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ABSTRACT 

This dissertation describes the study of various nonlinear optical effects in both 

bulk and quantum-confined semiconductors. Transverse effects in increasing absorption 

optical bistability are considered in bulk CdS for both single beam and wave mixing 

geometries. Measurement of the temporal response of Bils quantum dots is described 

using degenerate four-wave mixing and explained theoretically. Finally, the 

experimental techniques developed to measure the one- and two-photon absorption 

coefficients of CdS quantum dots in glass are described along with the latest theoretical 

description and interpretation of the experimental spectra. 

The basic theory of increasing absorption optical bistability is presented along 

with experimental observation of this effect in CdS at low temperture. Transverse 

effects in increasing absorption optical bistability were observed in single beam 

experiments with CdS at low temperatures. The ring structures observed experimentally 

are explained theoretically. Degenerate four-wave mixing performed with this 

nonlinearity is theorectically shown to produce new scattering orders compared with a 

standard Kerr analysis. Experimental observation of these new scattering orders is 

presented. 

The temporal response of the nonlinearity in a soh!tion of Bils quantum dots in 

acetonitrile is determined using degenerate four-wave mixing. The independent 

contributions to the phase-conjugate signal are determined for both of the spatial 

gratings induced in the solution. The observed temporal responses indicated that a 

thermal mechanism was responsible for the nonlinearti:Y. A theoretical analysis based on 



13 

a thermal nonlinearity is presented which provides good agreement with the observed 

responses. 

The experimental techniques necessary to measure the one- 'and two-photon 

absorption coefficients of CdS quantum dots are described. The resultant measurements 

of quantum dot samples with microcrystallites ranging from 3.6 to 10.8 nm in diameter 

indicate no splitting of the energy levels associated with the hole. Theoretical spectra 

indicate this can be partially explained by the inclusion of Coulombic effects of the 

charged electron-hole pair. 
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CHAPTER I 

INTRODUCTION 

Nonlinear optics using semiconductors has been an area of active research in 

recent years. Interest in future opto-electronic devices has spurred research into 

understanding the fundamental physics of semiconductors and development of a variety 

of devices [Gibbs (1985)1. Particular interest has been focussed on semiconductors and 

semiconductor structures because of the large optical nonlinearities which exist in these 

materials. Semiconductors exhibit strong absorption features which provide a large 

resonant enhancement to the nonlinearities [Peyghambarian and Koch (1989)]. The 

compactness of semiconductors lends itself toward high density packing of individual 

devices as well as toward fundamentally different propagation effects of light compared 

with lower density nonlinear media. The microscopic effects which generate the large 

nonlinearities in semiconductors have been explained by many-body interactions of 

photo-generated carriers [Banyai and Koch (1986)] and thermal excitation of the 

semiconductor lattice. 

Optical Properties 01 Semiconductors 

The interaction of radiation and semiconductors involves the absorption of light 

with the generation of electron-hole pairs in the conduction and valence bands of the 
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semiconductor. In direct gap semiconductors, the alignment of the conduction and 

valence bands in momentum space allows the direct absorption of light at the band 

extrema without the assistance of phonons. The density of states in the bands of bulk 

direct-gap semiconductors increases as ";fzw - E, where fzw is the energy of the 

absorbed photon and E, is the energy gap at the band minima. Below the bandgap and 

exciton features, light propagates as through a dielectric. Above the bandgap, light 

propagation is modified by the strong absorption. The availability of absorption states 

is enhanced by the Coulomb interaction between the electron-hole pairs. This 

enhancement is continuous above the bandgap and discrete below the bandgap. The 

appearance of sharp absorption lines below the bandgap is due to the formati.)o of 

bound electron-hole pairs which are called excitons and have been categorized into two 

types. Frenkel excitons are very tightly bound at the location of a single atom in the 

semiconductor lattice and can travel throughout the crystal from atom to atom. Wannier 

excitons, on the other hand, are loosely bound states of the electron and hole. They 

extend over a large number of atoms in the lattice and behave very similarly to the 

hydrogen system. The excitoruc absorption as well as the Coulomb enhanced continuum 

absorption as a function of photon energy are diagrammed in Fig. 1.1. The absorption 

spectra of realistic semiconductors are similar to that shown in Fig. 1.1 with broadening 

of the features induced by phonon interactions. At low temperatures, the excitonic 

resonances appear very sharp since the thermal energies are small. But at higher 

temperatures, the features are broadened or washed out all together depending on the 

energy of the features versus the average thermal energy. 

Changes in the optical properties of semiconductors (i.e. optical nonlinearities) are 

induced by large numbers of photo-generated electron-hole pairs. These many-body 

effects include screening of the Coulomb interaction, bandgap renormalization, and 
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n-1 

n-2 

n-3 

Schematic diagram of semiconductor absorption spectrum. The dashed 
line represents the spectrum in Coulomb interactions are neglected. The 
solid line represents the enhanced spectrum with Coulomb interactions 
included. [Park (1988)] 
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band filling [Haug (1988)]. Screening of the Coulomb interaction between two charged 

particles occurs when a substantial number of other charged particles are present since 

the charges distribute themselves to reduce the Coulomb forces they extert on each 

other. In the case of excitons. the screening of the Coulomb attraction between the 

electron and hoi" increases their separation and reduces the binding energy. This 

broadens and bleaches the exciton line. With high enough carrier densities. known as 

the Mott density. the Coulomb potential is screened sufficiently that the excitons ionize 

into a degenerate electron-hole plasma. Coulomb enhancement of the continuum states 

is also reduced by screening. 

The presence of large electron-hole densities also results in a reduction of the 

semiconductor bandgap. referred to as bandgap renormalization. The reduction of the 

bandgap shifts the absorption edge of the band to lower energy. This red shift offsets 

the blue shift of the exciton (whose binding energy is reduced) such that the spectral 

position of the broadened exciton remains almost the same. [Fehrenba.;:h et al. (1982)] 

Band filling occurs because of the finite number of states available at the bottom 

of the conduction and top of the valence band. Electrons (holes) excited above (below) 

the band thennalize to fill the bottom (top) of the band and make further transitions at 

those photon energies impossible. The minimum energy for a new photon to make a 

transition is increased. This results in an apparent blue shift of the absorption edge. 

Bandgap renormalization is a less dominant effect in GaAs with a bandgap energy of ~ 

1.5 eV. CdS. on the other hand. with a bandgap near 2.5 eV exhibits a strong red shift 

of its absorption edge at low temperature with increasing carrier density. [Bohnert et aJ. 

(1983). Schmidt et al. (1983)] 

Another optical effect in semiconductors relys on the temperature dependendence 

of the absorption spectra. The absorption of radiation generates calTiers which 
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thermalize with the lattice thereby heating it and changing the optical properties of the 

semiconductor. This indirect process is slow and requires a significant amount of 

absorbed radiation to induce the optical changes. Thermal effectS, however, are 

important with respect to higher speed processes if the average excitation heats the 

lattice. For device considerations, the understanding of thermal effects is important in 

terms of controlling or minimizing unwanted changes. 

The changes in the optical absorption spectra of semiconductors due to carrier 

densities also result in changes to the refractive index of the semiconductor. The 

relationship between the refractive and absorptive change.'l is given by the Kramer

Kronig relations [Kittel (1976)]. It is these refractive changes which have been 

promoted and investigated for various nonlinear devices [Gibbs (1985), Gibbons (1987)]. 

The general optical properties of semiconductors can be greatly modified through 

the introduction of physical boundaries which limit the size of the semiconductors. If 

the sizes are comparable to the characteristic length of electron-hole pairs in the 

semiconductor, quantum-confinement will limit the allowed motions of the particles. 

Planar quantum wells which confine a single dimension of the electron and hole motion 

have been produced through careful growth technigues (e.g. molecular beam epitaxy) 

and have resulted in enhanced excitonic absorption features [Gibbs (1985]. Even more 

recently, growth of semiconductor systems which confine all three dimensions of the 

electron-hole pairs has been making progress [Brus (1986), Borelli et aI. (1987), Reed et 

aI. (1986), Wang and Herron (1987»). Systems in which all three dimensions are 

confined are called quantum dots. Unlike bulk semiconductors, quantum dots of 

semiconductors possess properties which have only now begun to be understood. 

Growth techniques are improving but are still in a primitive stage and modelling of the 

various physical processes which take place is also still in a stage of development. 
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Scope 0/ Disser/alio" 

The common thread between the topics discussed in this dissertation is the effect 

of high intensity laser beams on semiconductors and subsequently the effect of excited 

semiconductors on the laser beam. The dissertation is basically· divided into two 

sections. In the first section, consisting of chapters 2 and 3, transverse effects are 

considered in increasing absorption optical bistability using bulk semiconductor crystals. 

In the second section, consisting of chapter 4 and S. studies of the optical properties of 

semiconductor quantum dots are reported. 

In chapter 2, the spatial effects of a Gaussian beam incident on a CdS platelet are 

investigated. Previous experimental studies of increasing absorption optical bistability 

(IAOB) have only considered whole beam switching. We show the effects of partial 

switching of the semiconductor absorption which results in spatial ring structures in the 

output intensity profiles. For real devices, partial switching is extremely important in 

understanding the response of a device. Nonuniform transverse switching can also lead 

to new physical effects as described in chapter 3 where we performed degenerate four

wave mixing using IAOB as the nonlinear mechanism. The effects of a spatial Gaussian 

beam profile on the usual four-wave mixing scattering spectrum is theoretically shown 

to produce new scattering orders. We present experimental results which confirm the 

appearance of the expected new orders. 

Studies of two different types of quantum dots were performed. Chapter 4 

investigates the temporal response of the nonlinear refractive index of a colloidal 

suspension of BiI, quantum dots. Previous work in this system identified a fast, 

electronic nonlinearity. This work found the nonlinearity to be very slow and more 

consistent with a thermal mechanism. A more promising quantum dot system consisting 
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of CdS microcrystallites in a glass is considered in chapter S. Experimental one- and 

two-photon absorption spectra are presented for a number of different samples with 

different heat treatments. These spectra are interpreted in an attempt to understand the 

level structure of the lowest excited states in the Quantum dots. 
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INSEN.UCONDUCTORS 

21 

Optical bistability is a phenomenon which has seen meteoric growth in terms of 

study and advancement since its first observation in semiconductors by Gibbs (1979). 

In terms of practical applications, it was seen as the harbinger of the optical computer. 

It's importance was viewed as similar to the development of the electronic transistor. 

The possibilities of aU optical switching and memory have lead to numerous ideas in 

serial and parallel optical processing, all with the promise of greater speeds and more 

powerful computing. 

The character of optical bistability requires two predominate features: a material 

whose optical properties change with the intensity of incident radiation; and a 

mechanism of feedback which reinforces these changes in optical properties. A number 

of materials and configurations which lead to optical bistability have been observed 

[Gibbs (1985)]. Feedback for most types of optical bistability is provided by mirrors in 

the form of a Fabry-Perot etalon. Bistability in an etalon may arise due to either 

absorptive or dispersive changes of the medium in the cavity. Absorptive bistability 

results from bleaching of the absorption in the cavity while dispersive bistability arises 

from refractive index changes which shift the cavHy resonance with respect to the laser 

wavelength. 
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Theory 0/ Increasing Absorplion Oplical Bislability 

A type of bistability which does not require feedback from external mirrors (nor 

any other form of external feedback) is increasing absorption optical bistability (IAOB). 

The feedback mechanism in this type of nonlinearity is linked directly to changes in the 

material properties. A general treatment of this phenomenon is covered by Miller 

(1984). One advantage of this intrinsic feedback is that bistability can occur with a 

single pass through the medium. No superposition of partially reflected waves is 

necessary as is true with optical cavities. This allows partial sample switching 

longitudinally along the medium. The effects of diffraction are minimized with a single 

pass resulting in greater transverse effects. Longitudinal effects are manifested in 

"kinks- which have been seen in semiconductor-doped glasses [Gibbs et aI. (1985») and 

explained theoretically [Koch et 01. (1984)]. Transverse effects have led to the 

prediction of spatial rings in the transmitted profile [Koch and Wright (1987») and have 

been observed in CdS [McGinnis e£ aI. (1989)]. 

Increasing absorption optical bistability was first seen [Rossmann et aI. (1983); 

Bohnert et aI. (1983)] in a CdS platelet at low temperature. Rossman et aI. attributed 

increasing absorption to broadening of the exciton. Bohnert et aI. described the 

phenomenon as resulting from a shift in the bandedge to lower energy due to the 

presence of photoexcited electron-hole pairs (i.e. bandgap renormalization). A 

theoretical description of the microscopic mechanism which led to this was developed 

[Schmidt et aI. (1984»). A simpler macroscopic model was introduced [Lindberg et aI. 

(1986») which accurately described the effects due to the band shift. In this section, a 

summary of this theory will be presented as the basis for the subsequent discussions of 

ring structures and degenerate four-wave mixing. 
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For a physical description of IAOB, consider the simplified absorption spectrum 

of an unexcited semiconductor, such as CdS, shown in Fig. 2.1(a). Pertinent features 

include the bandgap. labelled E" and an exciton, labelled A. The· introduction of 

electron-hole pairs into the semiconductor results in a number of changes in its 

absorption spectrum. The most immediate change is in the exciton feature. Fig 2.1(b) 

shows the bleaching and broadening which occurs due to screening of the Coulomb 

potential. With greater electron-hole pair densities, screening reduces the bandgap 

energy. This results in a red shift of the absorption edge, as shown in Fig 2.l(c) and is 

called bandgap renonnalization. The physical processes occurring within the 

semiconductor are described by the partially phenomenological theory developed by 

Banyai and Koch (I 986). 

The importance of these two effects toward IAOB is in their ability to provide 

feedback with the appropriate tuning of the pump laser. If the laser is tuned below the 

exciton in the tail of the absorption feature, we can see that both exciton broadening 

and bandgap renormalization create an increase in the laser absorption. In the tails of 

the exciton peak, pump laser absorption broadens the exciton peak and increases the 

absorption in the tails. This provides positive feedback for increasing absorption. 

Increasing the pump laser power further results in an increase in electron-hole pair 

generation which red shifts the bandedge and increases the laser absorption. Both 

feedback mechanisms are purely intrinsic arising from changes in the material 

properties. Bandgap renonnalization I'equires a higher incident light intensity but the 

red shift in the band results in absorption changes much more dramatic than the 

absorption increase due to exciton broadening. 

We model increasing absorption due to bandgap renormalization using the theory 

of Lindberg et aI. (1986). The absorption coefficient a of the semiconductor is a 
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Simplified semiconductor absorption spectrum for different excited 
electron-hole pair densities: (a) 1 x 1011 cm-s, (b) 4 x 1016 cm-s, and (c) 
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simplified band edge which is described in terms of the light frequency w and the 

excitation density N as 

w S wt.(N) } 

wt.(N) s w S WJI(N) , 

WJI(N) s w 

(2.1) 

where wt.(N) and WJI(N) are the transition frequencies between the low QL and high QH 

absorption plateaus, respectively. We assume that the red shift of this band is linear 

with the excitation density N 

wt.(N) .. wt.(0) - N t~ 

and 

WJI(N) - Wz,(N) + !lw, 

(2.2) 

(2.3) 

where !lw is the frequency difference between the upper and lower absorption states 

and !IN is the carrier density necessary to generate a frequency shift equal to Aw. This 

absorption spectrum is shown for two excitation densities in Fig. 2.2 with material 

parameters CA'k .. CA'k(O), !lw. !IN. QL' QH chosen to describe CdS near 10K. These 

values are 

fzw III 2.548 e V. fzWz, .. 2.55 e V 

fz!lw III 0.01 eV, !IN co 0.5 x 1010 cm-'. 
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Associated with the changes in material absorption are dispersive changes which 

affect phase-sensitive interactions such as four-wave mixing. The change in refractive 

index of the material is related to its absorption change through the Kramers-Kronig 

relation 

00 

.t1n(w N) £ pJ dw' P.a<w'.N) 
, • 11' w'2 - w2 ' 

o 

(2.4) 

where .t1ll(w,N) .. Il(w,N) - Il(w,O). Evaluating this integral with EQ. (2.1), we obtain 

an analytical solution for the refractive index change of the material 

.t1n(w N) _ (aR - atlc (2w In[W + Wu(N) W + Wr. ] 
, 211'W.t1w W + eua W + wt (N) 

+ F",[Wg(N)] - FIA/(wt(N)] - FIA/(eua] + F",[wt)), (2.5) 

where FIA/(x) .... (w - x) In[lw - xl/(w + x)]. 

For a fixed laser frequency tuned below band (as given above), the absorption 

increase and corresponding change in refractive index are shown in Fig. 2.3 as a 

function of excitation density. For small excitation densities, the refractive index 

increases then peaks and decreases, ultimately becoming negative for large densities. 

The peak index change occurs midway along the absorption increase. 

We may rewrite the absorption coefficient given by Eq. (2.1) specifically in terms 

of the excitation density as 
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N< NL I 
NL ~ N ~ NH ' 

NH S N 

(2.6) 

where NL and NH are defined using Wr.(NL) = WJJ(NH) .. w. 

The relationship between the internal light intensity I and the local excitation 

density N is described through a nonlinear diffusion equation [Koch and Wright (I987)J 

aN III _ N. + ~ I + DvzN 
at fR liw 

(2.7) 

where fR is the relaxation time of the carriers and D is the diffusion coefficient. The 

first term describes the decay of carriers through all possible mechanisms; the second 

term describes the generation of carriers as the product of the excitation-density-

dependent absorption and the light intensity; the final term describes diffusion 

processes. This last term can be broken up into transverse and longitudinal components 

with respect to the light propogation where we write 

(2.8) 

where Dz and Dr are the transverse and longitudinal diffusion coefficients, 

respectively. The effects of diffusion will be considered later in studying transverse 

effects in the excited electron-hole plasma. 

Initially, we consider the simplest situation in which diffusion is large enough to 

homogenize the density and the last term in Eq. 2.7 can be neglected. For all the cases 

considered here, the material length is shorter than the longitudinal diffusion length. 
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This means that the excitation is considered to occur equally throughout the length of 

the material even though the intensity may vary along the length of the sample. This is 

related to the mean-field approximation used in other forms of bistability [Gibbs 

(1985)]. We can represent the internal intensity of the light in the material under these 

conditions as 

I(r, Z, t) = Io(r, t) e-sa(N(r,t)). (2.9) 

Substituting Eq. (2.9) in (2.7) (with the diffusion term neglected) and averaging over 

the length L of the sample to yields 

aN N I - e-a(N)L 
- ... - - + fiwL Io(r,O. at TR 

(2.10) 

The solution to EQ. 2.10 in steady state (aN/at .. 0) is a transcendental equation which 

can be graphically solved. We may write this equation as 

a(N) "" ~'N, (2.10) 

where Q(N) .. [I - e-a(N)LVL and S' = fiw/TRIo' then plot the left and right hand sides 

versus N. Valid solutions for Eq. 2.10 exist wherever these two curves intersect as 

shown in Fig. 2.4 for various values of S' which is inversely related to the incident 

intensity. We see for appropriate intensities with sufficient contrast and steepness 

between high and low absorption states that three solutions exist for a given intensity. 

This is a characteristic feature of bistability [Gibbs (1985)) and we can construct a 

hysteresis loop plotting N versus I for solutions of Eq. (2.10). This is shown in Fig. 2.5. 
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The multivalued nature of the material excitation is unique with respect to other forms 

of optical bistability. The excitation cannot be expanded in terms of increasing powers 

of light intensity. As such, the usual expansions of optical susceptibilities used in 

nonlinear optics cannot be applied unless the susceptibilities are expressed in terms of 

the excitation N. 

Using EQs. (2.5) and (2.6) with the solutions to (2.10), the absorption and index 

of refraction are found as a function of the incident intensity as shown in Fig. 2.6. 

This figure represents the important result of this discussion. It shows that with 

increasing input intensity, a critical input intensity, If' is reached and the material 

undergoes a sharp increase in absorption. Once the high state of absorption is attained, 

the input intensity may be reduced but the material will remain highly absorbing until 

the other critical intensity, 11 is reached, and the material relaxes to its low absorption 

state. The coexistance of two possible states for a given input condition is the signature 

of bistability. The middle solution is unstable and is not attainable experimentally. The 

sharp threshold in changes of the material properties is a key factor in observing new 

transverse effects which are discussed later. 

The quantities directly measured in a bistability experiment ~e the incident and 

transmitted intensities. We relate the transmitted intensity to the absorption in the 

material with 

(2.11) 

where a(N) is shown in Fig. 2.6. The resulting hysteresis plots for transmitted versus 

incident intensity are shown in Fig. 2.7. After initially following the incident intensity, 

the transmitted intensity switches down to a low state upon reaching the critical 
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intensity and remains there with further increases in input. Upon decreasing the 

incident intensity, the transmitted intensity remains low until the other critical intensity 

is reached and the material returns to its high transmitting state. These switching 

characteristics are very similar to those of a bistable Fabry-Perot etalon viewed in 

reflection [Gibbs (1985)]. 

Increasing Absorption Optical Bistability with Cadmium Sulfide 

A material which exhibits IAOB is the semiconductor CdS. This is a fairly large 

bandgap II-VI class semiconductor with its absorption edge near 490 nm when cooled to 

10K. CdS typically grows in a hexagonal crystal structure. It is a uniaxial crystal with 

its optic axis lying in a natural cleavage plane so that thin platelets can be created with 

the optic axis parallel to the surface facets. The electronic structure of CdS is split into 

three bands due to its crystal field and spin-orbit coupling as shown in Fig. 2.8. These 

three bands are usually labelled A, B, and C from the least to the most energetic 

transition, respectively. The excitons associated with these bands are labelled with the 

band name and a subscript which describes the excitation level of the exciton. The A 

band is dipole forbidden for Ellc as shown in Fig. 2.9. 

Optical bistabllity due to increasing absorption has been observed in CdS and has 

been attributed to both thermal [Dagenais and Sharfin (1984)] and electronic [Rossmann 

et a/. (1983); Bohnert et a/. (1983); Wegener et a/. (1986)] nonlinearities. We are 

primarily interested in the electronic nonlinearity due to its faster response time. Since 

increasing absorption is due to the presence of real electron-hole pairs, the temporal 

response is limited by the lifetime of the carriers. 

Rossmann et al. attributed increasing absorption to excitonic broadening while 
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Bohnert et a1. attributed increasing absorption to bandgap renonnalization. We found 

increasing absorption due to both mechanisms and identified the different regimes 

under which each mechanism is dominant. The experimental setup -used to measure 

IAOE is shown in Fig. 2.10. Increasing absorption due to excitonic broadening was 

observed for intensities from 10 - 100 kW/cm2• The incident intensity necessary to 

initiate increasing absorption was dependent on the tuning of the laser with respect to 

the exciton features. IAOB could be observed with both Ellc and EJ.c. We chose to 

investigate with Ellc and used the B exciton. Tuning the laser closer to the exciton 

peak provided greater initial absorption and subsequently less intensity to initiate 

increasing absorption. Increasing absorption could be observed on either side of the 

exciton peak as well as anywhere between the n:al and n .. 2 exciton peaks. Greater 

intensities (~IOO kW/cm2) were necessary to observe increasing absorption midway 

between the n .. 1 and n=2 peaks since the initial absorption there was lower. The series 

in Fig. 2.11 shows the development of the bistable loop at this tuning for three 

different peak input intensities averaged over 100 pulses. Figure 2.1I(a) is a linearity 

check showing the response of the system for very low input intensity (l40W Icma). 

Only very small perturbations are seen with respect to the system response with no 

sample present. Figure 2.1I(b) shows the hysteresis loop for an input intensity of 14 

kW IcmJ • From this loop, we can seen switch down begins to occur at 9 kW Icma. The 

finite slope of the switch down and no distinct switch up are indicative of a dynamic 

response in the sample. Carrier lifetimes in this regime are approximately on the order 

of the pulsewidth which is 2 nsec. We will also see this in the transverse effects later. 

Figure 2.1I(c) shows the saturation of the nonlinearity with a peak input intensity of 

140 kW/cm2. If the laser was tuned to the peak of the exciton, no IAOB could be 

observed; only bleaching of the absorption was observed-. The symmetry of IAOB 
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about the exciton feature as well as the low switching intensity near the exciton tails 

leads us to believe that the nonlinear mechanism close to the exciton is broadening of 

the exciton. The temporal response of this mechanism is on the order of nanoseconds 

indicated by the complete lack of recovery of the system for the 2 osee pulse duration. 

Further from the 0xciton feature, particularly between the n-I and n-2 excitons 

as discussed above, increasing absorption is believed to be due to a combination of both 

excitonic broadening and bandgap renormalization. The higher carrier densities 

necessary to initiate increasing absorption in this region shortens the carrier lifetime 

which results in a partial recovery of the absorption for our pulse duration. 

Increasing absorption due to bandgap renormalization was observed at much 

higher intensities of I - 10 MW/cm" as in Fig. 2.12. The laser was tuned to the 

transparent region below the band edge. No increasing absorption could be observed 

for Ellc for the maximum intensities obtainable. For E perpendicular to c, IAOB was 

observed with much greater contrast than observed with excitonic broadening. The 

response time of the system was also greatly increased due to the greater carrier 

densities necessary to induce the large shift of the bandedge. The system can be seen 

to recover as the incident intensity decreases unlike the previous examples. 

Transverse Effects in IAOB 

Previously. we considered an infinite plane wave analysis of IAOB. In this 

section we consider the finite transverse extent of the incident field and its effect on 

the transmitted field. This analysis was developed by Koch and Wright (1987). The 

incident intensity is a transverse Gaussian with radial component r described by 
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(2.12) 

where Wo describes the beam waist. We still consider samples thinner than the 

longitudinal diffusion length but the finite transverse beam requires the inclusion of 

transverse diffusion in Eq. (2.7). Following the same analysis as given above, Eq. (2.7) 

becomes 

8N ( 82 I 8) N I - e-a(N)L I (t) r2/w~ - - DT - + - - N ::I - - + . IiwL 0 e . at 8r2 r 8r TR 
(2.13) 

The solution to this equation requires numerical analysis. This was performed by Koch 

and Wright (1987) using a slightly modified absorption given by 

). (2.14) 

The transmitted intensity profiles are obtained using 

(2.15) 

The results for the dynamic pump pulse are shown in Fig. 2.13. The effect of the 

Gaussian input is dramatic. For sufficiently small diffusion length with respect to the 

diameter of the input beam, we see a spatial ring in the transmitted intensity develope. 

Ths ring is due to the nonuniform switching of the material to its high absorption state. 

Since the center of the beam is more intense, it switches the material to a high 
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Theoretical formation of spatial ring incorporating dynamic response of 
increasing absorption. t/;, is normalized temporal coordinate and x/wo is 
normalized transverse spatlal coordinate. 
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absorption state. This results in low transmission of the center of the beam with high 

transmission of the edges. The diameter of the ring is determined by the intensity of 

the laser beam. A more intense beam results in a larger radius of high absorption and 

subsequently a larger radius transmitted ring. 

The effect of diffusion is to broaden the excitation diameter. For sufficiently 

large diffusion, the change in material absorption occurs over the entire beam and the 

entire beam switches so that no spatial rings appear. 

Experimental ObservaJion 01 Rillg FormaJioll 

Observation of the formation of spatial rings was performed with the 

experimental setup shown in Fig. 2.10. A nitrogen pumped dye laser provided a 2 nsee 

pulse which was tunable near the CdS absorption edge. A description of this laser 

system is in Appendix A. The beam was spatially filtered to approximate a Gaussian 

beam then passed through a 4S nsec delay arm to allow proper triggering of a streak 

camera. The beam was split to provide both incident and transmitted beams. The 

transmitted beam passed through the sample while the "incident" beam passed along side 

the sample. The sample plane was imaged onto the streak camera entrance slit. The 

horizontal slit sampled a central slice of both the incident and transmitted beam profiles. 

The temporal sweep of the camera provided a record of the developing profiles. The 

beams were focussed to a 90 JJm diameter. The horizontal axis of the streak image was 

calibrated by translating the edge of the sample with a micrometer. 

Samples of streak images are shown in Figs. 2.14-16. Figure 2.14 shows the 

transmitted intensity with the laser tuned near the B exciton with Ellc. The 

nonlinearity is due to excitonic broadening. The hole burned at the center of the 
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transmitted intensity increases with time resulting in a ring of increasing diameter. The 

nonlinear response time is slower than the pulse duration which causes an integration of 

beam power and no recovery of the material changes during the presence of the pulse. 

Figure 2.15 shows another ring formation but with the laser tuned near the A 

exciton for E perpendicular to c. Here the absorption saturates and' the peak of pulse 

shows up as a bright spot in the center of the ring. Again the nonlinearity is slow to 

recover. 

Finally. Fig. 2.16 shows a ring formed using bandgap renormalization. The 

higher carrier densities shorten the carrier lifetime and the absorption recovers as seen 

by the switch-up of the transmitted intensity at the end of the pulse. 

The results presented in this chapter show a good understanding of the physical 

processes which occur during IAOB. The formation of spatial rings occurs as predicted. 

The dynamic response of the CdS indicates response times on the order of 0.1 - I nsec 

depending on the carrier densities necessary to initiate increasing absorption. With the 

information derived from these measurements. we are better equipped tv understand 

degenerate four-wave mixing with the same system which is the topic considered in the 

next chapter. 
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CHAPTER III 

NEW SCAITERING ORDERS IN DEGENERATE FOUR-WAVE MIXING 

Degenerate four-wave mixing (DFWM) describes a process which has received 

much attention in nonlinear optics. In particular, DFWM is the basis for the heavily 

researched area of phase conjugation [Fisher (1982)]. It is also used in many material 

analysis techniques [Levenson (1982)], and was the first process used to generate 

squeezed-states of light [Slusher et al. (1985)]. 

The term degenerate four-wave mixing derives from a description of the optical 

waves involved in the interaction. Simply put, two waves form a grating in a nonlinear 

material. A third wave scatters off this grating to form a fourth wave; thus we have 

the term four-wave mixing. The adjective, degenerate, is used to describe the fact that 

all the waves involved are at the same frequency. 

Theory 0/ Degenerate Four-Wave Mixing in the Raman-Nath Regime 

We narrow the discussion to DFWM in the Raman-Nath regime. In this limit, 

the length of the grating is small with respect to the diffraction length of the light; this 

is also known as the thin grating regime. In contrast, long interaction lengths 

correspond to the regime of thick, volume or Bragg gratings [Kogelnik (1969)]. Phase 

matching restrictions in the Raman-Nath regime are much more relaxed than in the 

Bragg regime and can result in more scattered light waves from a given interaction 
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geometry. 

The simplest and most common geometry for DFWM in the Raman-Nath regime 

is called self-diffraction and is shown in Fig. 3.1. Two plane light waves interfere at a 

angle 8 in a material to produce a sinusoidal intensity pattern. The input field for this 

situation is given by 

(3.1) 

In our case, we will consider coparallel electric fields of equal magnitude, El '" Es .. 

Ep; and since the optical frequencies are degenerate, we have Ikll ... Iksl ::I k ::I noko '" 

2nnoll '" now/c, where no is the background refractive index of the material. With 

these simplifications, the input field reduces to 

Eo(x, z, t) ... 2Ep(t) eika COII(S/2) cos[kx sin(8/2»), (3.2) 

where the field is broken into its longitudinal and transverse components for the 

geometry of Fig. 3.1. In the Raman-Nath limit, only the transverse component of the 

field is important, so we consider the the input field 

(3.3) 

where Po '" k sin(O/2). 

A nonlinear material responds to this sinusoidal input field by changing its 

refractive index and possibly its absorption. The changes in material optical properties 

act as a complex transmission mask, T(x), and the field transmitted through the material 
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Geometry used for degenerate four-wave mixing in the Raman-Nath 
regime. 
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is described by 

£.r(x, t) .. T(x) Eo(x, t). (3.4) 

In writing the transmitted field in this form, we have assumed that. the sample is thin 

enough so that diffraction of the input field is negligible. This also limits the 

perturbations of the input field to small changes which don't greatly effect the 

diffraction of the field while it is in the medium. The transmission mask is a function 

of the input field and its form is dependent on the type of nonlinearity provided by the 

medium. A Kerr medium changes its refractive index linearly with intensity. We may 

write this as 

(3.5) 

where nJ is the intensity dependent refractive index. This form of nonlinearity results 

in a sinusoidal phase grating in the material. Using Eq. (3.3) in Eq. (3.5), we write the 

refractive index in the material as 

n(x) '" nb + ~n(x), (3.6) 

where nb - no + 2n2EJ and ~n(x) ... 2n2EJ cos(2.Box). Since scattering only results from 

the modulated index, we can ignore the background index term and write the 

transmission mask as 

(3.7) 
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where L is the length of the nonlinear medium. It is this length that is restricted by 

Raman-Nath conditions to satisfy [Eichler (1977)] 

(3.8) 

where A - 21r/2/Jo is the wavelength of the refractive index grating. 

The transmission mask, T(x), is a mathematical representation of the grating 

written by the two input beams. Both input beams scatter off this grating to produce 

multiple scattered orders. Allowed scattering angles are determined by the phase-

matching condition km .. k + 2m/Jo' The magnitude of scattering into each order is 

determined by the form of T(x). To determine the scattering efficiency into each 

order, we need to propogate the transmitted field at the sample into the far-field. 

The near-field intensity pattern of the the field transmitted through the sample is 

simply related by the squared modulus of the transmitted field. For our phase-only 

grating, this is an unexciting pattern since it exactly reproduces the input intensity 

pattern. The far-field pattern is much more interesting because it resolves the scattered 

waves. This Fraunhofer diffraction pattern is determined by the Fourier transform of 

the transmitted field [Goodman (1968)]. We use the transform pair 

E(/J, t) == . ~ JOO dx E(x, t) e-i,6x 
v211' -00 

and 

(3.9) 



E(x, t) a . ~ JOO d{3 E({3, t) ei{Jx 
v27r -00 
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(3.10) 

to describe the relationship between the near- and far-fields. The scattering angle 1/1 is 

related to the spatial frequency {3 through {3 .. k sin(I/I/2). Inserting Eq. (3.4) with Eqs. 

(3.3) and (3.7) into Eq. (3.9) yields 

00 

E({3, t) '" ~ L~x cos({3oX) ei2kODJEJL cOI(2Po") e-i{Jx. (3.11) 

Expanding the cos term into exponentials, we can see the scattering spectrum consists 

of the superposition of scattering orders from each individual input beam 

00 

E({3, t) III 5L J dx ei2koD'J.EJL cOI(2Po") e -1(P-PO>x 
V2i -00 

The analytical solution to Eq. (3.11) is found using the identity 

00 

eimeOll(x)... L jq Jq (m) eiqx 

q=-oo 

(3.12) 

(3.13) 

where Jq is a Bessel function of the first kind, order q. The scattered field is then 

given by 
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00 

E(P,t) - Jt I (iq Jq (2kon:EtL) 6(P-Po-2qpo) 

q .. -oo 

(3.14) 

where o(P) is a Dirac delta function. Thus the scattered field consists of a multitude of 

orders separated by 2Po - 2k sin(I1/2). For a small incident angle 11, which is necessary 

to satisfy Eq. (3.8), the scattered orders are separated by an angle '" ::0 11 as shown in 

Fig. 3.1. The intensity of the scattering spectrum is given by the squared modulus of 

Eq. (3.14) and is shown in Fig. 3.2. This is the pattern which is measured by film or 

CCD array in a typical DFWM experiment with this geometry. The magnitude of 

scattering into one of the first diffracted orders is proportional to the first order Bessel 

function 

(3.15) 

For small index changes Jky) = "1/2 and we can write the scattering efficiency as 

(3.16) 

This result is the same as previous formulations [Peterson (1987)J and can provide a 

useful measure of a material's intensity-dependent refractive index under the described 

conditions. 

We shall use the result displayed in Fig. 3.2 as a standard by which to compare 

the results we will obtain in the following section. 
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Scattering intensity distribution for ideal DFWM with Kerr medium as a 
function of scattering angle. 
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Subharmonic Bi/urcaLion in DFWM with IAOB 

In the previous section, we considered DFWM with a simple Kerr nonlinearity. 

Now we will incorporate the nonlinearity discussed in Chapter II which results in 

increasing absorption optical bistability. In doing so, we will see a dramatic change in 

both the transmitted field as well as the scattering spectrum. The following analysis 

was developed by Wright et al. (1989). The appearance of new scattering orders due to 

subharmonic bifurcation of the excitation density grating depends upon the strong 

modulation present in IAOB. 

The DFWM geometry is the same as considered before, but now a Gaussian beam 

profile is incorporated into the input beams and we explicitly write the time 

dependence for a Gaussian pulse. As such the input field is written as 

(3.17) 

where lp is the pulsewidth, Wo is the beam waist, and 0 .. Powo is approximately the 

number of fringes under the beam waist. Figure 3.3 shows the intensity pattern 

generated by this input field for 0 ::0 8. The transmission mask generated by this input 

field is 

T() ikoton(w,N)L - a(w,N)L/2 x ... e , (3.18) 

where we have incorporated changes in absorption and well as changes in refractive 

index which are excitation density dependent. An(w, N) and o(w, N) are described by 

Eqs. (2.5) and (2.6), respectively. 
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2 

Intensity distribution incident on the sample used to model bifurcation of 
the scattering orders. 
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The transmitted field is given by Eq. (3.4) with T(x) given by Eq. (3.18). The 

transmitted intensity is found by squaring the transmitted field and the scattering 

spectrum is found using Eq. (3.9). 

A description of the phenomena begins with a low intensity of the incident fringe 

pattern; the smaIl excitation density grating in the semiconductor generates both 

refractive and absorptive gratings which scatter the incident beams into many different 

diffraction orders. These orders are similar to our previous description of DFWM. As 

the incident intensity increases, the central fringe reaches an intensity sufficient to 

switch the center of the density distribution to the upper branch of the bistable loop. 

This lobe of high excitation density acts as a strong scattering center producing a broad 

background in the scattering spectrum. As the peak input intensity is further increased, 

three fringes reach sufficient intensity to switch the excitation density as shown in Fig. 

3.4(a). The effect on the output intensity pattern is seen in Fig. 3.4(b) with sharp holes 

being eaten in the central three fringes in the near field. Figure 3.4(c) shows the 

corresponding distribution in the far field and new scattering orders appear midway 

between the primary orders. As more fringes achieve intensities above switching 

threshold, bifurcations in the scattering spectrum continue until the new orders are no 

longer resolvable. This proliferation of new scattering orders is due to sub harmonic 

bifurcations in the induced density gratings [Wright et al. (I 989)J. The fundamental 

reason for the appearance of new orders rests in the creation of new spatial frequencies 

due the IAOB nonlinearity. Kerr-type nonlinearities cannot generate the fundamental 

change in the grating period like the IAOB nonlinearity. 

To help understand the appearance of subharmonic orders, we may consider a 

linear optics experiment as an analogy. Consider a grating composed of narrow slits. A 

coherent monochromatic light wave is normally incident upon this grating. The number 
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Theoretical example of sub harmonic bifurcation. (a) Excitation density 
and (b) transmitted intensity as a function of tranverse position 
coordinate. (c) Scattering spectrum from the same excitation. Peaks at ±I 
are the transmitted pumps and ±3 are the first scattered orders expected 
in standard DFWM. Peaks at 0 and ±2 are new scattered orders associated 
with the subharmonic bifurcation of the density grating. 
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of slits in the grating is variable. Each slit radiates an electric field which is coherent 

with all the other radiated fields. The total radiated field is given by 

(3.19) 

The electric field from any two adjacent slits at a point P is written as 

(3.20) 

where Ii describes the extra phase accumulated by En+l due to the different path it had 

to traverse to reach point P. Each field can be plotted in the complex plane as a vector 

whose magnitude is given by En and whose phase is given by nS. Such a phasor 

diagram is shown in Fig. 3.S. The total electric field is given by the vector addition of 

these fields. 

Let us consider the effect on the total electric field in the far-field as we vary 

the number of slits in the grating by using the phasor diagram. For a single slit, the 

field is constant at any point. Likewise the intensity, I ::II &f. is constant in all 

directions. This is shown in Fig. 3.6(a), where we say that a single slit created a broad 

scattering background. 

Now let's add two more slits and add the electric fields. Fig. 3.6(b) shows the 

phasor diagram for special points where 6 .. O. 21f/3. 1f. 41f/3. and 21f. As the phase is 

swept, we can see that a secondary maximum is generated between the primary 

maxima. The presence of this scattering order is directly related to the new 

subharmonic order generated in the nonlinear case. 

Adding two more slits, we see from Fig. 3.6(c) that the scattering spectrum 
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Fig. 3.6 Phasor diagram and far-field intensity pattern showing evolution of 
scattering spectrum for (a) one slit, (b) three slits, and (c) five slits. 
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"bifurcates" again with the presence of tertiary maxima located midway between the 

orders of the previous spectrum. Notice that the intensity of the secondary and tertiary 

orders is smaller than in Fig. 3.6(b). As the process of adding slits continue, the 

spectrum continues to bifurcate with a subsequent reduction in the intensity of the non

primary orders. In the limit of an infinite number of slits, the phase mismatch between 

primary orders is complete; no orders exists between the primary orders. If the slits 

are replaced with opaque regions on a transmitting surface, we will obtain a very 

similar scattering pattern in the far field. This can be seen easily if we describe the 

slits with f(x) and the complementary opaque pattern with I - f(x). The scattering 

spectrum of the slits as shown in Fig. 3.6 is given by .9"{f(x» where .9" is the Fourier 

transform of Eq. (3.9). The scattering spectrum of the opaque pattern is given by .9"(1) 

- .9"(f(x» which the produces the same intensity pattern as that from slits but with a 

large undiffracted signal. 

Equipped with this analogy, we may now physically understand the development 

of the scattering spectrum from DFWM with IAOB. As the central fringe reaches an 

intensity sufficient to switch the material to its high absorption state, this lobe acts 

much like the a single slit generating a broad background spectrum. As the central 

three fringes switch the material to its high absorption state, they act in much the same 

way as the three slits and generate a spectrum which contain new sub harmonic orders. 

These orders will bifurcate again with further increases in intensity. The process 

reverses itself as each successive pair of fringes decreases below the bistable threshold. 

ObservaJ;on of New SCaJler;ng Orders 

To observe the scattering spectra described above, we used the experimental setup 
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shown in Fig. 3.7. A nitrogen pumped dye laser provided a 2 nsec pulse which was 

tunable near the CdS absorption edge. This laser system is described in Appendix A. 

The beam was spatially filtered to approximate a Gaussian beam then passed through a 

45 nsec delay arm to allow proper triggering of a streak camera. The beam was then 

split and recombined in a modified Mach-Zehnder interferometer. Due to the short 

coherence length «1 mm) of the laser beam, much care was taken to match beam paths 

at the sample to ensure high visibility fringes. The fringe period could be adjusted by 

translating one of the input beams across focussing lens LF • The input beams were 

foccussed on LF so both beams had plane wave fronts. Under these conditions, LF 

produced the Fourier transform of these two beams at its focus. The input field is thus 

precisely given by Eq. (3.17). The number of fringes under the beam envelope at the 

sample is given by 0 = sid, where s is the separation of the beams at the lens and d is 

the beam waist at the lens. For these experiments, d ::::! 1 mm and s ::::! 8 mm which 

provided 0 ::::! 8. By imaging the sample, we found the fringe period was 23 I'm under 

the 90 I'm Gaussian beam envelope. 

The sample consisted of a 5-l'm platelet of CdS held at 10K. Cooling was 

provided by a closed-loop He refrigeration dewar and the temperature monitored with 

calibrated thermocouple. The electric field polarization and wavevector were oriented 

perpendicular to the crystallographic c-axis. The laser was tuned to 488 nm which is 

on the low energy side of the A-exciton (least energetic transition). With a peak pump 

intensity of ::::!IO MW/cms, the CdS platelet exhibited increasing absorption optical 

bistability consistent with previous work [Bohnert et al. (1983)]. Carrier diffusion at 

these intensities (::::!5 I'm) [Weber el al. (1988)] is less than the grating period (::::!25 I'm) 

so the excitation density grating is not washed out. Carrier lifetimes at these intensities 

are 150 psec [Weber et al. (1988)] compared to the 2 nsec pulsewidth. 
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Fig. 3.7 Experimental setup used the generate and view near and far fields of 
scattering spectrum due to DFWM with IAOD. LI images near field onto 
streak camera. Lr is cylindrical lens inserted to image horizontal Fourier 
transform onto streal camera. 
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Detection of the transmitted intensity profiles (near field) and scattering spectra 

(far field) of the nonlinear grating in the CdS platelet was accomplished with a streak 

camera and temporal analyzer. First the near field was imaged onto tlie 'entrance slit of 

the streak camera with a single lens, L4, with a magnification of about 10. The 

horizontal entrance slit provided single dimensional spatial resolution' of the near field 

while the vertical sweep of the streak camera provided temporal resolution of the 

developing profiles. By translating the sample edge across the beam with a micrometer, 

the horizontal scale of the streak image was calibrated. Figure 3.8 shows the 

transmitted intensity profile at three different times from a single laser pulse. At the 

beginning of the pulse, the low intensity interference fringes generate an excitation 

density grating which only slightly perturbs the transmitted field. The near field 

intensity profile in Fig. 3.8(a) is very similar to the input intensity profile. But as the 

input pulse rapidly builds, an intensity is reached where the three central fringes are 

above threshold for switching to their high excitation state. Since the centers of these 

three fringes are transmitted through high absorption peaks, each fringe has a hole 

eaten out of it, much in the same way as the ring structures were developed. This can 

be seen in Fig. 3.8(b). As the laser pulse reaches its peak power, we can seen in Fig. 

3.8(c) that the next set of fringes have switched the sample and now also exhibit holes. 

This represents a majority of the density grating having switched to the upper branch 

of bistability. 

The goal of this project was to observe the appearance of scattering orders which 

existed at subharmonics of the usual scattering orders. These new orders were predicted 

using a single transverse dimension in the analysis. The tremendous increase in 

computer time and money to compute a full two-dimensional analysis was a prohibitive 

task given the support of this project. As such, we were limited to an analysis which 
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EXPERIMENT-NEAR FIELD 

(c) 

(b) 

(a) 

TRANSVERSE POSITION 

Experimental transmitted intensity profiles (near field). Three times are 
shown for the laser pulse: (a) 0 ns, the beginning, (b) 1 ns, the leading 
edge, and (c) 2 ns, the peak of the pulse. The peak intensity of each 
laser beam is S.l MW Icms. The dips at the center of the three central 
fringes in (b) indicate the bifurcation of the excitation density grating. 
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assumed a constant intensity along the direction of the interference fringes. 

Experimentally. we are fairly weil constrained to circularly Guassian beam cross

sections which produce a Guassian intensity along the direction of the fringes which in 

this case was vertical. As each fringes switches the material properties. a vertical 

modulation along the length of the fringe is also induced as shown in Fig. 3.9. much 

like the ring structures. This results in vertical diffraction which should also be Fourier 

analyzed. Given this incompatibility. we proceeded along anyhow. since the salient 

features of the one-dimensional model predict the appearance of new orders and we 

could at least look for their appearance if not quantitatively calculate their magnitude. 

To try to overcome the incompatibility of one versus two dimensions. an 

astigmatic imaging system was used to perform the Fourier transformation. The idea 

behind this form of imaging system was to correct for vertical diffraction by reimaging 

the vertical dimension through the streak camera entrance slit. Along the horizontal 

axis. we perform the Fourier transform with a cylindrical lens. Specifically. we inserted 

a cylindrical lens LT between LJ and the streak camera entrance slit. This lens was 

positioned to image a plane just inside the back focal plane of LI onto the entrance slit. 

This plane contains the Fourier transform of the transmitted field [Gaskill (1978)]. The 

vertical dimension is unaffected by the cylindrical lens. The overall effect of this 

imaging system at the entrance slit of the streak camera is to produce an image of the 

transmitted field in the vertical direction and to produce the Fourier transform of the 

transmitted field in the horizontal direction. 

A sample of the streak images produced by this system are shown in Fig. 3.10. 

Again. these were taken from a single laser pulse. The three times shown are the same 

shown in Fig. 3.8. At the beginning of the pulse. the excitation density grating 

produces scattering similar to a Kerr medium as seen in Fig. 3.10(a). But with the 
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Illustrated "snapshot" of near field profile when three central fringes have 
switched to high absorbing state. Modulation in the y-dimension is not 
modelled by the theory and effects the scattering spectrum in the far 
field. 
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switch-up of the three central fringes, in Fig. 3.l0(b), new subharmonic scattering 

orders appear as predicted. The appearance of these orders confirms the general 

expectations of the theory. Differences in the transmitted beams from theory are likely 

attributed to the incomplete analysis using a one-dimensional theory. Finally, in Fig. 

3.l0(c), we see the scattering spectrum produced at the peak of the laser pulse. The 

subharmonie orders are no longer resolvable, consistent with a majority of the excitation 

density grating being in its high absorption state. 

The inset of Figure 3.10 shows the energy scattered into the central order (0 

order in scattering spectrum) as a function of time. 

scattered into this order similar to standard DFWM. 

At time t - 0, no energy is 

But as the incident energy 

increases with time, we see abrupt transitions with the occurance of subharmonie 

bifurcations. Again, little energy is scattered into the central order at the peak of the 

pulse because most of the grating is switched to the upper state. As the incident 

intensity decreases, the system is seen to display bistability with transitions occurring 

with the reversal of the subharmonie bifurcations. 

Comparison of Figs. 3.4(b) and 3.4(e) with Figs. 3.8(b) and 3.l0(b), respectively, 

shows favorable similarities between theory and experiment. The salient features of 

both theory and experiment show the appearance of scattering orders midway between 

the primary orders. Similar agreement exists between the output intensity profiles. We 

attribute the lack of deep holes in the experimental tramsmission profiles to blooming in 

the streak camera image tube. Differences between the experimental and theoretical 

scattering spectra are constrained mostly to the areas of the transmitted pump beams (±I 

orders). Whereas the theoretical results show wings on these orders, the experimental 

results exhibit holes. It is likely that these differences can be accounted for by 

including two transverse dimensions in the theoretical analysis. 
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The central portion of the experimental scattering spectrum (far field) at 
times (a) 0 ns, (b) 1 ns, and (c) 2 ns. Peaks at ±l are the transmitted 
pump beams. The peak at +3 is consistent with standard two-beam 
DFWM experiments. The appearance of new scattering orders with peaks 
at O· and +2 in (b) indicate the unambiguous signature of spatial 
subharmonic bifurcation. The new orders are no longer resolvable in (c) 
because a majority of the excitation density grating is switched to the 
high state of absorption. The inset shows the temporal evolution of the 
energy scattered into order 0 which is situated midway between the two 
pump beams. 
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Bifurcations of the scattering orders proved to be very sensitive to the amplitude 

and relative phase of the two laser beams writing the grating. With intensities either 

below switching threshold or well above switching threshold, the scattering spectra 

exhibited no bifurcating orders and were "well behaved"; namely, the scattering spectra 

were insensitive to the small fluctuations in the laser from pulse to pulse. These 

fluctuations included energy variations of approximately 10%, slight changes in beam 

profile due to turbulence in the dye, and shifts of the fringes under the envelope 

induced by vibrations. These latter two fluctuations introduce variations which are not 

accounted for theoretically and which directly and sensitively effect the switching of 

the density grating under the beam envelope. With intensities appropriate to observe 

bifurcations, the scattering spectrum was no longer "well behaved". Large fluctations 

even visible to the eye were observed in the scattering spectra from pulse to pulse. 

This is of particular interest when performing spectroscopic scans where the energy 

scattered into a diffracted order is monitored to measure nonlinear coefficients. When 

the tuning of the laser creates excitation densities appropriate for bifurcations, large 

amounts of "noise" appear in the signal as many pulses are averaged. This noise is due 

to the sensitivity of scattering to the amplitude and phase fluctuations between pulses. 

Tuning of the laser above or below this spectral region results in excitation densities 

either well above or below the "transition" densities associated with subharmonic 

bifurcations and the scattering become less noisy. 

In conclusion, we have shown the appearance of new scattering orders in 

degenerate four-wave mixing due to subharmonic bifurcation of the excitation density. 

These orders were observed from a thin platelet of CdS held at low temperature which 

exhibited increasing absorption optical bistability in a nonlinear grating. The new 

orders are in agreement with our theoretical predictions. 
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Interest in semiconductor structures with dimensions small enough to produce 

quantura confinement effects in the energy bands of the bulk semiconductor has led to 

the synthesis of many different materials. One dimensional confinement has been very 

successfully achieved in multiple quantum wells (MQW) such as GaAs/GaAlAs. 

Recently, emphasis has focussed on three dimensional confinement in a variety of 

different materials and hosts. These include etching pillars in GaAs MQW's [Reed et al. 

(1986), Kash et aI. (1986)], annealling semiconductor-doped glasses to produce small 

microcrystallites [Borrelli et aI. (1987)], filling vacancies in the cage structure of zeolites 

[Wang and Herron (1987)1, and colloidal suspensions in solution [Brus (1986), Sandroff 

(1986)]. All of these materials with sizes small enough to produce three dimensional 

quantum confinement have been termed quantum dots. Studies of the linear and 

nonlinear optical properties of these quantum dots have been undertaken both for the 

characterization of the quantum dots as well as in hopes of identifying a new material 

for optical applications. 

Quantum dots of the layered-structure semiconductor Bils were identified by 

absorption resonances from a colloidal suspension in acetonitrile [Sandroff (1986)]. The 

absorption spectrum of such solution is shown in Fig. 4.1. A study of the third-order 
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Optical absorption spectrum of BiI3 colloids prepared in acetonitrile. The 
absorption resonances are attributed to different size clusters [Sandroff 
(1986)]. We performed our experiments at Sl4 nm on the rising edge of 
the first resonance. 
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susceptibility was undertaken by Sarid et aI. (1987), from now on listed as Ref. I, with 

results of degenerate four-wave mixing (DFWM) indicating a large (when corrected for 

volume concentration) and fast nonlinear susceptibility comparable with that of 

semiconductor-doped glasses [Jain and Lind (1983)]. The second harmonic (S32 nm) of 

a Nd:YAG laser with a IS nsec pulsewidth was used to measure the third-order 

susceptibility. 

To better characterize the temporal response of the optical nonlinearity in Bil3 

quantum dots, we used a subnanosecond laser system to perform DFWM experiments 

with appropriate optical time delays. The results we report here indicate a very slow 

response of the nonlinearity most likely due to thermal heating of the solvent. Studies 

by Wang et al. indicate a large likelyhood that absorption resonances originally 

attributed to semiconductor quantum dots of BiI, are due to free iodide radicals and 

molecular complexes in the solution. It is expected that a large interaction between the 

absorbing complex species and host solvent would lead to heating of the solution and an 

associated change in its refractive index. 

We present a simple model of this thermal nonlinearity based on an empirical rate 

equation analysis. The theoretical temporal signal responses agree with our observed 

experimental results. Furthermore, the observed temporal response of the conjugate 

pulse given in Ref. I is found to be in agreement with our thermal analysis. 

Nonlinear Refractive Index of 8il, Quantum Dots 

The experimental setup used to perform DFWM is diagrammed in Fig. 4.2. A 

dye laser pumped by a nitrogen laser provided a o.S osee pulse at SI4 nm. A phase

conjugate DFWM geometry was used to measure the energy scattered from the induced 
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Experimental setup used to perform time-resolved DFWM experiments 
using O.S osee dye laser. The conjugate (CONJ) and signal energies are 
read by energy detectors (ED) and measured and stored by the energy 
meters (EM) and personal computer (PC). 
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grating. The angle between the forward pump beam and the probe beam was 

approximately 10 degrees. The polarization of either the forward or baCk'Allrd pump 

beam could be rotated with a half-wave plate to control which grating, fine or coarse, 

would be written and read out. The beams were focussed to a SO pm diameter as 

measured by a pinhole scan. The sample consisted of a 1 mm path length quartz cell 

filled with a solution containing BiI3 quantum dots in acetonitrile. The largest pump 

beam energies were 4 pl. The reflectance was quadratically dependent on the input 

energy as expected up to the highest pump energies used. 

We measured the independent response of the two spatial gratings written in the 

sample by controlling the polarizations of the three input beams. To write a coarse 

grating for the geometry shown in Fig. 4.2. the forward pump beam Pr and the signal 

beam S were co-polarized. There was no time delay between the two beams. This is 

shown shown in the inset of Fig. 4.3. The two beams form an intensity pattern which 

writes a s3nusoidal grating of period It. - ~/2sin9. For our setup. this corresponds to a 

coarse grating with a period of IS pm. The backward pump beam Po was cross

polarized to the two writing beams. This beam scatters off the grating to form a 

phase-conjugate beam (labeled CONJ in Fig. 4.2). The energy in the conjugate beam 

provides a measure of the magnitude of the grating written in the sample. We 

measured the temporal response of the coarse grating by temporally delaying the 

backward pump beam (which acts as a readout beam) and measuring the energy in the 

conjugate beam. Figure 4.3 shows the reflectance ( .. conjugate energy / signal energy) 

of the coarse grating at different time delays of the readout beam. The signal increases 

up to the maximum time delay achievable of 3 osec. This slow buildup indicates a slow 

nonlinear mechanism is responsible for the formation of the grating. 

The other spatial grating written with this experimental geometry is a fine grating 
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which is formed by co-polarizing the backward pump beam Po and the signal beam S. 

The angle of 1700 between these beams produces a grating of period A ~ 0.2 J.'m. The 

forward pump beam PF was cross-polarized to read out this fine grating as shown in 

the inset of Fig. 4.4. The temporal response of the fine grating. as shown in Fig. 4.4. is 

markedly different from that of the coarse grating. The reflectance grows with time 

initially but begins a slow decay for later times. This can be explained with diffusion 

washing out the narrowly spaced features of the fine grating. 

Thermal Transient Gratings 

To understand the temporal responses we see from our DFWM experiments. we 

need to first describe the change in the refractive index caused by the incident 

radiation. We consider here purely dispersive changes since we could observe no 

changes in absorption from measurements with pump/probe experiment. We consider 

the absorbing species to convert incident radiant energy into heat in the solvent with 

some time constant. r.. due to complex non-radiative decay mechanisms. No 

luminescence was observed in our solution unlike semiconductor-doped glasses which 

indicates very large non-radiative decay mechanisms in our samples. Since this heat 

generation is a local effect. the stationary interference pattern produced by the DFWM 

geometry results in a thermal grating in the solvent. This grating decays away with a 

time constant. rd. due to thermal diffusion. The associated thermally-induced 

refractive index grating scatters light to produce a phase conjugate signal. 

A simple level diagram of the excitation levels assumed in this analysis is shown 

in Fig. 4.5. We consider a three-level system with radiation absorbed in the transition 

from ground state b to excited state a. Level a decays to level c which represents the 
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Phase-conjugate reflectance as a function of time from the fine (0.2 I'm) 
grating. The inset indicates the polarization states used to write then read 
the fine grating. The cross-polarized beam is the readout beam which is 
temporally delayed. 
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b 

Level diagram of the model used to analyze to temporal response of 
thermally-induced nonlinear refractive index grating. Transitions from 
the ground state b to an excited state are due to the absorption of photons 
at a rate (/. Decay from the excited state '1. to a thermal state c results in 
a change in the refractive index of the solvent. This thermal is assumed 
to decay diffusively (on the time scale of the measurement). 
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thermal excitation of the solvent. Beginning with the absorption process, we write 

dN - .. 01 - 'Y N dt a 
(4.1) 

where N .. local excited-state density, I :II incident photon flux, 0 .. absorption cross 

section, and 'Ya "" llTa '" excited-state decay rate. This describes the excited-state 

density dynamics in terms of the rate of absorbed photons minus the rate of non-

radiative decay to a thermal state. The assumption that the excited-state relaxes to a 

thermal state is supported by the observation of no luminescence from the Bil3 colloidal 

solution. 

We can now describe the local temperature increase of the solvent in terms of the 

excited-state decay as 

(4.2) 

where T "" local temperature increase and fJ represents the expected temperature 

increase due the conversion of excited-state energy to heat. The decay of the grating 

due to diffusion [Eichler (1977)] is included in the second term of Eq. (4.2) where 0 

represents the diffusion coefficient and spatial variations are assumed to exist only in 

the x direction. Finally, to express temperature increase as a refractive index change 

we have 

dn dT dn 
dt .. Cit dT (4.3) 

where n :I local refractive index change and dn/dT is the change in the index due to 



85 

thermal changes. Since the liquid solvent has a much larger thermal expansion 

coefficient than, for example, glass, changes in the optical density of the solvent can be 

quite large in comparison with glass matrix for other Quantum dot systems. 

The solution of Eq. (4.3) is simplest if we assume any temperature changes are 

small and dn/dT remains constant, 

~n(t) - ~~T(t). (4.4) 

Since the temperature change of the solvent follows the intensity of the 

interference pattern of the two writing beams, we write the modulated temperature 

variation 

(4.5) 

where T is a purely time dependent temperature change and A is wavelength of the 

grating. We have dropped the background temperature change from Eq. (4.5) as this 

induces only a slight phase mismatch in the final result assuming small changes. This 

form of T leads to an expression of Eq. (4.2) solely dependent on time 

dT Cit • fJ'Y"N - 'Yd T (4.6) 

where 'Yd .. D(2"'/A)3. Solving Eq. (4.6) and combining it with Eq. (4.4), we have the 

integral solution of the refractive index change as a function of time in terms of 

excited-state density, 



The excited-state density rate Eq. (4.1) has the solution 

t 
N(t) ... oe-"f· t J dt' I(t') e"f· t

'. 
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(4.7) 

(4.8) 

Equations (4.7) and (4.8) comprise the solution of the time dependent refractive 

index change for a sinusoidal grating formed from infinite plane waves. In the limit of 

very fast excited- to thermal-state decay (7. - 00), these equations reduce to those of 

Smith et aI. (1981). Analytical solutions exist for special conditions but we choose to 

evaluate these integrals numerically. This allows us to incorporate a variety of laser 

pUlsewidths with durations which satisfy neither steady-state nor impulse-response 

approximations. Incorporating this nonlinear refractive index into the coupled wave 

theory for thick volume gratings [Kogelnik (1969)], we can find the expected conjugate 

signal strength, 

(4.9) 

which describes the conjugate pulse, Ie' seen by a fast detector with no time delays 

between beams assuming ~n is small. 

Time delay measurements made with our experimental setup are described by the 

more complex relationship, 
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(4.10) 

where ~ .. detected energy, K is a constant. to is the time delay of readout beam, and 

we integrate the entire conjugate beam in both time and space. Equation (4.10) 

represents the correlation between the laser pulse and the squared refractive index 

change. The refractive index change is due to system response to the two writing 

beams in the experiment. The delayed pulse is the readout beam in the experiment. 

The energy meter performs the integration of the conjugate beam generated by these 

two terms as expressed in Eq.(4.9). Figure 4.6 is a normalized plot of Eq. (4.10) for '1 • 

.. 0.2 nsec-1 and two different thermal grating decay rates '1T • 0.001 nsec-1 and '1T .. 

3 nsec-1• Also shown in Fig. 4.6 is a plot of the laser pulse used for these calculations. 

Analysis 01 the DFWM Temporal Response 

The fits for the coarse grating give 11'1 • ... 5 nsec and II'1T > 1 psec. In other 

words, the thermal decay of the coarse grating is negligible over the duration of our 
, 

measurement. The buildup of the grating occurs on a time scale of 5 nsec. This would 

indicate that transfer of energy absorbed by the solution to thermal excitation of the 

solvent occurs on a time scale of 5 nesc. The exact mechanisms of how the thermal 

excitations occur is not well known due to the complexity of the system. According to 

Wang, the solution is made up of free iodide radicals and molecular complexes in 

addition to BiI3 quantum dots and the interaction of these unknown systems with the 

solvent makes an understanding of the decay mechanisms prohibitively difficult. 

Using 11'1 • • 5 osec from the coarse grating fit, we find for the fine grating 
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(SoUd) Input laser pulse used to simulate experiment with a FWHM of O.S 
osee. (Long dash) Conjugate reflectance due to coarse grating with 'l. -
0.2 osee-1 and 'IT ,. 1 psec-1. (Short dash) Conjugate reflectance due to 
fine grating with 'l .... 0.2 osee-1 and 'IT .. 3 osee-1• 
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I/'YT .... 3 nsec. This rapid decay is due to thermal diffusion of the fine grating. The 

thermal thermal gradients which exist is such a high spatial frequency structure drives 

the system to homogenize quickly. This washes out the refractive index grating quickly 

resulting in the rapid decay of the conjugate reflectivity. 

The temporal response of the nonlinear refractive index is consistent with our 

theoretical description of a thermal nonlinearity. This is in apparent contridiction with 

conclusions of Ref. I. In Ref. I, it was argued narrowing of the conjugate pulse is 

consistent with a fast nonlinearity. We incorporate a IS osee pulse into Eq. (4.9) and 

plot the output pulse using the decay times found above. Figure 4.7 shows the 

conjugate pulse expected from the coarse grating with a FWHM of II osee. Figure 4.8 

shows the conjugate pulse expected from the fine grating with a FWHM of 9.S osee. 

The narrowing of conjugate pulses is primarily due to the slow buildup of the nonlinear 

gratings. The fine grating produces a slightly narrower pulse because of diffusive decay 

of the grating. These results are in good agreement with the 11 osee conjugate pulse 

shown in Ref. I. As such. we can see that a thermal nonlinearity can explain the 

narrowing seen in the conjugate pulse from DFWM. 

In conclusion, we have found the temporal response of the nonlinear refractive 

index of a solution identified as containing a colloidal suspension of BiI, quantum dots 

to be slow (> I 1JS8C) and to suffer from diffusion (> 0.2 pm). This would indicate a 

thermal mechanism as being responsible for the nonlinear refractive index and may 

indicate a system which contains particles as described by Wang. We presented a simple 

empirical analysis based on a thermal nonlinear mechanism which describes the 

temporal responses observed in our DFWM experiment and provides agreement with the 

results reported in Sarid et aI. (1986). 
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Signal (dashed) and conjugate (solid) pulses calculated for the coarse (1S 
pm) grating using a IS osee laser pulse. The conjugate pulse is narrowed 
and delayed due to the slow buildup of the nonlinear grating. 



Fig. 4.8. 

1.00 -r--------/~~------..., 

0.80 

0.60 

0.40 

0.20 
I 

I 

I 

I 
I 

I 
I 

I 

, , , , , 
I , 

I , 

/ 

0.00 -Mr-r-"T-r+i"'r-r-T"T~r-r-T"T""Mr-r-"T"'T""Mr-T==::PO''';:''''''',-oT"..,...j 
-30.00 -20.00 -10.00 0.00 10.00 20.00 30.00 

TIme (nsec) 

91 

Signal (dashed) and conjugate (solid) pulses calculated for the fine (0.2 
I'm) grating using a I S osee laser pulse. The conjugate pulse is narrowed 
and delayed due to the slow buildup of the nonlinear grating. The faster 
decay of the fine grating causes slightly further narrowing of the 
conjugate pulse. 



CHAPTER V 

ABSORPTION AND EXCITATION SPECfROSCOPY 

OF CdS QUANTUM DOTS 
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As discussed in Ch. 4, interest in quantum confinement effects in semiconductors 

has produced a number of different materials, hosts and fabrication techniques for small 

microcrystallites. The production of quantum dots in semiconductor-doped glasses 

resulted as an extension of growth techniques used to manufacture commercial color 

filters. Refinements of this technique have been geared toward production of smaller 

and more uniform sized microcrystallites. The quantum dots produced in this glass 

matrix are much better defined than those described in Ch. 4, making analysis of their 

properties much more meaningful. 

A good deal of work has been done with respect to the analysis of linear (i.e. 

one-photon) and nonlimar optical properties of CdSe quantum dots [Peyghambarian et 

al. (1989), Borrelli et aI. (1987), Alivisatos et aI. (1988, 1989)]. In this chapter, we will 

look at the properties of CdS quantum dots. The small splitting of the valence band 

simplifies the absorption spectrum of these quantum dots compared to CdSe quantum 

dots. The larger bandgap of CdS shifts the absorption resonances of the quantum dots 

further into the blue. As a result, two-photon absorption spectra can be obtained using 

standard laser sources. 
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Quantum-Confinement Effects in Semiconductor Quantum Dots 

The introduction of a three dimensional boundary to a bulk (i.e. infinite) 

semiconductor results in a limitation of the allowed momenta of the electrons and holes. 

We consider dimensions of this boundary to be on the order of the Bohr radius of the 

electron-hole pair but much greater than the characteristic length of a unit cell. As 

such, we assume that the band theory for bulk semiconductors is applicable to the 

motions of the electrons (holes) but these motions must also satisfy the conditions 

imposed by the three dimensional boundary. 

At first, we consider the effects of a spherical boundary on the wavefunctions 

!/J(r) of just the single particles 

,p(r) .. <p(r) u(r), (5.1) 

where u(r) is a Bloch wavefunction satisfying the periodicity of the lattice and <p(r) is 

an envelope wavefunction describing the electron (hole). The total wavefunction must 

satisy ,p(r>R) .. 0 for a quantum dot of radius R, i.e the electron (hole) is limited to the 

space defined by the qunatum dot boundary. To satisfy the total Hamiltonian [Koch 

(1990), Hu et aI. (1990)], the envelope wavefunction of the electron (hole) must satisfy 

(5.2) 

and 
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(5.3) 

where Ea(h) is the energy of the electron (hole), E, is the bandgap energy of the bulk 

semiconductor, and me(h) is the effective mass of the electron (hole). The single 

particle Hamiltonians describe the motions of the individual particles. Later we shall 

consider the interaction between particles (through Coulomb attraction) for the pair 

states that are created through optical absorption. The solutions to Eqs. (5.2) and (5.3) 

are those of a particle in a spherical box with 

]I it(~lr/R) tPnlm(r).. R' . ( ) Ylm(9, ~), 
Jt.+l ~t 

(5.4) 

where it is the tth order spherical Bessel function, Y lm is a spherical harmonic, n = I, 

2, 3, "', t = 0, I, 2, "', and m - -t, -t±I, .... The roots ~t of Eq. (5.4) are given by 

Ql0 = 11", Q u = 4.4934, Q u .. 5.7635, .... This wavefunction is valid for both the electron 

and the hole. The eigenvalues for the energies of the electron (hole) are given by 

(5.5) 

and 

(5.6) 

From Eqs. (5.5) and (5.6) we can see that the once continuous bands of the bulk 

semiconductor have been restricted to discrete states by the boundary of the quantum 
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dot. The eigenstates nl are. usually referred to as Is, Ip, Id, etc. These states are 

visualized with respect the bulk bands in Fig. 5.1. The effect of the quantum dot 

boundary is to dramatically increase the energies of the single particles with decreasing 

radius of the dot. The horizontal lines in Fig. S.1 should not be interpreted as allowed 

momentum states. 

The absorption of photons by the quantum dots generates electron-hole pairs. To 

correctly understand the levels in relationship to the absorption of light, the Coulombic 

interaction between electron and hole must be considered. The attractive potential 

between the electron and hole will shift the energies of the states found for the single 

particles. We consider the single particle states to provide a basis from which the pair 

system can be described. While the effect of the boundary is to increase the electron 

and hole energy by I/R2, the attraction of the electron and hole should decrease the 

energy of the pair by I/R. For small dots; the energy of the electron and hole is 

expected to dominate and we shall maintain our level diagram and naming scheme with 

the understanding that it must be adjusted for Coulombic effects. 

One-Photon Transitions 

We measured the absorption spectra of various sizes of CdS quantum dots listed 

in Table 5.2. All measurements were made with the quantum dot samples held near 

10K in a He refrigeration dewar. The quantum dots were grown [Esch et aI. (1989] in 

a glass batch with composition (wt. %) of SiO, 56%, B20 s 8%, KsO 24%, CaOs 3%, 

BaO 9%, with 0.5 CdS added. The glass mixture was melted and stirred at 20 rmp for 

I.5 hours. The mixture was then rapidly quenched to room temperature and then 

annealed at 59{)OC for a few minutes to reduce strain. Quantum dots were then grown 



Fig. 5.1 
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k 

Lowest discrete states of the individual electrons and holes allowed in 
spherical quantum dots superimposed on the bulk conduction and valence 
bands. The momenta of these states are also quantized but not shown to 
simplify the diagram. The relative band curvatures are similar to those of 
CdS. 
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by heat treating the samples at temperatures ranging from 8(}()OC to 6400C for times 

from 23 hours to 0.5 hours. The quantum dot samples are labelled by this heat 

treatment process using the notation (temperature)/(time). 

The linear optical spectra are due to allowed one-photon transitions between 

levels in the quantum dots. For one-photon transitions, the allowed transitions are 

between quantum-confined states of equal angular momenta (i.e. ll.t • 0). The angular 

momentum of the absorbed photon is accounted for by momentum change from the 

valence to the conduction band from which the quantum-confined states are formed. 

Thus allowed transitions are ISh-Is., IPb-IP •• Idh-Id., and so on. 

We measured the one-photon absorption spectra of CdS quantum dots using two 

different techniques. The first is the common technique of measuring the transmission 

of the sample. The second technique involves measuring the luminescence induced by a 

tunable optical pump. One-photon absorption measurements were made using this 

technique as a test and control expel'iment for subsequent two-photon absorption 

measurements which will be described later. 

Initial transmission measurements were made using the experimental setup 

diagrammed in Fig. 5.2. A deuterium lamp provided a broadband spectrum from 190 

nm to O! 500 nm. The lamp arc was imaged onto the sample with O! I mm spot size. A 

magnified image of the sample was then formed on an iris diaphragm to the control 

image area. then demagnified and focussed into a 0.25 m spectrometer. The 

spectrometer was equipped with a 2S pm entrance slit. a ISO g/mm grating blazed at 

500 nm, and a 1024 element CCD array on 2S pm centers which acted as an optical 

multichannel analyzer (OMA). This system provided a spectral resolution of O! I om 

with a 600 nm full bandwidth. Depending on the availability of the detector arrays, the 

array was sometimes equipped with an intensifier which modifies the spectral response. 
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Sample 

Experimental setup used to measure the absorption of quantum dot 
samples using transmission. The samples are held at 10K with a He 
refrigeration dewar (not shown). 
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This response is normalized out by measuring the intensity of the light transmitted 

through the system with and without the sample along with a measurement of the 

background dark signal. We find the absorbance, OIL, of the sample with the relation 

aL:a -In(IT - 18] 
10 - 18 

(5.7) 

where IT is the intensity transmitted through the sample, 10 is the intensity measured 

without the sample, and 18 is the background dark signal. 

The absorption spectra of a number of different CdS quantum dot samples are 

shown in Fig. 5.3. The characteristic feature of all these samples is an increasing blue 

shift of the absorption edge with decreasing annealing temperature and time consistent 

with previous work [Borelli et aI. (1987)]. Lower annealing temperatures and shorter 

annealing times result in smaller microcrystallite diameters. This increased confinement 

produces the spectral blue shifts as discussed above. The exciton radius in CdS is ~ 30 
o 0 
A while the microcrystallite radii are in the range of 20 - 100 A The intermediate 

range calculations of Brus (1984) can be used to estimate the dot radius from the 

spectral shift of the lowest energy transition, 

AE III· 1i~2 (_1_ + _1_) _ 1.8e2 

2RJ m. mh €R (5.8) 

where AE is the spectral energy shift of the Is-Is absorption peak from the bulk 

energy gap, R is the microcrystallite radius, me and mh are the effective masses of the 

electron and hole, respectively, and ~ is the dielectric constant of the microcrystallite 

material at optical frequencies. The first term describes the increase in kinetic energy 
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One-photon absorption spectra of CdS quantum dots samples, (a) 650/1.5, 
(b) 660/1.5. (c) 670/0.5, and (d) 800/23 which is a bulk-like sample. 
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of the lowest state Is due to confinement of the electron and hole. The second term 

describes the decrease in energy due to the Coulombic attraction between the electron 

and hole assuming the large mass of the hole decouples it from the light electron. The 

wave function for the hole is solved assuming the electron produces an average potential 

under which the hole moves. This will be discussed later. Other tenns for Eq. (5.8). 

such as the induced polarization at the quantum dot surface. have been neglected 

because of their decreasing magnitude. 

Table 5.I provides the physical constants appropriate for CdS at low temperatures. 

From these values. the radii of the various quantum dot samples can be estimated using 

Eq. (5.8). The peaks of the first absorption features and the calculated microcrystaIlite 

radii are presented in Table 5.2 for our CdS sampleS; 

One-photon absorption measurements were also performed using luminescence 

induced by a tunable optical pump. This form of excitation spectroscopy was 

performed to check the validity of subsequent measurements taken for two-photon 

absorption. The basic scheme of excitation spectroscopy is as follows. A tunable 

narrowband optical pump is focussed into the sample and excites the sample based on 

the absorption coefficient at the pump wavelength. The excitation decays radiatively 

with some quantum efficiency and this luminescence is detected. By scanning the 

pump wavelength and measuring the detected luminescence. the absorption spectrum of 

the sample can be mapped out. The detected luminescence is directly proportional to 

the absorbed power (not necessarily the absorbance) if the quantum efficiency of 

radiation from the sample is constant for any absorbed wavelength. The detection 

system must also provide a constant signal for any emitted wavelength. In general. 

neither of these conditions is usually met As such. we must check the response of the 

measurement technique for our samples and eliminate any systematic errors. 
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Table 5.1 Material physical constants of bulk CdS at low temperature. 

0.8 

Table 5.2 

Sample 
T(°C)/t(hr) 

800/23 
670/0.5 
660/1.5 
650/1.5 
640/8 

ESULK(eV) ~BULK (nm) 

0.154 5.7 2.58 480.6 

Absorption peaks and radii of CdS quantum dots. 

~b,la-.. la (nm) 

480.7 
417.1 
391.8 
380.8 
402.3 

54 
20 
17 
16 
18 
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The experimental system used for one-photon excitation spectra is diagrammed in 

Fig. 5.4. A deuterium lamp was coupled to a 0.1 m monochromator with a 1200 g/mm 

grating with I mm entrance and exit slits. This provided a tunable (190 - 500 nm) 

source with a relatively narrow (2 nm) bandwidth. A color-glass filter which cuts off 

wavelengths less than 300 nm was placed between the deuterium lamp and 

monochromator to prevent the second order bandpass of the short (190 - 300 nm) 

wavelengths from providing spurious signals in the 380 - 600 nm region. This limits 

the useful range of the tunable source from 300 - 500 nm. The mechanical readout 

dial of the monochromator was calibrated using a previously calibrated spectrometer 

with OMA. The exit slit of the monochromator was imaged onto the sample with ~ I 

mm spot size. This beam was chopped at a few hundred Hz with a even duty cycle 

with a mechanical chopper just after the exit slit to allow lock-in detection. The 

quantum dot samples consisted of glass plates with transverse dimensions of a few 

millimeters to a centimeter. The plates were approximately 1 mm in thickness. 

Luminescence was collected from the edge of the samples as shown in Fig. 5.4. This 

geometry minimized scattering of the pump light into the detector. Since all the 

luminescence occurred below the absorption edge, reabsorption was not a problem. The 

light transmitted through the system with and without the sample was also measured to 

double check the absorption spectrum and provide normalization of the measured 

luminescence to the pump power. A Hamumatsu R928 photomultiplier tube (PMT) was 

used as the detector because of its good sensitivity and large, flat spectral response from 

300 - 900 nm. A lock-in amplifier was used to measure the PMT's signal with a 

reference signal supplied by the chopper. 

We performed three sequential measurements with the above setup on the CdS 

quantum dot samples. All measurements were performed on the same spot on each 
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Deuterium 
Lamp Chopper 

Fig. 5.4 

Sample 

Monochromator PMT 

PMT 

Experimental setup used to measure one-photon absorption using both 
excitation and transmission techniques. The monochromator provides a 
tunable narrowband source. A Coming UG300 color filter prevents 
secondary orders through the monochromator from interfering with the 
measurements. The chopper produces a AC modulation for lock-in 
detection of the PMT outputs. 
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sample since small variations in the sample occurred over millimeter distances. The 

wavelength was varied in 5 nm steps which represented sufficient resolution for these 

samples. First, luminescence, IL' as function of pump wavelength was measured. Next, 

transmitted intensity, IT' as a function of pump wavelength was measured. Finally, 

source intensity, 10 , as a function of pump wavelength was measured. The absorbance 

can be calculated using Eq. (5.7) but in this case la may be set to zero since the lock-in 

detection virtually eliminates any background signal. The calculated absorbance for 

sample 670/0.5, shown in Fig. 5.S, is in nice agreement with the absorbance found in 

the previous OMA transmission measurement. 

We relate the measured luminescence intensity IL with the absorbed intensity IA 

using the relation 

(5.9) 

where '7q is the efficiency of the quantum dots to convert absorbed radiation to 

luminescent radiation, '7d is the efficiency of detection which incorporates the solid 

angle of luminescent radiation collected, losses in collection system and the efficiency of 

the PMT. From conservation of energy, we can relate the absorbed radiation to the 

incident radiation and transmitted radiation (neglecting reflection losses which are 

nominally 4% for each glass to air interface) as 

(5.10) 

Using Eqs. (5.9) and (5.10) in (5.7), we find the absorbance in terms of the luminescent 

and incident intensities, 
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(5.11) 

where '1 "" '1q '1d. Unfortunately. since we don't know '1. we cannot,directly measure the 

absorbance from the luminescent intensity nor can we represent the absorbance as a 

constant function of the luminescent intensity except for very small absorded powers. 

Instead we can find the absorption which we define as 

(5.12) 

where A is the absorption. The absorption is related to the luminescent intensity by a 

constant through Eq. (5.9) 

We may also relate the absorption to the absorbance using Eqs. (5.7) and (5.10) as 

I 
A :II 1 - r- "" I - e-aL • 

o 

(5.13) 

(5.14) 

Equipped with Eqs. (5.13) and (5.14). we are prepared to compare the absorption 

measured by transmission with the absorption measured by luminescence. Though not 

previously mentioned. all of the factors in (5.13) and (5.14) are assumed to explicitly 

depend on the optical frequency, w. We plot the absorption found by transmission with 

equation (5.14) in Fig. 5.6. We also plot the absorption found by luminescence with 
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Absorption of 670/0.5 sample using (cirles) luminescence from excitation 
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equation (5.13) assuming a constant efficiency '1 in Fig. 5.6. The agreement is very 

good for constant '1 which indicates that luminescence detection is a good and valid 

technique for measuring optical absorption spectra for these quantum dots. If '1 was not 

constant then it would have to be used as a correction factor in subsequent excitation 

spectroscopy experiments. Constant conversion efficiency '1 also implies that all states 

measured here decay through very similar channels. 

To further investigate and confirm these results, we replaced the PMT in the 

luminescent experiment with the spectrometer and OMA described previously; This is 

shown in Fig. 5.7. The OMA was equipped with an intensified detector array to allow 

measurement of the weak spectral luminescent intensity. The spectral resolution of this 

systems allows us to observe the changes in the luminescence spectra for different 

pumping wavelengths. Figure 5.8 shows the spectral luminescence for different 

pumping wavelengths. The spectra are uncorrected for pumping intensity and spectral 

response of the detection system. For aU of the different pumping wavelengths, the 

spectral shape of the luminescence remains unchanged. This indicates that all of the 

excited states of the quantum dots decay to the same trap states. Since the spectral 

shape of the luminescence remains constant, we know that '1d of the detection system 

remains constant. Since the total conversion efficiency from pump radiation to detected 

luminescent radiation remains constant, i.e. '1 is constant, then the decay from the 

different quantum dot excited states to the trap states is also characterized by a constant 

efficiency. 

A number of features regarding the luminescence spectra in Fig. 5.8 should be 

noted here. First, the small amount of radiation detected at the pump wavelength is 

scattered pump radiation rather than direct electron-hole recombination from an excited 

quantum dot state. The recombination from these states is expected to be broader than 
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Experimental setup used to measure luminescence spectra of quantum dots 
sample. The OMA is equipped with an intensified photodiode array for 
low light level detectiolll. 
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the sharp radiation line observed here. This is also confirmed later in luminescence 

spectra obtained via two-photon absorption. No direct electron-hole radiation from the 

excited states was observed there. Second, the broad luminescence Peak is consistent 

with results found by others [Borelli et aI. (1987)] and is believed to be due to deep 

level traps in the quantum dot materials. The origin of these traps is not well known 

though they have been attributed to sulfur vacancies in the lattice [Brus (1986)]. The 

traps may also be related to the semiconductor-glass interface where charges are trapped 

at or near the interface by the glass. Finally, the luminescence spectra appear to shift 

to the blue with smaller quantum dot size. This would indicate that the traps are 

effected by the boundaries of the dots. In the progression from larger to smaller dots, 

the broad luminescence peak shifts faster toward the blue than the sharper, higher

energy luminescence peak. The efficiency of the sharp peak also reduces with respect 

to the broad lower-energy peak with decrease dot size. 

The transitions measured with one-photon absorption are between states of equal 

angular momentum. Based on the assumption of bulk values for the electron and hole 

effective masses, we have found the radii of the quantum dots in marginal agreement 

with other techniques. We would further like to explore the levels in the quantum dots 

by measuring transitions between states of alternate angular momentum, e.g. ls-Ip and 

Ip-ls. With these transition energies, we can evaluate more fully the splitting of the 

levels in the conduction and valence bands and extract out the effective masses 

associated with those bands. This information is important in an analysis of the validity 

of the models used to describe these quantum dots. 
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Two-Photon Transitions 

To measure transitions such as ls-Ip and Ip-Is, we need to account for the 

change in angular momentum between these states. This can be accomplished by using 

two photons to induce the transition. One photon accounts for the P to S transition 

attributed to the bulk bands and the other photon accounts for the P to S (or S to P) 

transition of the quantum-confined states. One easy way of supplying the two photons 

necessary for this type of transition is with a source which is tunable in a range defined 

by half the transition energy of the Is-Ip and Ip-Is transitions. Since no real states 

exist midgap (except for trap states), the transition is mediated only by virtual states 

which, unfortunately, greatly reduces the two-photon absorption cross-section. This 

necessitates the use of a strong pump source to measure the two-photon absorption 

unlike the previous one-photon absorption measurements. The measurement is further 

complicated by the small two-photon absorption coefficient in that transmission 

measurements will attempt to measure a very small change in a very large signal. 

Attempts to identify this change in transmission are lost in the noise associated with the 

large signal. 

To overcome this problem, we use the methods of excitation spectroscopy. 

Measurements of the luminescence are made on a zero background level which results 

in a dramatic improvement in the signal-to-noise ratio (SIN). As discussed above, the 

relationship between luminescence and absorption must be carefully established to 

provide meaningful absorption spectra. If the decay of the two-photon excited states 

follows the same pathways as the one-photon states then the luminescence response 

should be the same. It is reasonable to expect this since the one-photon luminescence 
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spectra were unchanged for all the states that were excited. 

We measured the luminescence spectra produced from the CdS quantum dots 

excited by two-photon absorption using the experimental setup diagrammed in Fig. 5.9. 

In this setup, the intense tunable source was a Ti:sapphire laser pumped with a 

Nd:YAG laser operating a 10 Hz. A complete description of this laser is given in 

Appendix A. The output energy from this laser was > I mJ with a pulsewidth of 10 -

40 osee. We were able to obtain useful tunability from 680 nm to 880 nm. The laser 

spot diameter on the samples was !::! I mm. The coUection arrangement to measure the 

luminescence was identical to that for one-photon induced luminescence. In fact, we 

set up a one-photon source from one side of the sample with a two-photon source from 

the opposite side of the sample. This way both one- and two-photon measurements 

could be obtained nearly simultaneously using the same spot on the sample to avoid any 

possible variations. Since the laser source produced significant scattering, we inserted 

shortpass color filters in front of the spectrometer entrance slit which provided an 

optical density (00) of greater than 5 (i.e. transmission < 10-6) for wavelengths longer 

than 680 nm. The effect of the color filters on the one-photon luminescence is shown 

in Fig. 5.10. Unfortunately, a large part of the luminescence is blocked, but this is 

necessary to remove any laser scattering from subsequent two-photon measurements 

which would saturate the OMA. A comparison of the one- and two-photon 

luminescence is shown in Fig. 5.11. These spectra were the same for all one- and two

photon pump wavelengths. The exceUent spectral agreement indicates that the 

luminescence pathways are the same for all the different excited states. Thus, it is 

fairly safe to assume that our method of excitation spectroscopy represents an accurate 

technique for measuring two-photon absorption within the various limits we have 

considered above. 
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without (solid) the BG38 color filters. 
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Two-photon excitation spectra along with one-photon transmission spectra were 

obtained using the experimental setup diagrammed in Fig. 5.12. The output from the 

Ti:sapphire laser was passed through an adjustable telescope which acted as a long 

variable focal length lens. The beam was focussed in front of the samples and was 

slowly diverging when it intersected the samples with a beam diameter of approximately 

1 mm. This spot size could be adjusted by shifting the focus with the telescope and 

represented a good compromise between sufficient luminescence with pump fluences 

safely' below the damage threshold of the glass. Because of the long focussing, little 

divergence of the beam occurred over the I mm sample thicknesses. An 8% reflection 

of the pump beam was directed into a pyroelectric energy meter to measure the input 

energy of each laser pulse. The luminescence was collected with the same geometry 

described before with a f/4 collection system. The luminescence was imaged onto an 

iris diaphragm with a 1.5X magnification. The iris diameter was set to pass all the 

luminescence and acted to help reduce collected scattering from other areas of the 

setup. Two BG 38 color filters (as described above) were used to prevent scattered 

laser radiation from saturating the PMT. The entire collecting system was covered with 

thick black felt cloth to further minimize collection of ambient and scattered radiation. 

A Hamumatsu R928 PMT detected the imaged luminescence with an applied voltage of 

900 - 1000 V. This high voltage was adjusted to obtain maximum signal while 

maintaining good linearity for the highest luminescence intensities. The output signal 

from the PMT was directly connected to a lOX preamplifier with 500 input impedence 

and a 600 MHz high frequency rolloff. The output from the preamplifier was 

connected via a long coaxial delay cable (~ 50 osee) to a boxcar. 

Both the input and luminescent energies were measured with a two-channel 

boxcar integrator. The boxcar was triggered with the output of a fast photodiode (I 
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wavelength. Ti:sapphire laser pump energy, duration, and wavelength are 
measured simultaneously with the luminescence. 
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GHz) which detected the input laser pulse. Jitter was less than 0.1 nsee. The input 

energy meter provided a slow risetime (psec) analog voltage which was proportional to 

the detected energy. This voltage was integrated by the boxcar up until its peak. The 

measured voltage was calibrated to the NBS-tracable energy meter and checked for 

linearity. The luminescence signal from the preamp was DC-coupled into the boxcar 

with 500 impedence for fast response. The integration window was opened 50 nsec 

after the peak of the pulse for a duration of 250 nsec. This virtually eliminated the 

measurement of any scattered radiation (due to the other precautions and a pump 

pulsewidth 10 - 40 nsec) while providing sufficient luminescent signal. The lifetime of 

the luminescence was hundreds of nanoseconds as will be discussed later. The boxcar 

digitized the integrated signals (I2-bit A/D) and provided two output voltages 

corresponding the integrated input energy and integrated luminescent energy. These 

two voltages were transferred, via an IEEE-488 interface bus, real-time to a personal 

computer (PC) for a live display of the luminescent vs. input energies. Preset upper 

and lower discrimination levels in the PC software determined the acceptability of the 

input energies and only recorded luminescent energies corresponding to "good" input 

pulse energies. 

Typically 128 acceptable luminescent energies were averaged and then stored, 

along with the standard deviation, for each pump wavelength. Allowing a 5% 

fluctuation in input pulse energies provided acceptable acquisition rates while not 

significantly decreasing the SIN. The pump wavelength was varied in 5 nm steps from 

680 nm to 880 nm. This required a mirror change in the Ti:sapphire laser midway 

through a run which sometimes caused a discontinuity in the luminescence measurement 

because of slight misalignments. The discontinuity does not represent a fundamental 

problem but has to be recognized and corrected in later analysis. The output energy of 



121 

the Ti:sapphire laser is maintained in the vicinity of the discrimination levels through 

adjustment of the Nd:YAG pump laser power and/or a variable neutral density filter. 

Figure 5.13 shows an example of the luminescence energy as a function of pump 

wavelength. Luminescence peaks which roughly correspond to transition energies of the 

one-photon absorbance peaks are evident and will be the focus of later analysis. 

An unavoidable variation in laser pulse width occurs as the laser is tuned over its 

entire bandwidth. We measured this pulsewidth with a fast photodiode (1 GHz) 

coupled to a 750 MHz transient digitizer. We estimated and recorded the temporal full

width at half-maximum (FWHM) of the laser pulses of equal energy for each 

wavelength used to generate luminescence. This estimate was read directly off the 

display screen of the transient digitizer during each run and should be accurate to 

within 10%. The laser pulses were very Gaussian-like in temporal shape often with a 

small (few percent) modulation due to mode beating. The laser pulsewidth (FWHM) is 

plotted as a function of wavelength also in Fig. 5.13. 

Analysis of the two-photon absorption for these CdS quantum dot samples 

requires the proper interpretation of the measurements considering the response of the 

quantum dot systems and the methods used to acquire the data. We are interested in 

the two-photon absorption as a function wavelength. The quantities we have measured 

are input energy. luminescence energy and pulsewidth. all as a function of wavelength 

and from these measurements. we need to find the absorption associated with the two

photon states. A level diagram which describes a simple model of the quantum dots 

used for our analysis is shown in Fig. 5.14. The unexcited quantum dots are 

represented by the ground state b which is treated as a large reservoir since our 

excitation of the system will be small. The excited states of the quantum dot are 

generically labeled a. Although the two-photon absorption coefficient P is considered 
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function of pump wavelength. 
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unexcited ground state; level T represents any of the trap states; fJ is the 
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decay; "taT is tho excited-to-trap state decay; !ieTb is the trap-to-ground 
state radiative decay; 'YT is the trap-to-ground state nonradiative decay. 
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to depend strongly on the pump energy liw, the decay from any particular excited state 

is assumed to vary little from other excited states. This assumption seems to be 

supported from one-photon excitation spectra which agree very well with one-photon 

absorption spectra. As seen in Fig. 5.14, the decay routes out of the excited state are 

radiative decay to the ground state alb' nonradiative decay to ~he ground state "Yab' 

and non radiative decay to trap states "YaT' Decay routes from the trap states are given 

by radiative decay to the ground state a,." and nonradiative decay to the ground state 

"YT' The populations of the excited states and trap states are given by .AI' a and .Al'T' 

respectively. We write the phenomenological rate equation for the excited state 

population as 

(5.15) 

where the first term describes the excitation rate of the excited state due to two-photon 

absorption from the ground state, the second term describes nonradiative decay to the 

ground state, and the last term describes nonradiative decay to the trap states. 

Similarly, we write the trap state population rate as 

(5.16) 

where the first term describes the excitation of the trap state due to decay from the 

excited state, the second term describes radiative decay from the trap state to the 

ground state, and the last term descibes nonradiative decay from the trap state to the 

ground state. 

We are interested in the luminescence intensity as a function of time with pulsed 
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laser excitation of the quantum dots. Once we have a functional form for the 

luminescence intensity. we can relate this to the energy measured by our detection 

system. The luminescence intensity is proportional to the rate of radiative decay from 

the trap states to the ground state given by ~K T in Eq. (5.16). Our pulsed laser 

excitation does not allow us to seek to steady state solutions to Eqs. (5.15) and (5.16). so 

we must find the time dependent solution for KT(t) and consequently Ka(t). The 

integral solution of Eq. (5.16) for the trap-state population is 

t 
KT(t) .. "taT Loodt' Ka(t) e-(a", + "fT)(t - t1. (5.17) 

Similarly. the integral solution of Eq. (5.15) for the excited-state population is 

(5.18) 

We may obtain analytical solutions to these equations under conditions which closely 

relate to our experimental situation. We approximate the intensity of the laser pulse 

with 

(5.19) 

where 10 is the peak laser intensity. We assume IhaT' Ihab « f p • namely the 

lifetime of the excited state is shorter than the laser pulsewidth. In our case the laser 

pUlsewidth is 10 - 40 osee. Femtosecond four-wave mixing studies of CdSe quantum 
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dots indicate a lifetime of .3 - 3 psec for various dot sizes [Peygambarian et aI. (1989)]. 

We expect similar times for the two-photon states of the CdS quantum dot samples. 

These times clearly satisfy our assumptions. Under th~ assumptions,' with Eq. (5.19), 

the solution of Eq. (5.18) gives the time-dependent population of the excited state 

(5.20) 

The time-dependent trap state population may be found by incorporating Eq. 

(5.20) into (5.1 7). To obtain an analytical solution, we need to make one further 

assumption, I/~Tb. IhT » f'p' i.e. the lifetime of the trap states is much longer than 

the laser pulse. We have observed the decay liftinie to be in excess of a few hundred 

nanoseconds. An example of the time-resolved luminescence signal taken from the 

PMT/preamp output is shown in Fig. S.IS. Consequently, this assumption meets our 

experimental observation and we obtain a solution for the time-dependent trap state 

population for times longer than the pulse duration given by 

(5.21) 

It should be emphasized here that Eq. (5.21) is .only valid for times after the end of the 

laser pulse. The reasons for this limitation are discussed in the details of the full 

calculation of Eq. (5.21) presented in Appendix B. Real measurements of the 

luminescence should be taken after the end of the laser pulse. 

The radiance of the luminescence is proportional to ~Tb,;V' T(t) which describes 

the emission of photons due to the radiative decay of the trap states to the ground state. 
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Total luminescent decay as a function of time. Decay times in excess of 
hundreds of nanoseconds were observed for all samples. 
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We measured the luminescent energy collected by the PM[ during the opening of the 

boxcar window. This is described by 

(5.22) 

where cT1L is the detected luminescent energy measured by the boxcar; G is a gain 

conversion factor which describes the collection efficiency of the detection system. the 

conversion efficiency of the PMT. and the gain of the PMT. preamp and boxcar; and tl 

and ts are the opening and closing times of the boxcar integration window, respectively. 

The solution to Eq. (5.22) for times ts > tl » 1'p is 

(5.23) 

where W = (e -(~ - '7T )tl - e -(~ - '7T )tS) represents the integration window of the 

boxcar. 

To express the detected luminescent energy in terms of the measured input 

energy ~ 0' we convert the peak input intensity with 

00 

~o .. A' Loo dt lo(t) .. A'./ir 101'p. (5.24) 

where A' is the area of the laser beam, and we used Eq. (5.19) for lo(t). Inserting Eq. 

(5.24) into (5.23) gives us the final result expressing the measured quantities. ~L' ~o. 
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and f P in terms of the two-photon absorption coefficient fJ as 

(S.2S) 

We can see from this equation that the detected luminescent energy is I) proportional to 

the two-photon absorption coefficient, 2) quadratically dependent on the input energy, 

3) inversely related to the pulsewidth of the laser, 4) proportional to the ratio of trap 

decay to the total decay out of the excited state, and S) proportional to the ratio of the 

radiative decay to the total decay out of the trap states. 

With the result of Eq. (S.25) we can check the response of the system to see if 

our assumptions are correct. We first checked the quadratic dependence of the 

luminescent energy on input energy by varying the input energy with a neutral density 

filter. An example of results for this experiment is shown in Fig. 5.16. The fit to a 

quadratic is very good. Sources of noise in the signal can be attributed to fluctuations 

in the laser pulse shape (i.e. mode beating which results in instaneous peak fluctuations 

in laser intensity) and width for near equal energy pulses, electrical noise (primarily due 

to pickup of laser RF discharge by the delay cable), amplifier noise, and shot noise in 

the detection of the luminescence. We also checked the luminescence response due to 

laser pulsewidth by varying the gain in the Ti:sapphire. By overpumping the laser rod, 

the pulse could be narrowed. An external neutral density filter adjusted the input 

energy to be equal for all pulsewidths. Fig. 5.1 7 shows the luminescence energy as a 

function of laser pulsewidth at constant input energy. Power fits to this curve at two 

different wavelengths show ~L Q( f pO.O and f pl •S in fair agreement with the expected 

fpl response. As discussed earlier, pulsewidths were estimated from typical traces from 
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the transient digitizer. 

We calculate the relative two-photon absorption from the luminescent energy 

measured with the input energy held constant. In this case we have a simple 

relationship for the two-photon absorption coefficient 

(5.26) 

We show the two-photon absorption coefficient calculated using Eq. (5.26) as a function 

of wavelength for the different samples in Figs. 5.18(a - e). We also measured the one

photon absorbance, which is also shown in Fig. 5.18, using the alternate setup in Fig. 

5.12 utilizing as close as possible the same spot on the sample. This was done to avoid 

the variations which occurred in the samples. The results for all the samples exhibit 

striking similarites. Two-photon absorption peaks occur very near the one-photon 

absorption peaks. The least energetic two-photon peak is reduced in strength with 

respect to the next energic two-photon peak. Broadening effects in the two-photon 

peaks are similar in width to the one-photon peaks. 

We can interpret these results in the following way. The close correspondence 

between the one- and two-photon absorption peaks indicates very little splitting 

between the Is and Ip states of the hole. This in tum indicates small curvature of the 

valence band and, accordingly, a large effective mass for the. hole. In other words, the 

large effective mass of the hole keeps it naturally localized so that confinement effects 

due to the quantum dot boundaries are small. This results in little increase in the 

kinetic energy of the hole and an even smaller difference in the energy between the S 

and P states associated with the confinement. 
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Fig. S.l8(a) One-photon (solid) and two-photon (circles) absorption coefficients for 
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right axes are for two-photon absorption. 
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Theory 0/ One- and Two-Photon Absorption 

To properly describe the absorption of photons, we need' to consider the 

eigenstates of the electron-hole pair. We shall follow the analysis presented by Koch 

(1990) and Hu et al. (1990). The SchrOdinger equation for the pair state is 

(5.27) 

where !/Ieh(re, rh) is the electron-hole pair wavefunction and V(re, rh) is the potential 

due to Coulombic interactions. Like the single-particle wavefunctions, we constrain the 

pair wavefunction with the quantum dot boundary to satisfy !/Ieh(re>R, rh>R) - O. We 

see that energy of the pair state is just the sum of the single-particle energy states if 

the Coulomb term in EQ. (5.27) is neqligible with respect to the confinement terms. 

Solution of the pair Schr&iinger equation (5.27) is obtained through numerical 

methods [Hu et aI.J. It is assumed in this solution that the pair wavefunction !/lab may 

be expanded in a finite number of terms of the single-particle wave functions 

determined in Eq. (5.4). The number of terms necessary to accurately describe the pair 

wavefunction is checked by noting the error accumulated by adding more terms to the 

expansion. When the errors are small enough, the expansion is truncated. The radial 

distribution from this approximate pair wavefunction is shown in Fig. 5.19. We see that 

the electron and hole move toward the center of the dot to increase their overlap. The 

heavier hole moves more toward the center than the higher kinetic energy electron. 

With respect to the single-particle eigenenergies, we may infer that the hole khletic 

energy is reduced more than the electron energy by the Coulombic interaction. 
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Calculated radia1 distribution incorporating Coulomb effects of electron 
(Iong-dash-dot) and hole (short-dash-dot) for CdS quantum dot with a 
radius equal to the bulk exciton radius. Solid line indicates radial 
distribution of electron and hole if Coulomb effects are ignored. 
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The energy level scheme for the the eigenstates Eeh of the electron-hole pair is 

diagrammed in Fig. 5.20. The lowest energy levels are labelled using the single-particle 

notation which should describe the dominant terms in the pair wavefunction. One-

photon dipole-allowed transitions are marked with single arrows (indicating single 

photons). Two-photon transitions are marked with double arrows (indicating two 

photons). The splitting between the lowest energy transition ISh -Is. and the next two 

transitions, IPh-ls. and Ish-IP. are labelled 6 and ~,respectively. The splitting 

between I sh -I se and I Ph -I Pe is given by 6 + ~. 

If we ignore the Coulomb interaction momentarily. we can interpret the splittings 

between the different energy levels in terms of the single-particle energy states. From 

Eqs. (5.5) and (5.6), we have 

(5.28) 

and 

(5.29) 

From these splittings, using Eqs. (5.28) and (5.29), the ratio of the electron to hole mass 

can be found 
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Fig. 5.20 Energy level diagram of two-pair states of quantum dots. 6 and /:i. are 
splittings which can be measured with one- and two-photon transitions. 
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(5.30) 

If we use Eq. (5.30) to interpret our experimental results in terms of the single-partical 

states, we can see from any of the Figs. (5.18) that 61A.« 1. Consequently, we would 

assume that for the quantum dots ma « mh which is not in good agreement with the 

bulk mass ratio (from Table 5.1) of m. ~ 0.24 mho 

Ignoring the Coulomb interactions does not provide a model which accurately 

describes the experimental results. From initial lowest symmetry state calculations, 

Coulomb effects are expected to decrease the kinetic energy of the hole more than the 

electron (see Fig. 5.19). This decrease in kinetic energy should result in reduced 

splitting between the different hole states. This should decrease the ratio 61 A. found 

assuming no Coulomb interactions. Qualitatively, we expect a more rigorous calculation 

involving Coulomb interactions to provide spUttings which more accurately describe our 

experimental results. The exact relationship between the splittings is expected to be a 

very complicated function of the Coulombic interaction between the different orbitals 

associated with the different one- and two-photon pair states. 

The one- and two-photon absorption coefficients are calculated by Koch (1990) 

and Hu et aI. (1990) using the electron-hole pair states discussed above. The optical 

spectra are found using a density matrix approach (which allows incorporation of 

broadening processes) to compute the optical susceptibility x. The dynamic equation 

for the density matrix is given by 

iii :t p .. [H + Hint, p] + LR(p), (5.31 ) 

where p is the density matrix describing all possible combinations of electron-hole pair 
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wavefunctions. H is the Hamiltonian used to describe the electrons and holes above. 

Hint is the interaction Hamiltonian relating the material polarization with the optical 

electric field. and LR models dissipative processes [Koch (1990)]. 

The density matrix: is expanded to third order according to the power of the 

electric field 

p _ p(O) + p(l) + p(2) + p(S) + ... (5.32) 

then solved in steady state using perturbative methods. Likewise. w~ are interested in 

the expansion of X to third order to describe the linear (one-photon) and nonlinear (in 

this case. two-photon) processes. 

X" -p- .. X(l) + x(S) lEis + .... 
Ee- iwt 

(5.33) 

where P is the polarization of the medium and Ee-iwi describes the optical field. 

The solution for the first order susceptibility is given by 

(5.34) 

where dOG is the dipole transition matrix element between the ground (no pair) state and 

the excited (pair) state as shown in Fig. 5.20. w. is the transition energy. and 'Yo is the 

broadening of the state. The resonance with the optical frequency w near the transition 

frequency Wo is clearly seen in the denominator of (5.34). 

The much more complicated x(S) due to two-photon processes is given by [Hu 
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(1989)] 

doad.,.'d.'.Hd.Ho I 
i(we' - 2w) + 'Ye'o i(w. - w) + 'Yoo i(w.N 

- w) + 'Y.N
O ' 

(5.35) 

where djj , ~, and 'Yjj are the transition matrix elements, transition energies and decays 

between the various excited states, respectively. The two-photon resonance is seen in 

the denominator of the leading term of (5.35). For the lowest transitions, IPb-ls. and 

Is.-IPh' the one photon transitions which mediate the two-photon absorption (these are 

the final two denominators in (S.35» are generally far from resonance. Consequently, 

two-photon absorption occurs through virtual states which requires high intensities with 

simultaneous excitation. 

The one- and two-photon absorption coefficients are related to the optical 

susceptibility through 

a(w) cc fm{ X(l)(w) } (5.36) 

and 

P(w) cc fm{ X(3)(w) }. (5.37) 

The calculation involved in finding these absorption coefficients are very involved and 

time consuming. The transition dipole- matrices djj are calculated using the overlap 

integrals of the various pair wave functions !/Job' The transition energies Ii~ are the 

eigenvalues of these wavefunctions. The homogeneous Iinewidths are not known 



14S 

between the various states and have been assume to be zero for these calculations. To 

incorporate the distribution of sizes which exist in the Quantum dot samples, the 

average absorptions are computed assuming a Gaussian size distribution f(R) with 

(S.38) 

and 

(S.39) 

Using a dot radius of half the bulk exciton bohr radius aa, the effective mass ratio of 

the electron and hole is varied to observe the changes is the one- and two-photon 

absorption coefficients shown in Fig. S.2I(a-c). Variations in the one-photon spectra 

for ratios me/mh of 0.01, 0.2, and O.S are very small. Variations in the two-photon 

spectra, on the other hand, are very pronounced. The shifts in the two-photon peaks 

from the one-photon peaks can be understood, in a first approximation, using the 

splitting ratio in EQ. (5.30). We see that the splitting is smallest for a small mass ratio 

in Fig. 5.21(a) and largest for a unity mass ratio in Fig. 5.21(c). For the mass ratio 

appropriate for CdS, the peaks in Fig. 5.21(b) show a splitting 6/A ~ 0.2 which is very 

close to that predicted by EQ. (5.30). For this size microcrystallite of R/aa - 0.5, it 

appears Coulomb effects provide only a slight perturbation to the Quantum-confined 

states of the single particles. Figure 5.22 shows the one- and two-photon absorption 

spectra for R/aa .. I with me/mh .. 0.2 which approximates the bulk effective mass 
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Fig. S.21(a) One- and two-photon absorption coefficients calculated for m./mb .. 0,01 
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Fig. S.21(b) One- and two-photon absorption coefficients calculated for me/mb :II 0.2 
and R/aB .. 0.5. 
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Fig. S.21(c) One- and two-photon absorption coefficients calculated for me/mh a 0.5 
and R/aB - O.S. 
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Fig. 5.22 One- and two-photon absorption coefficients calculated for me/mh .. 0.2 
and R/as ... 1.0. 



150 

ratio for CdS. A blue shift of the IPb -Is. absorption peak is visible in the calculated 

data which is not present in the experimental data. The effect of Coulomb interactions 

appears to provide better fit than if no interaction were included but does not 

completely describe the experimental data. An effective mass ratio m./mh smaller than 

that of bulk is necessary to provide a better fit to experiment. 

In conclusion, we have analyzed the level structure of various sized CdS quantum 

dots using one- and two-photon absorption spectra. We have developed transmission 

and excitation spectroscopic techniques which have been checked for accuracy to obtain 

the desired spectra. The measured spectra indicate no splitting between the quantum

confined hole states. Precise theoretical analysis indicates that partial explanation of this 

lack of splitting may be accounted for by Coulomb interaction between the electron and 

hole as well as induced surface charges but best agreement exists for a small effective 

mass ratio. 

Future experimental work in this area will be directed toward an extension of the 

spectral measurement range, both blue and red, concurrently with a larger distribution 

of quantum dot sizes. This information should provide a more complete picture of the 

development of quantum dot states as the size moves from very large microcrystallites 

to very small microcrystallites. More precise control of microcrystallite size distribution 

would provide a better resolved analysis of the various quantum-confined states. The 

addition of other mechanisms, such as trapping, to the theoretical analysis should 

provide more accurate modelling of the quantum dot systems. 
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APPENDIX A 

TUNABLE PULSED LASERS FOR NONLINEAR OPTICS 

A strong argument can be made linking the tremendous growth in optics to 

development of the laser. Laser light, with special properties which include temporal 

and spatial coherence, directionality, focussibility, high intensity, narrow bandwidth and 

short pulsewidth, to name a few, has brought forth an incredible amount of research, 

development and applications. The field of nonlinear optics owes a great deal to the 

laser, for without it, the sources of intense visible light were vanishingly small. 

The advent of tunable laser sources greatly increased the applicability of lasers. 

The ability to tune the laser near absorption resonances enhanced many nonlinear 

processes and ushered in nonlinear spectroscopy. A large array of organic dyes has 

been the workhorse of tunable laser sources which provides tunability from the near 

UV to the near IR. More recently new solid state laser sources have been developed 

which overcome some of the drawbacks of organic dyes while allowing extensions to 

some of dyes' limitations. 

Dye Lasers 

Long-chain organic dye molecules in solution have provided the mechanism for 

lasing action throughout a large spectral region covering the visible and its extremes. 
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The broad absorption and emission bands of any particular dye molecule allow tuning 

of the lasing action over a fairly wide spectral range (usually 20 - 40 nm). The wide 

range of different dye molecules allows a choice of tunable lasing anywhere near the 

visible region. Lasing action in laser dyes occurs between singlet states as shown in Fig. 

A.1. The bands formed by the large number of excited and ground states create a 

tunable four-level system. Optical pumping from the bottom of the ground-band to 

somewhere in the excited-band can be accomplished with a number of optical sources 

from flashlamps to lasers because of the broad absorption bandwidth. Once excited. the 

laser dye quickly decays to the bottom of the excited-band through nonradiative 

transitions. The bottom of the excited-band is a metastable state though with a 

relatively short lifetime (1 - 10 osee). Optical emission occurs with radiative decay to 

somewhere in the ground-band. This transition provides the wide tunability of laser 

dyes. The transition to the bottom of the ground-band occurs quickly. This allows the 

efficient buildup of the population inversion necessary for lasing. 

Competition for absorption of the optical pump by triplet states is a drawback for 

organic dyes. The triplet states (also shown in Fig. A.I) are populated by the excited 

singlet states through slower decay channels. But once the lower triplet states are 

populated. transitions to upper triplet states are allowed and this absorbs pump radiation 

and even singlet radiation. Unforetunately. these triplet states do not provide lasing 

transitions and thus represent a large loss mechanism for the laser dye. This loss 

mechanism can be overcome by replacing the "used" dye with new dye by flowing the 

solvent or by keeping the repetition rate of pulsed sources slower than the decay rate 

from triplet to singlet states. 

A great variety of laser cavities have been designed to take advantage of the 

broad tunability of laser dyes while simultaneously narrowing the laser emission 
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Typical energy level scheme of laser dyes. Singlet states So and SI 
provide lasing transitions. Triplet states T 1 and T 2' once populated, 
represent parasitic absorption states which defeat lasing. 
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linewidth. A good review of cavity designs widely used at present is reported by 

Duarte (1988). Dye lasers presented here were used in experiments described in the 

previous chapters. 

For the experiments described in Chapters 2 and 3, we used the dye laser shown 

in Fig. A.2. A Molectron nitrogen laser was used as the pump source. The output 

from this laser was split to pump both the dye t3ser oscillator and amplifier. The pump 

pulse had a smooth temporal shape with a FWHM of approximately 10 nsec. The pump 

pulse was focussed to a line source on the oscillator and amplifier dye cells using 

cylindrical lenses. The dye cells are positioned inside the focus of the cylindrical lens. 

The transverse dimension of the pump line is best adjusted to approximately match the 

absorption depth determined by the dye concentration. This provides a relatively even 

gain cross section for the dye laser which helps the transverse profile dye laser beam. 

The cavity used for this laser provides a good compromise between laser 

linewidth and feedback efficiency from the tuning element. The output coupler (OC) 

consisted of the 4 Fresnel reflection from a glass window. Because of the very high 

gains in laser dyes, it is efficient to couple out most of the laser oscillation while 

feeding back only a small amount. Since the Fresnel reflection is extremely broadband, 

this OC is useful for all laser dyes. The tuning element was a 2400 g/mm holographic 

diffraction grating used at Littrow incidence to provide a very high feedback 

efficiency. To narrow the lasing linewidth sufficiently, it was necessary to use a beam 

expanding prism to incorporate more lines of the grating. Since the laser linewidth goes 

as lim, where m is the number of grati!~EI lines used n, it is possible to vary the laser 

Iinewidth by varying the magnification of the laser beam on the feedback grating. 

Magnification of the laser beam is most easily accomplished using a 45-45-90 prism. 

Alignment is easily accomplished by intersecting the long face of the prism near grazing 
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incidence with the amplified spontaneous emission (ASE) beam created by the OC. The 

exact angle of incidence determines the the spread of the beam on the prism face and 

the beam which is refracted into the prism is magnified along that dimension. The 

magnified beam exits the prism near normal incidence, so little demagnification occurs 

at this refraction. It is possible to obtain no demagnification if the prism is cut 

properly for the nominal wavelength used but this is not really necessary. Advantages 

of this method are ease of alignment and adjustibility of laser linewidth with simple 

rotation of the magnifying prism. The line width is adjusted to result in beat 

frequencies greater than frequency response of the material system under study. This 

provides an effectively smooth easily characterized pulse. For our experiments, the 

laser linewidth was less than 0.1 nm (instrument limited) as measured with a 0.25 m 

spectrometer with a 1200 s/mm and outfitted with an optical multichannel analyzer 

(OMA). 

The short upper level lifetime of laser dyes can result in a significant amount of 

ASE. If feedback from the laser cavity is insufficient to saturate the high gain of the 

laser dye, photons emitted spontaneously from the dye can be amplified to significant 

intensities by the excess gain. This broadband emission can be detrimental to many 

experiments. The easiest way to control ASE is to adjust the gain to an optimum level, 

since adjustments in the cavity feedback are limited. Because the gain is controlled by 

the pumping intensity, the volume of the pumped region and the power of the pump 

laser determine the gain. The dye concentration determines the absorption depth of the 

pump and the transverse dimension of the pump is usually set to match this depth for a 

uniform laser beam. This leaves the length of the pumped region and the pumping 

power as available adjustments. For the nitrogen pump, translating the pick-off mirror 

to the amplifier allows adjustment of the gain to a desired level. If the dye laser is 
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operated too near threshold. it becomes very sensitive the fluctuations in the pump 

power. Operation too far above threshold results in increased ASE. increased Iinewidth 

and a distorted pulse shape. i.e. the pulse developes a sharp leading edge followed by a 

long tail and can no longer be modeled as a Gaussian. 

To achieve sufficient laser power while maintaining the desired pulse properties 

mentioned above. the excess pump power is delivered to a single stage amplifier. This 

amplifier is also transversely pumped. The same dye is used as that in the oscillator for 

ease of use. In general it is better to use a lower concentration of dye to increase the 

cross sectional area of the pumped region to reduce the gain and consequently reduce 

ASE. The gain necessary for an amplifier is usually less than that required for an 

oscillator. In our case. the excess pump power was not extreme enough to require two 

different dye concentrations to maximize the pumping efficiency. The advantages of 

ease of operation outweighed the small gain in output power. 

The transverse beam profiles of transversely-pumped dye lasers are not typically 

very good. The inability to achieve a uniform gain cross section as well as diffraction 

from the dye cell wall result in the non-Gaussian beam profile. Spatial filtering is 

required to achieve a characterizable beam profile and any energy not contained in the 

mode passed by the spatial filter is lost. It is not uncommon to lose a third of the 

output energy at the spatial filter. 

We used Coumarin 480 in methanol as the laser dye for our experiments in bulk 

CdS as it covers the low temperature bandedge of this semiconductor. The molar 

concentration was somewhere between 10-' and 10-;\ M and was varied using a 

concentrated solution to achieve an absorption depth of O! 0.5 mm for the 337 nm 

nitrogen pump. The choice of these values is somewhat arbitrary and they were chosen 

as a best fit for the geometry and power levels required. 
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The output energy from this dye laser was approximately 15 pJ after spatial filtering 

with a 2 nsec pulsewidth FWHM. 

The laser source for Ch. 4 was also a dye laser pumped by a nitrogen laser as 

shown in Fig. A.3. The nitrogen laser was made by PRA and its output at 337 nm was 

~ 1 nsec in duration. This short pump duration resulted in a dye laser pulse width of 

0.5 nsec. Coumarin 500 was used as the dye at a concentration of ~ 10-3 M for tuning 

to 514 nm. No flowing of the dye was necessary for pump repetition rates of a few 

Hertz because the short pump pulse helped minimize energy transfer to the triplet 

states. 

The laser cavity for this laser utilized a 2400 g/mm holographic grating held near 

grazing incidence to the dye beam. This geometry provides the simplest method of 

beam expansion across the grating lines to narrow the laser linewidth [Shoshan et al. 

(1977), Littman and Metcalf (1978»). A feedback mirror determines which wavelength 

is fed back onto itself. A drawback of this configuration is the low diffraction 

efficiency of the grating at high angles of incidence « 25%) coupled with a required 

double pass. This simple configuration is capable of producing single longitudinal mode 

(SLM) lasers because of the short cavities that can be built. The short cavity can 

increase the free spectral range of the cavity modes to be greater than the bandpass of 

the tuning grating. Consequently only a single mode will lase. Since SLM operation 

was not required for our four-wave mixing experiments, we relaxed the linewidth 

considerations of our laser to allow more reliable operation while still providing a 

sufficient coherence length (1 - 2 cm). A 4% OC was also used with this laser. 

Though it is possible to use the output from the specular reflection of the grating, this 

beam contains a much greater amount of ASE than the spectrally filtered output from 

the OC. 
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Titanium-doped Sapphire Laser 

A new laser source has become available recently in sufficient quality to provide 

important tunability in the near IR. The Ti:Sapphire laser can provide extremely broad 

tunability from 670 - 1070 nm. The most immediately visible advantage is the ease and 

compactness provided by the solid-state form of the medium. No dyes, solvents or 

circulators are necessary. For a normally doped crystal (0.15%), a crystal length of ~ 2 

cm is necessary for 80 - 90% absorption at 532 nm. The longevity of the laser crystal 

is very good due to the rugged nature of the sapphire host. The very high damage 

threshold of Ti:sapphire (20 J/cm3) allows for very high output energies from the laser. 

For the two-photon absorption experiments of Chapter 5, we needed a broadly 

tunable, high power source without strict requirements on the. laser Iinewidth, a few 

nanometers was acceptable. Ideally, we needed tunability from ~ 500 nm to ~ 1100 

nm. The near IR is the most difficult area to obtain with laser dyes due to their low 

efficiencies, narrow tuning ranges, and limited lifetimes. Ti:sapphire fills this ~oid 

nicely with its broad tuning range. We constructed a broadband Ti:sapphire laser 

incorporating Ti:sapphire bricks purchased for Spectra-Technology, Bellevue, W A. This 

laser is diagrammed in Fig. A.4. The laser is pumped longitudinally by the second 

harmonic of a Nd:YAG laser. An output coupler of approximately 50% works best. 

To overcome the rolloff in the wings of the gain spectrum, higher reflectivity mirrors 

in those areas are desired. The tuning range of Ti:sapphire is so broad that the high 

power mirrors need to be changed because of thier finite bandwidth. High power, all

dielectric mirrors are necessary for pulsed operation because of the exceptionally high 

intensities that Ti:sapphire can generate. The tuning element for this laser was a 
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Brewster angle prism. The feedback from a high-reflecting back mirror determined the 

output wavelength. The Iinewidth of the laser was approximately 2 nm with this cavity. 

With two sets of mirrors, one centered at 700 nm and the other centered at 850 nm, we 

obtained useful lasing from 680 nm to 880 nm. The minimum pulse energy in this 

range was I mJ. The pulsewidth of the laser varied with tuning. At its shortest 

wavelength, 680 nm, the pulses were ~ 40 nsec in duration. This duration quickly 

shortened to 12 nsec with tuning to longer wavelengths. The laser pulsewidth as a 

function of wavelength is shown in Fig. 5.12. 

The reasons for the variation in pulsewidth are held in the interplay of a number 

of elements. The pulsewidths of Ti:sappire are determined by gain switching. The 

long upper level lifetime of Ti:sappire (~ 4 psec) stores pump energy very efficiently 

with little spontaneous emission. Once laser oscillation begins from noise, the medium 

has stored up a large amount of energy and releases it quickly to the oscillating mode 

until it can no longer sustain oscillation. In our case, the pump pulse is short (~ 5 - 10 

nsec). Approximately 50 nsec after the VAG pulse pumps the medium, the Ti:sapphire 

l:.ser achieves oscillation. This means the Ti:sapphire stores all the energy delivered by 

the VAG and, presumably, the delay between pumping and lasing represents a time 

scale in which the upper level is populated by the absorbing level. This finite amount 

of energy is released by the Ti:sapphire with a time which is determined by the gain 

coefficient of the lasing wavelength, the feedback efficiency of the cavity and the 

length of the cavity. The length of the cavity determines the round trip time of the 

pulse. Generally, a longer the cavity produces a longer pulse. The feedback from the 

output coupler determines the photon lifetime of the cavity. A high finesse cavity 

maintains the energy in the cavity longer resulting in a longer pulse. If too high of a 

finesse is used, too much energy is held in the cavity and either the mirrors or the laser 
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rod can be damaged. A low finesse cavity output-couples much of the energy on each 

round trip. This shortens the laser pulse because the cavity allows energy to be 

removed from the rod quickly. The gain coefficient determines the amount of energy 

that can be extracted through each pass of the rod. Low gain coefficients limit the 

amount of energy available on each pass and consequently require more passes for all 

the energy to be extracted. This allows us the draw some general conclusions for a 

given cavity setup. The tails of the gain spectrum should produce longer pulses. The 

longest pulses should occur near threshold with shorter pulses occurring for larger 

pumping energies. This is in fact what we observe with our laser. 

At this time, even though we have mirrors centered for 950 nm, we cannot 

observe lasing at wavelengths much longer that 900 nm. At this time, we are unsure as 

to the reasons behind this. Possible reasons may include mismarked mirrors, parasitic 

absorption in this Ti:sapphire rod, insufficient pumping energies and to low of a 

reflectivity output coupler (R .. 70%). 

An interesting cavity for Ti:sapphire [Kangas et aI. (1989)], although not used for 

these experiments, is the short-cavity, grazing-incidence configuration shown in Fig. 

A.2. With a 4-5 em cavity length, we were able to obtain lasing in a single longitudinal 

mode (SLM). The tunability of the laser was more limited, 715 - 880 nm, but the 

improvement in temporal pulse quality was marked. The output pulse was ~ I osee in 

duration with absolutely no ringing or distortion for 100% of the pulses even for output 

energies 3X above threshold energy. The pulses were measured with a 35 psec rise time 

photodiode on a 750 MHz transient digitizer with a 1 GHz amplifier. The large mode 

spacing of the laser limits only one cavity mode under the narrow spectral bandpass of 

the grazing-incidence grating element. The output is coupled through the zero-order 

reflection of the grating. Unlike dye lasers, the long upper-level lifetime of Ti:sapphire 
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keeps the ASE very low with this configuration. A peak output energy of 3 mJ was 

obtained for this laser with = 30 mJ of pump energy. This represents 3 MW of peak 

power in a clean SLM pulse. For future work this type of laser should provide superior 

pulse characteristics if slightly less tunability is acceptable. 
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In chapter 5, we needed to evaluate the integmls describing the populations of the 

excited-state and trap-state populations. This appendix covers some of the 

mathematical approximations that are made in that calcufation and how this relates to 

the real experimental system. As seen in Fig. A.I, the decay routes out of the excited 

state are radiative decay to the ground state aab' nonradiative decay to the ground 

state 'Yab' and nOnradiative decay to trap states 'YaT. Decay routes from the trap states 

are given by radiative decay to the ground state ~ and nonradiative decay to the 

ground state 'YT. The populations of the excited states and trap states are given by K a 

and K T, respectively. The integral solution of Eq. (5.16) for the trap-state population 

is 

t 

KT(t). 'YaT J dt' Ka(t) e-(aTb + "IT)(' - '1. 
-00 

(B.1) 

Similarly, the integral solution of Eq. (5.15) for the excited-state population is 
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(B.2) 

Equations (B.l) and (B.2) are exactly Eqs. (5.16) and (5.17). We may obtain analytical 

solutions to these equations under conditions which closely relate to our experimental 

situation. We approximate the intensity of the laser pulse with 

(B.3) 

where 10 is the peak laser intensity. We assume IhaT. Ihab « Tp. namely the 

lifetime of the excited state is shorter than the laser pulsewidth. Inserting (B.3) into 

(B.2) we have 

.lV'a(t) .. ::~ Jt dt' e-2t'3/F~ e-(-YaT + "tab)(t - t1. 
-00 

(B.4) 

We change variables with t" III t - t' which leads to dt" .. -dt'. Rewriting Eq. (B.4) 

with new dummy variable t" gives 

We know that for t -+ -00. .IV' a - 0 because we have not excited the system yet. We 

are interested in times t ~ 0 after the system is excited so we may let til .. 00 + t -+ til '" 

00. Flipping the limits of integration of (B.S) with our new limit. we have 
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(B.6) 

Since the decay of the second expontial in (B.6) is so rapid ('YaT + 'Yab » I/Tp) with 

respect to the slowly varying Gaussian envelope. we may evaluate the first exponential 

at the peak of the second exponent t' '" O. The allows us to simplify the integral to 

(B.7) 

The evaluation of EQ. (B.7) is trivial and gives us the result 

(B.S) 

which is the result shown in EQ. (5.20). Equation (B.S) is the same as a steady state 

solution for EQ. (S.IS) with the later insertion of a slowly varying intensity. 

The time-dependent trap state population may be found by incorporating Eq. 

(B.S) into (B.2) giving 

We again change variables using t" • t - t' and dt" ... -dt'. Using the same temporal 

arguments as in (B.6) we obtain 
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00 

~ (t) .. 'YaT PI~ 1 dt' -2(t - t)Z/,Z -(~ + 'TT)t' 
T 'YaT + 'Yab IiZwS 0 e P e . (B.lO) 

In this case since ~ + 'TT « I/r~, the Gaussian is sharply peaked function at t' - t 

compared with the slowly decaying exponential. We evaluate the second exponential at 

this peak and pull it outside the integral giving 

00 

~ (t) - 'YaT PI~ -(~ + 'TT)t 1 dt' -2(l - l1Z/'~ 
T 'TaT + 'Tab IiJwS e 0 e . 

We change variables using t" III t' - t and dt" ... dt' to obtain 

For times t » r~, we may let t -. 00. This allows us to evaluate (B.12) using 

00 

J dx e-x"/b • Vib. 
-00 

The final result for the trap-state population is given by 

(B.lI) 

(B.12) 

(B.13) 

(B.l4) 

for times t »rJ. Eq. (B.l4) is the result shown in (5.21) with the condition that this 



169 

solution is only valid for times after the end of the laser pulse. With the trap state 

population from (B.14), the radiative decay from trap states may be evaluated to obtain 

the himinescent energy. 
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