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Abstract 

This thesis investigates the picosecond dynamics of electron-hole pairs in 

CdSxSei-x semiconductors. A thorough examination of the wavelength and composition 

dependence of the time resolved luminescence was performed. These studies probed the 

effects of a macroscopic composition gradient, as well as those of the microscopic alloy 

disorder, on the e--h+ pair dynamics. Inhomogeneous, or "graded", samples possess a 

·.composition which varies as a function of distance from the surface. Materials with both 

increasing and decreasing S content with distance from the surface were examined, where 

"x" varied over the full range, 0:::;; x:::;; 1. In these graded materials, the band gap energy 

also varies as a function of position. Hence, the luminescence emission at various 

wavelengths serves as a probe of the diffusion of photoexcited e--h+ pairs. The graded 

semiconductor luminescence shows strong wavelength dependence, demonstrating 

diffusion in both band gap and concentration gradients. Furthermore, the data reflect a 

dependence on the dynamics of the e--h+ pairs at various compositions within the 

gradient. Specifically, a bottleneck in the diffusion is attributed to localization occurring 



primarily in the compositions with the greatest degree of alloy disorder, i.e. around 

CdS .sose.so. 

Homogeneous crystals, with fixed composition, were studied for x = 0, .25, .50, 

.75, and 1. The data demonstrate a strong dependence of the time resolved luminescence 

on the composition. The mixed composition materials possess longer decay constants 

relative to the binary composition materials, CdS and CdSe. The observed trend in 

lifetimes agrees with a picture of localized states induced by the alloy compositional 

disorder. Within the luminescence profile of a given homogeneous crystal, no 

wavelength dependence of the time decays was observed. The dependence of the 

luminescence on composition was investigated further via picosecond luminescence 

upconversion spectroscopy. The development of this technique and its applicability to 

problems in semiconductor dynamics are presented in detail. Alloy materials with 

compositions x= 0, .25, and .50 were probed with improved time resolution. A high 

degree of non exponential character in the decay functions was observed in the alloy 

materials. This long time tail of the luminescence in the alloy compositions can be 

attributed to a broad distribution of relaxation times, as modeled by the Kohlrausch 

exponential. 
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I. Introduction 

This thesis investigates the relaxation dynamics of electron-hole pairs in a II-VI 

semiconductor system, the CdSxSe1-x materials. These materials exist over the entire 

composition range, 0 ::;; x ::;; 1 , and possess strong, visible photoluminescence. Thus the 

CdSxSe1-x material is a good model system for examining the dependence of optical and 

transport properties on composition. The technique utilized for these studies is energy 

and time resolved luminescence. These studies are of interest for several reasons. First, 
' 

from a materials chemistry perspective, it is a challenge to determine how to "tune" the 

composition of a material for a particular property. A systematic study of the dependence 

of carrier relaxation as a function of composition provides information on this question. 

Furthermore, semiconductor materials are primarily of interest for their electronic and 

optical properties. Hence, the dynamics of electron-hole pairs subsequent to optical 

excitation are relevant in determining potential applications. The II-VI materials possess 

larger band gap energies than the corresponding III-V materials, and thus are often 

proposed for applications requiring visible wavelengths, such as display devices and laser 

diodes. Finally, studies on the relaxation of carriers in semiconductors increase our 

fundamental understanding of processes in condensed phase. In particular, ultrafast 

optical spectroscopies have elucidated the relaxation processes subsequent to a short, 

laser pulse excitation. 

Charged carriers created in a semiconductor by a short laser pulse (e.g. 10-14 to 

10-12) undergo many relaxation processes. The earliest time scale events are 

"orientational" relaxation, such as phase and spin relaxation. Energy relaxation involves 

1 



both intra- and interband relaxation. Electrons and holes rapidly and efficiently relax to 

the minima of their respective bands. This relaxation is acconunodated through phonon 

excitations. Finally the electron-hole pair population undergoes interband relaxation by a 

combination of nonradiative and radiative channels. All of these processes are amenable 

to study via optical spectroscopies, though investigations on the fastest events have only 

been f~asible in the past decade. This thesis investigates diffusion and energy relaxation 

which occur on the picosecond time scale. This work required development of 

luminescence measurement techniques with picosecond time resolution. In particular, a 

picosecond luminescence upconversion spectrometer was constructed for these studies. 

This technique is discussed in detail in Section ill. 

Furthermore, the CdSxSei-x system serves as a model for fundamental alloy 

properties. The CdSxSet-x alloys are more complex than elemental or binary 

composition materials, as they possess compositional disorder. Yet these alloys are more 

ordered than amorphous materials, since the atoms occupy regular lattice sites. Hence, 

these substitutional alloys bridge the gap between a perfect lattice and a completely 

disordered solid. As a result, some properties of the CdSxSei-x system are merely a 

function of the average composition. Other properties require a description which 

depends on the microscopic features of the material. 

This work explores the distinction between these two pictures, i.e. average and 

microscopic. For example, the steady state luminescence spectra shifts smoothly as a 

function of "x" between the spectra of the two binary components, CdS and CdSe. 

Clearly, in this instance, the band gap of the alloy may be described as a property of the 

average composition. However, the alloy disorder introduces a tailing of states into the 

2 
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band gap. These states may serve to confine carriers to a shorter length scale, and hence 

make the electron-hole pairs sensitive to the local environment. Whereas, if the carriers 

are extended over a macroscopic distance, then they should be influenced by the average. 

Both of these regimes are investigated in this thesis. 

3 



IT. Background 

A. Materials 

The particular system investigated in this thesis is the CdSxSei-x alloy 

semiconductors. These materials are convenient for experimental studies for several 

reasons. The materials are semiconducting over the entire composition range, 0 ~ x ~ 1. 

They possess the same band structure, a hexagonal wurtzite. The lattice parameters vary 

from a= 4.14 and c = 6.72 A for CdS to a= 4.30 to c = 7.01 A for CdSe. The band gap 

is direct and increases monotonically from 1.7 eV for CdSe to 2.4 eV for Cds.l-6 Due to 

the rapid intraband relaxation of photoexcited carriers, the region of interest in these 

materials is centered around the valence band maximum and the conduction band 

minimum. That is, the states around the direct gap transition play the most important 

roles. In this region, the band dispersion is approximately parabolic. The conduction 

band states are generated from the s-like states of the cadmium, and the valence band 

states originate from the p-like states of the sulphur and selenium. The crystal field and 

spin-orbit interactions split the valence band into three sub-bands, the heavy-hole, light

hole, and split-off sub-bands. See Figure 1 for a schematic diagram of the states of 

interest in these experiments. 

The band structure of alloy semiconductors has been calculated with various 

methods.7-9 The main feature of interest is the variation of the band gap energy with 

composition. The virtual crystal approximation is a first order perturbation picture, 

which treats the crystal potential as a weighted average of all possible configurations of 
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Figure 1. Schematic band diagram for the region around k=O in the CdSxSel-x 

semiconductors. The valence band is split into the three sub-band: the heavy hole (hh), 

light hole Oh), and split-off (so) sub-bands. The arrows indicate the experimental 

configuration. Ultraband gap energy photons excite electrons from the valence bands 

into the conduction band. The hot electron and hole populations undergo rapid intraband 

relaxation. Finally the electrons and holes radiatively recombine from states near the 

minima of their respective bands. This emission, at an energy characteristic of the band 

. gap, is the measured luminescence. 
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atoms at the lattice sites.l0-13 This average picture has been found adequate to describe 

the variation of band gap energy, or "bowing" that is seen in alloy materials.14 This 

picture does not include localized states which are generated by disorder effects in 

compositional alloys. However, some tailing of the density of states into the gap has 

been accounted for with the virtual crystal method. These localized states are 

investigated in this thesis, and are discussed in Section V. 

The CdSxSe1-x semiconductors fluoresce in the visible portion of the spectrum, 

from Amax ~ 718 nm for CdSe to Amax -508 nm for CdS. The luminescence shifts ' 

smooth as a function of composition according to15: 

Amax (nm) = 718-210 x (I) 

The steady state spectra of these samples demonstrate this linear shift in luminescence 

maxima. Figure 2 shows the luminescence spectra of five compositions spanning the 

range 0 ::;; x ::;; 1. The spectra are inhomogeneously broadened and possess a fwhm of~ 30 

nm. Due to their strong, visible luminescence, this system is conveniently probed by time 

resolved luminescence spectroscopy. Estimates of the quantum efficiency for these 

materials vary, the range is typically .05 to .0005 at room temperature.l6 Therefore, the 

main decay channel is nonradiative. In particular, we observe dependence on surface 

properties such as the finish. Other studies have probed the effects of surface adsorbates 

on luminescence in CdS and CdSe materials.l7-23 Hence, the surface states appear to be 

an important nonradiative decay channel. 

Two types of materials were examined in this work. Inhomogeneous, or "graded" 

composition samples, are materials whose composition is position dependent. In 

thiscase, the composition varies as a function of distance from the surface. We assign 

7 



Figure 2. The steady state luminescence spectra of five homogeneous CdSxSei-x 

semiconductors with compositions x= 0, .25, .50, .75, and 1. The spectra are 

inhomogeneously broadened, with the peak emission occurring at approximately the 

wavelength given in Equation 1. 
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different names to two types of gradients for clarity. We distinguish between "Cd.Se/S" 

and "CdS/Se" materials in this work. CdSe/S describes a material with CdSe as a 

substrate. The surface is S-rich, and decreases in concentration until the pure Cd.Se 

substrate is reached. Thus the band gap decreases as a function of distance from the 

surface. The oppositely graded material, Cd.S/Se, possesses an increasing potential 

gradient with distance from the surface. The surface is Se-rich and the substrate is Cd.S. 

Homogeneous materials are samples with a particular value of "x", and hence possess an 

average composition throughout Five distinct compositions were examined in this work, 

x = 0, .25, .50, .75, and 1. 

Graded samples were obtained from Ellis and coworkers from the Chemistry 

Department at the University of Wisconsin arMadison. The materials were synthesized 

with a solid state, vapor phase diffusion method.24-27 Briefly, the CdSe/S samples were 

grown from a single crystal, n-type CdSe substrate obtained from Cleveland Crystals. 

The substrate was initially chemically etched to expose a fresh surface. The CdSe was 

sealed in an evacuated tube with S and heated to 700 °C for 15 minutes to 1 hour. 

Different heating times produce composition gradients of varying thickness. The CdSe/S 

was then post-treated by heating in the presence of Cd, again at 700 °C for 15 minutes. It 

was observed that materials heated only in the presence of S were not electrically 

conductive. Presumably, a high concentration of Cd vacancies, which act as acceptors, 

are present if the material is not treated with Cd. Similarly, the CdS/Se materials were 

synthesized from CdS substrates by heating with Se and then Cd. 

The graded CdSxSel-x samples have- 1-~.l.m thick graded regions. For CdSe/S 

specimens, the graded zone comprises virtually all of the alloy compositions from x = 1 
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at the surface to x = 0 in the substrate; for CdS/Se, the compositions vary from x- 0.2 at 

the surface to x = 1 in the substrate. The thickness of the gradients were characterized by 

Ellis and coworkers. The sample was degraded by Argon ion sputter etching at a fixed 

rate. The rate was determined from measured step heights on a CdS control sample. The 

composition was monitored during the sputtering with Auger electron spectroscopy. The 

luminescence spectra of the graded material were also used to qualitatively con!mn the 

composition profile. The materials were chemically etched with Br/MeOH solution in a 

several step process. With each subsequent etch, the spectrum shifted toward the 

substrate luminescence. Further details of the synthesis and characterization can be found 

in the literature.28-30 

The homogeneous crystals were obtained commercially from Cleveland Crystals, 

who produce them with a bulk vapor phase diffusion technique. All samples were n-type, 

low resistivity crystals having hexagonal structure with the c-axis perpendicular to the 

·surface plane. In the experiments on homogeneous materials, it was observed that the 

surface finish affected the luminescence times. This effect is probably due to the role of 

surface states as nonradiative decay channels. The upconversion experiments were 

performed on materials which were cleaved by us in order to produce a surface of good 

optical quality, but not mechanically polished. The crystals possess two cleavage planes. 

Pieces were typically cleaved perpendicular to the c-axis (i.e. an a-face) with the edge of 

a razor blade. 

11 



B. Proposed Experiments 

The aim of this thesis is to examine the dynamics of photoexcited carriers in these 

CdSxSel-x semiconductors. An ultraband gap energy, picosecond laser pulse creates a 

nonequilibrium distribution of electrons and holes. (Also, see Figure 1.) The relaxation 

processes this population undergoes can generally be broken into three phases. The 

separation is not distinct. These processes all occur simultaneously, but are characterized 

by different time scales. In these experiments, typically an ultraviolet excitation source, 

with photon energy of- 4 eV, is used to populate the conduction band. This energy is far 

above the band gap of 1.7-2.4 eV. Hence the population is generated with excess kinetic 

energy, i.e. high up in the conduction band. Due to momentum and energy selection 

rules, the initial population is centered around a narrow distribution in energy and ink

space. That is, the optical transition conserves momentum for L1k=O. The first relaxation 

process this population undergoes involves the loss of this phase coherence with the 

driving field. Any scattering event, elastic or inelastic, serves to randomize the phase. 

This process generally occurs in a few picoseconds or in the subpicosecond regime, 

depending on experimental conditions. In this step, the distribution achieves a quasi

equilibrium, but the population is still "hot" compared to the lattice temperature. Hence, 

the second part of the relaxation process involves intraband energy relaxation, 

predominantly loss of energy to the phonon modes of the lattice. This process also 

occurs on the subpicosecond to tens of picosecond time scale. Finally, the 

nonequilibrium population undergoes interband relaxation, or returns to the valence band. 

12 
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Several interband relaxation mechanisms exist, involving both radiative and nonradiative 

decay channels. This step occurs in the picosecond and nanosecond regime. 

Nonradiative paths involve a continuum of states, such as a high density of surface states 

or defect states. Radiative relaxation involves electron and hole recombination from near 

band edge states. This luminescence is the detected signal for the experiments described 

in this thesis. Of course, the time dependence of the luminescence reflects the dynamics 

of all relaxation processes. Hence, the signal may be complex if several mechanisms 

occur on competitive time scales. The techniques used to time resolve the signal include 

time-correlated single photon counting and luminescence upconversion. 

The luminescence experiments in the this work provide information on the 

relaxation processes in CdSxSel-x in particular, and II-VI semiconductors in general. In 

the graded composition samples, the behavior of carriers in an internal potential gradient 

is probed. Electron-hole pairs are generated in the near surface region of the sample. 

· Diffusion in both concentration and band gap gradients occurs. The emission at a 

particular depth, and hence composition, serves as a color coded indicator of the spatial 

origin of the luminescence. In this manner, the evolution of the distribution of carriers is 

monitored. By examining both CdSe/S and CdS/Se graded samples, diffusion driven by 

and opposed to a potential gradient are probed. 

Experiments on the homogeneous materials provide more details on the dynamics 

which occur at a given composition. Luminescence from the near band edge states serve 

·as a probe of the local environment. In an alloy, the compositional substitution generates 

local potential fluctuations. Hence, disorder induced localized states are present in alloy 

materials. The density and depth of these states will depend on the amount of disorder 

13 



present. This thesis examines five distinct compositions in the CdSxSel-x series with 

varying degrees of alloy substitution. The effects of localized states on the relaxation 

dynamics of electron-hole pairs in these materials are studied. Together, these two sets of 

studies, on inhomogeneous and homogeneous materials, provide a complementary picture 

of the transport and relaxation dynamics in the CdSxSel-x semiconductor system. 

Diffusion through a macroscopic potential gradient is probed, as well as the effect of 

microscopic potential fluctuations arising from compositional disorder at each particular 

composition in that gradient. 

The technique chosen for these studies, time resolved luminescence, is not the 

only ultrafast optical spectroscopy which is appropriate for investigating carrier 

dynamics. Often, the choice of technique is influenced by purely experimental 

considerations, such as equipment, wavelengths available from lasers, and signal 

detection. Time resolved luminescence has been widely applied to these materials, as 
r 

well as other direct band gap semiconductors, due to their bright, visible fluorescence. 

Luminescence spectroscopy is an excellent probe of the energy distribution of carriers in 

the system. Another technique which has been applied to the relaxation of photoexcited 

carriers is the pump probe type experiment31-36 In this case, the transient absorption of 

electrons pumped into the conduction band is monitored with the probe laser pulse. This 

type of experiment yields similar information on the cooling of the hot electron 

population and subsequent interband relaxation. Additionally, certain four-wave mixing 

techniques have also been applied to the CdSxSei-x system, to monitor both phase 

relaxation and carrier diffusion. 37-49 
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ill. Time Resolved Luminescence Techniques 

A. Details of Picosecond Laser System 

The experiments were performed with the following picosecond laser system. A 

mode-locked Coherent Antares 76-Series Nd:YLF served as a pump laser for a two-jet 

dye laser. The fundamental frequency of the YLF is doubled to serve as the pump laser at 

527 nm. The output is typically 70 ps and possesses an average power between 2~0 and 

3.0 W. In order to produce output power above 2.0 W, a Coherent SHGTC heated 

doubling crystal unit was added to the laser system. The 527 nm light is used to 

synchronously pump a Coherent 700 Series dye laser. This laser was operated both in 

single and two jet modes. The output was cavity dumped at a repetition rate of 3.8 MHz 

with a Coherent 7200 Cavity Dumper. Typical output for single jet operation was 6 to 10 

ps, with an average power of 250 to 300 mw. For dual jet use, the best results are 

obtained with the dye laser combination of R6G and DODCI. Narrow pulse widths could 

be obtained, but with a sacrifice in average power. Typical results were 1 ps pulses with 

average power of 150 to 200 mw (- 40-50 nJ per pulse). 

Achieving short pulses with high power requires simultaneously balancing the 

saturable absorber concentration and the pump power. A fair amount of testing was 

performed to optimize for both time resolution and power. At the powers operated, 

saturable absorber dye was fairly rapidly photo-decomposed. Pulses were noticeably 

broadened during the course of an experiment of six hours, for example. Small amounts 
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of concentrated dye were added to optimize pulse shape when critical. A commercial 

autocorrelator, Femtochrome, was used to monitor the pulse. 

The most frequently used dye is Rhodamine-6-G, as it possesses the highest gain 

coefficient and is the most stable. To access a broader range of wavelengths, a few other 

dyes were used in this work. DCM was used for wavelengths further to the red. In 

particular, it was utilized at 630 nm, the maximum gain. (R6G's maximum gain is at 590 

nm.) For a few experiments, where the visible output of the dye laser was used to 

directly excite the lower band gap semiconductors, laser output further to the blue was 

desired. Rhodamine 560 was used in a few experiments included in this work. This dye 

is considerably less stable than R6G, and was often seen to degrade over the course of 2-3 

days. This degradation causes a precipitous drop in output power. The degradation is 

evidenced by the dye solution turning from clear yellow to an opaque orange-brown. It 

has been suggested that R560 reacts with brass fittings in dye reservoirs, and the 

reduction or elimination of brass parts may extend the useful lifetime of the dye solutions. 

B. Time-Correlated Single Photon Counting 

The technique of time-correlated single photon counting (TCSPC) is well 

established for measuring fast luminescence lifetimes. 50-57 Though TCSPC is a 

common technique, this work required optimizing the equipment for the fastest time 

response. Hence, this section will include some practical information for setting up and 

utilizing this method. Furthermore, some comparison of luminescence methods will be 
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useful to distinguish this technique from upconversion, which is also discussed in this 

thesis. 

This technique utilizes timing electronics to measure the luminescence lifetimes 

in the following way. A high-repetition rate laser, consequently operating at relatively 

low power, is used to initiate an excited state population. The fluorescence from the 

sample is collected and subsequently detected by a fast photomultiplier tube. The output 

of this detector is used to trigger the initiation of a voltage ramp. This ramp is terminated 

by the arrival of a stop pulse. The stop pulse is the output of a photodiode which has 

been triggered by the same laser pulse train used to excite the sample. Hence the height 

of the voltage ramp is related to the time between absorption of the excite and emission 

of the luminescence photon. Single events are detected thousands of times, the voltage 

ramps are sorted by size with a multichannel buffer, and a histogram of the probability of 

emission with time is generated. This data represents the luminescence decay time of the 

sample. 

One of the keys to this technique is to utilize a high-repetition rate, low peak 

power laser, such that the number of events detected per laser shot is either one or zero. 

This requirement is due to photon counting statistics. Under conditions where more than 

one event per laser shot is generated, only the earliest photon will trigger the voltage 

ramp. Hence, the histogram generated will reflect a bias toward early time events. Thus, 

in single photon counting, the experiments are performed at signal levels that are no more 

than one event per one hundred laser shots. 

The configuration of our system for time-correlated single photon counting is as 

follows. See Figure 3 for a schematic of the experiment and Figure 4 for a block diagram 
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Figure 3. Time-correlated single photon counting system. A mode-locked, YLF laser 

operating at 76 MHz is frequency doubled and used to pump a cavity dumped dye laser. 

Typical output consists of- 5 ps pulses at 630 nm, cavity dumped at 3.8 MHz. A small 

portion of this laser beam is split off at the beamsplitter (BS), passed to a photodiode 

(PD), and utilized to establish the timing coincidence. The main portion of the beam is 

frequency doubled. The ultraviolet light at 315 nm is focused onto the semiconductor 

sample (XT AL) at an oblique angle. The fluorescence is collected, passed through a 

monochromator (MC), and detected in single photon counting mode with a microchannel 

plate photomultiplier tube (MCP). The data collection is controlled by computer (PC). 
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Figure 4. Block diagram of the electronics for time-correlated single photon counting 

detection. The semiconductor luminescence is detected with a rnicrochannel plate 

photomultiplier tube (MCP), passed to a Hewlett-Packard GHz pre-amplifier (AMP), 

followed by a constant fraction discriminator (DISC). This output is used to trigger the 

start of a voltage ramp in the time-to-amplitude converter (f AC). The stop pulse 

originates from the laser pulse train, which is used to trigger a photodiode (PD) whose 

output is sent to the TAC. The output of the TAC is sorted by the multi-channel buffer 

(MCA). The data collection is controlled by computer (PC). 
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of the electronic detection. The visible output of the dye laser system described above 

was frequency doubled with a Lii03 crystal to produce 315 nm excite pulses. The 

fundamental was filtered and the remaining uv pulse was focused at an oblique angle 

onto the semiconductor face. A bright fluorescent spot was visible by eye on the crystal 

surface. A KV -470 filter was used to block scattered uv in front of a low f-number 

aspheric lens. The light was recollimated and focused onto the slit of a .10m ISA single 

pass monochromator, which was mounted on the front of the phototube housing. A 

Hamamatsu microchannel plate, R1564U, was used for fast, single photon detection. The 

signal was passed through a two stage GHz pre-amplifier, a 8447D Hewlett-Packard 

model. This output was sent to an Ortec Model 583 constant fraction discriminator. The 

timing coincidence was established by monitoring the visible laser pulse with a fast 

EG&G FND-1 00 photodiode connected to a second Ortec discriminator. The time

correlated single photon counting signal was collected by using the two Ortec outputs to 

trigger a Canberra 2043 time-to-amplitude converter which was interfaced to an ADAC 

Modell023 analog-to-digital converter functioning as a multichannel analyzer. The data 

collection was controlled by a computer. 

The instrument response function of this system was determined by scattering 

visible laser light from the surface of the sample. The instrument function determines the 

fastest possible time-resolution which can be obtained with the particular experimental 

set-up. Generally, if the measured decay times are approximately ten times longer than 

the instrument function, it is usually neglected in the fitting of the data. However, if the 

instrument function is on a similar time scale as the data, then one must consider the 

effects of the instrument function. In some cases, we were measuring samples with 
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characteristic time constants less than 100 ps. Hence, we were interested in obtaining the 

highest possible time resolution available with this technique. 

The features which were most important to obtaining a fast instrument function 

are described below. The electronic response of the photon detector is important. The 

shape of the output pulse will determine, to a large extent, the instrument function. A 

microchannel plate is optimized for fast response, compared to a photomultiplier tube. 

The model we used produced output pulses with a .2 ns rise time, compared to at least a 

few ns for a typical photomultiplier tube. To avoid further broadening of the MCP 

output, the preamplifer should have GHz response. We had consistently reliable pulse 

shapes with the Hewlett-Packard amplifier. However, it proved to be a fairly sensitive .. 

piece of equipment, which could be damaged easily. 

Constant fraction discrimination serves to improve the instrument function by 

triggering the voltage ramp over a narrower distribution in time. A constant fraction 

discriminator splits the incoming pulse into two segments. One is inverted and delayed, 

and then the two are readded together. The discriminator then sends an output pulse at 

the first zero crossing point (in voltage). If the shape of the incoming pulses are 

relatively constant (regardless of fluctuations in height), then this trigger point is defined 

more narrowly in time than the leading edge of the incoming pulse. By utilizing constant 

fraction discrimination, the leading edge of the instrument function decreases from a 1 ns 

rise time to 100 ps, a significant improvement. 

The discriminator must be optimized for the threshold level and the delay between 

the divided pulses. A reasonable threshold level can be set without too much difficulty 

with the aid of a good oscilloscope. The timing delay has to be optimized with trial and 
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error. When using the relatively narrow pulses of the microchannel plate, the amount of 

externally added delay required (via BNC cable) is small. 

Once the detector, fast amplifier, and discriminators have been optimized, the 

largest remaining problem for fast timing was triggering on satellite features of the 

microchannel plate pulse. The unamplified pulse directly out of the_channel plate had 

ringing after the main feature. The effects of this ringing varied widely with threshold 

and delay settings of the discriminator. It was possible to see triggering primarily on the 

first ring instead of the main pulse. The setting could minimize triggering on the rings, 

but could not eliminate it altogether. Hence even the best instrument functions showed 

structure. 

The structure in the instrument function added difficulty to the modeling and 

fitting of data. Figure 5 demonstrates the convolution of the instrument response with the 

decay function of the sample. The instrument function, in this case, possesses a 100 ps 

rise time and a full-width half max of- 70 ps. These values are fairly typical for TCSPC 

systems which have been optimized for picosecond luminescence. The time resolution 

stated for such systems may be significantly less than 70 ps, such as 20 ps.58 Certainly a 

20 ps luminescence lifetime convoluted with the instrument function will be 

distinguishable from the instrument function alone. Hence, the time resolution of the 

system will provide an upper bound for ultrafast decay times which are competitive with 

the instrument function. However, on time scales comparable to the instrument function, 

deconvolution and fitting of the data are difficult. 

Basically, a numerical deconvolution of the instrument function and data proved 

unsuccessful due to the amount of structure in the instrument function, Although a fitting 
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Figure 5. Effect of the instrument function (lowest dashed line) on the TCSPC data 

collected for CdSe (other lines represent CdSe decays at several wavelengths). In this 

experiment, the luminescence signal is on the order of the instrument function. The CdSe 

decay functions reflect the convolution with the electronic ringing in the instrument 

'function. 
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program which includes deconvolution has been successfully implemented in this 

research group59, it involves instrument functions which are assumed smooth and 

analytic, such as a Guassian or Lorentzian pulse shape. With the amount of features in 

the TCSPC instrument function, modeling must be done with an iterative forward 

convolution (of the instrument function with the model function) and subsequent fit 

This research was conducted at the limits of the time resolution provided by 

TCSPC, and much consideration was given to its application to ultrafast problems. The 

best features of TCSPC are its extremely high sensitivity and excellent signal-to-noise. 

Since signal counts are synchronized to the laser shot within a 20 ns window, dark counts 

are relatively low in this technique, < 5 counts per second. In semiconductor studies, one 

cannot utilize high power laser pulses to excite luminescence due to excessive heat 

deposition leading to damage. Hence, high repetition rate, low power laser systems are 

utilized, and such systems lend themselves well to single photon counting detection. 

The limits of this technique are derived from its method of timing, the electronic 

detection. Ultimately, the time resolution is limited by features of the photon detector, 

the voltage pulse from the microchannel plate. No matter how much one optimizes the 

set-up for single photon counting, a few tens of picoseconds will be the lower limit to 

time resolution. Ultrafast spectroscopies which rely on path length variations in the laser 

pulse train are limited by the width of the laser pulse. Three orders of magnitude 

improvement in time resolution over TCSPC is possible with these techniques, which will 

be discussed in the subsequent section. 
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C. Luminescence Upconversion 

1. General Discussion 

Luminescence upconversion, also known as frequency upconversion or sum 

frequency generation, is a spectroscopic technique for time resolving fluorescence 

signals. Its development stems from the desire to obtain the fastest possible time 

resolution, which is comparable to the laser pulse width used to initiate the luminescence. 

The basis of this technique is to utilize the laser pulse train as an optical sampling gate. 

Fluorescence from the sample is collected and mixed with the laser pulse train in a 

nonlinear crystal, such as BBO (beta-barium borate) or Lii03 (lithium iodate). Under the 

appropriate energy and momentum matching conditions, the sum and difference 

frequencies of the two incoming sources may be generated. The theory of such nonlinear 

optical processes is discussed in several excellent references.60,61 
J • 

In these experiments, we detect the upconverted signal, or the sum frequency. 

This process is represented in Figure 6. The luminescence and probe pulse must overlap 

in time and space inside the nonlinear crystal for the upconverted signal to be generated. 

A variable path length is introduced into one of the input signals, and in this manner, the 

laser pulse serves as an optical gate. The upconverted signal depends on the intensity of 

both the luminescence and the probe beam. If the laser source is stable, the upconverted 

intensity directly maps out the sample luminescence decay. 

The time resolution of this technique is generated by varying the path length of a 

probe laser with respect to the sample fluorescence. All time-domain, laser 

spectroscopies with pulse-width limited resolution are based on such an optical delay. 
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Figure 6. Schematic diagram of the luminescence upconversion technique. The sum 

frequency is generated from the overlap of the semiconductor luminescence with the 

picosecond laser pulse, which acts as an "optical gate". This gating pulse is passed 

through a variable path length and overlaps with the luminescence at corresponding time 

delays, T1, T2, and T3. The upconverted signal is proportional to both the luminescence 

·and laser pulse intensity. If the laser pulse remains constant, the upconverted counts 

directly map back onto the original sample luminescence. 
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Introducing a variable path length is trivial, for example, 1 ps corresponds to a .3 mm 

distance. Controlling even micron distances with commercially available translation 

stages is routine. Hence, achieving the picosecond resolution is not difficult. The 

" difficulty lies in generating the upconverted signal itself. 

As a nonlinear optical process, frequency upconversion requires energy and 

momentum matching conditions: 

VJ+ Vp = Vs (2) 

- - -
k1+kp = ks (3) 

where Vf, Vp, and Vs are the fluorescence, pump and sum frequencies of the light, and k1 , 

kP, and k. ... are the fluorescence, pump, and sum wave vectors of the light. In this thesis, 

·. we consider the case of collinear overlap of the fluorescence and pump beams. 

Following the development of Shah62, for collinear geometry, the phase matching can be 

written as: 

llf llp lls 
-+-=-
AJ Ap A. ... 

(4) 

where ni is the refractive index at the wavelength Ai. In anisotropic media, the index of 

refraction varies with direction of propagation. The nonlinear crystal utilized in the 

following experiments, BBO, is a uniaxial crystal. For the optical axis in the z-direction, 

nz=ne is termed the extraordinary index, and nx=ny is the ordinary index. BBO is a 
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negative uniaxial crystal, meaning ne < n0 . In general, at least one wave must propagate 

as an extraordinary ray in the nonlinear crystal in order to achieve phase matching. In the 

particular case of negative uniaxial materials, the sum frequency ray must be 

extraordinary. The upconversion experiments were performed with Type I phase-

matching, for which the fluorescence and probe beams propagate as ordinary waves and 

the sum frequency ray is extraordinary. For this particular case (0 + 0 -7 E), the phase 

matching angle, em, is given by: 

sin2 em = 

1 1 

n;( em) 2 
no.s 

1 1 ---
2 

n~.s 

A n _s 
o.[ A 

I 

2 
no,s 

+ As n
o,p A 

p 

(5) 

(6) 

Here we have no,i and ne,i represent the ordinary and extraordinary indices of refraction 

at Ai. Thus the phase matching can be achieved by varying the angle of the crystal, em, 

with respect to the optical axis. It is also possible to tune the phase matching via 

temperature control. For example, the second harmonic generation of the YLF laser 

fundamental is optimized via temperature tuning. 

Utilizing sum frequency generation as a means to time resolve luminescence is a 

relatively recent technique. Though a few examples arise from the 1970' s63-71 

upconversion has become more widespread recently. One reason for its increasing usage 
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may be the advent of commercially available, stable, ultrafast laser systems. 

Furthermore, as the field of short pulse generation continues to advance72, the gap 

between the pulse width limit and the time domain of techniques such as TCSPC widens. 

Increasingly, phenomena on ultrafast time scales are being explored, and corresponding 

advances in spectroscopic methods accompany this trend. 

Two distinct configurations for luminescence upconversion exist, based on the 

choice between high repetition rate (low pulse power) and low repetition rate (high pulse 

power) lasers. This trade-off is not unique to upconversion systems, but to a greater or 

lesser degree, is always a consideration when designing a laser experiment. If one works 

in the low power regime, signal levels are small, but the experiment is averaged over 

millions of laser shots per second. Conversely, high power laser systems generate larger 

signal levels, fewer times per second. The signal averaging is typically done each shot, or 

group of shots, by comparison to a reference pulse. Luminescence upconversion has 

' been demonstrated in both regimes. 

Semiconductors are well suited to upconversion based on high repetition rate 

lasers. In these materials damage thresholds and carrier densities are considerations. The 

heat deposited in an ultrafast laser pulse can be significant and can lead to effects such as 

melting and ablation. In particular, semiconductors have been studied with MHz 

repetition rate systems under single photon counting conditions. Shah and coworkers 

have performed extensive development of luminescence upconversion spectroscopy for 

semiconductor experiments. 62 Their developments form the basis of the system 

designed and constructed for this thesis work. Shah and coworkers utilize a laser system 

similar to the one described above to generate picosecond pulses.73 Furthermore, they 
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have employed optical fiber pulse compression to extend this technique into the 

femtosecond range. The first step involves pulse compression of the fundamental of a 

YAG laser prior to frequency doubling.74 This compression allows the dye laser to be 

pumped with a 3.5 ps pulse rather than the typical 90 ps. The output of the dye laser was 

reduced to- 300 fs, and ultimately improved to- 100 fs resolution.75 Furthermore, after 

pulse compression of the dye laser output, 65 fs resolution was achieved.76 Extending 

upconversion into the femtosecond regime requires additional considerations. In 

particular, the use of dispersive optics in the experimental set-up will broaden the pulse 

width due to the group velocity dispersion. 

As mentioned above, luminescence upconversion has also been applied in the low 

repetition rate, high power regime, primarily to processes in solution. In this case, the 

same density of excited states are not generated as in the solid state, so high power laser 

pulses can be utilized. Also, in solution phase experiments, the sample can be flowed 

through a cell or jet. Thus, even if the sample photo-decomposes, each laser shot probes 

fresh solution. An example of this type of system can be found in work by Barbara and 

coworkers.77 ,78 They developed a 70 femtosecond upconversion spectrometer operating 

at 8.2 KHz. The output of a femtosecond dye laser is amplified via a copper vapor laser 

pumped dye laser amplifier. Typical pulse energies for this system are 2 ~, whereas 

MHz repetition rate lasers produce nJ pulse energies. 

Another experimental distinction between the amplified and unamplified systems 

involves the method of signal averaging. Multipass dye laser amplifiers introduce a fair 

amount of noise into the laser system. As upconversion is a nonlinear process, 

fluctuations in the laser pulse power will have a large effect on the signal. It is not 

34 



uncommon for the dye laser fundamental to be frequency doubled to generate the sample 

excitation wavelength. In this case, the final upconverted signal will be proportional to 

the cube of the laser intensity. Hence, it is necessary to monitor fluctuations in the laser 

output and normalize the upconverted signal to these changes. In the single photon 

counting mode, the unamplified laser is more stable, and is typically not the largest 

source of noise. 

The development of a time resolved luminescence measurement technique with 

pulse width limited resolution allows processes to be probed on time scales previously 

inaccessible. A few examples of the application of sum frequency generation are given to 

demonstrate its utility as a spectroscopic tool. In the area of semiconductor physics, the 

ultrafast dynamics of carriers are of widespread interest, primarily due to the potential for 

microelectronic applications. Luminescence is an excellent probe of the energy 

distribution of carriers. The time evolution of the spectra yields information on the 

· relaxation of this distribution. For example, on the picosecond time scale, luminescence 

upconversion has been applied to the process of intervalley scattering in InP. 73 On 

subpicosecond time scales, the initial thermalization of the hot distribution is probed. 

These studies provide information on carrier-carrier scattering, one of the shortest time 

scale interactions that photoexcited carriers undergo.79,80 Another interesting area 

where luminescence upconversion has recently been applied is the study of carrier spin 

relaxation. 81-83 The initial spin distribution of photoexcited carriers is rapidly relaxed, 

hence these experiments require high quality materials, and measurements on ultrafast 

time scales. Due to advances both in semiconductor materials synthesis, such as 

molecular beam epitaxy (MBE), and ultrafast spectroscopy, spin relaxation in magnetic 
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semiconductors has been observed via luminescence polarization. In addition to the area 

of semiconductor dynamics, luminescence upconversion has been applied to chemical 

systems. The Barbara upconversion configuration described above has been used to 

probe solvation dynamics which occur in less than 10 picoseconds. 84,85 For example, 

the fluorescence spectra of coumarin in polar solvents undergoes a red shift 

corresponding to solvent reorientation. Fleming and coworkers have applied 

luminescence upconversion to fluorescence anisotropy studies in solution and also to 

solvation dynalnics.86-91 Tryptophan has been suggested as a probe of protein folding, 

and hence its luminescence as a function of orientation is of interest. 

This section will conclude with a brief comparison of the merits of TCSPC and 

luminescence upconversion. Clearly fluorescence spectroscopy is of widespread utility, 

and a technique with the shortest time resolution possible can be applied to problems 

which are inaccessible by other methods. On the basis of time resolution, luminescence 

upcoiwersion is the best technique. Furthermore, being primarily pulse width limited, it 

has the advantage that, once a system is built, further gains in time resolution can be 

achieved merely through improvements in the laser. For example, the system utilized for 

this thesis may be upgraded through the application of pulse compression, improving the 

current time resolution from 1 ps to 200 fs. With the increasing proliferation of 

commercial ultrafast lasers, luminescence upconversion will be applied to more problems 

in physical and chemical systems. In particular, the Ti:saphire laser system, with its ease 

of usage, ultrafast pulses (sub-100 fs) and wavelength range, will be readily adapted to 

sum frequency generation. The near IR and visible wavelengths are particularly 
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amenable to sum frequency generation, due to the ease of detecting visible and uv 

upconverted wavelengths. 

Though luminescence upconversion is the technique of choice for ultrafast time 

resolution, it is more difficult to implement than TSCPS and yields worse signal to noise. 

Several factors make detecting luminescence with upconversion less sensitive than 

directly collecting luminescence with a PMT. Luminescence signal is lost from incorrect 

phase matching and poor overlap of the signal and probe beams. Upconversion requires 

more optical elements, each of which contributes to the loss of signal. Finally, even 

under optimal collection and overlap conditions, the inherent inefficiency of the optical 

process means that a small percentage of the luminescence which makes it to the 

nonlinear crystal will be upconverted. Hence this technique requires a relatively large 

signal. Direct band gap semiconductors and dye molecules are good candidates for 

upconversion, as they often have quantum yields of at least a few percent. 

Luminescence upconversion generates a large background signal which creates 

experimental difficulties. The strong laser probe pulse, in addition to the upconversion 

process, will undergo second harmonic generation. Even when the nonlinear crystal is set 

to the phase matching angle for the upconverted wavelength, significant SHG occurs. 

Empirically, SHG was observed even when the upconverted and SHG wavelengths were 

separated by 50 nm. This background SHG occurs because the probe pulse is so much 

stronger than the fluorescence signal. Even under non-optimal conditions, the amount of 

SHG is significant when compared to the upconverted signal. This signal presents 

problems in several ways. Stray light must be filtered from the optical path. A 

combination of cut glass filters and a monochromator were utilized to remove stray light. 
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Of course, this selectivity also diminishes the desired signal to some extent. Ultimately, 

interference from SHG will limit how close to the excitation wavelength one can detect. 

This constraint means that an experiment with near resonant excitation and detection is 

not feasible. For example, this situation may arise in semiconductor spin experiments, 

when exciting preferentially from the heavy hole versus light hole sub-band. Freeman 

and coworkers developed a two dye laser system to perform upconversion under these 

conditions. 92 

By comparison, TCSPC has essentially no background signal. Microchannel 

plates for visible and ultraviolet detection have very low dark count rates, < 50 cps. 

Furthermor~, by synchronizing the signal detection to the laser pulse within a narrow 

time window (typically 20 ns), even lower background rates,< 5 cps, are achieved. As a 

result, the largest source of noise arises from the photon counting statistics. Therefore, 

data collection can be continued until thousand of events are detected and the desired 

signal to noise levels are achieved. In general, TCSPC produces excellent signal-to-noise 

quite easily. Moreover, drifts with time of the signal detection or laser power do not 

show up in the single photon distribution. Whereas, in luminescence upconversion, the 

data must be collected in an amount of time over which the laser intensity is constant, 

since the signal is directly proportional to the laser intensity. Finally, TCSPC can be 

applied to problems with much lower signal levels than luminescence upconversion. 

2. Details of Our Picosecond Luminescence Upconversion Spectrometer 

In this section, the particular details of our spectrometer will be discussed. The 

diagram of the spectrometer is given in Figure 7. Many experimental details are included 
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Figure 7. Picosecond luminescence upconversion spectrometer. In these experiments, 

the dye laser is operated in the dual-jet mode, to produce- 1 ps pulses at 590 nm and 3.8 

MHz. A portion of this visible beam is sent through a variable path length 

(TRANSLATION STAGE), and focused onto the face of the semiconductor(XT AL). 
( . 

The luminescence is collected and recombined with the remainder of the laser pulse train 

and focused into a nonlinear crystal (BBO). The overlap inside the BBO is aided by 

CCD camera. The ultraviolet upconverted light is then passed to the monochromator 

·. (MC) and microchannel plate (MCP), as in the TCSPC experiment. (See Figure 3.) 

Notice the similarity to the TCSPC set-up. However, here, the time resolution is 

determined by the variable path length of the laser pulse and not the microchannel plate. 
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in this Section, as this information may prove useful in the future design of an 

upconversion spectrometer. The laser system which is utilized in this spectrometer is 

essentially the same as that for photon counting. That is, the mode-locked Coherent YLF 

laser is used to pump the Coherent 700 series dye laser. The dye laser is operated in the 

two-jet configuration, and cavity dumped at 3.8 MHz. The dye combination utilized was 

typically R6G and DODCI. Typical output consisted of 1 ps pulses at 590 nm with an 

average power of 250 mw. 

The dye laser output was directed to a variable beamsplitter which was adjusted to 

transmit a fraction of the main beam, -10%, and reflect the remainder. The transmitted 

beam was passed to a variable delay path consisting of a pair of mirrors defining a path 

parallel to the motion of the translation stage. This translation stage was a Klinger model 

MT160.150 with a computer controlled, programmable stepper motor controller, model 

CCLI. The path length of the stage was 150 mm, and it could be stepped in increments 

·of 10 Jlm with the CCLI controller. With an alternate controller, the stage could be 

stepped in 1 Jlm increments, which corresponds to a time-resolution of 3 fs. Hence, the 

· stage is capable of far greater time resolution than was required in this experiment. 

The beam exiting the translation stage was focused onto the semiconductor 

sample with a 5-cm focal length lens (CVI plcx25.4/18.0, uv-grade). The lens was 

mounted in a NRC Variable Lens Holder (LFMl), which can be rotated to change the 

distance of the lens to the sample, creating a tighter or more diffuse focus. The excitation 

beam was focused onto the semiconductor sample at an oblique angle to the surface, 

typically 45 degrees or less. The sample was mounted on the end of a glass rod with 

epoxy and held in an NRC post holder. The semiconductor luminescence is collected 
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from the front side of the sample. If the residual, scattered excite beam is blocked with a 

colored filter, the luminescence can be detected by eye as a bright spot on the surface of 

the semiconductor. 

The sample fluorescence was collected with a NRC microscope objective, with 

20X amplification, and a working distance of 1.8 mm from the end of the optic. The 

upconverted signal was extremely sensitive to changes in luminescence collection 

efficiency. Hence, the alignment of this optic was highly sensitive. To optimize the 

luminescence collected, several degrees of freedom were added to this optic for 

adjustment. The microscope objective was mounted in a holder with adjustment in the 

two planes perpendicular to the optical axis. The mount was suspended from above on a 

bracket attached to a large post holder. The bracket was mounted on a translation stage 

which gave height adjustment (perpendicular to the table top). The large post holder was 

mounted on two translation stages with horizontal motion, both along and perpendicular 

to the optical axis. In particular, these last two adjustments were critical for the 

fluorescence collection efficiency. The collected luminescence emerged from the 

microscope objective in a collimated beam. This beam was directed along the 

predefined, upconversion optical axis. 

The portion of the laser pulse train which was reflected from the front side of the 

variable beamsplitter served as the upconversion gating pulse. This beam traversed a 

fixed path and was recombined with the sample fluorescence by a custom made dichroic 

optic (CVI). These optics were designed to reflect the gating pulse and transmit the 

semiconductor luminescence. After the dicroic optic, the gating pulse is collinear with 
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the luminescence. The dichroic beamsplitter is mounted in a mirror holder with 

adjustments perpendicular to the optical path. 

These two beams are focused into the nonlinear crystal, a 2 mm BBO crystal from 

CSK. A 5X microscope objective serves as the optic to focus into the BBO. The 

microscope objective is mounted in an objective mount with adjustments. The assembly 

is mounted onto a translation stage with motion along the optical axis. This motion 

serves to focus more or less tightly into the BBO. The BBO is mounted in a mirror 

mount, also allowing tilt and angular adjustment. The angular motion of the BBO is 

critical for phase matching purposes. A lens was placed on the exit side of the BBO to 

roughly recollimate the exiting upconversion signal. This optic was a uv grade, CVI 

plcx25.4;25.8lens, mounted in a lens holder and onto a translation stage with motion 

parallel to the optical axis. 

At this point along the optical path, filters were utilized to removed stray light. A 

· 3 mm thick, UG 11 filter serves to remove remaining visible light due to the laser 

fundamental, i.e., the gating pulse. UV cut off filters were used to help remove SHG 

which interferes with the upconverted signal. Typically a 3 mm WG320 filter was 

utilized. A Melles Griot uv grade condenser (01-CMP-119) served as the optic to focus 

the ultraviolet upconverted photons onto the entrance slit of the monochromator. The 

condenser was mounted on a translation stage with motion along the optical axis. This 

motion was used to change the focus onto the monochromator slit. The slits utilized were 

typically .25 mm, which provide- 4 nm resolution in the uv wavelength range of the 

upconverted light. 
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The monochromator was mounted on the front of the MCP housing, as in the 

TCSPC experiments. The rest of the electronic detection of the signal was similar to the 

TCSPC setup. The equipment was available to detect the upconverted photons in the 

"time-correlated" mode, where the upconverted luminescence is synchronized to the laser 

pulse train. This configuration will reduce dark counts, if they are a problem. Typically, 

signal levels were such that this synchronization was not necessary. The SCA output of 

the Ortec discriminator was fed into a Fast/Slow Logic interface to generate the pulses 

sent to the counter/timer chip. The counter/timer was an IOTech Power 488CT which 

was a plug-in module for a 486 PC. This board also served as the IEEE-488.2 interface 

for the translation stage controller. 

3. Details of Operation for Picosecond Luminescence Upconversion 

The purpose of this section is to describe some of the practical aspects of 

implementing luminescence upconversion. 

a. Alignment of Translation Stage 

In the spectrometer utilized in this work, the variable path length was incorporated 

into the excite portion of the laser beam. In this case, the sample fluorescence is initiated 

at different times, which correspond to different stage positions. The probe beam follows 

a fixed path and intersects the luminescence in the upconversion crystal at fixed time and 

position. It is not difficult to roughly align the laser path along the direction of motion of 

the stage. An iris was utilized to reproducibly position the incoming beam along a path 

that was initially carefully chosen to be parallel to the motion of the stage. Two mirrors 

at 45° to the laser detennine the exit path of the beam and also provide two independent 
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adjusts. Another iris was placed to position the exit beam. By iteration, the two mirrors 

were adjusted at the two extremes of the stage motion to center the beam on the iris. 

Thus, in principle, the output beam is not "walking" or "steering" as a function of the 

stage position. However, in practice, the sample luminescence was extremely sensitive to 

the path of the excite laser. Even if the stage was aligned such that, by eye, no motion in 

the beam is detected, the luminescence counts may not be constant 

This sensitivity to position of the excite beam arises from the variation in 

collection efficiency if the excite is moved. This conclusion agrees also with the 

observation of the signal sensitivity on the optic utilized to collect the luminescence. 

(See discussion below.) Hence, one has to take great care in the alignment of the 

outgoing beam, to make sure that the stage does not walk off the luminescence from its 

optimal position. After roughly aligning the stage position by eye, the alignment was 

optimized by looking directly at the luminescence signal itself and carefully checking that 

·the signal did not change as a function of stage position. The "flatness" of the 

luminescence signal over the motion of the stage was checked before and after a set of 

upconversion experiments. Sometimes, there was a few percent drift that could not be 

eliminated, but gross drifts in the signal were eliminated. Furthermore, this background 

luminescence scan could be saved for future correction to the data, if necessary. 

In retrospect, it is recommended that the stage delay be inserted in the probe arm, 

and not the excite beam. Initially, it was thought that the position of the probe beam 

striking the BBO would be have the largest effect on upconversion efficiency. The 

semiconductor luminescence efficiency is not very sensitive to the position of the excite 

beam, and that was the initial consideration. But the collection efficiency is more 
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sensitive, and this factor is experimentally more difficult to control than the overlap of the 

probe beam in the upconversion crystal. 

b. Collection Efficiency of Semiconductor Luminescence 

As mentioned above, the luminescence detected from the sample was extremely 

sensitive to the positioning of the collection optic. The experimental geometry always 

involved collecting luminescence from the same side of the semiconductor as the excite. 

It was determined that a microscope objective worked better than a low f-number lens for 

collecting luminescence, for two reasons. In order to focus tightly into the upconversion 

cry~tal, a smaller diameter, collimated beam is desired. The microscope objective 

produces a 7 nun diameter beam. Secondly, the working distance was 1.9 mm, which 

means the tip of the objective is close to the excitation spot of the sample. This 

placement helps to collect a wide solid angle of luminescence. Shah and coworkers 

utilize a Cassagranian for luminescence collection. This optic is nondispersive, and will 

not broaden time resolution, as required for femtosecond applications. 

The positioning of the microscope objective was the most crucial adjustment for 

maximizing upconverted signal. The optic was mounted with several degrees of freedom, 

as described in the previous section. The most important ones were the distance from the 

lens to the sample, i.e. the focal length, and also the motion perpendicular to the optical 

axis in the horizontal plane. The collection optic should be mounted on translation stages 

with fine adjustments for these directions. 

c. Collinear Geometry 

The experimental design can incorporate collinear geometry for the luminescence 

and probe, or the two beams can intersect at an angle. The easiest configuration to 
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construct is the collinear geometr)'. For a tight focus, it is hard to get two sets of steering 

and focusing optics near the nonlinear crystal. In picosecond experiments, a thicker 

nonlinear crystal can be used. In this case, the overlap can be maximized with a collinear 

geometry. The drawback is the large second harmonic signal which emerges in the same 

direction as the upconverted signal. If the upconverted and SHG wavelengths are widely 

separated, then efficient separation with a monochromator and/or prisms is feasible. For 

example, upconversion experiments with infrared wavelengths and a visible probe are 

good candidates for collinear geometry. These experiments, with the upconverted and 

SHG wavelengths separated often by only- 15 nm, are barely feasible. 

d. Spatially Overlapping Luminescence and Probe 

In an upconversion experiment, one of the difficulties lies in spatially overlapping 

the sample luminescence with the probe beam inside the nonlinear crystal. Irises were 

utilized to define the optical axis for upconversion. The luminescence was strong enough 

' to be visible by eye (in a darkened room), and the rough alignment could be done with 

the irises. The much stronger probe beam was passed along the same axis. The first step 

in overlapping the beams was done in this manner. Since there is no scattered light from 

the smooth upconversion crystal, it is not possible to see by eye exactly where the two . 

beams are focused. The next adjustment could be achieved by looking at scattered light 

off of an index card placed right before and after the BBO, and trying to move the two 

beams until overlapped. The luminescence is usually strong enough to see this way, the 

probe beam needs to be attenuated with an (at least) OD4 filter to be of comparable 

intensity. This procedure helps in that each beam can be blocked in turn, and the two can 

be iterated closer to each other. If the luminescence signal was easily visible when 
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scattered from an index card, then it was usually possible to overlap the beams in this 

way. Once any signal counts are detected, then the position of the beams are optimized 

by monitoring the upconverted signal count rate. 

For signals that could not be overlapped by eye, a CCD camera was required. The 

probe beam had to be attenuated by OD4 or more, in order not to swamp the detector, and 

·also such that the two beams were comparable in size. A mirror was placed behind the 

BBO crystal and the light was directed into the detector. In this manner, the 

luminescence spot could be easily seen with the camera. 

e. Finding First Signal and Measuring t=O 

Finding signal in an upconversion experiment is difficult initially, because the 

beams must be spatially and temporally overlapped and phase matched, or there is no 

signal at all. In practice, the most difficult is the spatial overlap, and the previous section 

discusses this procedure. The temporal overlap was not too difficult in the case of a 

picos.econd experiment. The overlap can be estimated to within a few centimeters by 

measuring the path length. The stage is then scanned over this region when looking for 

signal. After the t=O is established, it typically did not move significantly for subsequent 

experiments. 

The tunability of the dye laser provides a good trick for phase matching. The 

laser was set to the wavelength whose second harmonic frequency was the desired 

upconversion frequency. The BBO angular position was then adjusted to optimize phase 

matching for this frequency. Even if the incoming direction of the beams in the actual 

experiment varied slightly, this prepositioning was usually close to the optimal angle. In 

practice, it was found that BBO possesses a generous acceptance angle at the wavelengths 
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detected(- 310 nm). The bandwidth was limited to 5 nm in the uv by the 

monochromator slits, not by the acceptance angle of the BBO. As the detection 

wavelength was varied, the BBO angular setting had to be optimized, but there was 

overlap in the wavelengths gen~rated at each setting. This large acceptance angle is also 

one of the reasons the second harmonic generation is so efficient. That result is a 

negative consequence of the easy phase matching. 

The t=O was found by scattering visible light off of the semiconductor front 

surface, collecting it, and upconverting it with the remaining laser light, as in an 

upconversion experiment. This auto-correlation of the laser pulse with itself serves as the 

instrument response of the spectrometer as well as defining the absolute t=O. In this case, 

the "upconverted" signal is also the same wavelength as the SHG, so the detected signal 

is a small change in the background SHG signal, which remains constants with stage 

position. 
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IV. Diffusion in a Band Gap Gradient 

A. Graded CdSxSet-x Semiconductors 

Graded samples of n-CdSxSe1-x have been shown to exhibit color-coded 

photoluminescence (PL) that pennits identification of the spatial origin of e--h+ pair 

recombination in continuous illumination experiments. 28,29 The observed luminescence 

is derived from the band edge emission characteristic of the alloy composition 

comprising the graded zone. (See Equation 1 in Section II.) Because the emission 

wavelength is related to the composition, which in turn is related to the distance away 

from the surface into the bulk, these graded solids are ideally suited for direct study of the 

carrier dynamics. Recombination of e--h+ pairs at various depths beyond the near

surface region where they are first created can be temporally resolved and thus give 

information on the diffusion times from the surface to the bulk. Figure 8 illustrates the 

graded CdSe/S diffusion experiment 

The experimental details are given in Section III. Briefly, the graded CdSxSe1-x 

samples have- 1-j..l.m thick graded regions. For CdSe/S, the graded zone comprises 

virtually all of the alloy compositions, whereas for CdS/Se, the composition varies from -

x=.2 at the surface to x=1 for the substrate. Sample excitation using a picosecond laser 

system at 315 nm creates a nonequilibrium distribution of e--h+ pairs with a density of-

1Q17 cm-3. At this excitation wavelength the incident light is estimated to be absorbed 

within - 0.1 j..l.m of the surface.93,94 The temporal decay of the luminescence at a given 

wavelength is measured by using time-correlated single-photon counting techniques. 
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Figure 8. Graded CdSexSel-x experiment. Electron-hole pairs are generated in the S

rich surface region of the CdSe/S graded semiconductor. The nonequilibrium distribution 

diffuses under the influence of both concentration and band gap gradients. These 

gradients drive the carriers towards the bulk, or CdSe substrate. At various depths, the e-

h+ pairs radiatively recombine and emit luminescence at wavelengths characteristic of the 

composition at that position. In this manner, the diffusion process is temporally resolved. 
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In these experiments, the initially narrow distribution of e--h+ pairs is created in 

the near surface region. We expect these carriers to diffuse from the surface into the bulk 

under the influence of both concentration and band gap gradients as: 

i = _ D dn _ Dn dE 
dx kT dx 

(7) 

where i is the particle current, D the diffusion constant, n the number of carriers, x the 

position, T the temperature, and E the conduction (or valence) band edge energy. The 

first term is the standard Fick' s diffusion, and the second term indicates transport to lower 

band edge regions. In the CdSe/S material, both gradients favor diffusion of carriers from 

the surface towards the substrate. In the case of CdS/Se, the transport of particles into the 

bulk is opposed to the potential gradient. 

These graded semiconductors provide a good model system for studying e--h+ 

pair transport. However, it is not straightforward to map the observed trends into 

position and time-dependent equations (diffusion and continuity equations) for the 

number of carriers. Equation 7 represents transport in a graded semiconductor in the 

special case of doping to eliminate space charge (i.e., internal electric flelds).95 In the 

experimental studies presented here, with arbitrary doping profile, it is not clear what 

effects space charge regions have on carrier dynamics. However, if these effects were 

extremely important, carriers would probably not reach the deepest regions, since internal 

electric fields move electrons and holes in opposite directions. The transport mechanisms 

described by Equation 7 yield particle currents in the same direction for both electrons 

and holes and therefore can account for smooth trends in the characteristic decay times 

and the appearance of carriers in the deepest regions. A further complication involves 
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specifying a position-dependent recombination rate that couples continuity equations for 

the electron and hole populations. 

Data on the graded CdSe/S sample are illustrated in Figure 9. Incident excitation 

is absorbed in CdS and S-rich alloy strata (x ~ 0.7). The decay functions have 1/e time 

constants of - 100 to 400 ps. Thus, the diffusion process is occurring on a time scale that 

is competitive with characteristic band-to-band recombination lifetimes for direct band 

gap semiconductors. 96 The observed decays, however, yield information about 

transport, rather than merely reflecting differences in intrinsic lifetimes of the materials 

comprising the graded region. This conclusion is supported by extending the study to 

CdSxSe1-x materials with the opposite composition gradient. These results, as discussed 

below, demonstrate that the1/e decay constants are not the same at a given wavelength for 

the two materials, as they would be if only the lifetime were being measured. Instead, the 

decays show a dependence on factors such as band gap gradient and distance from initial 

excitation. 

This CdSe/S experiment represents a simple example of Equation 7, as the band 

gap and concentration gradients act on carriers in the same direction, into the bulle The 

data in Fig. 9 are in general agreement with this picture. First, the luminescence spans 

the entire spectral range of 500 to 700 nm, representing the full composition range of 0 ~ 

x ~ 1. Clearly diffusion from the near surface region into the bulk occurs on a time scale 

competitive with the intrinsic e--h+ pair lifetime. Furthermore, as observed in Figure 9 A, 

the 1/e decay constant increases smoothly from 500 nm (x = 1.0) to 620 nm (x = .50). 

This trend is consistent with the picture of carrier diffusion from the surface into the bulk. 
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Figure 9. Time resolved luminescence from CdSe/S graded semiconductor. (A) The 

luminescence time constants for 500-620 nm become longer at longer wavelengths, 

corresponding to increasing distance from initial excitation. (B) The 620-720 nm region 

demonstrates a reversal of the previous trend. 
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An estimate of the ambipolar mobility can be determined from this difference in decay 

constants, the potential drop, and the depth profile over this region: 

v 
J1 = 

E/cm 

500~A 
= 300ps 

0.35V 

5000A 

24cm2 

Vs 

This value is in accord with the mobilities for CdS and CdSe materials. 97 

(8) 

The dual processes of diffusion in band gap and concentration gradients are not 

sufficient to explain all of the CdSe/S features. The time decays in the 620 to 700 nm 

region, Figure 9B, which represent the region from about midway through the gradient (x 

= .50) to the substrate (x = 0), are qualitatively different. The opposite trend in 1/e time 

constants (t) is observed, the t's become shorter at longer wavelengths. Also, the spread 

in t's is small compared to the span in the initial region. These apparently anomalous 

features can be qualitatively understood, through the subsequent studies on homogeneous 

crystals, which are discussed in the next subsection. 

The second graded semiconductor, CdS/Se, is a somewhat more complicated test 

of Equation 7, as the band gap increases with distance from the surface. In this case, the 

concentration and band gap gradients oppose each other. Furthermore, the processes of 

self-absorption and reemission may occur in this material. These results are shown in 

Figure 10. Despite the added complexity, this data demonstrates several important 

results. If the graded semiconductor data were dominated by the intrinsic lifetimes of the 

e--h+ pairs at the given compositions, then the wavelength dependence for the two 

samples would be identical. As this result is not observed, the data clearly contains 
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Figure 10. Time resolved luminescence from graded CdS/Se semiconductor. (A) The 

luminescence time constants become longer at shorter wavelengths, corresponding to 

increasing distance from the initial excitation. The data demonstrate that e--h+ pairs 

reach the substrate, even though this appearance requires diffusion against the potential 

gradient. The concentration gradient is the driving force: (B) The 620-740 nm region 

reflects a reversal of the previous trend. This near surface region may reflect self

absorption and reemission effects. 
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infonnation about the dynamics, as well as the lifetimes. Secondly, it is apparent from 

the data that diffusion against the potential gradient occurs, as luminescence is observed 

even at the 500 nrn wavelength characteristic of the CdS substrate. The concentration 

gradient is the driving force, in this case. It is sufficient to drive the e--h+ pair transport 

up a band gap gradient of at least- 0.35 e V ( assuming significant absorption occurs to 

the region of roughly CdS.soSe.so composition.) 

An interesting feature of this data is that the trends in time constants are 

completely reversed with respect to the CdSe/S results. From 620 to 500 nm, shown in 

Figure lOA, representing x = .5 to x = 1, the lifetimes increase with decreasing 

wavelength, or increasing depth into the sample. However, in the region from 620 to 740 

nm, Figure 1 OB, the reverse trend exists, where an increase in t does not correspond to an 

increasing depth. Two processes may explain the latter result After the concentration 

gradient has decreased, diffusion back down the potential gradient may become more 

important. Also, strong self-absorption and reemission in the smaller band gap, near 

surface region, would yield the observed trend. As these mechanisms are not possible in 

the CdSe/S crystal, the processes in the two samples are not completely complementary. 

However, in both cases, the turnover in lifetime trend occurs at 620 nm, characteristic of 

the x = .50 composition. 

The time evolution of the spectra for the graded materials also serves to 

demonstrate the diffusion of e--h+ pairs into the bulk substrate. "Gated" 

photoluminescence spectra are given in Figure 11. These spectra reflect only events that 

occur in a given time window of 400 ps. As the window is shifted in time, after the initial 

excitation, the resulting spectra show an increase in relative intensity at wavelengths 
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Figure 11. Gated CdSxSe1-x Photoluminescence. (A) The gated spectrum of CdSe/S, 

collected after 1 ns, demonstrates a relative shift to longer wavelengths, corresponding to 

the appearance of e--h+ pairs at regions removed from the initial excitation. (B) The 

gated spectrum for CdS/Se shifts to shorter wavelengths characteristic of the more S-rich 

compositions. 
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characteristic of the bulk. In Figure llA, the spectrum shifts to longer wavelengths in the 

CdSe/S graded sample with the CdSe substrate. In Figure liB, the CdS/Se material 

shows a relative increase in the shorter wavelength emission characteristic of CdS. 

To surrunarize this subsection, the graded CdSxSei-x semiconductors provide an 

interesting system to probe the effects of band gap distortion over a macroscopic distance 

on the dynamics of excess e--h+ pairs. The luminescence decay functions for samples 

with both increasing and decreasing band gap reflect diffusion in concentration and band 

gap gradients as expected, although some features cannot be explained solely by these 

two mechanisms. In particular, both CdSe/S and CdS/Se samples possess a turnover in 

the smooth trend of time constant versus distance around the Cd.S.soSe.so composition. 

This effect may be described as a "bottleneck" in the carrier mobility through the region 

with this composition. Hence, the next subsection will examine the behavior of carriers 

in a series of samples with particular composition "x". 

B. Homogeneous CdSxSei-x Semiconductors 

As discussed in the previous subsection, the graded semiconductors are materials 

in which the composition, and hence band gap energy, vary smoothly as a function of 

depth. The samples change from CdS to CdSe over the distance of approximately one 

micron. This thickness is large relative to the lattice constants, such that at any given 

position in the graded region, the environment may be described as a "s.lab" of 

semiconductor with a particular uniform composition. Diffusion in band gap and 

concentration gradients is sufficient to describe many aspects of the graded 
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semiconductor, time resolved luminescence. Thus, in the simplest picture, the influence 

on the e--h+ pair transport in a particular "slab" of the graded semiconductor can be 

described by an average property such as the band gap energy. However, not all aspects 

of the time resolved data can be understood with this description. Several additional 

considerations are obvious. For example, when the intrinsic lifetime of a particular 

composition is competitive with the diffusion into and out of that composition, the decay 

proflle will reflect both processes. Furthermore, as previously mentioned, a given 

composition is comprised of a distribution of S versus Se lattice sites. If the carriers were 

strongly influenced by the local environment, a significant wavelength dependence of the 

intrinsic lifetime may be present Since the luminescence at a given wavelength reflects 

the lifetime of all transitions at that energy, the decay function would consist of a 

distribution of lifetimes. 

Thus, in order to obtain a more complete description of diffusion in the 

inhomogeneous semiconductors, a thorough wavelength dependence of the time resolved 

luminescence was performed on a set of homogeneous semiconductors representative of 

the full composition range. The samples studied were x = 0, .25, .50, .75, and 1. The 

steady state luminescence spectra are narrowly peaked, FWHM- 30 nm, approximately 

around the wavelength given by Equation 1. The time resolved measurements were 

performed via time-correlated single photon counting. The decay functions from the 

peak intensity of each sample are compared in Figure 12. The data exhibit a strong 

lifetime dependence on composition. The CdS and CdSe materials are both equally fast. 

The CdS.soSe.so sample possesses the longest decay constant and the CdS.2sSe.75 and 

CdS.75Se.25 are intermediate. 
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FIGURE 12. Homogeneous CdSxSel-x time resolved luminescence as a function of 

composition. The luminescence decay functions are presented for the peak emission 

wavelengths of five samples, x= 0, .25, .50, .75, and 1. The time constants demonstrate a 

strong dependence on composition. The longer lifetime for CdS .soSe.so relative to the 

.· binary compositions reflects increased radiative recombination from localized states. 
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One feature of this data which is of immediate interest is the longer lifetime of the 

Cd.S.5QSe.50 material. This composition is approximately the same as the region in the 

graded materials in which the "bottleneck" occurs. These two experimental results 

support a particular explanation. Specifically, these results are consistent with the 

presence of disorder induced localization. That is, the random potential fluctuations 

induced by the S versus Se substitution create localized states. The depth of the 

localization potential is dependent upon the degree of disorder.98 Thus localization will 

not occur in the pure binary semiconductors, and may be predicted to be maximized near 

x =.50, the most highly disordered material. More precisely, the maximum localization 

potential is shifted toward larger "x" values. The phenomena of disorder induced 

localization in alloy semiconductors will be discussed in more detail in the following 

Section. 

The major consequence of localization, in this experiment, is the reduction of 

· carrier encounters with nonradiative traps. Thus localization will increase the measured 

luminescence lifetime. The agreement between the decay times for the data in Figure 12 

and the amount of disorder demonstrates that the time resolved luminescence of 

CdSxSe 1-x alloys is sensitive to the microscopic details of the material. The main decay 

mechanism is nonradiative in these alloys. However, it appears that even a fraction of 

time spent in localized states may strongly influence the observed decay functions. 

In addition to the lifetime dependence on composition, the lifetime as a function 

of the wavelength spread within each sample was measured. Typically, the luminescence 

was measured at the peak wavelength of the luminescence spectra, and also at two scans 

at 10 rim intervals to each side of the maxima. In general, no wavelength dependence of 
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the decay functions was found within a given crystal. A typical spread within a data set 

is shown in Figure 13 for CdS.soSe.so. Thus for a given composition, a single effective 

time constant is sufficient to characterize the sample. 

One limit to the data obtained in these experiments on the homogeneous 

CdSxSel-x crystals, is the amount of quantitative information which can be extracted. 

The time constants in Figure 12 are all extremely fast (-100 to 250 ps), and in the cases 

of CdS and CdSe, are competitive with the TCSPC instrument function. In practice, we 

find that this fast decay places limits on our ability to model and fit the data. Clearly, the 

main decay mechanism for these materials is nonradiative. Conditions which change, for 

example, the surface conditions of the materials affect the measured time constants. The 

time resolved luminescence measurements on these materials were performed under 

material conditions which were held as similar as possible. All of these homogeneous 

materials were "as purchased" from Cleveland Crystals. They possess a mechanical 

polish, which is reasonably the explanation for the high degree of nonradiative relaxation. 

However, the qualitative results of these experiments are valid, including the dependence 

of lifetime on composition and the ordering as a function of degree of alloy disorder. 

These initial experiments serve as a rough measure of the influence of the lifetime at each 

composition on the observed dynamics in the graded CdSxSei-x materials. 
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Figure 13. Wavelength dependence for homogeneous CdSxSel-x· The time resolved 

luminescence for CdS .soSe.so at five wavelengths spanning a 40 nm range reflects no 

significant difference in time constants. A similar result was obtained for the wavelength 

dependence of all five compositions probed. For the CdS.soSe.so data, also note the 

.·significant curvature in the ln plot, reflecting nonexponential decay dynamics. 
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C. Summary 

The picosecond time resolved luminescence of the CdSxSel-x semiconductor 

system was measured for inhomogeneously graded samples, as well as for single 

composition homogeneous crystals. The CdSe/S graded semiconductor exhibits strong 

wavelength dependent decay times, which reflect diffusion in both concentration and 

band gap gradients over the entire composition range 0 5 x 5 1. 99 In the CdS/Se crystal, 

diffusion into the bulk is driven by the carrier concentration gradient, which overcomes 

the opposing potential gradient. The inninsic decay times of the semiconductors with 

fixed composition were also required to described the graded results. It was determined 

that these lifetimes, measured for x = 0, .25, .50, .75, and 1, were dependent upon the 

microscopic details of the alloy semiconductors. The S versus Se substitution 

characteristic of the alloy creates disorder induced localized states. Carriers localized at 

-these states encounter fewer nonradiative traps which result in longer observed decay 

times. 

The information obtained from the homogeneous crystals explains the turnover in 

lifetime trend for the CdSe/S graded semiconductor. The x = .50 composition possesses 

the largest extent of localization, hence it serves as a "bottleneck". The longer lifetime 

associated with the x = .50 region becomes competitive with the diffusion from the x = 

.50 to x = 0 region. As noted previously, the CdS/Se sample includes additional 

complicating factors, such as self-absorption and reemission effects. However, a 

bottleneck in the carrier transport and lifetime may explain how different processes could 

dominate in the separate regions before and after the x =.50 composition. Within a given 
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homogeneous crystal, the decay functions were not strongly dependent on wavelength. 

In general, adding a position dependent time constant to Equation 7 would be the first 

step toward modeling the graded semiconductor results. 

Finally, the effect of localization on the diffusion of carriers in the graded 

CdSxSei-x materials is an interesting observation. Transport perpendicular to a 

composition gradient has also been reported for AlxGai-xAs superlattices grown by 

molecular beam epitaxy)OO In these studies, the transport was observed to be linear over 

the entire composition range probed (x=.17 to x=.35). That is, no dependence on the 

lifetime at each composition was observed. As mentioned previously, one may wish to 

utilize compositional "tuning" to design materials with particular properties. For 

example, a band gap gradient may be used to transport carriers over a macroscopic 

distance. Any efforts to tune the CdSxSel-x materials will have to account for the 

trapping at localized states which occur for the strongly mixed compositions. 
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V. Disorder Induced Localization 

A. Background 

The experiments on graded CdSxSe1-x semiconductors, discussed in the previous 

section, indicate that disorder induced localized states influence the relaxation dynamics 

of photoexcited e--h+ pairs in this system. In this section, the phenomena of disorder 

induced localization will be discussed in more detaiL In these materials, the localized 

states arise from the compositional disorder of the S versus Se substitution. Since the 

amount of this disorder can be varied with the mole fraction "x", this system provides a 

good model for studying the degree of localization as a function of disorder. 

The problem of localized states is of long standing and widespread interest. Since 

Anderson's theory of localization 101 from random potential fluctuations, this subject has 

. been the focus of both theoretical I 02-111 and experimental 112-118 interest. The 

behavior of electrons in complex systems provides a good experimental probe of 

localization. In the case of alloy materials, electron, hole and electron-hole pair 

localization have all been observed.119 Generally, alloy semiconductors provide an 

excellent probe of localization phenomena, as the conduction normally occurs via 

extended Bloch states. However, localized states represent nonconducting states in the 

tail of the band edge.120,121 Hence, there is a distinct difference between the extended 

and localized states. This transition in energy is referred to as the "mobility edge". In 

theory, this transition is distinct, i.e., localized and extended states do not occur at the 

same energy. In real materials, however, this transition may be gradual. Experimental 
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studies on localization in semiconductors have often probed the onset of the mobility 

edge.121,122 For example, if there is no transfer between localized states, then 

resonantly excited localized states will retain their initial polarization. Hence, 

fluorescence polarization experiments yield information on the extent of localization.123-

127 

In CdSxSei-x semiconductors, previous work by other researchers has examined 

the behavior of low temperature excitons in both the binary samples and mixed 

compositions with time resolved luminescence.128-133 These studies indicate that the 

dominant relaxation mechanism at low temperatures is by recombination of localized 

excitons, where the localized states are due to the alloy disorder. In Cd.SxSe}-x, 

localization occurs via the holes states, the holes are localized and the electrons are 

Coulombically bound. The dynamics of CdSxSei-x excitons at low temperature are 

dominated by relaxation from these localized states. In this case, a single hop via phonon 

assisted tunneling determines the transfer rate out of the state, and states at different 

energies reflect different lifetimes. More specifically, the deeper localized states have 

fewer states of lower energy to transfer to and hence have longer lifetimes. However, at 

elevated temperatures, the localized states will affect the carriers in a different manner. 

Generally, the localization of excitons becomes less important, as the carriers are 

energetically able to access the regime of extended states. Most likely a series of trapping 

and release to extended states occurs, as the thermal energy is enough to escape the 

trapped states.134 Furthermore, scattering from potential fluctuations affects carrier 

mobility in these alloy materials. Various estimates have been made for the depth and 

density of the localized states, ranging from a few to tens of mev.119,120,130,135 It may 
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be expected that at high temperature, the behavior of the alloy materials would approach 

that of the binary semiconductors, CdS and CdSe. However, the previous Section 

demonstrates a dependence on the compositional disorder for the diffusion in graded 

CdSxSe1-x, an effect observed at room temperature. Furthermore, in the preliminary 

examination of a series of samples with varying degrees of compositional disorder, a 

large deviation from the binary luminescence exists, even at room temperature. (See 

results presented in Figure 12.) As mentioned previously, the longer lifetime of 

CdS .soSe.so is attributed to localization. Localized states possess a higher quantum 

efficiency and hence, longer lifetime, since localized carriers are less likely to encounter 

nonradiative decay channels. Figure 13 demonstrates the highly nonexponential form of 

the luminescence decay in CdS.soSe.so. This behavior reflects a dependence on 

composition which indicates that localized states play a role in the relaxation of carriers 

even at room temperature. This Section examines the dependence further with additional 

·energy and time resolved luminescence experiments. 

The nonexponential functional form for the luminescence decay can be described 

by a Kohlrausch exponential: 

l(t) = l(O)exp(~).B (9) 

This form is a single exponential, with time constant 1:, raised to a fractional exponent ~

Generally, this form is characterized by a long time "tail" in the decay, hence the term 

"stretch" exponential is also used. The use of Equation 9 to model data dates back to 

1847, when Kohlrausch modeled the nonexponential behavior in viscoelasticity)36 The 

Kohlrausch exponential has since been observed as the functional form for a wide variety 

of relaxation processes in condensed phase.l37-149 The challenge for condensed phase 
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theories is to provide a microscopic picture that explains the widespread occurrence of 

the Kohlrausch exponential among different materials (i.e. polymers, glasses, 

semiconductors) and various types of relaxation (i.e. mechanical, dielectric, 

photoconductive). The single exponential form arises from noninteracting, independent 

systems. In this case, the relaxation is then proportional to the remaining perturbation, 

and a single time constant, t, is sufficient to characterize all dynamic correlations in the 

system. The underlying physics which result in the Kohlrausch exponential are 

fundamentally different. In contrast to independent systems, many processes in 

condensed phase involve strongly interacting systems, or many body interactions. Thus, 

the widespread appearance of the Kohlrausch exponential in condensed phase 

corresponds to the frequent occurrence of complex processes which control the dynamics. 

For example, percolation dynamics result from constrained relaxation, which may be 

either electronic or structural in origin.l50 In the CdSxSel-x alloy system, 

compositional disorder is the source of the complex relaxation. 

Furthermore, the mathematical derivation of the stretch exponential decay has 

been generated from various models, typically proposing either sequential or parallel 

relaxation pathways)51-169 Palmer, Stein, Abrahams, and Anderson151 present a 

theory based on strongly interacting systems, i.e. "glassy" relaxation, resulting in 

nonexponential decay dynamics. The authors argue that the basis of the Kohlrausch 

exponential lies in hierarchically constrained dynamics. These dynamics are a form of 

sequential relaxation, where the faster degrees of freedom impose constraints on slower 

ones. A physical example includes atomic motion, whereby atoms must move in a 

particular way before another degree of freedom can relax. This theory is one of the few 
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to provide a prediction of the behavior of the parameters as a function of experimental 

variables, in this case, of temperature. Their model predicts that constrained dynamics 

will result in non exponential behavior over a wide range of time scales, -r0 < t < 't'max, 

where 'Z"ois a time scale relevant to microscopic dynamics (such as w-14), and 'Z"max is an 

ergodic time scale. That is, after 'Z"max, the dynamics are single exponential. The theory 

predicts that as the temperature is lowered below some transition temperature, T g. then 

't'max becomes longer than experimentally observable time scales. In the temperature 

-

range, T > Tg. 'Z"max will vary with temperature according to a Volgel-Fulcher-type 

behavior: 

(9) 

Thus the Palmer, Stein, Abrahams, Anderson model of hierarchical relaxation predicts 

that as the temperature is lowered, the time scale over which nonexponential dynamics 

are observed becomes longer. This prediction could be tested experimentally by varying 

the temperature in the system and carefully modeling the data to extract the behavior of 

'Z". 

In a brief review of relaxation in disordered systems, K.lafter and Shlesinger151 

demonstrate the underlying mathematical similarity between the Palmer, Stein, 

Abrahams, Anderson theory and models of both parallel relaxation and defect diffusion. 

Different physical models are shown to generate the same Kohlrausch relaxation form. 

The similarity lies in the fact that all three models possess a hierarchy of time scales, as in 

the constrained dynamics of Palmer, et al. In other models, the hierarchy arises from a 

dependenc~ on distances (as in Forster energy transfer) or waiting times (in the defect 

diffusion models). The result is mathematically similar models which do not distinguish 
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between the underlying physical mechanisms. Hence, it is particularly important for 

theories to develop connections between the parameters, 't' and p, and experimental 

variables such as temperature or pressure. However, many theories do not contain this 

infonnation in easily testable form. Much work remains to be done to connect 

experimentally measurable parameters with the microscopic origin of the relaxation 

process. 

In addition to the model of hierarchically constrained dynamics, a distribution of 

relaxation times could be responsible for an observed overall nonexponential decay.170-

173 These derivations generally include a weighted distribution, w( -r), of decay times, 

such as: 

(10) 

However, the selection of w( -r)is arbitrary and does not prove a specific relaxation 

pathway. In this case, a model for the underlying distribution function is required. 

Qualitatively, the generation of the "stretch" exponential can be understood in terms of a 

distribution of decay times, as opposed to a single decay channel or perhaps two, in the 

case of a single or biexponential function. The origin of this distribution in the alloys 

may arise from the statistical distribution of unit cells generated by the substitution of S 

versus Se at the lattice sites. This distribution creates local potential fluctuations which 

induce localized states. These states appear as a tailing of the band edge into the band 

gap region. Different decay dynamics are associated with relaxation from various 

localized states, according to, for example, transfer probabilities out of the states, which 

may depend on the depth and the distance to states of lower energy. If the recombination 

from these localized states is a major decay channel, then this distribution of relaxation 
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rates will show up as a Kohlrausch exponential. The parameters in the function, tau and 

beta, correspond roughly to a characteristic "time constant" of the distribution, and the 

width of the distribution, respectively. A smaller fractional exponent, beta, reflects a 

broader distribution of relaxation times. Though this picture presents a qualitative model 

for the appearance of the stretch exponential form for luminescence decays in alloy 

semiconductors, a more complete microscopic picture currently does not exist. That is, 

no model exists to quantitatively connect the amount of disorder induced states with the 

width of the distribution in Equation 10. Such a connection is required to test the 

underlying relaxation mechanism in these experiments. 
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B. Experimental Restiits and Discussion 

This thesis examines the energy and time resolved luminescence of a series of 

homogeneous CdSxSei-x semiconductors. Initial experiments yield evidence for the 

influence of localized states on the relaxation of photoexcited e--h+ pairs. The aim of the 

following studies is to examine in more detail the composition dependence of the 

localization effect. As discussed in Section ill, a major portion of this research involves 

the development of luminescence upconversion techniques to probe the dynamics on a 

picosecond time scale. The purpose of achieving picosecond time resolution is two fold. 

First, the early time scale components of the luminescence decay functions reflect energy 

migration which occurs between localized states. Hence, within a given composition 

material, we expect to determine the wavelength dependence of the decay times, and also 

the rise time information reflecting the appearance of carriers in the localized states. 

Furthermore, for the data taken via TCSPC, deconvoluting the instrument function from 

the measured decay functions was not possible. This effect has severely limited efforts 

to fit the data and model the extent of localization. 

The main experimental details are given in Section III. The differences from the 

luminescence experiments in Section IV are described here. Picosecond upconversion 

experiments were completed on three homogeneous CdSxSe1-x semiconductors, for x = 

0, .25, and .50. These experiments were performed with a visible excite energy, typically 

10 mw at 580 nm for CdS.2sSe.75 and CdSe and at 550 nm for CdS.soSe.so. At these 

wavelengths, the optical penetration depth is significantly longer than for the uv excite 

experiments, .1 ~ for uv versus 100 ~for visible excite. 55,56 In these experiments, the 
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carriers are excited over a greater depth, and the density was typically 1016 cm-3. One 

main·result of these different excite wavelengths is to reduce the amount of surface 

recombination. An additional factor also reduced the surface recombination for these 

samples. The materials were obtained from Cleveland Crystals as before, but pieces 

which were cleaved by us were utilized in these experiments. These samples possess a 

shiny surface by eye, and were not mechanically_polished. The reduced surface 

recombination is observed by the longer decay times for the experiments in this Section, 

than for the preliminary homogeneous studies in Section IV. Hence, the time constants 

cannot be compared between the two sets of experiments, as different quality surfaces 

produce a striking difference in decay times. However, consistent conditions were 

maintained within the sets of experiments performed in Section IV and here. 

The instrument function of the system was measured by autocorrelating Rayleigh 

scattered light with the gating pulse. This measurement can also be used to detennine an 

absolute t=O. For the fitting, the instrument function was approximated by an analytic 

function, either a Lorentz or gaussian function. This form was forward convoluted with 

the fitting function. The data was modeled with an exponential rise and a Kohlrausch 

decay. Fits to the data were performed by minimizing the sum of the squared errors. 

The rise times of all materials studied were extremely fast, less than 3 ps in all 

cases. Figure 14 shows a typical rise time fit to a <2 ps exponential rise. This result 

indicates that the intraband cooling is less than 3 ps in these materials. This time is 

consistent with typical intraband relaxation rates for semiconductors.l74-183 No 

composition dependence or wavelength dependence was observed in the rise times. In 
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Figure 14. CdSe Luminescence Rise Time. The early component of the CdSe time 

resolved luminescence was fit to a <2 ps exponential rise, convoluted with the instrument 

function for the upconversion spectrometer (in this case, a 1.2 ps Lorentzian pulse). This 

fast rise time was observed in all of the CdS xSe 1-x materials examined. 
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order to probe the transfer between localized state within the band edge, studies at low 

temperature need to be performed. 

The CdSxSe1-x luminescence demonstrates a composition dependence on the 

relaxation times. Figures 15-17 show the data for the three samples studied. Two 

features are particularly evident. The characteristic time constants for the three samples 

. are from - 150-400 ps. Also, the parameter ~' which characterizes the distribution, is 

different for the alloy materials compared to CdSe. The CdSe material is close to single 

exponential, whereas the CdS.25Se.75 and CdS.soSe.so posses a significant amount of 

nonexponential tailing. It is an interesting result that the time constants are similar in 

CdSe and CdS.5oSe.5o. Therefore, the longer time luminescence for the alloy material 

arises from the bowing due to the nonexponential tailing. These results confirm the 

description of a distribution of localized states present in the mixed composition 

materials. Furthermore, none of the three samples show significant wavelength 

dependence. Again, this dependence should be present at low temperature. Transfer 

. 
among localized state will be slowed as phonon-assisted tunneling is reduced. 

Although these results demonstrate the influence of localized states, they do not 

provide conclusive evidence for a particular relaxation mechanism in these materials. 

Several steps must be taken to reach that level of quantitative description of the behavior 

of e--h+ pairs in disordered semiconductors. A microscopic model for the influence of 

disorder on dynamics needs to provide a connection between the amount of localization 

(i.e. depth and density of states) and parameters in a physical model (such as r and ~ in 

the Kohlrausch exponential). Though much attention has been given to relaxation in 

disordered systems, the quantitative connection to alloy disorder has not been established. 
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Further experiments could provide more information to bridge this gap. 

Investigating the effects of localization in a wider range of compositions may improve 

theories which estimate the density of localized states in these materials. A complete 

temperature dependence of the dynamics in the most disordered systems will test models 

of constrained dynamics, (such as Palmer, et al, discussed above). Such experiments 

should indicate whether a picture of strongly interacting systems is required to model 

localized states, or if they can be treated as a distribution of completely independent 

states. The experiments presented in this thesis demonstrate that localization does 

influence the relaxation in alloy materials over a large composition range and at room 

temperature. These results represent a preliminary study of localized states in CdSxSei

X· Many future experiments on these materials are warranted. 
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Figure 15, 16, 17. CdSxSei-x time resolved luminescence decays are presented for x = 

0,. 25, and .50 materials. The data are fit to a Kohlrausch exponential. The effective time 

constants for the three materials range from - 150 to 400 ps. The longer time tail 

observed in the CdS .soSe.so luminescence is generated by the smaller fractional 

exponent in the function. This exponent corresponds to the width of a distribution of 

lifetimes in the Kohlrausch model. 
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C. Summary 

The energy and time resolved luminescence of a series of CdSxSel-x 

semiconductors has been measured, with compositions x= 0, .25, and .50. The data were 

fit to a Kohlrausch, or stretch exponential. The alloy materials show the effect of 

compositional disorder on carrier relaxation. The decays exhibit a high degree of 

nonlinearity, which has been attributed to relaxation from a distribution of localized 

- states. All three materials possess time constants of a few hundred picoseconds, 

(approximately 150 to 400 ps). These measurements were performed under conditions 

which reduced the amount of surface recombination, and hence the lifetimes were longer 

here than those presented in Section N. No wavelength dependence was observed for 

the rise time or decay functions within a particular composition. Hence, future 

experiments probing energy transfer among localized states should be performed at low 

temperature. 

The technique of picosecond frequency upconversion was utilized to monitor the 

carrier relaxation. Upconversion techniques have become increasingly popular for 

ultrafast luminescence measurements. However, the technique has the limitation of 

requiring fairly large signal and large laser peak power, since the upconversion process is 

nonlinear and conversion efficiencies are often small. This work demonstrates that the 

strong, visible luminescence of the CdSxSel-x semiconductors is well suited to this 

measurement technique. Excellent signal-to-noise was achieved and good sensitivity 

over a wide spectral range was possible. 
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In conclusion of this Section, these experiments demonstrate the effect of 

localized states on the relaxation ofphotoexcited carriers in CdSxSel-x semiconductors. 

This effect has been observed both in the transport in graded materials and in the 

nonexponentialluminescence decay of the fixed composition materials. This result 

addresses one of the principle questions posed in the Introduction. Some optical 

properties of the CdSxSel-x system can be described solely as a function of the average 

composition, such as the shift in band gap as a function "x". Other properties of the 

system are sensitive to the microscopic, or local environment In particular, carrier 

dynamics are affected by potential fluctuations induced from compositional disorder. 

These potential fluctuations scatter electron-hole pairs, as well as induce localized states 

which serve as radiative recombination centers. 

Theories attempt to map this physical description onto a few parameters, for 

example, the width of the distribution in the Kohlrausch exponential. However, much 

work is required to achieve a quantitative and general description of the behavior of 

localized states. Though disorder induced localization has been observed in many 

systems, it is interesting that the states are detected in CdSxSel-x even at room 

temperature. There are several reasons why the localized states affect the alloy materials 

to a greater extent than may be expected from simple virtual crystal predictions. The first 

reason is the difficulty in determining the actual distribution of S versus Se atoms in these 

materials. This problem is extremely difficult to address, and for a real system, it is 

unknown whether significant clustering of S or Se atoms occurs. The assumption of a 

statistical distribution is necessary, as no other detailed picture of the composition is 

available. Therefore, theoretical predictions of the depth and density of localized states 
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may not correspond to the samples studied here. Experimental estimates of the mobility 

edge, i.e. energy at which the switch from localized to extended states occurs, are not 

sharp, but instead indicate a gradual transition. In theory, localized and extended states 

cannot exist at the same energy, but experimentally this distinction is not absolute. 

Hence it is also possible that disorder induced localization influences carriers over a 

greater energy range than predicted. 
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