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ABSTRACT 

Using laser pulses of duration comparable to semiconductor relaxation and 

dephasing times, the coherent phenomena common to two-level systems have been 

demonstrated in II-VI and III-V semiconductors. These light-matter interactions are 

characterized by electrons and holes in their initially excited states and/or a 

macroscopic polarization that persists after the excitation. 

A nonthermal carrier distribution was observed in bulk CdSe, demonstrating the 

extremely fast energy relaxation possible when carrier-LO-phonon scattering is 

included. Quantum-confined CdSe microcrystallites were then employed to limit the 

available decay avenues. The one and two-pair transitions were characterized, and 

using spectral hole-burning, energy relaxation was shown to be substantially slower 

than in bulk. Dipole dephasing remained very rapid. 

Persistent macroscopic polarization was demonstrated in semiconductors through 

pump and probe experiments conducted on time scales faster than the inverse Iinewidth 

of the exciton. In the first set of experiments, it was found that the exciton optical 

Stark shift deviates from that predicted by a steady-state theory. The shift is smaller 

than expected and lasts longer than the pump pulse. Both effects are explained by free 

evolution of the exciton's polarization. Transient exciton bleaching is observed and 

shown to be a result of adiabatic following. 

In a second study of coherent polarization, spectral oscillations at negative delay 

times were studied. Oscillations were measured in a wide variety of semiconductors, 

temporally preceeding several different pump-probe phenomena. By comparison with 

a semiclassical theory, it was shown that spectral oscillations in the spectral region of 

the exciton are evidence of persistent exciton polarization. Oscillations in the band are 

due to four wave mixing of the pump and probe beams. 
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CHAPTER 1 

INTRODUCTION 

The steady-state optical absorption of matter comes from a balance between the 

dynamic processes of optical excitation and several decay mechanisms. When pump 

and probe experiments are conducted with laser pulses shorter than these decay 

processes, a vast body of coherent effects is opened up. 

Decay Mechanisms 

The two distinct ways by which optically excited electrons decay are population 

(longitudinal) decay and dipole (transverse) dephasing, characterized by times T 1 and 

T 2 respectively. In population decay, represented by the diagonal elements of the 

density matrix [Meystre and Sargent (1990)], electrons change to a different quantum 

mechanical state with a different energy, for example through inelastic collisions. In a 

two-level atom, the energy decay might be as simple as radiative recombination from 

the upper to lower level. For the band states of a semiconductor, the dominant 

population decay comes from intraband scattering; electrons scatter into nearby k-states 

through collisions with other electrons or phonons. This is the cause of electron 

relaxation to a thermal distribution. 

Dipole dephasing is important because absorption and refraction are directly 

determined by the sample's macroscopic polarization, the off-diagonal density matrix 

elements. Consider a system of two-level atoms with no inhomogeneous broadening. 

In a pure state every electron is described by the same wavefunction and the 

polarization decay mimics that of the population. However, the macroscopic 

polarization is the sum of all the electrons interacting with the light; these may be in a 

mixed state. In this case, all wavefunctions were initially identical, since all were 
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excited by the same field. In a very short time however, elastic collisions with 

phonons, other electrons or defects can cause minute changes that are modeled as 

random phase shifts in the electron's wave function. As the phases become more 

uniformly distributed, the macroscopic average decays to zero, while the population is 

unchanged. In this way, the dipole dephasing of a mixed state can be faster than the 

energy decay. It is the T z time of this ensemble that determines the homogeneous 

Iinewidth. 

Sub-T1 Effects 

If laser pulses shorter than T 1 are used, sub-relaxation effects can be observed in 

pump and probe experiments. Using femtosecond and picosecond pulses, the dynamics 

of carrier evolution has been observed through absorption bleaching measurements. 

Electrons and holes initially occupy states enveloped by the convolution of the pump 

spectrum and the homogeneous Iinewidth. This is observed in spectral hole burning 

[Oudar et at. (1985). Within femtoseconds, the distribution evolves into a thermal 

distribution [Knox et at. (1986)], which then cools to the lattice temperature [Shank et 

at. (1983), Von der Linde et at. (1979)]. This energy relaxation takes place over a 

picosecond timescale. 

Semiconductor dynamics is an enduring field in part due to the wide range of 

timescales in which these decay processes occur. There are almost five orders of 

magnitude between the rates of carrier-carrier scattering and radiative recombination. 

Prior to the advent of picosecond lasers, an equilibrium carrier population meant a 

balance between generation and recombination. The above-mentioned T 1 processes 

were always concurrent with generation, so only "cold" carriers were observed. In 

contrast, the intraband effects discussed in this dissertation take place on a short 

enough timescale that recombination can be disregarded. In this approximation, the 

ultimate stage in the semiconductor's evolution is a quasiequilibrium: the time after 
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thermalization, but short compared to the recombination lifetime. In this time, carriers 

have come to equilibrium within and among other bands, but not with the lattice. 

Thus the electrons and holes are described by a common temperature which may be 

higher than the sample temperature. 

Suh-T2 Effects 

In the semiclassical description of light interacting with a two-level system, there 

are coherent processes which have until recently been inaccessible to the semiconductor 

spectroscopist due to the fast decay mechanisms. Consider a pulsed laser with field {] 

= {]ocos(wt) irradiating a two-level atom separated by energy lin. If the field is 

intense, that is if the area 

r ~{] tt T > 1r 

pulse 

( 1.1) 

then the atom's population and polarization both undergo oscillations at the Rabi 

frequency: 

( 1.2) 

where ~ is the dipole matrix element, and 0 = n-w is the detuning of the field from the 

transition frequency [Meystre and Sargent (1990); Cohen-Tannoudji et at. (1977)]. 

Square pulses are assumed for the laser. This allows the use of the above cw field 

results while maintaining a realistic description of a nonlinear experiment. For 

sufficiently strong resonant pulses, and in the absence of any decay, electrons will be 

alternately excited, then driven down, reradiating their energy back to the field. This 

is described as a coherent interaction because the atoms' population and polarization 

oscillate with a fixed phase. 
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This coherent cycling turns into real carrier generation if the polarization is 

dephased faster than either the pulsewidth or the transient carrier lifetime defined by 

the period of Eq. (1.2). When this happens the polarization cannot return the energy to 

the field and a non-oscillating population then builds up. Ordinarily, in optical 

experiments of semiconductors, the dephasing occurs on such a fast time scale that real 

carrier absorption happens almost instantaneously. 

Coherent processes can be observed in optical experiments on atomic vapors where 

coherence times can be tens of nanoseconds. For example, under resonant excitation, 

the optical field can be switched off during the Rabi flopping. The population will be 

frozen and the polarization will continue until dephasing sets in. This can result in a 

field being reradiated after the switch-off, either as a free-induction decay in a 

homogeneously broadened system, or a photon echo in an in homogenous system. These 

phenomena, and others such as optical nutation and self-induced transparency share a 

common ground in that they require optical fields (or atomic resonances) that change 

faster than T 2' 

It has long been a goal to demonstrate these effects in semiconductors. In contrast 

to the atomic systems, the semiconductor resonant energies consist of a large 

continuous band and a number of discrete exciton states. At first approximation, the 

band can be approximated as a continuous sum of two-level states. The optical 

response is computed by summing the response of each k-state and the homogeneous 

excitons. However, serious theoretical and experimental hurdles arise. Theoretically, 

one must take into account that the individual k-states of the band are not independent 

of each other, but are all coupled by the Coulomb interaction. In addition, the exciton 

acts as a noninteracting particle only at low densities; at higher densities its Fermion

pair structure complicates the problem due to interactions with other electrons and 

holes. Experimentally, coherent effects are difficult to observe in semiconductors 
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because of very fast dephasing times, on the order of picoseconds for excitons, and 

tens of femtoseconds for band-to-band transitions. 

These effects have been attacked in the last decade. Several theoretical groups 

now compute dynamics of many- body effects in semiconductors [Bohne et al. (1990); 

Binder et al. (1990)]. Experimental advances have been made as well. Femtosecond 

laser systems enable researchers to excite semiconductors on time scales shorter than 

the exciton dephasing time, T 2 [Schultheis et al. (1986)], and approaching band-to-band 

T 2 [Becker et al. (1988)]. These two experiments, phase coherence of excitons, and 

band state photon echo are examples of what may be called "sub-T2 phenomena". 

Scope 0/ Dissertatioll 

This dissertation is directed toward nonlinear absorption dynamics in the sub-T 1 

and sub-T 2 time regions. Chapter 2 will develop the necessary laser system and 

experimental techniques. Chapter 3 will start with non thermal carrier distributions in 

bulk CdSe, and apply this method to the modified energy spectrum found in quantum 

dots. Chapter 4 will exploit the long dephasing time of the bulk exciton, examining 

whether the "instantaneous" shift of the optical Stark effect can happen faster than the 

dephasing time, and how the effect may depart from the steady-state prediction. A 

review will be made of a simple analytical theory and a more recent, comprehensive 

numerical theory. Chapter 5 will focus on a broad new class of sub T/T2 phenomena: 

spectral oscillations. The general effect will be explained using the semiconductor 

Bloch equations of Lindberg and Koch (l988c). 
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CHAPTER 2 

EXPERIMENTAL SYSTEM 

The general method to be used for observing sub-T liT 2 effects in semiconductors 

is femtosecond transient absorption measurements. Fig. 2-1 outlines the major 

Auto
Correlator 

..----'_--, Pump 

pectromete Probe 

Array 

CPM 

i 
L_-~MA 

,--__ --, Pulse Compressor 

BowtJe 
Amplifier 

Continuum 
Generation 

Variable 
Delay 

I I L-.~_~ ___ • ___________________________ ... _______________ .J 

2-1 Schematic diagram of transient absorption measurement [Sandal phon 
(1992)]. 

components: an ultrafast laser system, a pump-probe setup, and a spectrometer/OMA. 

Since the measurements' temporal resolution is determined by the laser pulsewidth, the 

design of the laser receives special attention. 

Oscillator 

The resonator used here is the colliding-pulse mode locked (CPM) ring dye laser, 

and differs very little from the original designs of Fork et at. (1981) and Valdamis et 

at. (1985). The salient features of this oscillator (Fig. 2-2) are as follows. 



M6 

Ml 

B 

ARGON LASER 

2-2 Colliding-pulse mode locked ring-dye laser. MI and M2 have 
25 mm radius of curvature, M4 and M5 have 50 mm radius. S = 
saturable absorber jet, G = gain jet. M6 is the 3% output coupler, 
B rotates the polarization by beamsteering. Prisms are fused silica 
with a slant length of 29 cm. 
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OUTPUT 

A cw argon laser pumps a jet of rhodamine 6G. It is the (relatively) long storage 

time of this dye which allows cw pumping to provide enough inversion. The 

convenience and simplicity of this type of laser over synch-pumps cannot be 

overstated. Passive modelocking occurs in a slow saturable absorber (SA), a thin jet of 

DODCI, labeled S in Fig. 2-2. With no wavelength selecting elements, lasing occurs at 

the overlap of R6G gain and the DODCI transmission, about 620 nm. 

The stability of this modelocking is enhanced by the bi-directional ring cavity. 

Minimum round-trip loss occurs when two counterpropagating pulses collide at the SA. 

The two pulses form a grating which i) increases the saturation, and ii) scatters light 

from one direction into another, thus keeping the two beams coupled and coherent 

[Stix and Ippen (1983)]. Forming a counterpropagating grating with fs pulses requires 
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a thin (35 Jjm) jet. 

Sub-picosecond pulses are possible because of efficient saturable gain and 

absorption, a large bandwidth, and a minimum of dispersive optics. With the addition 

of Brewster prism compensation of group velocity dispersion [Fork et at. (1984)] it is 

possible to routinely achieve 60 fs pulses, with 10 mW of output power. 

Dye Amplifier 

As seen in Fig. 2-1, the output of the CPM is sent directly into a copper vapor 

laser (CVL)-pumped dye amplifier. This is a much modified version of the original 

six-pass "bowtie" design [Knox et at. (I984)]. Fig. 2-3 shows a scale drawing of the 

50 mm 

G 
CVL - -~ 

4 -- 2 

5 

2-3 Scale diagram of 620 nm dye amplifier. S = saturable absorber jet, 
G = gain cell, N (1...6) = approach to Nth pass. L2 and L3 are 
focussing and collimating lenses for the satuarble absorber. The 
input CPM beam is coupled by Ll = 1000 mm (not shown), and the 
CVL is focussed by L4 = 600 mm. 

L2 

s 

L3 

optical path. All six passes are in one plane, and conventional mirror mounts are used, 

but the mirrors have been positioned as close as possible to minimize the angles 

between passes. This makes the amplifier more longitudinally pumped and improves 

the spatial beam quality. The usual refocussing lens between passes 2 and 3 has been 

eliminated. This enables the mirrors to be positioned even closer, removing the need 

for refocussing, since lens 1 alone can produce J to 1.5-mm diameter spots in the first 
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four passes. 

A single 300-l'm thick saturable absorber of Malachite Green in ethylene glycol 

between the fourth and fifth passes reduces amplified spontaneous emission (ASE). 

Two mirrors have been used for the input to the SA. This is an additional loss, but 

permits the pass angles to be kept still smaller. The gain cell flows cooled Rhodamine 

640 in ethylene glycol. This cell is 2 mm thick, fused silica, with in-line hose nipples, 

and anti-reflection coated for 620 nm. Using a dye cell for the gain stage gives output 

a factor of 2 higher over that from a dye nozzle, along with increased stability. The 

increased group velocity dispersion can still be compensated by the prism compressor, 

yielding 60 fs pulses. This prism pair consists of SF 1 0 equilateral prisms with a 

spacing of 30 cm. At this point, the pulse energy is 2-10 I'J depending on CVL 

power. 

The CVL benefits from the Metalaser Technologies short pulse apparatus. This 

consists of a polarizing beamsplitter cube in the cavity which reflects the vertical 

polarization out of the cavity, through an eight-foot delay, and back into the cavity. 

This very large feedback is timed to deplete the gain, thus truncating lasing in the 

horizontal polarization after a single round-trip oscillation. The output is 10 W average 

power, horizontally polarized, in a 10-nsec pulse. The beam is focussed to a 2-mm 

diameter spot lIsing a 600-mm lens. Operation with the short pulse apparatus causes 

the amplifier output to be reduced by ~ 20%, but ASE is reduced by a factor of 10 

with no amplification of a second CPM pulse. 

Several of the planned experiments will use a 620 nm pump. In these cases, a 

portion of the laser is split off just after the prisms. It then passes through a shutter, a 

precision optical delay, and is rotated to vertical polarization. The remainder of the 

620 nm beam is focussed onto a 2-mm thick jet of ethylene glycol to generate a 

broadband continuum probe [Alfano and Ho (1989)]. 
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Continuum Amplification 

For some experiments, a tunable pump is required; continuum reamplification (not 

shown in Fig. 2-1) is used here. A part of the continuum is split off and filtered with 

a 10-nm bandpass interference filter centered around the desired pump wavelength. 

INPUT 

CVL ~ ---17 ---- -- -- -- ------ -- --- n --
u 

" --== ~ - - --r-- / 
---I 

OUTPUT 

2-4 Confocal amplifier for continuum reamplification. Concave mirrors 
have radii of curvature 240 mm and 300 mm. By translating the 
exit mirror, the number of passes may be easily varied. 

\" 

L 

The narrowband output is then coupled into the confocal amplifier shown in Fig. 2-4. 

This design is simpler to build and operate than the amplifier of Fig. 2-3, however 

there is no provision for a SA. Thus the bowtie design is still prefered for CPM 

amplification because its SA allows higher pumping which produces larger pulse 

energies. For continuum reamplification however, the performance requirements are 

lower and suitable saturable absorbers are not available at all wavelengths. For these 

reasons the confocal amplifier of KhoroshiIov et at. (1988) was chosen. 

As seen in Fig. 2-4, this consists of two unequal radii concave mirrors whose focal 

points coincide at the gain jet. The collimated continuum beam enters from one side, 

and is repeatedly focussed onto the jet, then recollimated closer to the axis. The gain 

jet is a 1.3-mm thick sapphire nozzle using a solvent of ethylene glycol and glycerol. 
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This is pumped by a CVL of ~ IS W average power focussed to a I to 2-mm diameter 

spot. Depending on the dye used, either the yellow (S78nm) or green (510 nm) line 

may be filtered out before reaching the gain jet. After six passes, a small exit mirror 

picks the beam out of the cavity. The pulses are then recompressed in a prism pair 

similar to those in Fig. 2-1. Pulsewidths as short as 130 fs and energies up to 500 nJ 

are obtained, depending on wavelength. By changing the dye and interference filter, 

the amplifier has been used from 550 nm to 830 nm 

The actual experiment is a time resolved pump and probe measurement. The 

pump and probe are focussed to ~SO J£m onto a sample held in a closed-cycle liquid 

helium cryostat. The transmitted probe is sent to a spectrometer and OMA. Pump and 

probe are orthogonally polarized, and nearly colinear, separated by about IS°. By 

convention, a time axis is defined with the pump pulse arriving at the sample at time 

t=O. The probe arrives at time t=tp. Thus for positive tp' the pump arrives first. 

Data Acquisitio1l 

In designing the data acquisition system, the dominant source of noise will be the 

fluctuations in the laser source. It is helpful to think of this laser noise in the 

frequency domain. Since the repetition rate of 8.5 kHz is much higher than the 

anticipated acquisition rate, the optical signal will be treated as a continuous signal, 

rather than discrete pulses. 

Many physical measurements require a reference, a background, or an input 

quantity to be measured. A modulation frequency can be associated with this type of 

measurement. For example, in the measurement of a sample's transmission, one might 

measure the incident spectrum, and then the transmitted spectrum. If one second is 

required to move the sample into the beam and take the next spectrum, then the 

modulation frequency would be 0.5 Hz, even though only one cycle occurred. 
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The Fourier transform of the modulation, called the modulation spectrum, acts as a 

frequency filter on the acquired signal and the reference. In general, the noise that 

will be present in the final result will be a function, possibly nonlinear, of these two. 

However, the major noise contributions can be estimated from the overlap of the 

modulation spectrum with the noise spectrum of the light source. In this example, the 

modulation spectrum only passes noise around 0.5 Hz. Light noise at frequencies much 

lower than this will not affect the data; the experiment compensates for this. Noise at 

frequencies much higher than 0.5 Hz will also have little effect, since the experiment 

integrates each beam for I second. The modulation spectrum may be more complex 

than a single frequency. For example, if the detector is gated on for only a short 

portion of each I second acquisition, this would add higher harmonics of 0.5 Hz. If 

many such periods were acquired, this would narrow the linewidths of the fundamental 

and harmonics. 

For effective data acquisition, the laser noise spectrum should be analyzed, and an 

appropriate modulation frequency chosen. In this laser, it is found that noise is 

essentially flat above a few 10's of Hz, and rises sharply below. Rising noise at low 

frequencies is typical of many physical systems and for this reason it is best not to 

make simple "DC" measurements such as described in the first example. For this laser 

system, the modulation should avoid the ~ 10 Hz region. 

This is difficult in an optical absorption measurement, since it would require 

positioning and repositioning the sample at 10 Hz, sometimes with 25 ~m accuracy. 

The technique used instead is to rely on differential absorption, a measurement which 

does not require moving the sample. Here we measure: absorption in the presence of 

pump minus absorption without pump. 

This is accomplished by programming the OMA to compute: 
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bl(/prObe(PUmP on)] = 1,,[ Ilne-aL 1 = 1,,(e-(a-OIo)L) = -AexL (2.1) 
I probe (Pump off) lin e -aoL 

where Iprobe is the probe beam transmitted through the sample, L is the sample 

thickness, and a subscript 0 means the linear, unexcited state. The OMA switches the 

pump on and off at 10 Hz using an electrical shutter, while Iprobe is synchronously 

accumulated in two separate data bins: one for pump-on, one for pump-off. Thus the 

OMA simulates a lock-in amplifier with 1024 channels. In some experiments the 

results are calculated in the related form of differential transmission spectra (DTS) 

defined by: 

2.2 

For small signals this is equivalent to -AexL. Regions of positive signal correspond to 

bleaching while negative signal indicates induced absorption. 

In certain situations the spectral data must be corrected for chirp: group velocity 

dispersion of the probe beam. This arises from the ethylene glycol jet and subsequent 

optics. Because of this, a DTS spectrum at nominal delay time r will consist of data 

from t>r at the blue wavelengths, and data from t<r at red wavelengths. If one only 

concentrates on a narrow band of wavelengths during the experiment, the chirp can be 

ignored. For broadband data, the chirp must be corrected. This is done by first 

measuring the chirp using sum frequency generation and then taking experimental data 

at very short time delays. A computer then takes the set of chirped curves, and using 

the measured value of the chirp, interleaves the data into a new set of dechirped files. 

Linear interpolation is used for time delays between the original files. Since the 

original files consist of data skewed in time, the processed files will have blank regions 

at the extreme time delays. In chapter 3, a parabolic chirp correction was employed in 

the data of Masumoto and Sasaki (1991). In this technique, the original files are 
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collated into a set of time traces for a number of wavelengths. The time trace for each 

wavelength is then fit to a general rise-and-decay function. These continuous 

functions can then be time-shifted by the desired amount, allowing chirp of arbitrary 

shape to be used. After shifting, the time traces are resorted into spectral curves. 



CHAPTER 3 

SPECTRAL HOLE BURNING IN BULK 

AND QUANTUM DOT CDSE 

2S 

A simple way to measure the dephasing time associated with an optical transition is 

spectrally. One measures the linewidth of a homogeneously broadened line, or 

measures the spectral hole burned in an inhomogeneous line. However, applying this 

technique to a semiconductor requires some special considerations. A definition of 

spectral hole-burning is useful here, since the phenomena exists under very different 

sets of conditions in the different material systems. The two-level atom case will first 

be reviewed [Meystre and Sargent III (1990)], then the semiconductor cases will be 

compared to this benchmark. 

In a system of low-density two-level atoms, spectral hole-burning is a truly 

steady-state phenomena. A cw narrow-linewidth laser is used to bleach a hole in the 

inhomogeneous distribution and a probe beam measures the width of this hole, giving 

the homogeneous linewidth. The cw nature of this all relies on the independence of 

the atomic systems. An electron excited at one atom has a low chance of scattering 

elsewhere in the distribution of atoms. Therefore the probe sees only atoms in their 

initially excited states. 

Can this definition be applied to semiconductors? In a very rough approximation, 

the valence to conduction band states in a direct-gap semicondutor are often compared 

to an inhomogeneously broadened two-level system. In this model, the individual k

states are treated as independent systems, and the semiconductor optical response is the 

sum of each system's response. Pauli blocking is the only nonlinear mechanism 

considered. In a pump-probe absorption bleaching measurement, the differential 
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absorption is then 

/).01. a = J-/e -/h (3.1) 

i.e., proportional to the carrier distributions. At this point the limitations of the 

independent k-state model become apparent. In actuality, there is no such 

independence; each k-state is coupled to all others by the strong Coulomb interaction. 

Within tens of femtoseconds after optical excitation, electrons begin leaving their initial 

states. By scattering among each other, the energy distribution of the electron 

population rapidly moves to a thermal equilibrium as a Fermi distribution. Through a 

process of emitting monoenergetic LO phonons, then redistributing energy via 

scattering, the Fermi distribution cools to the lattice temperature. Because the LO 

phonons are strongly coupled to the electrons, this cooling proceeds rapidly (100fs-few 

ps) until there are few electrons with energy greater than IiwLQ. The final cooling is 

much slower as electrons lose energy via less strongly coupled phonon modes. The 

characteristic time for the first stage of this scattering is 10-4 to 10- 6 of the lifetime, 

and under equilibrium with a cw pump, the ratio of unscattered to total carriers will 

be a similar fraction. Thus there is essentially no steady-state hole in the band. 

Transient bole-burning is still possible, however. Femtosecond or picosecond lasers 

are an established method to observe the intermediate carrier distributions: hot thermal 

carriers [Shank et al. (1983)], or even nonthermal carriers [Knox et at. (1986)]. 

Similarly, by using excess energy less than IiwLO Oudar et al. (1985) observed what 

they called a dynamical hole burning. Using a extension of the Coulomb-free model, 

their analysis claimed that the rapid intraband scattering could reach a short-lived 

equilibrium with the femtosecond generation rate, leaving a spectral absorption hole 

whose width gives the power-broadened homogeneous linewidth. 
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The results of a similar experiment are shown in Fig. 3-1. This is a chirp

corrected differential absorption curve of 10K CdSe following excitation by 70 fs, 2.0 

eV pulses. The sample is an epitaxial thin film with the c-axis normal to the film. 

Since the excess energy of the photogenerated carriers in this experiment exceeds IiwLO' 

carrier-LO phonon scattering is expected as well as carrier-carrier scattering. 

Bleaching in all curves of Fig. 3-1 occurs at the A and B excitons, and in the band 

with roughly a Fermi-function envelope. In the earliest curves, there is a small region 

of transient bleaching near the pump energy which decays away in a few hundred fs. 

This fast transient is the remains of a non thermal carrier distribution which is rapidly 

joining the thermalized portion. Any further interpretation should proceed not with 

Eq. (3.1), but with a many-body calculation including carrier-phonon scattering and 

screened carrier-carrier scattering [Fluegel et al. (1992)]. Without going into this level 

of detail, two points are clear: First, under these conditions the intraband scattering is 

much faster than the pulse width. Even at the earliest curve, the majority of the 

carriers have thermalized. Second, it is experimentally difficult to distinguish spectral 

hole burning (carriers still in their initial states) from a more general non thermal 

distribution. In the simple theory of Oudar et nl., carriers scatter directly from their 

initial state into a thermal distribution whose spectrum is so smooth that it does not 

affect the shape of the remaining hole. A more detailed analysis [Collet et at. (I 983)] 

shows that in the later stages of thermalization, carriers can be scattered but not yet be 

in a thermal distribution. This is the case of Fig. 3-1. 

At this point it is clear that the investigation of sub-dephasing and sub-relaxation 

phenomena high in the band of bulk CdSe is made difficult by the extreme rate of 

intraband scattering. Both time and frequency domain measurements are complicated 

by the fact that T 1 (and hence T 2) times are much faster than the 70 fs pulsewidths. 

Since this scattering is in turn caused by a strong coupling between different k-states, 
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it is interesting to consider the effect of drastically changing the allowed states in 

CdSe. This is possible in recently developed semiconductor quantum dots 

[Peyghambarian et at. (1989)]. 

Quantum Dots 

Semiconductor microcrystallite glasses are formed by dissolving the constituent ions 

in molten glass, and then letting them precipitate out as crystals under carefully 

controlled temperature [Borrelli et at. (1987)]. Since glass has a very sparse density of 

states in the energy range of interest, electrons and holes are confined to the 

semiconductor. A typical semiconductor has a lattice constant of 4-6 ~, while its 

electron-hole Bohr radius is much larger, 20-150~. The crystallites investigated here 

have radii much larger than the lattice spacing, but comparable to the Bohr radius. 

Because the quantum dot covers many lattice sites, the bandgap and effective mass are 

not too strongly modified. However, the confinement causes the energy spectrum of 

the elementary excitations to become discrete. 

For linear absorption, a spherical crystal of radius R containing one electron and 

one hole is considered. The Hamiltonian includes the kinetic energy: 

(3.2a) 

and an interaction term consisting of the electron-hole attraction plus a term due to the 

surface polarization [Brus (1984)]: 

(3.2b) 

The effective mass approximation has been assumed, as has ideal quantum 

confinement, meaning that the glass presents an infinite potential wall to the electron. 

Thus the boundary conditions r(re h =0) = finite and r(re h =R) = 0 are forced where r is 
I I 

the two-body wavefunction. To solve this Hamiltonian requires a numerical technique 
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that is reviewed in a latter section. Here, much insight can be gained by studying an 

approximate solution. In the absence of the Coulomb interaction, the problem can be 

solved analytically [Efros and Efros (1982)]. In this strong confinement approximation 

the electron and hole wavefunctions separate into spherical Bessel functions multiplied 

by spherical harmonics: 

(3.3) 

Where N = {II, I, m} and ~nl is the II-th root of the I-th order spherical Bessel function. 

The energy eigenvalues El(N e' Nh ) are: 

2 2 

l(N N) E fi2 [~ne Ie 1 ..lE.. [~"h Ih 1 
E e' h = g + 2me --P:- + 2mh R (3.4) 

The usual spectroscopic notation is used for the angular momentum quantum number I: 

EIP,IP ___ -.- elphlP 

EIP,ls elph lS 

EIs,lP ----I-eIShIP 

EIS,ls elshls 

GS --'-__ -'-

3-2 Schematic energy level diagram of an uninteracting electron hole 
pair in a quantum dot with infinite confinement potential. 
Subscripts identify the electronic orbitals of the electron and hole. 
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s=O, p= I, etc. Fig. 3-2 shows this energy level diagram. The levels are labeled, for 

example, elnhlp meaning electron in the 1s state, hole in the Jp state. It can be shown 

that the only states that are dipole-coupled to the ground state are those that conserve 

the total angular momentum quantum number: ela hIs' elp /rIp' etc. These are the two 

lowest dipole allowed transitions, and are shown as vertical arrows in Fig. 3-2. They 

are raised above the bulk bandgap by the confinement energy, the second and third 

terms in Eq. (3.4); the smaller the microcrystallite, the larger the energy. 

Note the difference between the quantum dot and a bulk sample. Eq. (3.2a) is the 

Hamiltonian of a Bloch electron, i.e., the effective mass approximation has been used. 

The original Hamiltonian for a bare electron included the potential of the ionic lattice. 

This was diagonalized yielding Eq. (3.2a) and a set of solutions, the Bloch functions. 

This result is then used as a building block for more complicated potentials such as 

Eq.s (3.2). It is understood that the solution of Eq.s (3.2) is a slowly varying envelope 

function. The complete wavefunction is the product of this and the rapidly varying 

ionic part of the Bloch functions. Since the interaction term has been dropped in the 

strong confinement approximation, this analysis is identical to the bulk semiconductor, 

with the sole exception of the boundary conditions. In the bulk, with infinite 

boundary conditions, the slowly varying factor is a plane wave while in a quantum dot 

it is a spherical Bessel function. It is the Bloch function factor, orthogonal in the band 

indices, which causes the interband transition selection rules for the complete 

wavefunction to be Al = O. 

With the inclusion of the Coulomb interaction the problem cannot be solved 

analytically. For example, in center of mass coordinates, the Hamiltonian is separable, 

but the boundary conditions are not. Since there is no longer complete spherical 

symmetry, the transitions Al :f. 0 are weakly allowed. However, since the confinement 

energy has a I/R2 dependence, it dominates over the Coulomb interaction for small 
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crystals and the transition energies of Eq. (3.4) are only slightly shifted by the 

interaction. The absorption spectrum of an ideal quantum dot sample would therefore 

consist of a series of sharp lines. In practice, the samples are subject to a great deal of 

inhomogeneous broadening, probably due to the size distribution of the 

microcrystallites. 

Fig. 3-3 shows the low temperature linear absorption spectrum of a 26'&' radius 
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3-3 Linear absorption of 10 K 26 .&. CdSe microcrystallites in glass. 
Dashed lines show schematic of valence and conduction subbands. 

CdSe sample grown by Borelli et al. (1987). Since the bulk Bohr radius is 56 .&., 

quantum size effects are expected and it is clear from this figure that the lowest 

absorption energy is raised above the bulk bandgap energy. There are three broad 

transitions: ... distinct peaks at 555 nm and 462 nm labeled A and C , and a small 

shoulder, B, at 527 nm, on the high energy side of the A peak. The following 

assignment of these peaks is based on the approximate energies predicted by Eq. (3.4) 
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and consistency with the nonlinear result. 

The valence band of CdSe is split into three bands by crystal field and spin-orbit 

splitting. These are commonly labeled A, B, and C. Peaks A and B of Fig. 3-3 are 

assigned to the elsil1s transitions from bands A and B. The larger energy separation 

between A and B than in the bulk is probably due to the smaller effective mass of the 

B band. This causes peak B to have a larger confinement energy than A, increasing 

the separation. Peak C· is attributed to a combination of elsil1s from the C band and 

the elpil1p states. 

From the viewpoint of sub-T liT 2 phenomena, the confinement has drastically 

altered CdSe. There is no longer a continuum of coupled states. The broadening seen 

in the linear absorption is classic inhomogeneous broadening: each quantum dot has a 

discrete spectrum, but with a random amount of confinement energy. Quantum dots 

are independent of each other, so there is no analog of the bulk sample's rapid 

intraband scattering. It can therefore be expected that CdSe quantum dots will exhibit 

"true" spectral hole-burning, i.e., independent systems subject to a simple saturation 

nonlinearity. 

Hole-Burning Results in CdSe Quantum Dots 

Pump and probe measurements were conducted with a tunable femtosecond laser. 

While this is not ideal for frequency domain measurements, it ensures that the data will 

represent the intrinsic electronic effects, rather than metastable trap states. The laser 

system was similar to that of chapter I, but employed multi-stage amplifiers pumped 

by a 10Hz Q-switched Y AG laser [Mig us et at. (1985)]. The continuum was 

reamplified in Rhodamine 6G, giving pulsewidths of 100 fs and intensities in the order 

of GW Icm2. The pump pulse was tuned inside the electronic transitions, and the 

differential absorption -AexL was measured. 
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Fig. 3-4 shows linear and differential absorption at 0 fs for two different pump 
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3-4 Differential absorption of the 26 ,&. quantum dot at zero time delay 
for two different pump wavelengths. The linear absorption from 
Fig. 3-2 is also plotted. 

wavelengths in the A peak. The largest pf'ak in the differential absorption is clearly a 

spectral hole in the A transition. It is spectrally broader than the pump spectrum and 

shifts to follow the detuned pump. In Fig. 3-4 there is also a simultaneous bleaching 

of the B peak. As will be seen, its dependence on intensity and time is identical to A. 

This is explained by bleaching of the common electron level. As seen in the inset of 

Fig. 3-3, pumping into the A peak fills the ela level, blocking further absorption of 

* both A and B and well as part of C . 

A second quantum dot sample has been grown [Borrelli et al. (I987)] with a longer 

growth phase, resulting in a larger average dot radius of 38 ,&., and hence lower 

transition energies. For this sample, the laser is capable of exciting either the A or B 

regions resonantly. Fig. 3-5 shows the linear absorption and differential absorption for 
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two pump wavelengths. The B peak is barely resolved, but the linear absorption and 

low-energy differential absorption are qualitatively similar to the 26 Jt sample in Fig. 

3-4. However, for pump 2, the resonant B-peak is bleached much further, as well as 

the C· peak. From this, it is concluded that a large fraction of the bleaching comes 

from state filling of the common electron level; this contribution is independent of 

which peak is pumped. A smaller contribution is the preferential bleaching near the 

pump; this is due to state filling of the hole states. 

Hole burning as a function of excitation energy is shown in Fig. 3-6. Pumping on 

line center was used. Change-in-absorption curves are plotted for three relative 

intensities. (Note that the saturation of the C· peak discussed above is more clearly 

seen here, due to the increased signal-to-noise ratio of the high power curves.) The 

features are all constant with the exception that the width of the burnt hole increases 
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3-6 Differential absorption in the 26 ..&. sample at zero time delay, 
pumping at 555 nm for three intensities. Inset: the width of the 
main peak is plotted for several intensities. 

at higher power. Hole width versus pump intensity is plotted in the inset for several 

more intensities. This broadening is expected since at its peak, the change in 

absorption is nearly 80% of the linear absorption. The microcrystallites on line center 

have reached the limit of their saturation, while the off line center microcrystallites 

still saturate effectively, hence the hole broadens. Taking the smallest holewidth, 

subtracting the pump linewidth, and using a model for large inhomogeneous 

broadening [Meystre and Sargent (1990)], we obtain an estimate of 40 fs for T 2' 

In Fig. 3-4 it can be seen that when the A transition is pumped on resonance, the 

spectral hole is located at nearly the same frequency as the pump. However, when 

pumped off resonance, the spectral hole leans away from the pump, toward line center. 

This is easily explained as a simple consequence of the fact that the pump linewidth, 

and the homogeneous and inhomogeneous linewidths are all of the same order of 
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magnitude. Unlike a textbook holeburning case, here the inhomogeneous distribution 

(a) 

Detuning 

(b) 

Detuning 
3-7 Calculated linear and differential absorption of a Gaussian 

distribution of two level atoms. a is the absorption of the 
ensemble, -Aa is the differential absorption when pumping at the 
vertical line with 1 x saturation intensity. ahoma indicates the 
homogeneous Iinewidth which is small (.5) in a) and large (3) in b). 
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changes greatly around the pump wavelength. This difference is illustrated in Fig. 3-7. 

These two figures are calculated absorption and differential absorption of an 

in homogeneously broadened two-level media. A Gaussian distribution of frequencies is 

used and the two cases differ only in the size of the homogeneous linewidth. In Fig. 

3-7(a) the homogeneous width is narrow, and the spectral hole is expected at the pump 

wavelength with very little shift. However, the present experiments correspond to Fig. 

3-7(b), where the homogeneous line width is large. The pump excites microcrystallites 

at 575 nm resonantly, and at higher and lower energies non resonantly. At higher 

energy, the pump finds a higher density of microcrystallites than at lower energy, 

hence more saturation occurs here, and the hole leans toward the distribution center. 

The amount of this shift is expected to depend on the pumping intensity. This is 

observed in Fig. 3-8 which shows intensity dependent curves for below-resonant (575 
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nm) pumping of the 26 .&. sample. As the intensity increases, the hole is clearly seen to 

shift further to line center. 

All the features discussed above show little dynamical detail in their time evolution 

using 200 fs resolution; they all appear simultaneously with the pump, and follow a 

common decay. This decay was measured by repeating the -t::..a.L measurement for 
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3-9 A-peak resonant differential absorption curves of the 26 .&. sample 
for different time delays. 

several delays of the pump beam. Fig. 3-9 shows a typical result. At least a two-

component decay is observed: 50% of the signal recovers in ~50 ps, while the rest 

remains for times in excess of the 500 ps delay line. The fast component may be 

attributed to enhanced recombination of electrons and holes through surface states. 

The slower decay may be from carriers localized at impurity traps. 

The last feature to be discussed is the induced absorption just to the high energy 

side of the B peak. Broadening of the peak(s) has been ruled out as the cause, since 
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the induced absorption only appears at one location, and because the region moves with 

the pump detuning. To explain this feature requires a theory for the nonlinear 

response of the quantum dots. 

Theory of Coulomb Effects ;11 Qualltum Dots 

In this section, a numerical result for the nonlinear absorption of Coulomb

interacting electrons and holes in semiconductor quantum dots is reviewed [Hu et at. 

(1990». The nonlinear picture used for quantum dots is fundementally different from 

the bulk semiconductor case. In the bulk, electrons are non-localized, so the density 

and polariz~tion of every electron mode in the crystal is necessary to determine the 

general optical response. In quantum dots, each microcrystallite may be considered as 

independent; they are not affected by electrons in neighboring dots. Therefore the 

optical response may be treated in successive orders by the number of electron-hole 

pairs in a microcrystallite. At low excitation, it is sufficient to consider a single 

electon-hole pair since the probability of a second pair being excited in the same dot is 

negligibly small. This is the case described in the introduction. To treat the optical 

nonlinearity associated with high (average) carrier density, one then considers two 

electron-hole pairs in the microcrystallite. 

Unlike the introduction, this treatment includes the Coulomb interaction between 

the two or four carriers. This interaction slightly changes the allowed one-pair states, 

and when a second pair is created, the excitation energy is determined by the allowed 

states of the coupled two-pair system. Since carriers are coupled and possess a binding 

energy in the lowest one and two-pair states, these are called quantum dot excitons and 

biexcitons. 

The one and two pair states of the quantum dot are found by numerical matrix 

inversion [Hu et at. (I 990». In addition to the one-pair Hamiltonian of Eq.s (3.2), one 

starts with the two-pair Hamiltonian. This consists of two electrons and two holes in 
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the quantum dot with the attractive and repulsive Coulomb terms: 

(3.5) 

where 6V again is the surface polarization term. In each case, the wavefunction is 

expanded in eigenfunctions of the noninteracting Hamiltonian. For the one-pair case, 

these basis functions are given by Eq. (3.3). For the two-pair case, the noninteracting 

waverfunctions are pair products of these solutions. This expansion transforms the 

Hamiltonians into matrix equations which are then numerically diagonalized to get the 

wavefunctions and eigenvalues. From these, the transition dipole matrix elements are 

calculated, then the two-beam third order susceptibility, and finally the differential 

absorption. 

The linear absorption is determined by the one pair states, and as noted above, the 

one-pair energies of Eq.s (3.2) are close to those predicted by the non interacting 

model, Eq. (3.4). Nonlinear absorption, on the other hand, is distinctly modified by 

the Coulomb interaction. Fig. 3-10 shows the result for a quantum dot whose radius is 

one Bohr radius, excited by a pump laser tuned to the first one pair transition. 

Homogeneous and inhomogeneous broadening consistent with the experimental spectra 

have been included. This figure matches some of the important features of the 

experiment in Fig. 3-4: bleaching of the one-pair states and an induced absorption 

region at higher energy. It does not reproduce the bleaching seen at the B and C· 

peaks since the theory does not include the three seperate valence bands; there is only 

one elsh1s transition. As will be seen below, this theoretical curve compares well to a 

similar experiment in CdS. 
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An analysis of the theory shows that the one pair states are bleached by state 

filling, and the induced absorption is due to the exciton-to- biexciton transitions. To 

understand this, note that the effect of the pump pulse is to leave the sample with a 

large number of quantum dots excited into one-pair states. When the probe follows, it 

finds these transitions bleached, but a new set of transitions has been enabled: the 

one-pair to two-pair transitions. Because of the binding energy, it requires less energy 

to excite the second pair to its ground state, so the new (induced) absorption occurs at 

previously transparent wavelengths. The optical excitation is also possible to excited 

biexciton states which have an energy higher than the sum of two exciton states 

It is important to remember that the broadening incorporated into Fig. 3-10 hides 

several two-pair transitions that correspond to different excited states for the second 
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pair. The broadening can cause a cancelling between nearby positive and negative 

regions. Thus the induced absorption from the grounds tate biexciton, which should 

occur below elahla is not seen in Fig. 3-10. The negative region seen is due to excited 

state biexcitons that happen to be better isolated from one-pair bleaching. This type 

of cancelling effect is seen also in the experiment of Fig. 3-5. When the 38 J\ 

quantum dot is excited in the elBhla peak, an induced absorption region at higher 

energy appears, just as in the 26 J\ sample. However, when pumped at higher energy, 

the bleaching of the Band C· peaks overwhelms the induced absorption. 

Other Qualltum Dot Systems 

The general features described above are intrinsic properties of a one-dimensional 

semiconductor; they are not peculiar to these Corning samples. This is evidenced by 

similar results in two other semiconductor systems grown by Liu and Risbud (1990). 

Fig. 3-11 shows the diffential absorption of a nanosecond experiment [Eshc et at. 

(1992)] in CdS quantum dots. In CdS quantum dots the A-B splitting is small 

compared to the inhomogeneous broadening, and is not seen in the linear spectra. 

Thus the nonlinear absorption shows only one bleached els"lB peak, in agreement with 

the single valence band calculation of Fig. 3-10. Quantum dots grown from CdTe, a 

zinc-blend structure, also show similar results. In Fig. 3-12(a) is shown the linear 

absorption with two labeled peaks corresponding to the ela"la transition from the 

heavy and light hole bands. The differential absorption of Fig.s 3-12(b, c) shows 

bleaching of both peaks and induced absorption for pumping the A peak, all very 

similar to CdSe. 

COllc/usioll 

This chapter has demonstrated the extremely fast intraband energy relaxation 

common in bulk semiconductors. It is then shown that quantum confinement in three 

dimensions greatly changes this behavior. While the bulk is characterized by a 
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continuum of completely delocalized, strongly coupled states, a quantum dot sample has 

a small number of strongly localized, widely-separated states. By engineering an 

"isolated" spectral line in CdSe, it was hoped that longer coherence times could be seen 

in a semiconductor. In this regard, the success is mixed. From a series of experiments 

and calculations, the various transitions in CdSe quantum dots are for the first time 

well understood. Rapid intraband scattering has been eliminated, extending Tl times 

up to the recombination limit of ~ 50 ps. However, the dephasing, as measured by 

spectral hole burning, is still in the femtosecond range. It may be that in quantum dots 

the surfaces and defects which increase the recombination also contribute to the 

polarization dephasing. This short coherence time is unsuitable for observing sub-T 2 

effects in the time domain. For this reason, the next chapters will continue the 

investigation in bulk semiconductors: the low-temperature exciton. 
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CHAPTER 4 

THE SEMICONDUCTOR OPTICAL STARK EFFECT 

Empirically, the dynamic or optical Stark effect (OSE) is a spectral shift of a 

transition, as measured by a weak probe beam and caused by a strong off-resonant 

pump beam. No real carriers are generated, and the shift is purely due to the optical 

field. The direction of the shift is away from the pump. 

Two-Level-Atom Stark shift 

This can be qualitatively understood by considering the two-level model. It should 

be noted at the onset that semiconductors cannot be treated as two-level systems. It 

will be seen that the neglect of the dynamics and Coulomb interaction causes certain 

discrepancies with the experimental results. However, for the sake of simplicity and 

for introductory purposes, the two level model appropriate for atomic systems is first 

described. The complete theory for Stark effect in semiconductors is explained in the 

next section. The system considered here consists of two atomic energy levels, a 

quantized pump field, and an atom-field interaction [Meystre and Sargent (I990); 

Cohen-Tannoudji et at. (1977)]. As in chapter I, square wave pulses are assumed so 

that the field can be approximated as cwo This system is diagonalized to find the new 

eigenstates, the dressed states, that determine the probe absorption. These are 

eigenstatcs of the combined atom-field Hamiltonian, and are shown in the energy level 

diagram of Fig. 4-1 (a). Zero detuning is assumed and the bare states (no coupling) are 

shown as dotted lines. They are labeled as IX,N> where x is the atom's leve[, either a 

(upper) or b (lower) and N is the number of pump photons. At resonance, there is a 

degeneracy between states like Ib,N+l> and la,N>. Each such pair is referred to as a 

separate manifold. The absorption of a probe photon simply raises the system to the 
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12,N) 

la,N-1) _______ _ ________ Ib,N) 

(b) 
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4-1 Energy level diagram of the total atom-field system: (a) Exactly on 
resonance. Dotted lines are states of the noninteracting system, 
solid lines are states of the coupled system. (b) Nonresonant case, 
pump is tuned below the atomic transition frequency. 

next highest manifold, and this occurs at energy liw. 
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When the atom-field coupling is added, under the rotating wave approximation, 

the Hamiltonian for each manifold $' n' is independent of all others. Each is solved by 

exact diagonalization, and the degeneracy of the two bare states is split into two new 

eigenstates, II,N> and 12,N>, shown as solid lines in Fig. 4-I(a). The separation 

between these two, in the semiclassical approximation, is the Rabi energy, 1i!7t0 = &0"" 

Each of these two dressed states is a linear superposition of the two uncoupled states, 

with equal contributions from each. It is important to remember that neither II, N> or 

12,N> should be thought of as either the atom's lower or upper state. They are 

eigenstates of the coupled atom-field system and each represents an atom Rabi 

flopping between upper and lower levels. Probe absorption still happens by "pumping" 

the system up to the next manifold. This can now occur at three energies: 

II, N -I> -+ II,N> 
or 

12,N-i> -+ 12,N> 

II,N-I> -+ 12,N> 

12, N -I> -+ II,N> 

at energy liw 

at liw - "'&0 

at liw + "'&0 

Thus pumping at resonance causes the transition to be split into a triplet. 

The effect of detuning is shown in Fig. 4-1 (b) for positive de tuning, 1i6 = (Eo. -

Eb - liw) > O. States like Ib,N+I> and la,N> are no longer degenerate. The new 

eigenstates II, N> and 12, N> are split in energy around the midpoint of the bare states 

by the amount 

(4.1 ) 

the generalized Rabi energy. Again, there are three possible transitions at liw and liw ± 

1i!7t. 

In the nonresonant case, the new eigenstates represent unequal Rabi flopping: the 

atom has a higher time-integrated probability of being in one atomic level than of 
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being in the other [Cohen-Tannoudji et at. (1977)]. These eigenstates are formed from 

unequal contributions of the bare states [Meystre and Sargent III (1990); Bonch

Bruevich and Khodovoi (1968)]. In general, the coupled state 111, N> is primarily 

composed of the energetically closer non interacting state. Specifically, for positive 

detuning, the state II,N> is composed mostly of la,N>, and 12,N> mostly of Ib,N+l>. 

This explains the transition strengths: before the pump beam was turned on, all atoms 

were in the unexcited atomic level. Therefore, with the pump on, the atom-field 

system has a higher probability of being in the state 12, N>, while II,N> will be 

predominantly empty. 

Therefore the transition at hw, with equal upper and lower probability will be 

bleached. The blue transition, at hw + Mit with empty upper and full lower levels, will 

give absorption. The red transition, at hw - ha has full upper and empty lower levels, 

and should give gain. For negative detuning, these will be reversed. 

In the case of an optical Stark shift in semiconductors, one relies on a crude 

correspondence between the Is exciton and the two level atom considered above, with 

the ground state as level Ib> and the exciton state as level la>. Only positive detuning 

is possible due to the band states, and the large linewidths require a detuning large 

enough that the generalized Rabi energy can be expanded for small fields. Thus the 

blue shift of the exciton becomes 

J(E,,-Eb-hw)2+11'8012 - (E,,-Eb-hw) 

11'80 12 
~ ~~-=-=---,-..,.., 

2(E,,-Eb -hw), 

(4.2) 

(4.3) 

that is, proportional to the pump intensity and inversely proportional to the detuning. 

This result has been put on a more sophisticated basis by Schmitt-Rink and Chemla 

(1986). They accounted for the internal structure of the exciton, arriving at the result 



21~6'oI2 Irple (r=0)12 
E0ls-liw N/SF . 

so 

(4.4) 

This is essentially the two level result with a correction factor composed of rplB(r=O), 

the exciton wavefunction, and N/SF, the saturation density due to phase space filling 

(PSF). The factor of 4 over Eq. (4.3) is due to an assumed exponential field 6' = 6'oe1wt 

rather than the cosinusoidal form. 

The results of this section on the two-level atom give a simple qualitative 

understanding of the exciton optical Stark shift. The full treatment should include the 

Coulomb interaction and the dynamical aspects of the light-matter interaction. This 

has been done using the semiconductor Bloch equations [Binder et at. (1991)]. 

Theory of Many-Body Semiconductor Optical Stark Effect 

In this section the proper theoretical work is reviewed. From this, the 

experimental results will be understood as a natural consequence of pulses that are 

short compared to the medium coherence time. This dynamical treatment uses the 

semiconductor Bloch equations (SBE) [Lindberg and Koch (I988c)]. In contrast to the 

simple dressed-states model, this is the same formalism used for real excitation into the 

exciton or band [Binder et at. (1990)]. Only the large detuning distinguishes the Stark 

effect case. 

The SBE's are the Hartree Fock equations of motion for the electron and hole 

population and interband polarization, under a Hamiltonian of two bands, the Coulomb 

interaction, and the external (classical) electric field: 
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(4.6) 

[Lindberg and Koch (1988c)) 

Pt. and lit. are the interband polarization and population at wavevector k and 'f} is the 

Coulomb interaction. Tl and Tz are phenomenological population and phase relaxation 

times, and ft. = fz 2k2/2m'" +Eg is the total electron-hole kinetic energy. (J is the 

complete optical field. The delay times are assumed to be short enough that electrons 

and holes have not yet scattered out of the states they were excited into. Thus "e,t. = 

IIh,t. 5 fIt. and in the following work, Tl = 00. The three terms in Eq.s (4.5-4.6) which 

each have three explicitly k-dependent factors are referred to as exchange terms. If 

these terms are dropped, the result can be solved in the limit of low excitation 

intensity [Peyghambarian et al. (1989); Fluegel et al. (1988)). In this case the 

polarization and population are transformed from the Bloch function expansion of Eq.s 

(4.5-4.6) into an expansion of Wannier equation solutions: 

p), = * I Jd3r 1/1*), (r)P(r) 
1/1 ),(r=O) 

(4.7) 

(4.8) 

Here P(r) and ,,(r) are real space transforms of Pt. and "t., and 1/1k is a solution of the 

Wannier equation [Haug and Koch (1990)). 

The equations of motion for these transformed quantities P), and 11), are exactly the 

Bloch equations for the density matrix of a two-level atom. Known solutions for a 

pulsed optical field can then be used, and the total polarization of the semiconductor is 



Ptot = I" I)I/J~(r=O)12p~ + c.c .. 

>. 
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(4.9) 

Thus for conditions under which the exchange terms can be neglected, the 

semiconductor acts as a set of inhomogeneously broadened independent two-level 

oscillators, and each one is weighted by the Wannier equation solution'S oscillator 

strength. 

Previous Results 

As pointed out by Joffre et al. (1989) the exciton OSE could in principle be 

observed using cw light; the major drawback of the fast Tz in semiconductors is that it 

necessitates a large detuning, giving a smaller shift. Despite this, the OSE has only 

recently been observed in semiconductors by using picosecond and femtosecond pulses 

[Mysyrowicz et at. (1986); Von Lehmen et at. (1986)]. The reason for this is that even 

with large detuning, there are real carriers generated which mask any shift. Since the 

Stark shift is proportional to the intensity while the unwanted signal is integrated over 

the pulse duration, ultrafast pulses will maximize the ratio. 

The first observation of the OSE in semiconductors was by Fr~hlich et at. (1985) 

in CUzO and later in GaAs MQW's (1987) using picosecond pulses. In contrast to the 

simpler experiment described above, their pump wavelength was near degenerate with 

a transition between two excited states and the probe measured a transition between 

one of these states and the ground state. Because the detuning was not large, the 

result was not a rigid shift of the probed transition. 

The first dynamics of the OSE, and the first that was analyzed using two-level 

system described above was by Mysyrowicz et at. (1986). They measured a large blue 

shift of the low temperature (15K) Is exciton of GaAs/ AlGaAs MQW's that was 

nearly half a linewidth. The oscillator strength was strongly reduced during the shift 

with a small reduction remaining after. No comparison between the measured and 
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calculated shift was made. The shift recovered in a picosecond, but it is not clear how 

closely it followed the 150-fs pulses. 

The same system was studied using picosecond pulses [Von Lehmen et al. (1986)]. 

They demonstated the expected linear dependence of the shift on pump intensity and 

inverse dependence in detuning. It was claimed that the value of the shift compared 

well with the steady state result of Eq. (4.4). The wavelength resolution was 

insufficient to determine if there was a rigid shift. 

An exciton Stark shift in InGaAs/lnP MQWS was reported using picosecond 

resolution [Tai et al. (1987)]. A significant amount of real carriers was generated. The 

wavelength resolution did not offer good comparison with the linear absorption 

lineshape, and the measured shift was a factor of 4 smaller than expected from the 

calculations of Schmitt-Rink and Chemla (1986). 

As mentioned above, the steady-state optical Stark shift does not directly depend 

on exciting a polarization faster than it dephases. However, as it win be shown, there 

are transient, sub-T 2 effects associated with the Stark shift. Specifically, three points 

will be addressed: 

I) How closely does the shift follow the pump intensity? Much of the initial 

interest in the exciton shift came from the need for optical switching devices whose 

switch-off time is not carrier lifetime dependent. The OSE appeared to provide for a 

shift only as long as the field is present. The first experiments showed femtosecond or 

picosecond recovery times, but the time resolution was insufficient to give a clear 

answer. One would like to know, in particular, how these results will change when the 

time resolution becomes shorter than the dephasing time. It will be seen that the shift 

begins significantly before the arrival of the pump pulse and reaches a maximum at 

slightly negative time delay. 
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2) How much does the exciton shift? Closely related to the question of shift 

dynamics, is that of the magnitude of the shift. The previous observations mentioned 

above were inconclusive about the agreement between measured and calculated shift. 

As will be discussed in Chapter 5, a sub-T 2 pump and probe experiment violates the 

intuitive interpretation of measuring the instantaneous effects of the pump. Thus, one 

would expect disagreement between the measured shift and the results of a steady-state 

calculation that employs the peak (fs) field as a cw field. Both the experimental and 

theoretical results of this chapter show a smaller shift in the sub-T 2 case. 

3) Can a pure shift be obtained? Two distinct effects have tended to obscure 

observation of the OSE. Real carrier generation is always present to some degree, 

either from off-resonant linear absorption or from two-photon absorption. This 

produces bleaching and broadening of the exciton after the arrival of the pump pulse. 

These effects are well understood, but undesirable. In addition to hindering 

observation, this is troublesome from the standpoint of designing ultrafast recovery 

switches. Thus there is interest in finding experimental conditions that minimize these 

effects. 

The second effect that departs from a pure shift is transient modification of the 

exciton oscillator strength. Although the nonresonant absorption is described in terms 

of virtual carriers, they can be thought of as very real carriers that exist during the 

short time of the pump pulse. During this transient time, they can have all the many

body effects on the exciton absorption that real carriers have. It will be shown that 

under very limited conditions, a pure shift can be obtained without loss of oscillator 

strength. However, in general, coherent oscillations and real carriers accompany the 

optical Stark shift. 
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Experimental Results 

To answer these questions, the following techniques are employed: 

Femtosecond time resolution: 60-fs pump and ~ 100-fs probe pulses are readily 

available. This maximizes the OSE, minimizes real carrier effects and answers the 

questions about temporal pump following. 

Large detuning and small intensities: This minimizes nonresonant absorption. By 

staying in the small signal regime, one can consider the signal due to the real carriers 

to be simply additive to the signal caused by the OSE. This facilitates analysis. 

High sensitivity: A differential measurement of the absorption is necessary. 

The exciton system used is CdS. This has a bandedge around 480 nm at low 

temperature which gives a large detuning when excited with a 620 nm femtosecond 

laser system. The presence of three valence bands complicates matters somewhat, but 

orienting the polarization correctly eliminates the A-exciton, leaving only the B- and 

C-excitons. These are reasonably well resolved from each other. High quality CdS 

platelets can be grown with thickness < 1 J.lm, giving narrow linewidths. 

Measurements of the optical Stark effect were done using the CVL-based system 

described in chapter 2. The 620 nm pump was used and the blue-green part of the 

continuum probe was selected. In Fig. 4-2(a) the linear absorption of CdS at 100 K is 

shown. The peak at 484 nm is the B-exciton; because of the crystal orientation the A

exciton is seen only as a small bump on the low energy side of Bex. Differential 

absorption at ~ 0 fs is shown in the solid line of Fig. 4-2(b). This shows the 

characteristic shape of a blue shift: increased transmission at low energy and decreased 

transmission at higher energy. For comparison, the dotted curve shows a simulated 

shift obtained by numerically subtracting the linear absorption from a shifted version 

of itself. The good agreement between the two curves, in particular, the common zero 

crossing, indicates that a nearly pure exciton shift is possible under these conditions. 
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The simulated shift also gives a convenient method for extracting a value of the 

experimental shift. From a fit to the simulated curve, a shift of .06 meV is obtained. 

This is considerably smaller than that expected from the dressed atom theory, Eq. (4.3), 

that predicts 0.7 meV. 

Just above the energy of Bex there is a small region of positive signal. This 

coincides with the B-bandedge of the linear spectrum, and is just the signal that would 

be expected from a rigid blue shift of the absorption edge. The agreement with a 

similar positive signal in the simulated shift confirms this interpretation. 

To further confirm the results, the experiment was repeated at lower temperature 

where the spectral features are more pronounced. Fig. 4-3 shows the linear and 

differential absorption at 10 K and a lower pump power. Again, a comparison with a 

simulated shift of the linear absorption is presented. In the differential absorption 

curve (solid line) both the B- and C- exciton show a shift: .03 meV, again less than 

the .2 meV expected from the dressed atom theory. The zero crossing of the -AaL 

occurs at higher energy than the simulation, indicating a slight reduction of oscillator 

strength [Knox et al. (I989)]. In the linear absorption, the B-bandedge is much more 

resolved from the C-exciton, and this produces a larger, more distinct signal around 

477 nm in the simulation. 

The differential absorption data also show this larger, more distinct signal, 

confirming its origin as the shift of the bandedge. Actually, the sharp "band edge" in 

Fig. 4-3(a) must be interpreted as not only continuum states, but also unresolved 

higher order B-excitons. Nevertheless, the signal of Fig. 4-3(b) must include some 

contribution from continuum states since the signal is entirely nonnegative. Although 

there has been no previous report of a Stark shift of the bandgap, the OSE theory 

could in principle apply as well to the continuum states. 
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To investigate the dynamics of the shift, first note that in the data of Fig.s 4-2 

and 4-3, tp is only approximately equal to O. While the time between two curves is 

known quite accurately, the absolute time delay, with respect to the simultaneous 

arrival of the peak of the pump pulse is difficult to measure. A common method is to 

measure the SFG on another crystal, and then replace the sample. Since this involves 

moving the sample (inside the cryostat) it is not always desireable or completely 

accurate. Here, it is argued that the zero can be inferred from the data. 

In Fig. 4-4(a) are four DTS curves showing the Bex at 150 K. The curves are 50 

fs apart and a chirp of 1.5 fslnm has been numerically removed. The dispersive shape 

of the Bex is seen to rise over a period of 150 fs. Before plotting out the temporal 

behavior of the shift it is first necessary to consider the effect on the signal due to 

residual real carriers. In Fig. 4-4(b) are two curves from the same set as Fig. 4.4(a), at 

-25 fs and 125 fs, focussing instead on the C-exciton. At this point, these delay times 

are only relative. 

In the -25 fs curve is the familial' exciton shift. However at 125 fs, the DTS is 

quite different. There is no asymmetric component at all; the signal is now symmetric 

around the exciton wavelength, and it has the characteristic shape of a peak that has 

been bleached and broadened. Clearly, at 125 fs the pump pulse has left the sample, 

the exciton has shifted back to its original position, and real carriers now bleach and 

broaden the exciton. This latter effect should give less contribution to the signal at 

-25 fs since, in the steady state theory, the Stark shift should be maximum at tp = 0, 

while the accumulated real carrier density will have only reached 50% of its quasi

equilibrium value. 

Two wavelengths are indicated in Fig. 4-4(b). >'1 = 476 nm coincides with the 

peak of the C-exciton. The -AaL signal at >'1 arising from a pure shift is always zero 

for negative time delays, and oat the same time, it is a sensitive indicator of the 
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bleaching of the peak. Conversely, the signal at >'3 = 474 nm is a sensitive measure of 

the exciton shift, and fairly insensitive to bleaching. The -aOl.L signal at these 

wavelengths, along with the equivalent pair from the B-exciton, and a wavelength from 

the B-bandedge are plotted in Fig. 4-5 as a function of time delay. Missing data 

points are due to the chirp removal. 

It is now argued that the bleaching signal is due to screening and thus from its rise 

one can get an accurate measure of the zero time. This follows because screening of 

the electron-hole attraction due to real carriers, regardless of carrier energy, is 

generally accepted as instantaneous compared to these 50-fs timescales. It might be 

countered that the bleaching signal plotted in Fig. 4-4(b) is caused by phase space 

filing, not screening. In this case, the bleaching would 1/ot be instantaneous because 

blocking from carriers initally created with excess energy, such as in two-photon 

absorption, would have a delayed effect as the carriers cool. Previous works did 

attribute the real carrier effects to PSF [Mysyrowicz et al. (] 986); Von Lehmen et al. 

(J 986); Tai et al. (J 987)], however this does not explain the present experiment for the 

following reasons: 

The signal of Fig. 4-4(b), a positive peak at center wavelength and smaller 

negative peaks symmetrically placed at higher and lower wavelengths, closely resembles 

the screening and broadening signal of Knox et al. (1986). By contrast, the PSF signal 

in this reference is distinguished by an asymmetric signal with increased absorption in 

the continuum states roughly under a Fermi function envelope. None of these traits 

are seen in Fig. 4-4(b). Furthermore, the PSF signal of Knox et al. shows marked 

dynamics as the carriers relax. No such dynamics were seen in the curves before or 

after Fig. 4-4(b). The signal evolved directly from shift to symmetric bleach/broaden, 

and remains identical for at least an additional 100 fs. Finally, the previous Stark shift 

experiments, as well as Knox et al. (1986), were all conducted on MQW's. A larger 
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ratio of screening to PSF should be expected in the CdS (bulk) sample [Schmitt-Rink et 

at. (1985)]. 

From these arguments, the signal of Fig. 4-4(b) must be screening and broadening. 

The anticipated contribution due to PSF is either much smaller at this low density, or 

greatly delayed by relaxation. In either case, the signal of curves a) and c) in Fig. 4-5 

are proportional to carrier density. This then determines the absolute zero to be as 

indicated. 

It can now be seen in Fig. 4-5(b) and (d) that both the C- and B-excitons show a 

maximum shift occurring at 25-50 fs be/ore zero. This is most evident for the B

exciton. The duration of the two shifts, FWHM is 100-150 fs, in rough agreement 

with the expected temporal overlap of pump and probe. However the shift of the Bex 

has a slower rise time. It can be seen in Fig. 4-5(d) that the Bex begins to shift 250 fs 

before the arrival of the pump pulse. 

The questions posed in the introduction can now be answered in summary. In the 

dynamics of a sub-T 2 Stark shift, there are two features, the precocious shift, and its 

long risetime that are deviations from the dressed atom model of a Stark shift 

adiabatically following the pump. These deviations are strongest for the B-exciton, 

where the dephasing time is longest. The magnitude of the Stark shift also does not 

follow the dressed atom picture. The measured experimental shifts were from 6 to II 

times smaller than predicted by the dressed states model. The calculated values from 

Eq. (2.4) includes reflection losses, index change, and a conservative estimate of spot 

size. A dipole matrix element of 0.3 nm was used. 

The final question involved a pure shift, independent of transient or quasi-steady

state bleaching. It was found that even with the large detuning and small intensity 

there are still some real carriers generated. However, the early shift tends to 

temporally separate the shift from the bleaching and therefore at certain time delays a 
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nearly pure shift is measured. With sharper linewidths, a small bleaching is seen 

during the shift, a < I % reduction in oscillator strength. However, since this effect is 

continuous with the larger, quasi-steady state bleaching, it cannot positively be 

assigned to transient exciton bleaching. 

Transient Exciton Bleaching 

This effect is not observed in the low intensity, large detuning experiment. It has 

been previously observed [Mysyrowicz (1986}) but has not been explained in detail. 

Since it is a vivid demonstration of "virtual" carriers, a new experiment was conducted 

for comparison with the SBE's. 

The sample is a GaAsj AIGaAs multiple coupled quantum well. However, for the 

spectral region near the bandedge, it behaves very similarly to a 100 .&. MQW. 

Continuum reamplification provides a pump centered at 793 nm, just below the hh 

exciton. Because of the high intensity and small detuning, the shift can be discerned 

directly in the absorption spectra, shown in Fig. 4-6. The curve at 0 fs shows a Stark 

shift accompanied by a large reduction in oscillator strength. By 500 fs, the shift and 

bleaching have largely recovered, indicating that the major effect is a transient exciton 

bleaching, i. e., not due to real carrier generation. 

The "nearly pure shift" observed in CdS is not fundementally different from that 

of Fig. 4-6. It is merely the result of experimental parameters optimized for minimum 

real carriers. It actually does not behave as a pure shift at all time delays. In addition 

to the unexpected dynamics and magnitude, it can be seen in Fig. 4-4(a) that at very 

early time delays, the -/laL spectrum contains positive and negative peaks in addition 

to the dispersive shape. These are the coherent spectral oscillations and will be further 

treated in the next chapter. Lindberg and Koch (1988a) have concluded that the sub

T2 Stark shift is fundementally linked with spectral oscillations and transient bleaching, 

and that a "pure Stark shift" is a misnomer for sub-T 2 pulses. Hence the term "optical 
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The above experimental results can be further understood by comparison with the 

results of the many-body theory. Solutions of Eq.s (2.5-2.6) without exchange terms, 

and using a single valence band, are shown in Fig. 4-7. Parameters of CdS at 100 K 

were used. In each set of four curves the ratio of time delay to pulse widths is -2.5, 

-1.6, -O.S, and O. In c), for 1000 fs pulses, the magnitude of the shift follows the 

pump pulse intensity, as expected from the cw theory. However in b) and a), the shift 

clearly begins earlier and lasts longer than the pump pulse. Furthermore, the 

maximum shift occurs before zero, as seen in the experiment. The reason for this is 

that the experiment involves a) dephasing time longer than the pulsewidths, and b) an 

exciton being coherently driven. In such a measurement, the bulk of the nonlinear 
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signal arises from the pump perturbing the reradiated field of the exciton polarization. 

Since that part of the pump field that arrives before the probe cannot affect the 
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4-7 Calculated differential absorption using the low-intensity limit of 
the SBE's. The pulse widths are (a) At = 10 fs; At. = 100 fs; and 
(c) At = 1000 fs. For each set of four curves, the ratios of time 
delay to pulse width are (bottom to top) -2.5, -1.6, -0.8, 0 
[Peyghambarian et al. (1989)]. 

reradiated field, the signal is maximum for a slightly negative delay. This is discussed 

in more detail in the next chapter. 
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Fig. 4-7 also contains a small signal at high energy from the Is exciton. A closer 

analysis reveals that this consists of bipolar, dispersive-shaped contributions from the 

higher order excitons, and a smaller, positive-only contribution from the bandedge 

shift. 

Binder et at. (1991) have repeated this calculation, keeping all the exchange terms, 

and solving it numerically as coupled initial value problems. Their results show 

coherent oscillations, transient exciton bleaching, and low energy gain in addition to 

the shift. By comparing the results with and without the exchange terms, it is 

determined that the approximations used in Fig. 4-7 reduce the shift, bleaching and 

gain somewhat, but keep the same qualitative features. 

They also determined that the magnitude of the maximum measured shift is 

significantly less than expected for a cw calculation with the same peak intensity. This 

is in agreement with the experimental results, and again the explanation comes from 

the sub-T2 nature of the experiment: for a given delay time the measured -AetL is a 

result of all reradiated field occurring after the pump pulse. However the blue

shifting pump pulse is present for only a small portion of that time, and the measured 

shift is therefore less than for a cw calculation. This explanation is confirmed by 

Joffre et at. (1989) who demonstrate a measured shift smaller than the cw calculation 

by a factor of At/T 2' 

To treat the small detuning result of Fig. 4-6, the full SBE's were used to compute 

the absorption spectra of Fig. 4-8 [Lee et at. (I 991)]. As before, the maximum value 

of the shift occurs at a negative time delay. The 0 fs curve is the maximum of the 

bleaching. At 500 fs the shift is completely recovered and only a fraction of the 

bleaching remains. Further analysis shows that the total carrier density temporally 

follows the pump pulse except for a small fraction that remains after the pulse has left 

the sample. This is the sub-T 2 phenomena known as adiabatic following [Allen and 
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Eberly (1975), Binder et at. (1990)] which occurs under the conditions T 2 > At > 1/ A/J 

where At is the pulse width and A/J is the detuning. In adiabatic following, a two-

level Bloch vector precesses rapidly around the detuned pump field, following it back 

to the unexcited state before any dephasing occurs. This is a strictly nonresonant 

effect, and it is independent of the exact pulse area. 

Conclusion 

The optical Stark effect was investigated with low intensity and large detuning. 

Spectral and temporal resolution were sufficient to measure the sub-T 2 dynamics and 

determine the influence of real carriers. The B- and C-excitons, as well as the B-

band edge were observed to shift. The B-exciton displayed unexpected dynamics, 

beginning to shift at -250 fs and reaching a maximum shift between -75 and -25 fs. 

The maximum was several times smaller than expected from a two level model for the 

peak field. A comparison with a dynamical, many-body theory explains the measured 

dynamics as consequences of a sub-T 2 experiment. This theory identifies the Stark 

shift as being fundementally linked to the associated phenomena of transient bleaching, 
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low energy gain, and spectral oscillations. The spectral oscillations and transient 

bleaching are experimentally observed. 
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CHAPTERS 

SPECTRAL OSCILLATIONS IN SEMICONDUCTORS 

In chapter 4 spectral oscillations were seen in the differential absorption at 

negative time delays, just prior to the exciton Stark shift. These features are quite 

general, occuring in many materials and associated with experiments other than the 

OSE [Fluegel et al. (1987); Sokoloff et al. (1988)]. 

Experimental Results 

The characteristic features include a sinusoidal shape to the differential absorption, 

with multiple positive and negative regions. In the lower curve of Fig. 4-4(a) it would 

be possible to explain the largest maxima and smallest minima merely by a blue shift. 

However, the additional peak at 485 nm and dip at 489 nm demand a more complex 

interpretation. A second characteristic feature is the dynamics of the oscillations, 

which first appear at delay times before the arrival of the pump pulse. The oscillation 

"period", Aw between two maxima becomes larger and the magnitude becomes larger as 

the time delay approaches zero, as seen in Fig. 4-4(a). 

Spectral oscillations with the same characteristic features were observed in 

pumping the band-to-band states of a semiconductor. This is experimentally very 

similar to the OSE measurement of chapter 4, except that CdSe is used instead of CdS. 

CdSe has basically the same band structure and the crystal is oriented identically, but 

at 10K the B-exciton is located at 668 nm. Laser excitation at 620 nm therefore 

excites interband transitions as shown in the inset of Fig. 5-1. The probe is also 

centered around 620 nm. The femtosecond dynamics in this situation at positive delay 

times are understood: spectral hole-burning occurs covering the pump spectrum 

followed by thermalization through carrier-carrier and carrier-phonon scattering 
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[Oudar et al. (1985), Knox et at. (1986), Fluegel et at. (1992)]. Differential absorption 

from this time and spectral region is shown in the upper curve of Fig. 5-1. 

Using the experimental techniques described in chapter 2, differential absorption 

measurements of CdSe at negative delay times are shown in Fig. 5-1. In this case 

spectral oscillations occur roughly under the envelope of the pump spectrum and are 
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symmetric as opposed to antisymmetric oscillations in the case of the OSE. Similar to 

the OSE, the oscillation magnitude and period become larger with increasing time 

delay. The oscillations finally disappear around tp = 0, having evolved into the spectral 

hole- burning signal. 

Results of a similar measurement in a room-temperature GaAs/ AIGaAs MQW are 
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shown in Fig. 5-2. The symmetric oscillations are quite distinct, enabling a 

quantitative measurement of the oscillation "frequency", 1/ .t::.w. This is shown in Fig. 

5-3 where the inverse peak spacing has been plotted as a function of the time delay 
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for each curve of Fig. 5-2. As in chapter 4, the labeled delay times are only accurate 

to within a small additive constant, however the good linear fit suggests that the 

oscillation frequency is equal to lip I. The fringe spacing was measured away from the 

central peak to avoid contributions from incoherent (bleaching) processes. 

The generality of this phenomena is further studied by a third spectral oscillation 

experiment: in the vicinity of the exciton. If, in the experiment of Fig. 5-1, the 

probe is tuned to a lower energy so that it overlaps the CdSe B-exciton, one can 

measure the effect on the exciton due to above-bandedge excitation. At positive time 

delays the result is bleaching and broadening of the exciton due to screening and PSF 

[Banyai and Koch (1986)]. Fig. 5-4 shows the much smaller transient differential 

absorption that precedes this. The curves are taken 50 fs apart and clearly show 

spectral oscillations symmetric around the B-exciton. These follow the same dynamics 
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seen the in OSE and hole-burning cases, and at longer time delays, the signal evolves 

into a bleached exciton. 

Other Examples 

Since the experimental conditions are similar for both the exciton bleaching and 

hole-burning case, it should be possible to observe both simultaneously. Fig. 5-5 

shows the results for an experiment very similar to that of Fig. 5-1 and 5-4. By 
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numerically removing the chirp, it is possible to see oscillations around both the 

exciton and the pump wavelength. 

Oscillations in the hole burning case are further investigated in Fig.s 5-6 and 5-7. 

5-6 shows oscillations as a function of pump energy, in room-temperature CdSe. The 

signal grows with larger pump energy, but the oscillation frequency remains constant. 

Fig. 5-7 displays hole-burning oscillations in a commercial semiconductor-doped glass. 

Linear absorption is shown in the dashed line, and it can be seen that oscitlations occur 

even in the inhomogeneously broadened band edge of the microcrystallites. 

Furthermore, the origin must be unconnected with the single-crystalline nature of the 

previous samples since this sample is entirely isotropic due to random microcrystallite 

orientations. 
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Before introducing the theoretical treatment, it is helpful to examine several 

general points. In each of the three cases introduced above (OSE, hole-burning and 

exciton bleaching cases), the spectral oscillations are precursors to well-understood 

optical nonlinearities. The differences in the three are consistent with the observation 

that as tp -t 0, each case evolves continuously into its namesake. Thus one sees 

antisymmetric oscillations for the OSE, and symmetric fringes for hole-burning and 

exciton bleaching. 

Aside from understanding the exact cause of the oscillations, there is the added 

question of causality. Each of the three cases involves nonzero -AOlL signals at delay 

times of a few pulse widths before the arrival of the pump pulse. How can these 

signals occur at such negative times? The answer is that a sub-T 2 pump and probe 
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experiment is not a measurement of "instantaneous absorption". Often, the absorption 

of an exciton is thought of as a physical quantity that is well defined for arbitrarily 

short delay times after excitation, and the probe pulsewidth is given no significance 

other than a limitation on measurement resolution. However, when the pulsewidth 

becomes comparable to or less than the sample dephasing time, one must consider 

absorption in terms of the free induction decay (FlO) [Allen and Eberly (1975)]. In 

the semiclassical description of absorption by an oscillator, the field does not directly 

lose energy when it drives an electron. Rather, the gain or absorption comes from the 

interference of the original driving field and the field reradiated by the oscillating 

electron. 

This reradiated field, or FID persists for a time given by the dephasing time of the 

absorption line. Thus, when a femtosecond probe pulse passes through a sample, the 
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transmitted beam is affected by all dynamics that occur in the sample until time T 2 

after the probe pulse arrival. If a second, intense pulse hits the sample during this 

time, the FlO may be perturbed, and the transmitted beam will show a pump-induced 

change. In this way, one observes non-zero signals at negative time delays, as early as 

- T 2' As a possible explanation of spectral oscillations, perturbed FlO explains the 

observed continuity between the three "well understood optical nonlinearities" and their 

transient precursors: each optical nonlinearity is the process by which the pump 

perturbs the probe's FlO, thus causing its own transient precursor. 

This apparent noncausality has been discussed by Joffre et at. (1988a) in terms of 

the uncertainty relation between the spectral and temporal resolution of the experiment. 

They point out that experimentally, the time resolution given by the pulsewidth and 

the spectral resolution given by the spectrometer are not limited by each other. 

However the physical process being measured is certainly limited by the uncertainty 

principle: a transition has a homogeneous linewidth t::..v precisely because there is an 

uncertainty 1/ t::..v of when the transition occurs. Spectral oscillations may then be 

interpreted as a consequence of trying to measure beyond this relation. Whether one 

accepts them as a special phenomena, or an artifact obscuring the sample's "true" 

dynamics is a matter of preference [Joffre et at. (1988a)). 

Theory 0/ Spectral Oscillati01ls 

In either case, the proposed FlO model still leaves unexplained the detailed shape 

and dynamics of the oscillations. This has been treated extensively by Lindberg and 

Koch (1988a) and a review will be given here. The technique used for the hole

burning and OSE cases is a less general formalism, but physically identical to the low 

intensity approximation of the semiconductor Bloch equations in chapter 4. This 

approximation is appropriate for the very early times after excitation, before many

body effects become dominant. 
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It begins by identifying the experimental differential transmission as 

(5.1) 

where n is the pump frequency and 6X is the pump induced part of the sample's 

susceptiblity: 

t 

gJp(x,t) = L:t' x(t,t')8p(x,t') (5.2) 

x(t,1') = Xo(t-I') + 6X(t,t') (5.3) 

and gJ p and 8 p refer to the probe beam. Eq.s (5.1-5.3) express any general 

differential transmission in terms of a 6X, a definition that was chosen because it will 

lead straightforwardly to spectral oscillations. The susceptibility is usually a steady-

state treatment, or at most, one that adiabatically follows the pump. For example, 

Xo(t-t') in Eq. (5.3) depends only on the elapsed time between field and polarization, 

not on any absolute time values. In order to incorporate pump-induced transients into 

X requires the term 6X(t,I'). Unlike Xo(t-I'), this term is not shift invariant, so it may 

depend on the time frame of the pump. 

For convenience, the probe pulse is taken as a delta-function and the pump pulse 

as a double-sided exponential: 

(5.4) 

In Lindberg and Koch (J988a, 1988b) these two assumptions are shown to have only 

minor effects on the final result. 

Hole BUrl/ing Case 

Using Eq.s (4.5-4.6) without the exchange terms, 6X(t+tp' tp ) is calculated from the 

polarization, to third order in the field amplitude, in the RW A. Since the validity is 

limited to early times, the carrier-carrier scattering can be treated by a simple decay. 
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liT! in Eq. (4.6), relabeled r, is the rate at which carriers scatter out of these initially 

excited k-states into nonresonant states. Longitudinal decay due to recombination is 

much slower and is not considered here. I/Tz' relabeled 'Y, is the usual dipole 

dephasing rate. 6X is calculated for a general k-state, and since the pump frequency is 

assumed to be well in the band, the result is summed over a flat density of states, i.e., 

ItP~(r=O)IZ = constant in Eq. (4.8). With this simplification, the semiconductor Bloch 

equations have essentially reduced to the optical Bloch equations with extreme 

inhomogeneous broadening. The individual k-states are reacting independently to the 

light, and the effects of carrier screening, phase space filling, and bandgap 

renormalization are neglected. With Eq. (5 J) this yields 

6T( w) '" Re [f /' .'(w-OL)' .-211 f /" e-rt' C L (tp -I'C~ (tp -I' -I) ] 

+ Re [f ;'(W-OLl' e-r, f :" e-(2,-r),' C d Hlp -I')C~ (tp -I') ] (5.5) 

The first term of Eq. (5.5) depends only on pump field values before the arrival of the 

probe pulse. Carriers produced by this leading edge of the pump pulse saturate the 

transition and produce a DTS contribution with a Lorentian Iineshape. The second 

term of Eq. (5.5) contains pump-field values from times after the probe pulse. For 

negative Ip' the inner integral has a peak at positive values of I, resulting in 

oscillations. 

Fig. 5-8 shows the calculated differential transmission at three delay times. These 

spectral oscillations reproduce the features seen in the experiment of Fig. 5-1: they 

are symmetric around the pump frequency and the period is inversely proportional to 

the time delay. AS/p -. O~ only the spectral hole remains. 
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The same treatment is used to analyze the OSE case. In this case, 6X is evaluated 

for only a single resonance at frequency f. The probe detuning is labeled t;:,. == W-f. 1 

is now identical to the exciton Iinewidth and r is set at 21 for convenience. The result 

is 
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[ J
OO Hlp ] 

+ Re _1._ dl 8 L (1+1 )e[l(w-O)-2'Y]t J dl' 8* (/')e[l(t-O)-'Y](tp -t') 
1-11l. 0 p L 

-00 

(5.6) 

Again, the first term is a Lorenztian contribution while the second gives oscillations for 

negative tp. This is plotted in Fig. 5-9. Just as in the experimental data of Fig. 

4-4(a), the oscillations are antisymmetric and centered around the exciton frequency 

rather than the pump frequency. As Ip -+ 0 the period becomes larger until a single 

dispersive shape remains, indicating a Stark shift of the exciton. 

Exciton Bleaching Case 

For a theoretical treatment of the exciton bleaching case, the previous technique is 

inadequate. When pumping above band, the only effect on the exciton at early delay 

times comes from the many-body effects. These are ignored in the low-intensity limit 

of the semiconductor Bloch equations that was used in the hole-burning and OSE cases. 

Therefore the exciton bleaching case has been treated by phenomenologically including 

the exciton bleaching into the semiconductor Bloch equations in the form of a time-

dependent 1 which becomes 1(1) = 10+01(1). In this model, the only effect of the pump 

is to broaden the exciton Iinewidth. For total, immediate bleaching, for example, 01(/) 

is an infinite step function rising at I = -/p • This gives the simple result 
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oT(w) ex 

(5.7) 

[Sokoloff et al. (1988)]. This is plotted in Fig. 5-10 and agrees qualitatively with the 

-5 o 5 
Probe Detuning (w - E;)/a 

5-10 Calculated differential transmission around the exciton frequency 
for above band pumping, n » f (Eq. 5.7). The curves are at delay 
times of -600 fs, -400 fs, -200 fs and 0 fs [Sokoloff et al. (1988)] 

experimental results of Fig. 5-4. There are symmetric oscillations around the exciton, 

with increasing magnitude and decreasing frequency as the delay approaches O. For 

positive delays, the signal is that of a bleached Lorenztian. Modeling 01(t) to include 

partial bleaching and nonzero pulsewidths gives results similar to Eq. (5.7), with a 

slightly different envelope to the oscillations [Joffre et al. (l988b)]. 

Discussion 0/ Theory 

It is clear that the above pump-probe calculations reproduce the experimental 

findings. Here, it is useful to examine these results to discover more closely what is 
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their physical origin. Above, the FlO, a sub-T 2 process, was proposed as an 

underlying mechanism; this needs to be reexamined for each case. 

Eq. (5.1) identifies the differential transmission as the Fourier transform of 

ox(t+tp , tp ) with the resulting spectrum offset around w=O. Hence ox(t+tp ' tp ) is 

interpreted as follows: Pump and probe pulses arrive at 0 and tp respectively (tp 

negative). Xo(t) describes the field reradiated by the sample at time t after the probe; 

OX describes the pump induced change to this. From Eq. (5.1), a OX that decays 

smoothly from 1=0, such as exponentials, will produce a smooth peak in the OTS 

" spectrum around w=O. Peaks, or sharp edges at nonzero t=t would produce oscillations 

in the spectrum with frequency 21r/;. A sharp feature in oX(t+tp , tp ) is indeed possible 

at 1 =-tp ' At this time the peak of the pump hits the sample and can cause sudden 

changes in X, for example, through perturbing of the FlO. 

Fig. 5-11 shows ioX on the left and the resulting OTS on the right for a constant 

Ip=-5/u and three different damping rates. With the highest damping, (lowest curve), 

the pump only produces a smoothly decaying OX whose shape is independent of pulse 

delay. This is due to saturation by carriers from the leading edge of the pump and 

may be called an incoherent signal since it depends only on the carrier density that the 

pump has prepared. The OTS shows no oscillations. With less damping (upper curves), 

iX becomes sharply structured around I=-tp' and this shows up in the frequency domain 

as oscillations. Such a oX cannot be explained by simple saturation; the probe 

transmission has clearly been affected by the peak of the pump pulse, despite the 

negative time delay. It is now clear that the oscillation frequency will equal the delay 

time, and that positive delays produce no oscillations. 

It must now be concluded that while spectral oscillations in the hole-burning case 

are clearly explained as a perturbed susceptibility, it cannot be a FlO effect. This is 

clear from the damping dependence seen in Fig. 5-11 where the intraband scattering, r 
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5 

was changed, keeping "Y=r/2. If one also varies "Y, keeping r fixed, it is concluded 
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that: [Lindberg and Koch (1988a)) i) increasing 'Y only reduces the overal magnitude 

of the oscillations without affecting their shape, and ii) increasing r (keeping 2'Y>r) 

reduces the magnitude of the oscillations relative to the size of the central Lorentzian. 

For large enough r, the oscillations vanish, whereas for small r, they are present even 

as 'Y - 00. 

The spectral oscillations in the OSE case show a different damping dependence. In 

Fig. 5-12 are DTS spectra for a fixed time delay with rand 'Y being varied 

independently. Only contributions corresponding to the second term in Eq. (5.6) have 

been calculated. Note that as r is increased in (a)-(b), (c)-(d), and (e)-t(f) there is 

very little change in the shape of the DTS. The strongest dependence is clearly on 'Y. 

As 'Y is increased in (a)-t(c)-t(e), the oscillations are washed out, leaving only the 

dispersive Stark shift signal. This is in contrast to the hole-burning case, and precisely 

what is expected for a FID effect. As T 2 is decreased, the reradiated probe will have 

entirely left the sample when the pump arrives. 

There is a fundamental difference between the two cases. While excitons in these 

materials have T 2 times up to picoseconds [D5rnfeld and Hvam (1989)], interband 

transitions do not [Becker et al.( 1988)]. Thus in the hole burning case, the polarization 

decay would not be expected to last a significant fraction of a pulsewidth. While 

oscillations around the exciton are well explained by the perturbed FlO, the perturbed 

susceptibility in the hole burning case must be attributed to four-wave mixing 

[Lindberg and Koch (1988a)]. Despite the negative time delay, there is still a nonzero 

overlap between the probe and the leading edge of the pump. These two beams form a 

grating that scatters light from the peak of the pump into the probe direction. Thus 

the oX(t+tp , tp ) in Fig. 5-11 is explained, as well as the strong dependence on r. Of 

course, this scenario could not apply to the OSE and exciton bleaching cases where 

there is no spectral overlap between the pump and probe. 
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Note that no damping analysis is needed for the theoretical result on the exciton 

bleaching case of Eq. (5.7), because this is not a first-principles derivation. The 
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physical origin is clearly defined by the model: the pump pulse changes the dephasing 

rate, and therefore the reradiated field. 

Conclusion 

Spectral oscillations in the differential transmission at negative delay times were 

investigated for three pump-and-probe experiments. These are: antisymmetric 

oscillations around the exciton when pumping below band (OSE case), symmetric 

oscillations around the exciton when pumping above band (exciton bleaching case), and 

symmetric oscillations around the pump frequency for interband excitation (hole

burning case). These occur in a variety of semiconductors and semiconductor 

microstructures. The qualitative features and the dependence on delay time are neatly 

reproduced in a semiclassical theory. This explains the general phenomena as a result 

of the pump pulse causing a non-shift-invariant susceptibility in the sample. The 

exact origin of this perturbed susceptibility is different for the three experiments. For 

the two cases associated with the exciton, the origin is sub-T 2 process: the pump 

pulse perturbs the probe's FlO either through the OSE or by exciton bleaching. 

Oscillations in the hole-burning case do not depend strongly on T2 and are attributed 

to four-wave mixing. 
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APPENDIX A 

RABI-FLOPPING IN SEMICONDUCTORS 

In chapter I, a coherent light-matter interaction was defined by an absence of 

certain decay processes. In the sub-dephasing regime, the basic interaction is a Rabi

flopping: a coherent cycling of the polarization and inversion. In the next chapters, 

manifestations of the free induction decay were observed in the optical Stark effect 

and in spectral oscillations. These are clearly sub-T 2 effects, but from an experimental 

point of view, these observations are somewhat removed from the basic concept of 

coherent cycling. This appendix discusses a possible experiment to directly observe 

Rabi-flopping in semiconductors. The experiment has been conducted, and the 

inconclusive results are discussed here. 

Recently, Binder et al. (1990) have calculated the Rabi-flopping for resonant 

excitation of an exciton. Using the full semiconductor Bloch equations, they compute 

the carrier density dynamics in a 2D semiconductor for different pulse areas. The 

solid curve of Fig. A-I shows carrier density as a function of time for a 31r-pulse. 

The density undergoes several "flops", similar to a two-level system, as excitons are 

alternately excited, then driven down by the optical field. A significant feature here is 

the Rabi frequency which is twice that expected. This results from the last term of 

Eq.s (4.5-4.6), in which it can be seen that the system responds to a field renormalized 

by the polarization. The short dashed line in Fig. A-I shows that without these 

exchange terms, the system approximately follows the area theorem. 

This suggests the following experiment: If the pump pulse width is shorter than 

T2, then as the pumping intensity is increased, one should see the carrier density go 

through an oscillation with each addition of 1r to the pulse area. With non-zero 
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dephasing, the oscillation will be on top of a monotonically rising incoherent 

population. This is similar to a published experiment in atomic rhubidium vapor 

[Gibbs (1973)]. 

Since carrier density is not directly observable, some marker signal is needed. The 

first choice, absorption bleaching, was rejected as having insufficient dynamic range. 

Instead, it can be shown that the light diffracted from a four-wave mixing experiment 

should also exhibit maxima and minima as a function of pulse area. The experimental 

arrangement is a two-beam self diffraction. A weak test beam, kt and a variable 

pump beam, kp are focussed onto the sample, and the diffracted light in the direction 

2kp - k t is monitored. Both beams are polarized vertically, with zero delay, and tuned 

just below, but overlapping the CdSe A-exciton. The test beam is chopped, and a 

lock-in amplifier collects the data shown in Fig. A-2. 



A-2 Time integrated diffracted light measured in direction 2kp - kt 
when pulse t is weak and pulse p is varied over the electnc field 
strength shown. Pulse width is 130 fs. 
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The rapid initial rise and fall of this signal are easily understood. Diffraction 

efficiency depends on the modulation depth of the grating written by pump and test. 

When the peaks of the grating reach the maximum possible bleaching, further increase 

of the pump power just causes a reduction of the modulation, as the nodes become 

bleached also. Thus the diffracted light decreases, however this is strictly an 

incoherent effect. The Rabi-f1opping should occur on a scale of 0.2 ER and no such 

oscillation is seen in Fig. A-2. This may be due to a lack of resolution on the 

horizontal scale. The pump pulses have a spread in energy of typically 15%. 

A veraging over this kind of pulse variation would leave the first couple maxima 

resolved, but suceeding ones would be increasingly washed out. 

A more serious problem is an intensity dependent dephasing rate. T2 can be 

obtained by measuring the time-correlation trace in the 2kp - k t direction [Yajima and 
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Taira (1979). DOrnfeld and Hvam (1989)]. DOrnfeld and Hvam have shown that Ta 

begins decreasing at carrier densities as low as 1016/cm3 • This is 2-3 orders of 

magnitude below that used in the test beam of Fig. A-2. The correlation trace taken 

using two such test beams fails to resolve an antisymmetric signal, indicating that at 

this density, Ta/4 is ~ the pulsewidth. However, by using an unamplified laser system, 

the test energy can be lowered. and as shown in Fig. A-3. this sample can have a Ta as 

..... 

.. , 

, .. 
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CdSe 2 K 

1 ps 

Pulse Delay 

, " 
.. ' , , " 

A-3 Correlation trace in resonantly excited (5xl016/cm3) CdSe. Time 
integrated diffracted light in direction 2kp - kt is plotted as a 
function of tp - tt. The slope of the fit shown is 1.2 ps, and the 
width of the laser's full autocorrelation trace is 1.2 ps. 

long as 5 ps. Since the inverse line width of the sample, 1/7rAIJ 400 fs, 

inhomogeneous broadening is assumed. 

The experimental problem is therefore the large dynamic range required of the 

laser and detection system. Extremely low test energies such as used by DOrnfeld and 

Hvam require a high repetition rate to give a sufficient energy flux into the 2kp - kt 

detector. However the laser must also be capable of a few nJ to obtain a 7r-pulse. 
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This combination, in a tunable femtosecond laser, remains difficult. 
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