTED SEMICONDUCTOR 

Introduction and Background 

Carrier dynamics in the gain region of semiconductors have recently 

inspired a number of studies utilizing ultrafast spectroscopy. The properties of 

the gain could prove very important in the future design and optimization of 

diode lasers and amplifiers. So, these studies have concentrated on AIGaAs 

diode lasers and InGaAsP diode amplifiers [Sun et al. (1993), Mark and Mark 

(1992), Hultgren et al. (1992), Hultgren et al. (1991), Hall et al. (1990)]. These 

media provide the gain by electrical pumping of carriers into a long (1 OO's of 

microns) waveguiding region. This is the easiest way to achieve gain conditions 

under which to perfOlm experiments on the gain dynamics. However, the 

waveguide geomeny of the devices also introduces problems into the 

experiment. First of all, a broadband probe cannot be coupled into the 

waveguide structure. Therefore, the studies were restricted to the use of a 

narrow band pump and probe. Until the work by Sun et ai, the pump and probe 

were of the same wavelength. Therefore, the results were difficult to interpret. 

Sun's work is a bit more clear because the pump and probe occur at different 

wavelengths [Slm et al. (1993)]. The data seem to show that spectral hole 

burning does not occur. However, even these results are not crystal clear 

because there is no view of the entire gain region. Another problem presented 

by the waveguide structure arises from propagation effects incurred by traveling 

through 100's of microns of waveguide [Harten et al. (1992)]. These earlier 
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studies therefore looked at a combination of material effects as well as 

propagation effects. They all claimed to see no spectral hole burning in the gain 

region. The entire signal was asswned to come from carrier heating through 

two-photon absorption (TP A), and free carrier absorption (FCA). 

From a materials standpoint, these earlier results seemed a bit out of 

proportion with the material constants. FCA and TP A are not large effects in 

semiconductor material. We saw no good reason why there would not be 

spectral hole burning in the gain region of a semiconductor. A recent theoretical 

study by Paul et al. predicted spectral hole burning in the gain region of inverted 

CdSe [Paul et al. (1992)]. Many past experimental investigations have observed 

spectral hole burning and carrier relaxation in the absorption region above the 

bandgap in a semiconductor [Oudar et a1. (1985), Knox et a1. (1986), Fluegel et 

al. (1992)]. In these studies, the pump pulse is tuned into the interband 

absorption region and creates a distribution of carriers which has the width of 

the pump pulse convolved with the homogeneous linewidth of the 

inhomogeneously broadened states [Meystre and Sargent (1990)]. This "spectral 

hole" manifests itself as a bleaching of the absorption in an unexcited sample 

through Pauli blocking at the pump wavelength and screening at states away 

from the pump wavelength. The non thermal distribution created by the pump is 

quickly destroyed due to carrier-carrier and carrier-LO phonon scattering, and 

evolves into a Fermi-Dirac distribution within tens to hundreds of femtoseconds 

[Knox et al. (1986)]]. Unlike the previous chapter, it is before this occurs that 

we wish to observe the distribution. The present case is very similar to the past 

studies except we are now working with fully occupied states instead of 

completely empty states (see Fig 4-1). Instead of adding carriers and causing a 
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transient bleaching, spectral hole burning in the gain region removes carriers, 

and manifests itself as a transient induced absorption or reduction in gain due to 

the newly unoccupied states. There is also a reduction in the screening effects 

due to the removal of carriers [Meissner et a1. (1993)]. 

Fig. 4-1: Illustration of spectral hole burning in unexcited sample 
(left) and sample with pre-existing carrier distribution (right). 

Experiment 

To perform this experiment, all three outputs of the laser system are 

needed. The data are taken by the spectrally resolved system using a broadband 

probe. Due to the large amount of luminescence, the system is modified so that 

both the pump and probe beams are chopped. This permits an accurate 

subtraction of the background including the luminescence during the experiment. 

The tunable pump is used to bum the spectral hole. The spectral and temporal 
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widths of the pwnp pulse are 3.4 run and 170 fs at wavelengths beyond 701 run, 

and 3.9 run and 130 fs at wavelengths below 700run. Since electrical pwnping is 

not used, the 620 run beam creates the inversion in the sample. A large carrier 

concentration (~ 3 x 1019 cm-3) is deposited well up in the interband absorption 

region by this gain beam. There is a constant time delay between this gain pulse 

and the pump pulse of 9 ps. This allows the carriers to cool to the point that the 

distribution changes very little over the time we will observe. The probe pulse 

can vary several hundred femtoseconds in time around the pump pulse without 

an appreciable change in the observed distribution. Fig. 4-2 shows the specifics 

of the beam delivery to the sample. The pump and gain pulses are polarized 

orthogonally to the probe beam in order to eliminate scatter at the OMA. 

Probe OMA 

Fig. 4-2: Beam delivery utilized in spectral hole burning 
experiment. 

The sample is an epitaxial CdSe thin film grown by hot-wall epitaxy on a 

transparent BaF 2( Ill) substrate with the c axis perpendicular to the surface 

[Griin et at. (1993)]. The thickness is approximately 2.8 J.U1l as measured by the 
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Fabry-Perot modes in the transmission spectrum. The luminescence under low 

excitation with a He-Ne laser shows a narrow [FWHM 4 meV] donor bound 

exciton line near the band gap, indicating good sample quality and purity. 

Again, the sample is held in a cryostat at approximately 30K. 

Fig. 4-3 shows the linear absorption of the sample (upper curve) and the 

absorption 9 ps after the arrival of the gain pulse (lower curve). Due to the 

residual Fabry-Perot peaks and the reflection loss as a result of the high carrier 

density, it is difficult to determine the exact boundary of the gain region. On the 

long wavelength side, the gain appears to end around 730 nm. Beyond this 

wavelength, the separation between the two curves remains roughly constant, 

due to the change in reflection loss. The transparency is also difficult to pin 

down exactly. We assume it to be around 688 nm based on this figure. 

Fig. 4-4 shows the temporal development of a spectral hole when 

pumping at 707 nm. The pump pulse has an energy of 10 nJ. The earliest curve 

shows a definite spectral hole developing around the spectral position of the 

pump. Because of the high carrier density present in the sample, a very short 

carrier-carrier scattering time is expected. Thus, carriers quickly begin to fill the 

still-developing spectral hole, and cause the induced-absorption signal to extend 

in both directions from the pump. At early times (up to -40 fs), the depletion of 

carriers is confined to the gain region. From this time onward, carriers from the 

absorption region begin to scatter into the gain region, and we see a large 

induced absorption develop in the shorter wavelength absorption region as seen 

in the 40 fs curve. The spectral hole disappears by 160 fs, and all that is left is a 

featureless induced-absorption (reduced gain) signal. The disappearance of the 

spectral hole is consistent with fast intraband scattering time and our pump-
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probe cross correlation time of 260 fs. The remaining signal decays uniformly 

on a picosecond time scale. To make sure we were in a linear regime, this 

experiment is repeated for higher pump energies and the signal maintains its 

basic shape and dynamics. 

To prove that the signal is truly a spectral hole, the pump is tuned to four 

positions within the gain region (717 run, 707 nm, 697 nm, 690 run). The signal 

moves with the pump spectra as seen in Fig. 4-5. The pump energy in all four 

cases is 10 n1. The pump-probe delay time as referenced to Fig. 4-4 is -160 fs. 

It should be noted that although the spectral hole moves with the pump, it is 

always centered at a slightly shorter wavelength than the pump. Once again, we 

also see that the carrier-carrier scattering causes each of the holes to broaden to 

both the long and short wavelength sides. The shortest pump (690 nm) overlaps 

the transparency point. Thus, the generated spectral hole manifests itself as a 

reduction of absorption on the short wavelength side and an induced absorption 

on the long wavelength side of the transparency point. The magnitude of the 

induced absorption in each case is approximately proportional to the gain at the 

pump wavelength. This fact is observed throughout the gain region. When the 

pump is tuned out of the gain region, there is no spectral hole signal in the gain 

region. Rather, an absorptive spectral hole forms at a slightly longer wavelength 

than the pump. It should also be noticed that the spectral hole width becomes 

narrower as the pump is tuned toward the transparency point. 
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2 Level Model 

To gain insight into the expected dynamics, an elementary model based 

on a group of noninteracting, inhomogeneously broadened, two level transitions 

can be developed. In this case, a two level model is more applicable than in the 

case of an unexcited semiconductor due to the existence of a high density of 

carriers in the semiconductor (> 1019 cm-3). The Coulomb screening between 

the electrons and holes is already large at this density, and the excitons no longer 

exist. This reduction in the range of Coulomb effects brings us closer to the 

aforementioned model of uncoupled states. This model assumes each 

inhomogeneously broadened state has a homogeneous linewidth of r = _1. As 
T2 

previously mentioned, the model does not include Coulomb interaction between 

the independent states. Therefore, the absorption can be calculated as: 

a(&) = f d&'p(c)[I- fe(&') - ih(C)] r 2 , 

(
&-c) 2 -- +r 

tz 

where e is the transition energy above the band gap, A &) is the joint density of 

states and /;(&) is the occupation probability for the electrons (i = e) or holes (i 

= h). A fast carrier~carrier scattering time, T}. is included as a cross relaxation 

between the independent states. This is not a carrier recombination, rather an 

energy relaxation which drives the system to a thennal distribution. In this case, 

the relationship between T 1 and T 2 is: T 2 = T 1. 
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The model begins with a thennal distribution of carriers in a Fenni 

distribution,j/(e), at a constant temperature of 100 K. As carriers are removed 

from the gain region by an incident field, a small deviation from this thennal 

distribution, ft'(e), is introduced such that 

J;(e) = f/(e) + J;"/(e) (i = e,h). 

The rate equation for the non-thennal distribution is: 

where n = .!.dcv Eo (8) is the Rabi frequency of the two level transition. The 
fz 2 

change in the number of carriers is assumed to be small enough that it does not 

significantly change the temperature of the Fenni distribution. 

Fig 4-6 shows the results from this simple theory. At early times, a 

spectral hole which is noticeably broader than the pump appears near the pump 

wavelength. It is accompanied by a signal both to the higher and lower energy 

sides. At later times, the signal is peaked near the chemical potential and 

extends out to the original renormalized band gap, and shows no sign of the 

spectral hole. 
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Many-Body Calculation 

A proper theoretical analysis including all Coulomb effects has also been 

performed to assist in the data analysis [Paul et a1. (1992)]. This analysis is 

based on the multi band semiconductor Bloch equations which describe the 

behavior of the light-induced polarization within the semiconductor [Haug and 

Koch (1993)]. Technically, these equations are the Hartree-Foch equations of 

motion for the many-body electron-hole Hamiltonian in the three-band ( one 

conduction and two valence) approximation. These equations contain the 

Coulomb potential acting between the charged carriers which is in tum screened 

by those carriers. Due to computational limitations, the screening is not treated 

fully dynamically. Rather, it is taken in the so-called quasi static approximation. 

The time dependence is retained through the screening's dependence on the 

carrier distribution functions [Paul et a1. (1992)]. The effective-mass 

approximation is employed and the inter-valence-band polarization effects are 

neglected. The MBSBE's can be written as: 

for the equation of motion of the light-induced polarization P(k), and 
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for the equation of motion of the carrier distributions (ex. = e, hj ). The exchange 

self-energy is 

and the Coulomb-hole self-energy is 

"£ ell = L [~-k' - ~~k.]. 
k' 

Vq
S is the screened Coulomb potential. Here, the transition energy 

is modified by the exchange self-energy and the Coulomb-hole self-energy. The 

dephasing rate rj(k) is basically detennined by the carrier-carrier scattering 

(CCS) rates and the carrier-phonon scattering (CPS) rates. The external field 

containing both the pump and probe, E, is dipole coupled through the 

generalized Rabi frequency, 

li.Qj(k) = PIE + LV:_k,lj(k') 
k' 
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where /-lj is the interband dipole matrix element between the conduction band 

and the j valence band. The collision rate for CPS, dfa(k)/ ' takes into 
dt c-LO 

account an equilibrium distribution of LO phonons. The collision rate for CCS 

is obtained from the carrier Boltzman equation treated in the relaxation-time 

approximation: 

where f:"(k) is the quasi-equilibrium Fermi distribution and r aCko) is the 

equilibrium scattering rate in the vicinity where fa differs from f::. The results 

include all light traveling in the direction of the probe. 

The results of the theory are plotted in Fig. 4-7. The top part of the figure 

shows the sample's absorption spectrum with a carrier distribution of 6.5 x 1018 

cm-3 at 100 K. The lower plot shows the change in absorption caused by the 

pump. Just as in the experimental data, a definite spectral hole appears at early 

time, and it is centered at slightly higher energy than the pump. This spectral 

hole then begins expanding to both higher and lower energy with time. Finally, 

The hole disappears once the pump is no longer present and a broad, featureless 

induced absorption remains. Good agreement is achieved between experiment 

and theory. 
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Discussion 

It is clear that in the case of a thin semiconductor, spectral hole burning 

does occur in the gain region. At early times an induced absorption appears near 

the pump wavelength. This fairly narrow signal then begins to expand both to 

shorter and longer wavelengths as carriers scatter in to fill the newly unoccupied 

states. After the pump pulse is finished, there is only a broad, featureless 

induced absorption signal remaining. This signal represents the change in the 

electronlhole plasma as a result of the removal of canlers. As expected, the 

overall signal is larger when a greater number of carriers are removed. The 

electronlhole plasma reacts very quickly to fill in the spectral hole. This is 

indicative of very fast can'ier-carrier scattering, short T 1 time, in the high density 

plasma. Since T 2 = T 1, a measure of this time may be obtained through the T 2 

time measured from the width of the spectral hole. We estimate the T 1 time to 

be 50 to 100 fs in this case. So, the plasma reacts on a shorter timescale than 

our pump pulse. 

As noted, the spectral hole is slightly blueshifted from the pump. Our 

analysis indicates that this is mostly a consequence of a reduction in the band 

gap renonnalization due to the removal of carriers from the system. To test this 

hypothesis, the energy of a pump at 703 nm was varied over an order of 

magnitude and spectral data taken (Fig. 4-8). As the energy increases, more 

carriers are removed from the system, and the blueshift should increase. In the 

figure, all of the curves have been normalized in order to make the blueshift 

apparent. As the pump pulse energy is raised, the signal becomes slightly wider. 

Additionally, the center of the signal definitely shifts to higher energy. Thus, at 



~ 
Q) 
N 

e1"""f 
~ 

~ e 
0 
S 
~ 
<I 

I 

0.4 

0.0 

-0.4 · · · · 

-0.8 

-1.2 L..--_-L __ --'-__ -'--__ ...L...--_----JL.--_--L....I 

740 720 700 680 

Wavelength (nm) 
Fig. 4-8: Data showing the blue shift of the spectral hole 

with increasing inte"nsity of the depleting beam. The 

curves are normalized using five different pump powers: 

10 (dash-dotted), 2.5*10 (dotted), 5*10 (dashed), 

1 0*10 (solid). 

68 



69 

least a portion of the blueshift is due to a reduction of the band gap 

renonnalization. 

In contrast to previous work on ultrafast gain dynamics, we do not believe 

that our signal is related to carrier heating through free carrier absorption. Free 

carrier absorption occurs when excited electrons (holes) in the conduction 

(valence) band absorb light and are promoted to energetically higher states. 

These carriers then quickly relax back near the Fenni edge. This removal of 

carriers from lower energies in the Fenni distribution causes the temperature of 

the Fenni distribution to rise and results in carrier heating. The presence of the 

spectral hole is not explained by this heating. Heating of the distribution would 

affect carriers throughout the distribution and the effect would be independent of 

the pump wavelength. Since the broadband absorption signal is approximately 

proportional to the gain at the pump wavelength, the signal displays a high 

degree of sensitivity to the position of the pump in the gain. This is only 

accounted for by a wavelength dependent process. Subsequent work presented 

in the next chapter, shows that spectral hole burning also occurs in the gain 

region of GaAs multiple quantum wells. So, this property is not particular to 

CdSe. The interpretation in previous studies that spectral hole burning does not 

exist. is not correct. Spectral hole burning can definitely be seen in the gain 

region of a semiconductor. However, that is not to say that the previous studies 

are in error. As stated earlier, this is an investigation of material properties only. 

The propagation effects inherent in a long waveguide structure may very well 

account for the differences in the results. However, this study was necessary to 

clarify the material properties so a unified theory, including both material 

properties and propagation effects, can be fonnulated. 
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Summary 

Here, a high density plasma is optically introduced into a CdSe thin film 

creating a region of optical gain. This gain region is then used to amplify a 

tunable pump beam. This amplification causes a small nonthennal distribution 

to fonn in the Fenni distribution of the carriers. The results indicate that 

spectral hole burning is a major contributor to the dynamics of the plasma being 

depleted by a pump beam. It is also found that the plasma reacts to fill in the 

spectral hole on a timescale which is shorter than our pump pulse (50 - 100 fs). 

The final interesting note to make on this experiment deals with the 

varying width of the spectral hole. As stated in the introduction, the spectral 

hole is really a convolution of the pump spectrum with the homogeneous 

linewidth. So, the width of the hole contains infonnation about the dephasing 

time, T2. Thus, it appears that the dephasing time varies across the gain region. 



71 

CHAPTERS 

T2 VARIATION IN AN INVERTED SEMICONDUCTOR 

Introduction and Background 

In the spectral hole burning data from chapter 4, the width of the spectral 

hole changes as the pump is tuned through the gain region created by a high 

density electron-hole plasma. This change in width indicates a variation in the 

dephasing time, T 2' This chapter describes an investigation of the dephasing 

time. 

In a degenerate one component electron plasma at zero temperature the 

carrier-carrier scattering rates are expected to vanish at the chemical potential, 

[Haug and· Tran Thoai (1980)], and the carrier-LO phonon scattering rates 

should be zero in a region of ±hCOLO around the Fermi energy [Mahan (1986)]. 

Similar expectations hold for a two-component electron-hole (e-h) plasma in 

highly excited semiconductors for both bulk (3D) and quantum well (quasi-2D) 

structures. Investigation of the microscopic properties of electron-hole plasma is 

important for both basic physical understanding as well as application oriented 

studies of semiconductor diode amplifiers and lasers [Hall et al. (1990), 

Hultgren and Ippen (1991)]. 

An experimental investigation of scattering rates in a degenerate electron 

plasma obtained by n-modulation doped multiple quantum wells was recently 

reported [Kim et al. (1992)]. In this type of sample, electrons are introduced 

into the system by doping the barriers with donors. The electrons from these 

donors then tunnel into the wells creating the desired carrier distribution. 
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However, the carrier density created in this fashion is fairly low and yields a 

Fermi edge that is near the band edge. Although the dephasing time was 

obseIVed to increase near the Fermi edge, the close proximity of the band edge 

did not permit obseIVation of a decrease in the dephasing time between the 

Fermi edge and the band edge. So, an unambiguous interpretation of the data 

was not possible. By optically exciting a large carrier density, we are able to 

introduce a wide separation between the band edge and the Fermi edge. This 

will permit us to clearly obseIVe any effect the Fermi edge exerts on the 

dephasing time. Additionally, we will have to account for hole-hole and hole

electron scattering in our system. Also by introducing a two component plasma, 

the Fermi edge can be clearly identified as the crossover from gain to absorption. 

There are two distinct methods of measuring T 2 times in a strongly 

inhomogeneously broadened system such as ours. Spectrally, the width of a 

spectral hole can be used to estimate the polarization dephasing time. 

Temporally, the decay of the time-integrated four wave mixing (TI-FWM) signal 

also yields the T 2 time (see Fig. 5-1). These methods are most effective in very 

different situations. Naturally, our experiment will fall between these two cases. 

The width of a spectral hole in an inhomogeneously broadened system is 

determined by a convolution of the homogeneous linewidth (FWHM = 2/T2) and 

the spectral width of the excitation and detection pulses. Upon excitation, the 

pump creates a spectral hole which has a width determined by the convolution of 

the pump with one homogeneous linewidth. This will be referred to as the real 

spectral hole. When the probe detects the spectral hole, the real spectral hole is 

again convolved with the homogeneous linewidth [Meystre and Sargent (1990)]. 

This second convolution is easily visualized by considering an infinitesimally 
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narrow spectral portion of the probe. This narrow portion samples a spectral 

width determined by the homogeneous linewidth of the material. Thus, the 

resulting spectral hole contains two convolutions of the homogeneous linewidth, 

and is called the observed spectral hole (see Fig. 5-1). Assuming a Lorentzian 

homogeneous line shape, the T 2 time is then determined by deconvolving the 

pump from the observed spectral hole, and measuring the width of the hole as: 

T: = 4 2 
2 2. Jr.L\y = Jr.L\y' 

where L\ v is the frequency width of the spectral hole after the pump has been 

deconvolved. This interpretation of the data neglects any coherent effects which 

may affect the width of the spectral hole [Paul et al. (1992)]. However, this 

method works very well when T 2 «tpulse. Then, the spectral width of the 

pulse becomes a small portion of the observed hole width. 

The decay of the TI-FWM signal can also be used to measure the T2 time. 

In the case of an inhomogeneously broadened media, the scattered signal is 

proportional to exp( -4tD/T 2)' where tD is the time delay between the pulses 

[Wegener et al. (1990), Weiner et al. (1985), Yajima and Taira (1979)]. 

Excitation energies are kept within the X(3) limit [Leo et al. (1991)]. The origin 

of the T 2/4 factor is not difficult to understand qualitatively. The degenerate 

four wave mixing signal in the 2k2-kl direction involves creating a polarization 

in the sample with a pulse at t = 0, EI(kl). This polarization decays with the 
-I 

dephasing time as eT1
• Then a second pulse in the k2 direction hits the sample at 

t = t2' This field interacts with the polarization remaining from Eh creates a 
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polarization grating, and scatters a portion of E2 in the 2kr k1 direction. Since 

the material is illhomogeneously broadened, the output is in the form of a photon 

echo emitted at t = 2t2' During the time t2 < t < 2t2, the polarization continues to 
~ ~t 

decay as eT,.. Thus, the integrated output field experiences a decay of e T2 

where t is the separation between the pulse. Since we detect intensity, this 

decay is squared and we get the T 2/4 factor. This method of measuring the T 2 

time is very effective when T2 »tpulsc' It has also been proposed that the time 

shift from actual zero of the TI-FWM signal can be used to measure a T 2 time 

which is much shorter than the pulse width [Weiner et al. (1985)]. However, we 

found that this method does not yield reliable results. 

The spectral and temporal methods are complementary, and both are 

needed to measure the dephasing time. From the previous chapters, the 

excitation pulses will have a temporal width of approximately 150 fs. The T 2 

time will be found to vary around this value. Thus, both methods are required to 

completely characterize the T2 time [Meissner et al. (1994)]. 

Experiment 

This experiment consists of two very different procedures on an optically 

inverted semiconductor. First, TI-FWM data are taken in the gain region, 

through the transparency point, and on into the absorption region. Then, 

spectral hole burning data are taken in the gain region (as in chapter 4) where the 

T 2 time is shorter than the excitation pulse width. 

The sample utilized in this work is the type I GaAs/AlxGal_xAs multiple 

quantum well (MQW) from chapter 3. This time the sample has been anti-
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reflection coated (one side for the TI-FWM and two sides for the spectral hole 

burning) to suppress the Fabry-Perot fringes. We attempted to use the CdSe 

from chapter 4, but the surface quality was not sufficient to yield good TI-FWM 

data. The sample is held in a cryostat at approximately 20 K. Fig. 5-2 shows 

the linear absorption of the sample as well as the absorption with gain. The gain 

region extends from about 1.682 eV to about 1.79 eV. There is no way to 

accurately determine the actual temperature of the optically injected plasma or 

carrier density. The only experimentally known quantity is the spectral width of 

the gain region. From this, we estimate a carrier density of 1.8 x 1012 cm"2. This 

is the situation used in these experiments. 

For the TI-FWM data, two of the outputs from the laser system are 

required. A 620 run pulse again acts as the gain pulse by exciting carriers well 

up into the band. These carriers then cool for 60 ps, and create the gain region 

in our sample. The excitation is performed by the tunable pump. The beam is 

split in two, and one portion put on a variable delay (see Fig. 2-7). The energy 

of the pulse in direction kl is an order of magnitude lower than the pulse in 

direction k2' and the pulses are orthogonally polarized. As stated earlier, our 

data acquisition system produces background free data. We found that having 

background free data greatly increased the accuracy of our T 2 estimates. Fig. 5-

3 shows a typical trace of the TI-FWM signal from which the T 2 time is 

extracted. Due to the noise at low signal levels, a floating background level did 

not permit clear extraction of the T2 time. 
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Fig. 5-2: Linear absorption (upper curve) and absorption 12 ps after 

arrival of the gain pulse (lower curve). Inset: Beam delivery at the 

sample. 

-400 o 400 800 

Time Delay (fs) 

Fig. 5-3: Typical TI-FWM signal as a function of time delay 

between pulses. The spikes from 500 fs and above represent 

the noise in our system. The fit occurred over two orders of 

magnitude in this case. 
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The circles in Fig. 5-4 show the time domain results from TI-FWM 

experiments as well as the transparency point for our pumping conditions. The 

pulses used have a spectral FWHM of approximately 8.9 meV (Energy < 1.775 

eV) and 10.0 meV (Energy> 1.775 eV). The data show a marked increase in 

the T 2 time at the transparency point. The T 2 time reaches approximately 700 fs 

even though a high density plasma exists. On both sides of the transparency 

point, the T 2 time falls off rapidly. In fact, the T 2 time drops below the limit of 

the temporal technique. This explains the flattening on either side. The high 

energy side assumes a lower value because the pulse is temporally narrower. 

The spectral hole burning is performed exactly as described in chapter 4. 

All three outputs from the laser system are utilized. The carriers created by the 

620 nm gain pulse are allowed to cool for 12 ps in this case. Differential 

absorption at several pump photon energies are illustrated in Fig. 5-5. In all 

curves, the pump delay is fixed at -50 fs in order to probe caniers before too 

many have a chance to scatter. A spectral hole is seen in the gain at each pump 

energy [Meissner et al. (1993)]. For pump energies in the gain region, the hole 

is negative, indicating a decreased probe transmission due to depletion of the 

gain. A blue shift of the spectral hole with respect to the pump energy is also 

evident. The right-most pump covers the transparency point and therefore 

produces a signal which has both negative (gain region) and positive (absorption 

region) components. At later delay times, the signal acts identically to that in 

chapter 2. 

Fig. 5-5 clearly shows that the spectral hole changes width as the pump 

energy moves across the gain region. Away from the transparency point, the 

hole is very broad corresponding to short T 2 time. Near the transparency point, 
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Fig. 5-4: T 2 times obtained by both time integrated self

diffraction (circles) and spectral hole burning (diamonds). 

For the TI-FWM, the energy of the pulse in direction k2 

varied from 20 nJ in the gain to 0.5 nJ in the absorption 

region. The energy of the pulse in direction kl was an 

order of magnitude lower. The error bars represent the 

uncertainty in fitting the TI-FWM trace. The dotted line marks 

the transparency point. Inset: TI-FWM experimental 

arangement. 
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the spectral hole is nearly pump-width limited, indicating a long T 2 time. Table 

5-1 shows the T 2 times which were obtained using the simple method described 

earlier. These T2 times are plotted as diamonds in Fig. 5-4. 

Pum 

1.734 72 

1.747 119 

1.759 234 

1.771 515 

Table 5-1: T 2 times obtained from spectral hole burning experiment. 

Because the T 2 time varies around the temporal pulsewidth, both the 

temporal and spectral method are necessary to fully observe the T 2 time across 

the entire gain region. Within their respective resolution limits, the two methods 

agree quite well. 

2 Level Model 

Once again arguing that the Coulomb interaction can be neglected due to 

the high carrier density, the spectral hole burning data can be modeled using the 

simple two level system presented in chapter 4. Here, the homogeneous 

linewidth is adjusted to show the resulting width variation in the spectral hole. 

Fig. 5-6 presents the results of the theory. 

In the model, representative T 2 values are used. As in the experiment, the 

width of the spectral hole changes as the T 2 time changes. Unfortunately, this 
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does not explain why the T 2 time gets longer near the transparency point. For 

this, a more complete theory is necessary. 

0.00 

-0.25 

-0.50 

-0.75 

-1.00 

1.80 

, . 
\ ' , , 

I ' 
I .. 
\ " 
\ ' 
\, " 

\ , 
\ , 
\ 
I 
I " 
\ : 
\ ' 
\ : 
\ ' 
\ " 
\ " 
I ' 
\ : 
\ " 
\ ' 
\ : 
\ : 
\, 
I: 

1.85 

I' , 
r 
I 

, I 
• I 
: I 
• I 
: I 

: I 
, I 

: I 
: I 
• I :, 

'1 
• I 

I 
I 

1.90 

" I 

Energy (eV) 

..... .,.' 

1.95 

,I' 
I 

" 
I' 

2.00 

Fig. 5-6: Calculated change in absorption showing the effect 

of varying T 2 time on the width of the spectral hole. T 2 

times are 100 fs (solid curve), 75 fs (dotted curve), and 50 fs 

(dashed curve). The pump is centered at 1.8771 eV. The peak 

at higher energy is centered at the chemical potential, and 

shows the reaction of the plasma as carriers scatter into a 

the spectral hole. 



83 

Many-body Calculation 

In order to obtain a quantitative estimate of carner-carrier scattering rates 

in electron-hole plasmas, we extend the calculations of Luttinger [Luttinger 

(1960)] to a two-component electron-hole plasma for a semiconductor quantum 

well [Binder et al. (1992)]. The theory is a quasi-equilibriwn evaluation of the 

so-called Lenard-Balescu equation: 

c-c 

where a. = e for electrons, or h for holes. The r's are the in and out scattering 

rates defined as: 

r/~(k"f) = 27r L:2/W[k2 -k"Ga(k2)-Gu(k,)t fa (k2)[I- fa' (k3 )]fa' (k4 ) 
n a',k2,k3,k4 

X 8 kl+k3,k2+k48[ Ga (k,) - Ga (k2) + Ga,(k3 ) + Ga,(k4 )] 

rOI/l is obtained from ~n by replacing f by 1- f. G{k) are the parabolic one

particle energies, and W is the dynamically screened Coulomb potential, where 

we use the screening function in the random-phase approximation. In quasi

thermal equilibrium the distribution functions f are Fermi functions. 

Here, we have neglected inter-valence band and inter-subband scattering, 

restricting ourselves to a description of very thin quantum wells. An equivalent 

numerical study has been reported [Lyo (1991]. Using parameters for 2-D 

GaAs, we obtain the total scattering rate (fe + f h) as a function of plasma 
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temperature at the Fermi edge for three different carrier densities as shown in 

Fig. 5-7(a). For each density, the scattering rate increases with rising plasma 

temperature and the corresponding dephasing time decreases. The rate at a 

given temperature decreases as density increases because the plasma becomes 

more degenerate. These calculations can also be used to obtain the dephasing 

times for electrons and holes due only to carrier-carrier scattering for any plasma 

temperatW'e as a function of k: 

The result of such a calculation for a plasma temperature of 40 K, which is 

representative of our experiment, is shown in Fig. 5-7(b). A clear maximum is 

observed at the Fermi edge, and the times decrease to either side. 

Discllssion 

Exact quantitative comparison between experiment and theory is 

problematic for several reasons. First, the reduced carrier-carrier scattering 

increases the relative importance of additional scattering processes at the 

transparency point. These are mainly carrier-LO phonon scattering, impurity 

scattering, surface roughness, and other scattering processes. As an example, 

these processes give rise to the zero-density exciton linewidth in bulk material. 

However in a strongly inhomogeneously broadened system like quantum wells, 

this homogeneous zero-density linewidth cannot be easily determined, and a 

theoretical computation of these effects is not within the scope of this 
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investigation. The carrier-LO phonon scattering rates, on the other hand, can be 

neglected at low temperatures in a region of ±hOOLO around the chemical 

potential, which is roughly the experimentally accessible regime. Secondly, it is 

difficult to make an exact experimental determination of the carrier density and 

plasma temperature. For this reason, calculated plots like Fig. 7(a) for the 

temperature and density dependent carrier-carrier scattering rate at the Fermi 

wavevector are very useful. In principle, these data allow us to follow the 

carrier cooling processes, since, for a given density the scattering rate at I'r 

decreases monotonically with temperature. Finally, another factor affecting the 

maximum measured T 2 time comes from the measurement technique. 

Experimentally, dephasing times are averaged across the spectral width of the 

pulse. Theoretically, scattering rates are calculated for individual energies. This 

will cause the measured peak to fall below the calculated peak. 

The reason for the change in the scattering rate may be qualitatively 

understood as a consequence of a carrier distribution which is almost entirely 

occupied below the chemical potential, and almost entirely empty above it. 

Every carrier-carrier scattering event requires two electrons or two holes to 

exchange and conserve both energy and momentum. Therefore, a test electron 

(hole) placed above the chemical potential will easily find an electron (hole) 

below the chemical potential with which to scatter. So, the test electron scatters 

toward the chemical potential The ease in finding a scattering partner results in 

a high scattering rate (short T 2 time) above the chemical potential. Likewise, a 

hole created below the chemical potential easily finds an electron between it and 

the chemical potential with which to scatter. Thus, the hole moves toward the 

chemical potential. However, a test electron (hole) placed at the chemical 
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potential cannot scatter up or down in energy due to the camer distribution. 

Thus, the scattering rate is low and the T 2 time long. This simple explanation 

also gives some feel as to the temperature dependence of the scattering rate. As 

the plasma temperature is raised, the edge at the chemical potential becomes less 

sharp. This opens up the number of possible avenues of scattering, and yields a 

shorter T 2 time. Increasing the hole mass also causes the Fermi edge to become 

less sharp. 

Summary 

This work clearly demonstrates that the T 2 time varies across the gain 

region in a semiconductor. The T 2 time is nearly an order of magnitude larger at 

the transparency point than at the band edge. Thus, the reaction of the 

electronlhole plasma to a small perturbation depends heavily upon where the 

perturbation occurs. Any comprehensive theory modeling ultrafast gain 

dynamics in semiconductors at low temperature should include this variation in 

order to produce realistic results. 
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CHAPTER 6 

CONCLUSION 

In the preceding pages an intensive investigation of high density plasma 

dynamics has been presented. This work has helped clarify these dynamics in 

semiconductors. The observation of a one component hole plasma provided 

good confirmation of the accepted phonon-assisted cooling of a plasma. The 

investigation also offered a nice comparison of the dynamics in type I and type II 

GaAs MQW's. Additionally, the idea of transient gain in a type II structure was 

presented, and some preliminary experiments performed. Unlike other studies 

on gain in these structures, we pumped resonantly into the heavy hole and were 

able to take full advantage of the carriers created. By utilizing our femtosecond 

laser system to optically inject a high carrier density as well as perform pump

probe spectroscopy, we observed spectral hole burning in the gain region of a 

semiconductor for the first time. Previous work in this area centered on diode 

amplifiers (electrical injection of carriers) and therefore presented data taken on 

a very complicated waveguide system. These earlier studies were not able to 

detect the presence of spectral hole burning in the gain region. Finally, we were 

able to observe a dramatic change in the T2 time at the transparency point of an 

optically pumped semiconductor. Earlier work here had not been able to inject a 

high enough carrier density to unambiguously see this effect. 

In order to study a one component hole plasma, a GaAsl AlAs type II 

MQW structure was utilized. First, the quasi-equilibrium optical nOlllinearities 

of a type II MQW were compared and contrasted with those of a type I MQW 
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structure. It was found that although initially similar, the nonlinear response of 

the samples differed greatly at later times. The dynamics of the type I structure 

were governed by carrier recombination. The transfer of electrons to the barriers 

in the type II stmcture lengthens the recombination time enough to allow us to 

observe the dynamics of the hole plasma remaining in the well material. As 

expected, the hole plasma cooled toward the lattice temperature with a time 

constant on the order of tens of picoseconds. We then briefly explored the 

possibility of transient gain in the type II structure and suggested possible device 

applications. The preliminary results are encouraging, and work continues on 

this project. 

We next observed the coherent interaction between an incident field and a 

high density electron-hole plasma in quasi-equilibrium. In a CdSe thin film and 

a type I GaAs/ AIGaAs MQW, spectral hole burning was clearly seen in the gain 

region and played major role in the optical nonlinearities. Additionally, the 

width of the spectral hole varied in width across the gain region. This led us to 

investigate the T2 time in the presence of a high density plasma. This 

investigation utilized both spectral hole burning as well as degenerate four-wave 

mixing in order to measure the T2 time across the gain region and into the 

absorption region of an optically pumped GaAs MQW. The T2 time was found 

to vary greatly across the gain region and into the absorption region with a 

pronounced maximum at the transparency point. 

Much work remains to be done on all of these projects. The promising 

initial work on transient gain in the type II MQW should be followed by 

experiments on a sample without Fabry-Perot fringes. If the transient gain can 

be well classified, there are potential device applications as an ultrafast 
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amplifier. Additional work should also continue on the optical pwnping 

experiments. A full characterization of plasma dynamics with respect to plasma 

temperature and carrier density could prove very interesting. Spectral hole 

burning data taken near room temperature could help further in resolving the 

discrepancy between our data and that taken on diode amplifiers. Finally, an 

investigation into the effects of carrier-LO phonon scattering rates near the 

bottom of the Fermi distribution would prove very interesting. 

So as both my dissertation and graduate student career draw to a close, I 

look back over my work with a great amount of pride. The work presented here 

represents a solid contribution to the understanding of high density plasma 

dynamics in semiconductors. However, there is always more to learn, and new 

fields to explore. 
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