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ABSTRACT 

This dissertation describes the study of excitonic optical nonlinearities in 

semiconductors and semiconductor microstructures. The main emphasis is placed on the 

evolution of optical nonlinearities as one goes from bulk to quantum-confined structures. 

Included are experimental studies of molecular-beam-epitaxially-grown bulk GaAs and 

ZnSe. GaAs/AIGaAs multiple-Quantum-Wells (MOW's). and finally. quantum-confined 

CdSe-doped glasses. 

The microscopic origins and magnitudes of the optical nonlinearities of bulk GaAs 

and ZnSe were investigated and the excitou recovery time in ZnSe was measured. A 

comparison with a plasma theory indicates that in GaAs. band filling and screening of the 

continuum-state Coulomb enhancement are the most efficient mechanisms. while in ZnSe. 

exciton screening and broadening are the dominating mechanism for the nonlinearity. The 

maximum nonlinear index per excited electron-hole pair of ZnSe at room temperature is 

comparable to that of bulk GaAs and the exciton recovery times are of the order of 

100 ps or less. 

A systematic study of the dependence of the optical nonlinearities on quantum well 

thickness for GaAs/AIGaAs MOWs and the results of nonlinear optical switching and 
o 

gain in a 58 A GaAs/AIGaAs MOW are reported and discussed. The maximum change 

in the refractive index is greatest for the MOWs with the smallest well size and decreases 

with increasing well size. reaching a minimum for bulk GaAc. The maximum index 

change per photoexcited carrier increases by a factor of 3 as the well size decreas~ from 

bulk to 76 A MOW. A differential energy gain of '" 0.2 and the contrast of '" 4 are 

o • 
measured for a 58 A MOW usmg 3 ns laser pulses. 
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The linear and nonlinear optical properties of CdSe semiconductor microcrystallites 

grown under different heat treatments in borosilicate glasses are investigated. Pump

probe spectroscopic techniques and interferometric techniques were employed to study size 

quantization effects in these microcrystallites (quantum dots). Nonlinear optical properties 

due to sthe transitions between quantum confined electron and hole states are reported for 

low temperature and room temperature. A relatively large homogeneous Iinewidth is 

observed. Single beam saturation experiments for quantum confined samples were 

performed to stuny the optical nonlinearities as a function of microcrystallite size. Results 

indicate that the saturation intensity is larger for smaller size quantum dots. 



II 

CHAPTER I 

INTRODUCTION 

The nonlinear optical properties of semiconductors and semiconductor 

microstructures have been the subject of intense research. not only from a fundamental 

physics point of view. but also for their potential applications to future opto-electronic 

devices [Gibbs (1985); Haug (1988)]. The most prominent feature of semiconductor 

materials is the fact that they exhibit exceptionally strong optical non!inearities due to 

resonance enhancement in the vicinity of the fundamental absorption edge [Klingshirn and 

Haug (1981); Gibbs (1985); Peyghambarian and Gibbs (1985)]. Microscopically. these 

effects are explained by many-body interactions of the photo-excited electron-hole pairs or 

by thermal effects [LOwenau et al. (1982); Haug and Schmitt-Rink (1984); Schmitt-Rink et 

al. (1985); Banyai and Koch (1986); Koch et af. (1988)]. 

Linear and Nonlinear Mechanisms in Direct-Gap Semiconductors 

In direct-gap semiconductors fhe absorption of photons may excite el~trons from the 

valence band into the conduction band without additional (phonon-assisted) momentum 

transfer interactions [Aschcroft and Mermin (1976)]. An electron in the conduction band 

and a hole in the valencti band are able to form bound states. by Coulomb attraction. 

cal1ed excitons. They are of fundamental importance for the optical properties of solids 

and have been studied for a long time. 'fwo forms of excitons were postulated in the 
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1930's; one involving a very localized excitation process. the Frenkel exciton. and the 

other. by contrast. a much more extended state. the Wannier-Mott exciton [Knox (1%3); 

Cho (1979)]. In the Wannier-Mott model the excitons are weakly bound and have a 

binding energy and Bohr radius like a hydrogenic system. The binding energy (EB) is 

inversely proportional to the Bohr radius (aex)' as EB - e2/2aex ' For GaAs at room 

temperature. EB is about 4.2 meV and atlX is approximately 140 A. This indicates that 

the exciton orbit covers many unit cells of the crystal structure. It is well known that 

Wannier excitons play an important role in optical transitions near the absorption edges of 

GaAs. ZnSe. and mUltiple quantum well structures [Gibbs (1985); Chemla and Miller 

(1985); Kolodziejski (1986); Peyghambarian et al. (1988); Park et al. (1988)]. 

Without considering the Coulomb interaction between the e){cited electrons and holes. 

the absorption edge at T = 0 K would occur exactly at the energy gap and increase as 

../iiW at zero temperature for direct··gap semiconductors [Pankove (1971)]. In actual fact. 

the Coulomb interactions between charged carriers are very significant. For the case of 

vanishingly small carrier densities. these perturbations give rise to enhanced absorption 

above the band gap (Coulomb enhancement) and the appearance of discrete (excitonic) 

lines below the band gap as shown in Fig. 1-1 [Elliot (1957); Bassani et al. (1975); Banyai 

and Koch (1986)]. In contrast to this case. if there are many photo-generated electron-hole 

pairs. the various interaction processes among these carriers strongly modify the optical 

properties of the semiconductor material. In order to fully understand this complicated 

mechanism. one has to take into account the many-body effects resulting from the large 

carrier concentration. such as band filling. bandgap renormalization. and screening of the 

Coulomb interaction [Haug (1988)]. Each of these effects is worth discussing briefly. 

Band filling is caused by the Pauli exclusion principle - no two electrons (or holes) 

can be in the same quantum state [Gasiorowicz (1974}]. If the allowed electron and hole 
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1-1. Schematic diagram of the absorption spectrum with inclusion of 
Coulomb interaction. The dashed line indicates absorption spectrum 
neglecting Coulomb interaction. [Bassani et. 01.] 
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states are filled. further transitions into those states are prohibited and consequently any 

additional photons are not absorbed. When a large number of carriers are generated by 

photons with energies greater than the bandgap energy. these excited carriers thermalize in 

less than a picosecond and fill the lowest available states [Olbright (1987); Lin et al. 

(1988)]. As the electron states near the bottom of the conduction band and hole states 

near the top of the valence band become filled. the photon energy for further transition is 

increased. resulting in an apparent blue sld!t of the absorption edge. 

The bandgap renormalization is another important many .. body effect in the system of 

excited electrons and holes. There are two main mechanisms contributing to this effect; 

the intraband Coulomb repulsion between. like charges and the exchange interactions 

between identical particles (Pauli exclusion). Both of these interactions reduce the spatial 

correlation of the electrons (the likelihood of finding one electron in the vicinity of 

another). and therefore reduce the overall system energy [Haug and Schmitt-Rink (1985)]. 

This bandgap reduction causes a shift in the absorption edge to lower energies (red shilt). 

Coulomb screening arises when two charged particles interact in the presence of a 

distribution of other charged particles [Aschcroft and Mermin (1976); Kittel (1986)]. Two 

charged particles interact with each other via their mutual electrostatic forces. but the 

force they effectively experience is modified by the net superposition of the Coulomb 

fields of all other particles. which results in a screening of the two-body interaction. 

Similarly. both the electron and hole in an excited semiconductor belong to a distribution 

of charged particles and hence interact through a screened Coulomb potential [Haug and 

Schinitt-Rink (1985)]; Banyai and Koch (1986)]. This screening reduces the binding 

energy between the electron and hole. As the screening increases. the Bohr radius of the 

exciton increases and eventually the exciton is ionized. The carrier density for which this 

ionization occurs is referred to as the Matt density. which is on the order of aex -3. The 

plasma screening also suppresses the Coulomb enhancement factor of the continuum states. 
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This causes an overall reduction in the absorption spectrum near and above the bandgap. 

The above-mentioned many-body effects in direct-gap semiconductors are summarized in 

Fig. 1-2 [Gibbons (1987)]. Of course, the amount of shift in the absorption spectrum 

depends directly upon the electron-hole density. 

Current Research for Nonlinear Optical Devices 

From a practical point of view we would like our nonlinear devices to have large 

optical nonlinearities, fast response time, room temperature operation, and small size. 

Even though a large number of experimental and theoretical studies have been made, none 

of the demonstrated devices appear to have the above characteristics [Gibbs (1985)]. 

Current research efforts to find a breakthrough in this area faU roughly into two 

categories: the development of new materials and the search for new (quantum-confined) 

structures. 

A variety of semiconductor materials have been suggested and some have proven to 

be useful for device applications since they have the advantage of providing adequate 

absorption (a:L"'1) in very thin samples (",lllm) [Gibbs (1985)]. The nonlinear mechanisms 

of these materials are alsa investigated in order to facilitate in the optimization of devices. 

Gibbs (1985) and Peyghambarian et al. (1988) reported a summary of the operating 

parameters and the origin of the nonlinearities in many semiconductors, including GaAs. 

InSb, InAs. CdHgTe, CdS. CuCI. and ZnS. However. improved nonlinear materials are 

still being sought. Organic crystals have recently attracted attention as new candidates for 

ideal devices due to their fast switching time and large nonresonant nonlinearity [Hermann 

et al. (1980); Lattes et al. (1983); Carter et al. (1983)]. It was observed that some organics 

even have good mechanical and long-term chemical stability [Zyss et al. (1987)]. 
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1-2. Nonlinear optical absorption spectra of a direct-gap semiconductor. (a) 
t-And filling causes an apparent shift of bMdedge to higher energies; (b) 
bandgap renormaiization shifts bandedge to lower energies; (c) plasma 
screening br'Jadens and saturates excitons; (d) reduction of the Coulomb 
enhanced states [Gibbons (1988)]. 
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Considerable research continues to examine organic structures with inherent flexibility and 

synthesis potential [Chemla et al. (1987)]. 

Recent advances in crystal growth techniques enable us to have new semiconductor 

microstructures. such as multiple-quantum-wells [Gibbs(1985); Chemla et al. (1985)]. In 

semiconductor MQWs. the electrons and holes are free to move in the planes of the layers 

but their motion normal to the layers is confined due to discontinuous steps in the 

potential at the planar interfaces [Dingle et al. (1974); Chemla and Miller (1985)]. This 

novel confinement effect in quasi-two-dimensional structures is apparent in their linear 

absorption spectra even at room temperature and has stimulated speCUlation on a number 

of new devices [Miller et al. (1984); Gibbs (1985)]. At present. much attention has been 

focused on confining electrons and holes in all three dimensions. These "zero-dimension" 

electron-hole systems. called quantum dots (or quantum boxes). have only recently been 

realized [Ekimov and Onushchenko (1981); Reed et al. (1986); Cibert et al. (1986); Temkin 

et al. (1987)]. The effects of small size and reduced dimensionality are expected to 

improve the optical properties of semiconductors and semiconductor-based devices 

[Brus(l984); Schmitt-Rink et al. (1987)]. However. the manufacturing of these ultra-small 

structures with extreme uniformity is still in the primitive stage and much work needs to 

be done bot.h experimentally p.nd i.heoretically. 

Scope of Dissertation 

This dissertation describes the study of the nonlinear optical properties of 

semiconductors and semiconductor microstructures. The main emphasis is placed on the 

evolution of optical nonlinearities as one goes from bulk to quantum-confined structures. 

Included are experimental studies of molecular-beam-epitaxially-grown bulk GaAs and 
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ZnSe, GaAs/AIGaAs MQW's, and finally, quantum-confined CdSe-doped glasses. The 

organization of this dissertation is in three main parts. The first part describes the study 

of the microscopic origins and magnitUdes of the optical nonlinearities of GaAs and ZnSe 

and the measurements of exciton recovery time in ZnSe. The plasma theory for highly 

excited semiconductors as developed by Banyai and Koch is also briefly reviewed. In the 

second part, both the results of a systeni.1tic study of the dependence of the optical 

nonlinearities on quantum well thickness for GaAs/AIGaAs MQWs and the results of 

nonlinear optical switching and gain in a S8 A GaAs/AIGaAs MQW are reported and 

discussed. The final part discusses the linear and nonlinear optical properties of CdSe 

semiconductor microcrysta1lites grown under different heat treatments in borosilicate 

gla..c:ses. 
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CHAPTER II 

OPTICAL NONLINEARITIES OF MBE-GROWN BULK GaAs AND ZnSe 

The nonlinear optical properties of semiconductors are mainly due to the 

interactions between photo-excited electron-hole pairs. In a theoretical treatment. these 

many-body intera~tions resulting from large carrier concentration are in general 

interrelated and quite complicated. The major breakthrough in this problem has been 

achieved by means of a quantum-mechanical Green's-function theory [LOwenau. SchmiU

Rink. and Haug (1982); Haug and Schmitt-Rink (1984)] and the results have been applied 

successfully to analyze various semiconductor nonlinearities. However. the main difficulty 

with this approach is that one has to evaluate complex integral equations numerically 

[Banyai and Koch (1986)]. 

Plasma Theory 

A somewhat simpler and partly phenomenological theory of the optical nonlinearities 

of semiconductors has been developed by Banyai and Koch (1986). The theory is based 

on the concept that the nonlinear response can be thought of as an extension of the linear 

response with carrier-density dependent renormalized material parameters. In this model. 

the electron-hole plasma is assumed to be in a quasi-equilibrium st.ate. The equations 

relevant to the plasma theory are given by Banyai and Koch (1986) and a derivation based 

on their work is outlined here. 
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The linear optical response of a semiconductor at zero temperature is given by the 

Elliot formula [Elliot (I 957)] 

1m X(w) - 21Trcv2L I ¢?(r - 0)1 28(fzw - EA - Eg II) , 

X 

(2.1) 

where rev is the interband matrix element, rh,(r) are the eigenfunctions which describe the 

relative motion of the electron and hole, EgO is the unrenormalized energy gap, and EA is 

the energy eigenvlliue of the Wannier equation. It is assumed that the wave functions 

obey a modi~ied Wannier equation in which the potential used is the Yukawa potential 

given by 

v - ~ e-Itr • (2.2) 
S for 

where IG is the carrier-density-dependent inverse screening length. This means that 

Coulomb interactions are reduced by screening. The energy eigenvalue EA becomes the 

eigenvalue of the modified Wannier equation. With the inclusion of bandgap 

renormaIization and the band filling factor A(w), the generalized Elliot formula becomes 

1m X(w) - 21Trcv 2 A(w) L I ¢h(r .. 0)1 28r(flw - EA - Eg) , 

X 

(2.3) 

where Eg .. EgO - 8Eg. Here EgO is the unrenormaIized band gap and 8Eg is the bandgap 
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shift. By using the relation 41TW 1m X«t». the generalized Elliot formula can be written 

where 

Foe 

~W) - ~ A(w.N) L I if>A(r .. 0)1 26r(flw - E>, - Eg) • 

X 

flI_ 81T2
W r 2 

-u- CV • 

Fo~ 

(2.4) 

Note that A(w) ... tanh[(flw-p)/2kB T] and that p(N) III pe(N) + Ph(N). which is the sum of the 

quasi-chemical potentials of electrons and holes. r is actually the sum of a constant term 

(fo at a partiCUlar temperature) and a term linear in N. the carrier concentration. Here. 

the line shape function 6r has been chosen to approximate the exponential Urbach tail 

(2.5) 

where x is the detuning from the bandedge scaled to Rydberg energies ~). r is actually 

the sum of a constant term (at a particular temperature) and the term linear in N. carrier 

concentration. The wave function. if>A (r). describes the relative motion of an electron-hole 

pair and is required to satisfy the modified Wannier equation 

{ 
fl2 e2 e-IGr "'} --V2 - -- - E>, .if>A(r) ... 0 2m fo r • (2.6) 
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where E>. is the eigenvalue and /(. is the carrier-density-dependent inverse screening 

length. Unfortunately. there is no analytical solution for the Yukawa potential. An 

approximate analytic solution can be found if the Yukawa potential is replaced by the 

Hulthen potential of the form 

(2.7) 

where g .. 12/rr2Elo1G was chosen to make the maximum number of the bound states for the 

Yukawa and Hulthen potentials agree. Now ~>.(r) can be solved by substituting Eq. (2.5) 

into Eq. (2.4) and consequently a:(w) can be obtained. 

The spectra obtained by this plasma theory are in good agreement with the 

corresponding Green's function result. However. this theory has the advantage of being 

easier to evaluate and apply to analysis of experimental absorption data. This theory has 

been employed successfully to analyze experimental findings of bulk GaAs [Lee et al. 

(1986)] and CdSxSel_x doped glasses [albright et al. (1987)]. 

Room-Temperature Optical Nonlinearilies in GaAs 

Since the first observations of optical bistability in GaAs [Gibbs et al. (1979)] and 

InSb [Miller et al. (1979)]. many III-IV and II-VI semiconductors have been considered 

for possible applications to rnnlinear signal processing and optical computing [Gibbs 

(1985)]. One of the most promising materials is GaAs. which has the advantage of large 

nonlinearities. fast response. and room-temperature operation. Although extenGive 

experimental and theo1;'tltical studies in GaAs hav~ been performed for more than a 
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decade. the origin of the room-temperature optical nonlinearities in GaAs was not clearly 

understood [Lee et al. (1986)]. In order to better understand the underlying physics of the 

nonlinearities in room-temperature bulk GaAs. measurements of the nonlinear absorption 

spectra in the vicinity of the band edge were perfcJ'med and the results were compared 

with the above-mentioned plasma theory. ThIJ mag.1itudes of the nonlinear indices. An. 

were also obtained from a Kramers-Kronig transformation. 

Bulk GaAs samples grown by molecular beam epitaxy (MBE) consist of a 2.05-pm

thick GaAs layer between two AIGaAs layers. Silicon monoxide antir eflection (AR) 

coatings are deposited to minimize the Fabry-Perot interference effects from the surface of 

the sample. 

The experiments were performed using a standard pump-and-probe technique 

utilizing an optical multichannel analyzer (OMA) as shown in Fig. 2-1. A nitrogen

pumped dye laser operating at 816 nm was used for the pump beam. The probe 

consisted of the spectrally broadband spontaneous luminescence emitted by a cell 

containing IR-I44 dyes. The nitrogen laser synchronously pumped both the dye laser and 

the dye cell which subsequently delivered pulses of 3 ns full width at half-maximum 

(FWHM). The two beams were collimated and brought onio the sample so as to be 

coincident in time and space. This was carefully checked using an oscilloscope and TV 

monitor. The spot diameter of the pump beam at the sample was ",200 pm and the probe 

beam diameter was ",50 pm. The pump beam was polarized orthogonal to the probe beam 

which permitted us to selectively block the pump beam before it entered the spectrometer. 

The transmission of the sample for the broadband probe beam was measured using a 

spectrometer equipped with an optkai multichannel analyzer (OMA). 

The OMA used for most of the data acqusition is a Tracor Northern TN-I 71 OA. 

There are 16 channels in which data can be stored. The intensity of light on the 

detectors can be seen in real time or accumulated to give a better signal-ta-noise ratio. 
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The accumulated data is digitized which allows easy serial interface between the OMA 

and an IBM PC through RS-232 serial communication links. In a pulsed experiment. 

synchronization of the laser and the detector apparatus is critical. The OMA has an 

external trigger which is amplified and used to trigger the nitrogen laser. 

Fig. 2-2(a) shows the absorption changes in the vicinity of the band edge for the 

various pump intensities. The pump wavelength was set far above the band edge to 

generate an electron-hole plasma rather than excitons at room temperature. A very small 

exciton feature appears in the linear spt:Ctrum labeled O. Exciton screening is observed 

for small pump intensities. but the net effect is not very strong because it is partly 

cancelled by the positive contribution from the bandgap reduction. As the pump intensity 

increases. broad absorption changes in the band become more pronounced. 

The changes in the refractive index (An) are obtained from the Kr".mers-Kronig 

transformation of the changes in the measured absorption (Ao:); 

I
W2 

An(w).. flcp Ao:(w'). dw' 
1T W'2 - w2 • 

WI 

(2.8) 

where P stands for the principal value (see APPENDIX). The validity of this technique 

has been confirmed by several direct interferometric measurements. Olbright and 

Peyghambarian (1986) have used a modified Twymann-Green interferometer to !Ileasure 

the nonlinear refractive index of CdSSe doped glasses. Lee et al. (1986) sandwiched 

GaAs between two highly reflecting mirrors. and by observing the shifts of the Fabry-

Perot peaks. measure An .:lS a function of pump intensities. Fig. 2-2 (b) shows the 

resulting variation in the refractive index. The maximum refractive index change is 

approximately -0.03 at about 2 nm below the exciton energy. The rising edges at the 
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high energy side of Fig. 2-2(b) are artifacts arising from the finite integration limit set in 

the Kramers-Kronig transformation. 

These absorption data are compared with the corresponding results from plao;ma 

theory in combination with excitation-dependent line broadening. r .. ro + riN. where N 

is the carrier density. This allows one to analyze the relative contributions of the 

different nonlinear mechanisms. For GaAs at room temperature. ro .. 1.25 ER and 

r I = 2x to-18 ~ cms yield the best results as shown in Fig. 2-3(a). Here. the bandgap 

energy used is 1.42 eV and the exciton Rydberg energy is 4.2 meV. The corresponding 

dispersive changes (~n) are calculated from a Kramers-Krollig transformation of the 

absorptive changes [Fig. 2-3(b)]. This analysis shows that band filling and screening of 

the continuum-state Coulomb enhancement are the most efficient mechanisms in generating 

the observed dispersive changes. The band filling is mainly responsible for the broad 

low-energy tails of ~n. whereas the screening ce.uses the sharp slructure in the vicinity of 

the band edge. The absorption changes obtained through thp. bleaching of the exciton are 

largely compensated through the red shift of the continuum state caused by the bandgap 

reduction at low intensity. 

Optical Nonlinearities in MBE-Grown ZnSe 

To date. the research in the semiconductors has been focused primarily on the IlI-V 

materIals. However. there has been increasing interest in wide-gap semiconductors 

because of their visible light applications and ease of fabrication. In this section. we will 

discuss an observation of large optical nonlinearities in MBE-grown thin films of ZnSe at 

room-temperature and at T = 150 K. Comparison with the Banyai-Koch plasma theory 

indicates that in both cases exciton screening and broadening are the dominant 
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mechanisms for the nonlinearity. The maximum nonlinear index per excited electron-hole 

pair at room temperature is comparable to that of bulk GaAs and GaAs-AIGaAs 

multiple-quantum-wells. 

Polycrystalline ZnS and lnSe have been studied extensively in the form of 

interference filters due to their room-temperature capability. ease of fabrication and 

visible wavelength operation [Karpushko and Sinitsyn (1978); Olbright et al. (1984); Smith 

et at. (t 984)]. Ho"wever. thermal nonlinearities have been employed in these ZnS and 

ZnSe interference filters. resulting in inefficient switching with slow switching speeds 

[Olbright et al. (1984); Smith et at. (1984)]. Nonlinear excitonic effects at T CI 77 K have 

been also reported in ZnSe/ZnMnSe super]attices. [Kolodziejski et at. (1986)] 

ZnSe is a direct gap semiconductor. with zincblende crystal structure and a re]atively 

large bandgap energy of Eg ~ 2.7 eVat T .. 300 K. corresponding to the visible blue part 

of the spectrum. Excitons in ZnSe are relatively strongly bound with a binding energy of 

o 
~x ~ 18 meV and a Bohr radius of ",5] A. [Madelung et at. (1987)] 

ZnSe has been a potential candidate as a diode laser material for blue light emission. 

[Kolodziejski et al. (1986); Cheng et al. (1987)] For optical bistability applications and for 

optimization of logic devices. the material has to be characterized. One needs to 

understand the origin of optical nonlinearities and know the nonlinear refractive index 

over a range of wavelengths in the vicinity of the bandgap. Such measurements have 

been performed and are described here. 

The standard pump-and-probe method was again used to determine the change in the 

absorption coefficient as a function of probe frequency for various pump intensities as 

discussed in the last section. The broadband spontaneous luminescence emitted by a cell 

containing Coumarin-460 was used for the probe beam. The spot diameter of th~ pump 

beam on the sample was ",50 J.Lm while the probe beam dbmeter was ",25 J.Lm. The 

\vavelength of the pump beam was fixed at 435 nm generating an electron-hole plasma. 
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The sample was grown by molecular beam epitaxy (MBE) and had a thickness of 0.55 p.m. 

Samples for this study were grown by molecular beam ';)pitaxy from elemental Zn and Se 

sources at a growth temperature of 3500 C and a Zn/Se beam pressure ratio of 1 :3. 

Further details concerning the growth and characterization of these samples may be found 

in the literature. [Potts et al. (1987)] 

Fig. 2-4(a) shows the absorption coefficient of the probe as a function of probe 

wavelength for various pump intensities at T ... 150 K. The spectrum labeled 0 which is 

taken in the absence of the pump beam exhibits a pronounced exciton peak around 450 

nm together with the Coulomb enhanced continuum states at higher energies. In the 

presence of the pump pulse. one observes a reduction of the exciton oscillator strength and 

a small broadening on either side of exciton. At higher pump intensities the p.xciton 

gradually disappears. This is due to the screening of the Coulomb potential by the pump

injected carriers. The change in the index of refraction. ~n. can be obtained by making 

a Kramers-Kronig transformation of the measured change in absorption coefficient [see 

Eq.(2.8)]. Even though this is an indirect method of ffiiMSuring: the nonlinear refracl.ive 

index. it has the advantage of providing correct values of ~n using a simple ex~!"im~~jtal 

setup. Fig. 2-4(b) exhibits nonlinear index changes corresponding to thp. measured 

absorption spectra. The maximum ~n is approximately -0.025 at about 1/2 Eax ~ 9 meV 

below the cxdton energy with ",2.5 kW/cm2 pump intensity. 

Similar measurements of ~o: and ~n were repeated for room-temperature. as shown 

in Figs. 2-5(a) and (b). The exciton resonance is broadened at this temperature due to 

phonon interaction. Again. screening of the exciton resonance is observed with some 

collision broadening as the pump intensity is increased. The maximum ~n at room 

temperature is - 0.017 at about I EBx ~ 18 meV below the exciton energy with 

",16 kW/cm2 pump intensity. 

To cross check the validity of the Kramers-Kronig transformations. the nonlinear 



£lPIfI'inlnI ThIDt/ 

- ZnSt (a) ZnSt (4:) 

J e r'fSOK e T'fSOK 

i 6 6 

• 
J 4 4 -Go 

J 2 2 

0 0 

0.08 QOS 
(b) Cd) 

Q04 Q04 

c 0 0 ~ 

-Q04 -Q04 

-Q08 -Q08 

440 450 460 440 460 
A(nm) ~ (nm) 

2-4. Experimental and theoretical spectra of nonlinear absorption and 
nonlinear refractive index for a O.55-pm loSe thin film at T-150K. 
(a) Experimental absorption spectra for various pump intensities. (0) 
linear (no pump), (l) 2.5 kW/cm2, (2) 9 kW/cm2, (3) 23kW/cm2• (4) 
46.5 k W /cm2• (b) Nonlinear refractive index changes corresponding to 
measured absorx>tion spectra of (a). Curves 1-4 are obtained from a 
Kramers-Kroniz transformation of the corresponding experimental 
data 1-4 in (a). (c) Calcuhted absorption spectra for different elec
tron-bole pair densities, N: (0) IxlOl'cm', (I) 5x1011lcm'. (2) IxlO17cm', 
(3) 2x1017cm', (4) 3x1017cm'. (d) Calculated nonlinear refractive index 
changes, curves 1-4 are obtained from curves I -4 in (e). respectively. 

31 



I 
Ie -Ct 

.1 

i 

8 

6 

-4 

2 

o 
0.08 

Q04 

o 

-0.04 

ZnS. 
r'300K 

Co) 

(b) 

-Q08 '-----L_--'-_..J.----I 

440 460 
~(nm) 

480 

8 

6 

4 

2 

o 
Q08 

Q04 

-Q04 

ZnS. 
r'300K 

(c) 

(d) 

-Q08 '------L._--L.._...L..----l 

440 460 
~ (nm) 

480 

2-5. Experimental and theoretical spectra of the nonlinear absorption and 
nonlinear refractive index for a 0.55pm ZoSe thin film at room tem
perature. a) Experimental absorption spectra for various pump inten
sities: 0) no pump. I) 16 kW/cm2. 2) 33 kW/cm2. 3) 76 kW/cm2. and 
4) 157 kW/cm2. b) Nonlinear refractive index changes corresponding 
to the measured absorption spectra; curves (1)-(4) are obtained from 
curves (1)-(4) ;a a) respectiv~ly. c) Calculated spectra for differenmt 
electron-hole pair densities. N: 0) IOl5cm'. I) 9xI01Ilcm'. 2) 
I.SxI017cm'. 3) 3xI017cm'. and 4) 5x1017cm'. d) Calculated refractive 
index changes. curves (J)-(4) are obtained from curves (1)-(4) in (c), 
respectively. 

32 



33 

refractive index may be directly measured by the observation of the Fabry-Perot 

transmission-peak shift in a nonlinear etalon at room temperature [Lee et al. (1986)]. 

Such a measurement was performed in ZnSe. The experimental setup is essentially the 

same as a pump-probe scheme. Aluminum high reflectance coatings were deposited to 

enhanced the Fabry-Perot effects from both surfaces of the sample for this purpose. Fig. 

2-6(a) shows the typical Fabry-Perot transmission curves in the vicinity of the bandgap 

for this sample. A broad band probe beam was used to form two successive orders of 

o 0 
Fabry-Perot transmission peaks. These two peaks are located at 5405 A and 4725 A. 

The cavity finesse is about 10, which is measured by knowing the free spectral rallge 

o 
(FSR) of 680 A. Figs. 2.6(b) and (c) show the nonlinear Fabry-Perot transmission peaks 

for two different pump intensities. The increase in the FWHM of the Fabry-Perot peak 

may be attributed to the fluctuations in the pump intensity and the incretJSed absorption 

due to the broadening of exciton resonance at higher intensities. The refractive index 

change in the Fabry-Perot is given by 

~ ~~ 
~n - 2 FSR L' (2-9) 

where L is the sample thickness. Values for ~n of 0.14 and 0.007 were obtained for 

pump intensities of 171 k W /cm2 and 81.5 k W /cm2 respectively. These results agree well 

with the value of ~n obtained from the Kramers-Kronig transformation. 

The experimental data were again analyzed using the plasma theory. The parameter 

N (the injected carrier density) is related to the measured light intensity I, via the simple 

rate equation 



(a) 

. ' 

.' .' 
i" ...... 1' .. :.: ... .,,'\.-.... :. ... '" . ........... 1 "' .. 

.. . . · . · . · . 

.... 
'" 

J 
.::: ......... ~, . .\. . .... ,: ..... t. .. 

450 470 490 
WAVELENGTH (nm) 

34 

------------------------~ ~---------------------.--

(b) 

I I 
450 

.~ ... .. . 
: If .. 

I 

:', 
''':' 
~ 

::;. 
:-.: 

470 

'.' .ti:." : 
... ::. I": . ..... ::: .. 

I 

WAVELENGTH (nm) 

490 

(e) 

. " 
:::::::/~:.:.: .... :: 
'.' 

I I I 

'. 
'" 
.' 
') . 

450 470 
1 

WAVELENGTH (om) 

2-6. Transmission spectra for ZnSe etalon (a) without pump. (b) with 81.5 
kW/cm2 pump intensity. and (c) with 171 kW/cm2 pump intensity. 

490 

""-------_ .. ,-------------------...... 



35 

dN a:(w.N) I _ N 
ill - flw 1 • 

(2.10) 

where 1 is the carrier lifetime. In steady state. dN/dt .. 0 and N becomes 

N a:(w.N) I 1 

- flw • (2.11) 

Fig. 2-4(c) shows the calculated absorption spectra for T .. ISO K at various electron

hole pair densities. N. The spectrum labeled (0) which is calculated for N .. IxlO15 cm-3 

represents the linear absorption (i.e.. lower carrier densities do not change the shape of 

the spectrum). The value of c in Eq. (2.3) is adjusted in order to reproduce the measured 

continuum absorption coefficient (frequency range above the exciton resonance). The 

value of f o " 0.4 ER is also adjusted to reproduce the correct ratio for exciton peak 

absorption to continuum absorption. As soon as these parameters are obtained for the 

linear spectrum. they are kept fixed for the rest of the calculation. Spectrum labeled (I) 

in Fig. 2-4(c) is calculated for N ... 5xlO16 em-3• A value of fl .. 2.5xlO-18 ~ cm3 had to 

be used to reproduce the broadening observed at larger pump intensities. As the density 

of carriers is increased in Fig. 2-4(e). the exciton is screened and broadened. The 

calculated nonlinear refractive index changes using the spectra of Fig. 2-4(c) are plotted in 

Fig. 2-4(d). 

Similar calculations for room temperature havp. been performed and the results are 

plotted in Figs. 2-5(c) and (d) for absorption and refractive index changes. respectively. 

The parameters used are fo .. ER and fl .. 2.5xlO-18 ER cm3• In order to determine the 

relative importance of thp. effects of bandfilling. screening. and broadening in the 

measured nonlinear index. we may artificially turn off an effect in the calculations and 

then compare the obtained magnitude and shape of the nonlinear jnr!ex with the measured 
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quantities as was done previously for GaAs [Lee et al. (1986)]. The analysis of the room 

temperature spectra of Fig. 2-5 shows that the main contributions to the nonlinear index 

are exciton screening and density dependent broadening. Turning off the bandfilling term 

produces spectra that closely !esemble the measured spectra indicating the unimportance 

of the bandfilling effects at the intensities employed. This is in contrast to room 

temperature optical nonlinearities of bulk GaAs in which approximately 50% of the 

nonlinearity is attributed to band filling and 50% to screening [Lee et al. (1986)]. This 

contrast is due to the much larger exciton binding energy in ZnSe compared with GaAs. 

Bandfilling effects usually give a dominant contribution after the exciton has been ionized. 

In ZnSe. the Mott density at room temperature is n4x.1017 cm-s (it is ",2x1017 cm-s fur T .. 

150 K). so that at the highest intensities used (N E!! 5xlO17 cm-3). the exciton is just ionized. 

Only at higher densitie:; does bandfilling start to play a major role. 

At lower temperatures. the bandfilling term becomes even less important due to the 

fact that the Fermi distributions become sharper. At T .. 150 K. we see that the major 

contrihution to the nonlinearity is the screening of the exciton. Bandgap renormalization 

at these densities does not play a big role because it also becomes most effective after the 

exciton has been completely ionized (i.e.. after the bandgap shifts through the former 

exciton resonance). It has to be emphasized that in contrast to most previous results on 

ZnSe. thermal effects do not playa role in the observed spectra. This is because the 

pulses are 3 ns long at a 10 Hz repetition rate. 

In summary. an observation and theoretical analysis of the optical nonlinearities of 

electronic origin in MDE grown ZnSe thin films at room and low temperatures are 

presented. The nonlinear index of !"efraction has also been obUi:ned. The maximum 

value of the nonlinear index. tln{."J, which is defined as index change per carrier density 

N. is '" 1.8 x I 0-19 ems at room temperature and 9 x I 0-19 at T .. 150 K. tln at room 
N 
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temperature is comparable to that obtained in bulk GaAs [Lee et al. (1986)] and 

GaAs/AIGaAs multiple quantum wells [Chemla et al. (1985); Morhange et al. (1986); 

Derstine et al. (1988); Park ct al. (1988)]. The experimental results are compared with a 

plasma theory and good agreement between experiment and theory is obtained. 

Picosecond Recovery Time of Excitonic Optical Nonlinearities 

in MBE-Grown ZnSe 

In this section. we will describe fast recovery of the excitonic optical nonlinearities in 

MBE-grown ZnSe thin films. Time resolved pump-probe and luminescence experimentE 

were employed and the measured recovery times were of the order of 100 ps or less. 

This fast recovery time is attributed mainly to surface recombination. 

We observed large optical nonlineiuities of electronic origin in MBE-grown ZnSe thin 

films at 300 K and 150 K in previous section. The maximum value of the nonlinear 

index. AnlN. which was defined as index change per carrier density N. was '" 1.8 x 10-19 

cmS at room temperature and 9 x 10-19 cmS at T ... ISO K. Tttis value was comparable to 

that obtained in GaAs. Here. we measure fast recovery times of these excitonic optical 

nonlinearities in MBE-grown ZnSe thin films. using femtosecond laser pulses [Park et. al 

(1988)]. Three different experimental techniques are employed and the measured recovery 

times are of the order of 100 ps or less. 

The first experiments were perform\~d on a 0.55 pm-thick ZnSe sample using 

differentir.1 transmission spectrosc.opy. The sample was grown by molecular beam epitaxy 

on (lCO} GaAs substrate [Cheng et al. (1987)]. The ZnSe lattice constant is 0.27 % larger 

than GaAs. The substrate was removed by a chemical etching technique and the 

remaining ZnSe was investigated. The differential transmission spectrum (DTS) is defined 
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by the difference between the probe transmission in the presence and absence of pump 

pulse. i.e. DTS ... (T - To>lTo where T and To are the perturbed and unperturbed 

transmissions (see Fig. 2-7). The experimental set-up is shown in Fig. 2-8. The ",IOO-fs 

pump pulse was obtained by frequency doubling the output from an amplified colliding

pulse mode-locked (CPM) dye laser. The 8.5 kHz pulse train had an average power of 

1.0 p. W. A fraction of the amplified pulse at 620 nm was focused onto an ethylene glycol 

jet to produce a broadband probe beam. An optical delay path and a stepping motor 

with 0.1 p.m resolution was used to generate pump-probe time delays. The transmission 

of the broadband probe was measured using a spectrometer and an optical multichannel 

analyzer. Each data point was a signal average of 50.000 laser shots. 

Fig. 2-9(a) shows tho DTS of the probe pulse at various time delays between the 

pump and probe pulses. The spectrum labeled -200 fs was taken when the probe 

preceeded the pump by 200 fs. The signal was very small in this case because the probe 

pulse was monitoring the unexcited sample before the major portion of the pump pulse 

had arrived at the sample. At t.. 0 fs. a noticeable increase in the transmission is 

observed as the pump and probe pulses begin to overlap. The DTS reaches its maximum 

value at t :5: 1 ps. The decreasing transmission below the band edge was again observed. 

We reported that this was mainly due to density dependent broadening [Peyghambarian et 

al. (1987)]. Fig. 2-9(b) shows the evolution of the DTS signal for longer time delays up to 

150 ps. The DTS signal decreases as the carriers decay. From this we find that the 

exciton recovery time (lIe time) is on the order of 100 ps for 0.8 p.W. This recovery time 

is rather short. indicating that non-radiative decay is involved in this process. When we 

investigated the spectral peak of the luminescence as a function of pump power from 0.2 

p.W to 2.0 p.W. our preliminary results did not show the presence of a stimulated emission 

process in this sample (see Fig. 2-10). Therefore. we attribute the fast recovery to surface 

recombination. If surface recombination is the main me<. !tanism. however. faster recovery 
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times should be expect~d for thinner samples since the effective surface area per volume 

increases. It was reported that surface recombination was a very effective way of 

speeding up optical gate recovery in windowless GaAs etalons [Lee et al. (J 986] and 

GaAs-AlAs microresonator arrays. [Jewell et al. (1988)] Samples of various thickness 

were prepared (0.23, 0.55, and 0.68 pm) in order to better understand the contribution of 

surface recombination. 

As a second experiment, we psrformed time-resolved modulated transmission 

spectroscopy (TRMTS), as shown in Fig. 2-11, to measure exciton recovery time more 

sensitively for these three samples. The delay (td) between the pump and probe was 

controlled as in the DTS experiment. The pump beam was modulated with a chopper 

and only the transmitted probe beam entered the spectrometer. The wavelength of the 

spectrometer was tuned to the peak of the exciton. The single wavelength output was 

detected with a photomultiplier tube and was sent to the signal input of a lock-in 

amplifier. The chopper frequency was fed into the lock-in amplifier as a reference 

signal. The amplifier output, which was proportional to the change in sample 

transmission, was recorded as the delay between pump and probe was scanned. 

Fig. 2-12 shows the resulting TRMTS data for the three sampies at room 

temperature. The decay curves of the 0.23, 0.55, and 0.68 pm samples yield 23 ps, 90 ps, 

and 110 ps exciton recovery time respectively. The 90 ps exciton recovery time for the 

0.55-pm thick sample is in good agreement with the recovery time obtained from the DTS. 

The recovery time (r) is faster for the thinner samples and almost linear with increasing 

sample thickness. This result is consistent with the assumption that the fast exciton 

recovery time is mainly due to the surface recombination. Note that the transmission of 

the probe reaches its maximum change at td '" 0 since the pump-injected carriers screen 

the exciton almost immediately. As td increases, the carriers begin to recombine so that 

the relative screening of the exciton is reduced and the transmission change of the probe 
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2-12. Recovery times of the excitonic nonlinearity for three different sample 
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is decreased. As is well known. the exciton recovery time at room temperature is limited 

by the carrier lifetime. because excitons ionize to electrons and holes by interaction with 

phonons on a sUbpicosecond time scale. 

The third experiment was conducted using time-resolved photoluminescence (as 

shown in Fig.2-13) to measure the luminescence decay time. A 1.0 p.W. lOO-fs-duration 

optical puh::e tuned at 310 nm was used to e;{cite photoluminescence in the samples. 

Photoluminescence was detected using a 2-ps-resolution streak camera. A p:n diode was 

used to generate trigger signals for the streak camera from optical pulses. The resulting 

time resolved photoluminence is shown in Fig. 2-14. The decay traces of the 0.23 and 

0.68 p.m samples yield 30 ps and 110 ps photoluminescence lifetime respectively. This 

result is in agreement with the exciton recovery time obtained from the TRMTS and the 

DTS. Note that photoluminescence decay is dependent on the effective carrier lifetime. 

The effective carrier lifetime can be expressed as a function of the radiative and non-

radiative recotnbination lifetimes; ! .. 1. + _1- where Tr is the radiative lifetime and Tnr 
T Tr Tnr 

is the non-radiative recombination lifetime. If the non-radiative recombination processes 

dominate over the radiative recombination ( Tnr « Tr ). the effective carrier life time can 

be . b 10. I· WrItten y - - -. I.e. T '" Tnr • 
T Tnr 

In :mmmary. we report fast recovery of the excitonic optical Ilonlinearities in MBE-

grown ZnSe thin films. using femtosecond laser pulses. Three different experimental 

techniques were performed and the measured recovery times were of the order of 100 ps 

or less. This recovery time was thickness dependent; it was faster for thinner samples. 

The shorter recovery time is attributed to the surface recombination. 
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CHAPTER 1/1 

OPTICAL NONLINEARITIES AND OPTICAL GAIN 

IN GaAsl AIGaAs MQWS 

49 

Modern crystal growth techniques like molecular beam epitaxy (MBE) and 

metalorganic chemical vapor dsposition (MOCVD) make possible high quality multiple

quantum-well (MQW) structures with precise layer thicknesses and high uniformity. The 

MQW stucture consists of alternating layers of a low energy gap material (GaAs) and a 

larger energy gap material (AIGaAs). Photo-excited electron-hole pairs are confined 

within the optically-active GaAs layers. They move freely in the plane of the GaAs 

layer. but have quantized motion along the direction perpendicular to this plane. This 

confinement of the motion to a plane is sufficient to largely enhance excitonic effects. 

In two dimensions the binding energy of the exciton with principal quantum number 

n is given by [Shinada and Sugano (1966)] 

ER 
E "' -- / 'f' n... 0.1.2 ..... n (n + 1 2 

where ER is the exciton Rydberg energy. In three dimensions the binding energy is 

~ ~ ... -2' n .. 1.2.3 ..... n 

(3.1) 

(3.2) 

This shows that in two dimensions the lowest energy exciton is bound four times stronger 
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than in three dimensions. As a result. excitonic resonances are clearly observable in these 

quasi-two dimensional MQW structures even at room temperature [Chemla et Ill. (1984); 

Chemla and Miller (1985); .Lee et al. (1987)]. 

Another interesting feature of low-dimellsional structures that affects their optical 

characteristics is the novel nature of their density of states. When the material is 

reduced from three to two dimensions. the density of states P(E) changes from a 

continuous Coulomb-enhanced-featureless structure (P(E) '" EI/2) to step-like dependence as 

shown in Fig. 3-1 [Miller et al. (1984)]. This gives rise to a characteristic step-like 

absorption and a greatly enhanced excitonic intensity in quantum well structures (Dingle 

et al. (1974)]. Similarly. Bassani et al. (1975) show that a one-dimensional (quantum wire) 

density of states is characterized by a single step followed by a P(E) '" E-I/2 decay. In a 

zero-dimensional case (quantum box or quantum dot) p(E) is reduced to a delta function 

[Temkin et al. (1987)]. 

Optical Nonlinearities in GaAs/AIGaAs MaWs 

In this section we discuss measurements of the nonlinear refractive indices of 

GaAs/AIGaAs MQWs as a function of well size and compare them with bulk GaAs. 
000 

The nonlinear absorption spectra for 76A. 152A. and 299A GaAs/AIGaAs MQWs and 

bulk GaAs are measured. The changes in the refractive index are obtained from a 

Kramers-Kronig transformation of the measured absorption changes. The index variation 

An. and the ratio of maximum An to the carrier concentration N. AnIN. is compared for 

these samples. 

The magnitude of the nonlinear refractive Index has been measured for two 

GaAs/AIGaAs MQWs using degenerate four wave mixing [Chemla et al. (1984)]. It has 
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been generally believed that the MQWs have a larger nonlinear refrActive index than bulk 

GaAs. However. there has been no systematic study of the effect of well size an the 

optical nonlinearities in MQWs. 

The pump··probe experiments are performed by using both 3-ns pulses and quasi-cw 

beams; tha results of both experiments are consistent. giving similar values for An/N. A 

nitrogen-pumped dye laser operating at 816 nm was used for the pump beam. The probe 

consisted of the spectrally broadband spontaneous luminescence emittt!d by a cell 

containing IR-I44 or HITC dyes. The spot diameter of the pump beam at the sample was 

",,200 J.Lm. allowing us to neglect the diffusive decay time in comparison to the 

recombination time [Chemla et al. (1984)]. The probe beam diameter was ",,50 J.Lm. 

• 0 0 
Four different MBE-grown samples were used for thIS research: 76A. 152A and 

299A GaAs/AIGaAs MQWs and bulk GaAs. The first MQW sample consisted of 63 

o . 0 
layers of 7i)-A-thlck CaAs. Each GaAs layer is followed by a 8lA-thick layer of 

Alo.s7Gao.6sAs. The total GaAs thickness of this sample was 0.48 J.Lm. The next sample 

consisted of 100 layers cf l52-A-thick GaAs and 104A-thick Alo.33Gaa.67As barriers. The 

third sample h:d 61 layers of 299-A-thick GaAs and 98A-thick Alo.3sGaa.64As. resulting 

in a total GaAs thidmess of 1.8 J.Lm. The bulk GaAs consisted of a 2.05-J.Lm GaAs layer 

sandwiched between two AlGaAs layers. 
o C) 

These four sainples are called 76A. 152A. 
o 

299A and bulk. respectively. throughout this section. 

The absorption changes for the various pump intensities were measured in the 

vicinity of the band edge at room temperature. The pump wavelength was fixed a.bove 

the band edge at 816 nm. The same pump beam intensities were used for all four 

samples. Fig. 3-2(a) shows the nonlinear ab:;orvtion spectra for bulk GaAs. A very small 

exciton feature appears in the linear spectrum labeled O. Screening of the exciton is 

observed for small pump intensities. while broad absorption changes in the band become 

more pronounced as the pump intensity is increased. The changes in the refractive inclex 
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were obtained from a Kramers-Kronig transformation of the changes in the measured 

absorption spectra. Fig. 3-3(a) shows the resulting variation in the refractive index. The 

rising edge observed for high energies is again an artifact from the use of a finite 

integration interval in the Kramers-Kronig transformation. The error introduced by 

clipping this interval is less than five percent in the region of interest near the exciton 

resonance. This was verified by numerically integrating the absorption changes extended 

over an infinite frequency range and comparing this result with the .6n computed using 

finite integration limits [Morhange et al. (1986)]. As mentioned above. the validity of this 

indirect technique of measuring the nonlinear index has been confirmed by several direct 

interferometric measurements [Olbright and Peyghambarian (1986); Lee et 01. (1986)]. 

Excitons and carriers are confined to quasi-two dimensions in MQWs. This 

confinement causes a shift in the linear absorption edge to higher energies. enhanced 

excitonic features. and a splitting of the heavy- and light-hole excitons [Chemla et al. 

(1985)]. The exciton peak. which is barely resolvable in bulk. is more prominent in the 
o 

299A sample as shown in Fig. 3-2(b). For low pump intensity. exciton saturation 

dominates. For high intensity. the nonlinear behavior is similar to that of bulk GaAs 
o 

because of the relatively weak confinement in the 299A-sample. In Figs. 3-2(c) & (d) are 
o 0 

displayed similar curves for the 152-A and 76-A samples. The increase in the excitonic 

absorption is now very apparent. Notice that separation of the hcavy- and light-hole 

o 0 
excitons is very c1e3r in the 76-A sample in contrast to the 152-A sample. Nonlinearities 

in MQWs result from saturation of the exciton resonance due to phase-space filling. band 

filling and screening of the Coulomb enhancement [Schmitt-Rink et ai. (1985); Chemla et 

al. (1985)]. The corresponding variation in refractive index is shown in Figs. 3-3(c) & (d). 

Curves of .6n vs intensity for all four samples are plotted in Fig. 3-4. Note from 
o 

Fig. 3-4 that for a given .6n. a lower pump intensity is required for the 76A MQW 

sample than for the bulk sample. These results indicate that the smaller MQWs have 
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larger nonlinear refractive indices. However. we will argue below that the ClJmparison of 

intensity-dependeilt index chang~ is somewhat misleading. For resonant excitation. one 

should always compare carrier-density-dependent changes. since the optical material 

properties depend on the excitation intensity only through the carrier density. 

The various samples have a different absorption at the pump frequency so that the 

same excitation intensity generates a different number of carriers. To obtain a sensible 

comparison of the material nonlinearities we compute the index change per excited carrier. 

AnIN. Fig. 3-5 shows the maximum An/N vs carrier concentration. The carrier 

concentration is obtained using the simple rate equation: 

dN a:(wpump)l N 
dt - f1wpump - T' (3.3) 

where T is the lifetime of the electron-hole pairs. wpump is the frequency of the pump 

beam and a:(wpump) is the linear absorption coefficient measured at the pump frequency. 

Assuming a Gaussian temporal profile for the pump beam. Eq. (3.3) yields 

e-t/Ta:(w )1 J ,... ] N(t) _ pump 0 t et'/T exp -l const. t' 2 dt'. 
f1wpump -X (FWHM) 

(3.4) 

where 10 is the peak pump intensity. x is chosen to be twice the FWi:M. t is the delay 

time between the pump and probe. and const. ... I.l665I. For this experiment. t is Ins. 

FWHM is 3 ns. and the carrier lifetime is chosen to be 20 ns for all investigated samples. 

This assumption of the same carrier lifetime does not significantly influence our results as 

long as the carrier lifetime is substantially longer than the 3-ns pulse width. However. 
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recent measurements by A. Chavez-Pirson et al. (1988) indicate that the recovery-time of 

the optical nonlinearities does indeed decrease with decreasing well size by nearly an 

order of magnitude (from ",30 ns for bulk to < 5 ns for the 76 A MQW) [Chavez-Pirson 

et al. (1988)]. We include this result in our calculations and find that the change in the 

carrier density is no more than 30%. 

As shown in Fig. 3-5. AnlN increases by a factor of 3 for N",1017 cm-3 as the MQW 
o 

well size decreases from bulk to 76A. Similar results were obtained for the high carrier 

density using microsecond pulses derived from an Ar-pumped dye laser operating as the 

pump beam and the photoluminescence from a GaAs/AIGaAs MQW as the probe beam. 

The pump and probe were synchronously modulated. at a repetition rate of 5 kHz. by 

acousto-optic cells to produce I-lIS and 0.8-p.s rectangular pulse trains. respectively. 

As can be seen from Fig. 3-2. the Iight- and heavy-hole excitons bleach and 

broaden with increasing carrier concentration. In C(lf)trast to bulk GaAs [Lee et al. 

(1986)]. it is reported that exciton saturation due to phase-space filling and exchange are 

the dominent nonlinear mechanisms for MQWs [Haug and Schmitt-Rink (1984); Schmitt-

Rink et al. (198':;)]. Several models were employed in order to determine the absorption 

saturation with carrier concentration. The best fit to the experimental data was obtained 

using the following saturation model: 

(3.5) 

where % is the linear absorption coefficient at the heavy-hole exciton peak ~nd Ns is the 

saturation carrier concentration. Ns an:! % for the MQW samples. as determined from 

fitting Eq. (3.5). are given in Table 3-1. The larger % for the smaller-well MQWs results 



Table 7.1. Values of CXo and N. determined by least-squares fit. 

Sample 

76 A 
152 A 
299 A 

2.7 

1.4 

0.8 

N. (x 1017 cm-3) 

9.0 

7.2 

11.1 
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from the decrease in their exciton Bohr radii. aB (since the transition probability is 

proportional to l/aB -3). These results indicate that the saturation density Ns is nea.rly 

well-size independent and that the factor of 3 increase in the optical nonHnearities are 

mainly due to the factor of 3 increase in the exciton absorption. 

In conclusion. we have reported a systematic study of the dependence of the optical 

nonlinearities on well thickness for GaAs/AIGaAs MQWs (76A. 152"\' and 299"\') and 

bulk GaAs at room temperature. The measured ratio of nonlinear refractive index to 

carrier concentration increased by a factor of 3 as the well size decreased from bulk to 

o 
76A. Moreover. Chavez-Pirson et al. observed more than a factor of 3 increase in ~n/N 

for the low carrier density regime including the effects of carrier lifetime. Although the 

value of ~n/N is higher for the smaller MQWs. the shorter lifetime demands a stronger 

pumping rate (hlt;her intensity) to generate the same carrier density. Also. the larger 

absorption for the MQWs means that the detuning must be greater in the MQWs for the 

same intracavity loss [Chavez-Pirson et al. (1988)]. These factors may explain the 

experimental result that the threshold power for optical bistability is nearly constant for 

both MQWs and bulk. We note that the larger nonlinearity and the better compatibility 

with existing semiconductor lasers tends to favor MQWs over bulk GaAs for device 

applications. 

Nonlinear Switching and Gain in GaAs/AIGaAs MQWs 

In this section we switch our attention to the nonlinear optical materials for device 

applications. Optical bistability (OB). switching. and gating can occur when a medium 

with an intensity-dependent refractive index. absorption. or both. is given the appropriate 

feedback; e.g.. in a Fabry-Perot etalon. After a brief review of nonline1r elalon 
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behavior. our experimental results of nonlinear optical switching and gain in a 58-A 

GaAs/AIGaAs MQW nonlinear etalon are presented. 

Fig. 3-6(a) illustrates the so-called Airy transmission function for an ideal Fabry-Perot 

etalon [Warren. Koch. and Gibbs (I S37); Warren (1988)]. In reality. absorption <1ecreases 

the cavity finesse. and dispersion alters the relative spacing between the transmission 

peaks. The transmission peaks of the etalon occur when the accumulated phase shifts of 

each multiple reflection constructively interfere with one another. In other words. the 

phase shift between successive beams must be an integral multiple of 21f. or the optical 

path difference (OPD) an even number of wavelengths for optimum transmiosion. The 

result is the well-known "standing-wave" resonance condition 

~R L ... m-2n • (3.6) 

where L is the cavity length. m is the order number. n is the refractive index. and ~R is 

the resonator eigenwavelength in vacuum (i.e .• at a transmission peak). 

To qualitatively understand the operation of a dispersive nonlinear Fabry-Perot etalon 

(NFE). first consider a medium with a negative nonlinear refractive index. This is 

appropriate for both GaAs and ZnSe. for energies below the exciton resonance; i.e .• at 

longer wavelengths. (For energies above the exciton [shorter wavelengths]. the refractive 

index increases.) It should be noted in Eq. (3.6) that n is a complicated fllflction of 

intensity. time. and space (for non-plane wavefronts). Often the spatial dependence may 

be suitably ignored for diffusion-dominated interactions common for carrier-density-

dependent nonlinearities in semiconductors [So W. Koch (1988)]. In fact even to use 

Eq. (3.6) 'n any quantitative manner assumes that the cavity round-trip time is much less 

than any characteristic medium-response and laser-pulse times. This is the case for our 
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3-6. (a) The transmission of an ideal Fabry-Perot etalon as a function of 
wavelength. (b) Representative transfer function relating ou1put inten
sity to input intensity for an NFE operating in non bistable of differen
tial-gain mode. It may be tuned into resonance with increasing inten
sity or. if biased at A. with a switching pulse having intensity B-A. 
[Warren et aI. (1987)] 
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MQW sample. as discussed below. and a qualitative understanding of NFE action is easily 

obtained. 

Consider Eq. (3.6) for fixed L and m; the ratio "AR/n remains constant. As n(l) 

decreasE'.s. "AR must subsequently decrease; i.e.. the transmission peak shifts to shorter "A 

values. Therefore. for an operating wavelength "A < "AR• it is easy to see that as the laser 

intensity increases. "AR(l) decreases. increasing the transmission at "A (and therefore the 

internal intensity affecting the nonlinear medium). NFE positive feedt.dck is easily 

understood: the more the cavity peak shifts. the more light enters the cavity. thus the 

more shift. and so on. Eventually the resonance peak shoots past "A (resulting in overshoot) 

and the device switches into a highly transmitting s12'.te. Depending upon the temporal 

relation between the laser pulse. material response. and cavity lifetime. a numbel 'Jf 

interesting dynamical loops can be obtained [Bischofberger and Shen (1979); Gibbs (1985); 

Warren. Koch. and Gibbs (1987); Warr\:ln (1988)]. 

One could operate a NFE using a two-beam experiment similar to those discussed in 

the previous section. The "pump" beam is used to cause the changes in the material 

response. and the other beam is used to "probe" the cavity state of excitation [Jewell. et 

al. (1984. 1985. and 1987)]. This type of device would be efficiently implemented (in 

transmission mode) if the front surface is highly transmitting (Hl) and the rear surface is 

highly reflecting (HR) at the pump wavelength. and both mirrors are HR at the probe to 

optimize the cavity finesse. However. for lJractical implementation in a system. this two

wavelength olJt:i~tion is inherently problematic for cascading unless an isolated resonance 

can be obtained. or unless more complicated wavelength-conversion schemes are used 

[Jewell. €t al. (1987); Jin. et aI. (1988); Warren (1988)]. This is one goal possibly 

attainable with quantum dots. as will be discussed in the next chapter. 

Depending upon the d€tuning aud device parameters. one may also obtain non bistable 

switching behavior. dS indicated in Fig. 3-6(b) [Warren. Koch. and Gibbs (1987)]. If a 
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holding beam with input intensity A (associated with an output intensity IA). is used to 

bias the device having the transfer function of Fig. 3-6(b). it is c1E'~r that additional 

switching power Is ... B - A is needed to tune the device to a highly transmitting state. 

This extra power could come from an external switching beam or simply an increase in 

the bias beam itself. The actual switching behavf,ryr would be a function of a number of 

parameters. as mentioned earlier. 

In order to understand the following experimental results. it is necessary to describe 

suitable figures of merit for these devices. The -:1ifferential gain Go is defined as 

(3.7) 

This parameter detsrmines the fan out of the device. as discussed in Jin. et al. (1988). 

However. power differential gain is really only appropriate for steady-state operation. An 

energy differential gain is required for non-steady-state operation. This is defined as the 

difference in trans~itted energy between the high and low transmitting states. divided by 

the difference in input energy (corresponding to the switching energy). A second 

important figure of merit. representing the device signal-to-noise ratio. is the contrast 

(3.8) 

Again. in the transient regime. one is concerned with the ratio between the high-

transmission to the low-transmission energies. For the remainder of this manuscript Go 

and CD represent the appropriately defined energy ratios. 
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As discussed in Jin, et aI. (1988), differential gain and contrast become important for 

cascadable operation of a NFE device. They discuss the latching operation of an optically 

bistable NFE. Using a 15-llm-<iiameter, 1.5-1lS triangular pulse with 45-mW peak power, 

they obtained an optimum Co ~ 10 and Go ~ 4. The NFE transmission with given 

mirror reflectivities and linear phase detuning was calculated from the normal Fabry

Perot Airy function by incorporating carrier-<iensity-dependent absorption and refractive 

effects [Warren (1988)]. N is calculated from the rate equation. The general behavior 

agreed fairly well with theoretical. modeling. which incorporated the Banyai-Koch plasma 

code. It simulated AND-gate behavior of a NFE subjected to a long bias signal when 

switched with a short input pulse. The theory predicted that differential gain greater 

than unity is achievable only for laser pulse widths ilt greater than 10 times the carrier 

relaxation time 1 [Warren (1988)]. As described below, we were unable to achieve a 

differential energy gain greater than 0.2 with laser pulses ilt ~ 2ns FWHM for 58 A 

MQW sample (L.\~T) in agreement with their predictions. 

Our NFE was constructed from a 180-period 58 A GaAs/AIGaAs MQW with % A 

barriers and was sandwiched between two dielectric mirrors, R ~ 90%. ([his is the same 

etalon used in Jin, et al. (1988).) Note that the cavity round-trip time is easily calclliated 

to be less than 50 fs, in agreement with the adiabatic assumptions stated above. Our 

nitrogen laser was used to pump the infrared dye LOS 821 dissolved in PC solvent, and 

optimum switching was found for X .. 838.6 nm. A Hamamatsu streak camera with 

greater than 2 ps resolution was used to monitor both the input and output pulses in real 

time and to display them in adjacent windows. A schematic of the experimental setup is 

given in Fig. 3-7. The laser was focused down to a spot diameter of approximately 

20 Ilm at the NFE. 

The sample thickness was nonuniform. This was clearly visible by imaging the NFE 

into a TV camera. With the wavelength fixed, the spatially varying transmission peaks 
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(resulting from a spatially varying L) were easily observed by defocusing the beam at the 

etalon and observing the interference fringe patterns. This is essentially a topographical 

map of the etalon optical path iength. and also served to locate a uniform area of the 

sample. Alternatively. the transmission peaks can be monitored with the focused beam by 

measuring the output energy as the sample is translated. We took advantage of these 

effects to select an optimum etalon position for switching. From the discussion 

surrounding Eq. (3.6). it is clear that X must be shorter than XR for An < O. One method 

of obtaining this experimentally is to translate the etalon to a Fabry-Perot peak (at low 

intensity). and subsequently tune the dye laser to shorter Xs. Increasing the intensity will 

shift the transmission peaks accordingly. Optimum switching was then obtained by 

observing the output on an oscilloscope. as described next. 

In the transient regime associated with our experiment. clear OB is unrealizeable 

[Bishofberger and Shen (1979)]. So typical experiments which display an oscilloscope 

trace of lout vs. lin as an indication of OB were not attempted. Instead we opted to study 

the switching behavior by separately monitoring the input and output. This was done 

initially with PiN photodiodes. one monitoring the input and the other monitoring the 

output. Quantitative <l?ta was taken using the streak camera. The laser output 

fluctuations were far too severe to do any signal averaging. However. it was observed 

that near the switching intensity. small fluctuations in the input signal resulted in large 

fluctuations in the output intensity. 1be optimum switching position on the NFE was thus 

determined by finding the largest fluctuations in the output signals. The input and output 

signals were subsequently directed into the streak camera and a number of consecutive 

traces were stored. The inputs and their corresponding output energies were analyzed t.o 

determine GD and CD' The streak camera traces were calibrated to obtain the absolute 

energy values of both the input and the output pulses. This was accomplished by 

measuring the energy with a laser-precision energy meter and relating this to the 
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integrated area under the streak trace. Thus. a conversion factor of energy/pulse/area 

was obtained: one for the input dnd one for the output. The sample was removed for 

this calibration and 100 pulses were averaged. The streak camera traces for the input 

and output pulses are shown in Fig. 3.8. 

The actual streak camera data corresponding to the signal intensity vs. time is shown 

in Figure 3.9. Figure 3.9(a) is the unswitched input and its corresponding output signal. 

The switched input signal and its corresponding output are shown in Fig. 3.9(b). Notice 

the characteristic pulse narrowing of the output. indicative of switching. Partial switching 

is still apparent in the output of Fig. 3.9(a); however. its intensity scale is magnified with 

respect to the output of Fig. 3.9(b). It is important to keep in mind that the intensity axes 

are in arbitrary units and could be misinterpreted if one is not careful. Also there is a 

slight error in the relative time scale of the output with respect to the input. This results 

from the ::;hort delay of the input trace resuiting from the extra distance traversed. as is 

clear from Fig. 3.7. From the peaks of the calibration curves of Fig. 3.8. this is estimated 

to be approximately 350 ps. Integrating the data area in Fig. 3.8 and multiplying each 

curve by its appropriate energy/area coIlversion factor determined the energy in each 

pulse. The full width for both input pulses was consistently taken to be 3.45 ns and that 

of the output pulses to be 3.06 ns. The output energy incrEaSed from 29 pJ to 121 pJ as 

the input energy increased from 1220 pJ to 1780 pJ. resulting in a differential energy gain 

GD 5!!! 0.2. The measured contrast Cc 5!!! 4. These are admittably rough but certainly 

legitimate estimates for the time scales involved. 

The measured GD < I for our laser pulse width At < lOr was expected from the 

theoretical work reported in Warren (1988) and Jin. et al. (1987). However. note that our 

limited experimental results do not necessarily validate this theory. Note also that the 

maximum transmission of the etalon is less than 10%. This indicates the presence of a 

cor..~klerable amount of background absorption. Whether this is mainly attributable to 
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scattering and imperfections in the dielectric coatings or the sample itself was 

undetermined since we received the sample with the reflective coatings already a.ttached. 

The presence of this background absorption and its effect on determining the gain are not 

considered in the aforementioned references and is certainly a source of degradation. 1ne 

main trend of decreasing GD with decreasing Il.t/T is however substantiated. 

It is clear that to achieve useful cascadable operation of nonlinear optical switching 

devices. their lifetimes must be shortened significantly. and even more so for bistable 

operation. 
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CHAPTER IV 

OPTICAL NONLINEARITIES 

IN QUANTUM-CONFINED CdSe-DOPED GLASSES 

Quantum confinement effects in semiconductor microstructures have attracted 

considerable attention because of their novel optical and dynamical properties and for 

their potential applications to fast opto-electronic devices. In particular. quasi-two

dimensional structures GaA.siAIGaAs quantum wells where quantum confinement effects 

occur in one dimension have been extensively studied [Chemla et al. (1984); Gibbs (1985); 

Peyghambarian and Gibbs (1985); Chemla and Miller (1985)]. Recently a number of 

laboratories have tried to fabricate zero-dimensional structures using various techni -.. ues 

including colloida! sll<:pension of semiconductor particles, electron beam lithography. and 

semiconductor microcrystallites in glass matrices [Ekimov and Onushchenko (1982); Brus 

(1984); Reed et at. (1986); Kash et al. (1986); Cibert et al. (1986); Borelli et al. (1987)]. 

The basic linear and nonlinear optical properties of quantum dots (QD) have been 

discussed in many theoretical papers for different quantum confinement regimes [Efros 

and Efros (1982); Brus (1986); Schmitt-Rink et al. (1987); Banyai et al. (1988); Hanamura 

(1988)]. In the strong confinement limit. where the crystallite radius (R) is much smaller 

than the Bohr radii of the electron or hole (ae or ah)' the motion of the electron and hole 

is mutually independent and quantized by the dot boundary. In the intermediate 

confinement regime. where ah < R < ae• the electron motion is strongly quantized. The 

hole motion is not only confined by the boundary but it also moves in the averaged 

potential formed by the electron distribution. In the so-called weak confinement regime. 
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where R is much larger than the Bohr radius of electrons and holes, the center-of-mass 

motion of the electron-hole pair is quantized, but the relative motion is basically 

undisturbed. In this weak confinement regime, Banyai and Koch (1986) predicted 

excitation-induced blue shift of the exciton resonance as a consequence of the pla<;ma 

screening. In the strong confinement limit, Efros and Efros (1982) showed that the linear 

spectum is a series of lines and the lowest interband transition saturates like a two-level 

system without exchange and Coulomb screening. The third-order optical nonlinearities in 

the weak and moderate confinement regimes have also been caculated by Banyai et at. 

(1988) and by Hanamura independently (1987). 

Fabrication of semiconductor QD has progressed rapidly and at prEVo')nt much effort 

has been focused on controlling the QD size. Golubkov et at. (1980) and Ekimov et at. 

(1982) reported that they have grown I-VII and II-VI semiconductor microcrystals of 

uniform size by controlling the secondary heat treatment during the diffusive-phase 

decomposition of a supersaturated solid solution in a transparent glass melt. Several 

groups also have had limited success in fabricating GaAs quantum wires. quantum disks, 

and quantum boxes, and measured their low temperature photoluminescence and cathode 

luminescence measurements [Reed et at. (1986); Kash et at. (1986); Cibert et at. (1986)]. 

In this section, we report a compNhensive study of steady-state linear and nonlinear 

optical properties of CdSe quantum confined semiconductor microcrystallites grown under 

different heat treatments in optically transparent borosilicate glasses. 

Doped Glasses With Two Different Heat Treatments 

During the past five years, commercially available semiconductor-doped glasses 
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consisting of 100 A to 1000 A microcrystallites of CdSxSel_x embedded in silicate glass 

have been actively investigated due to their relatively large optical nonlinearites and fast 

recovery times [Jain and Lind (1983); Yao et az. (1985); Roussignol et az. (1985); Olbright 

and Peyghambarian (I Y86); Nuss et az. (1987); Olbright et at. (1987)]. Degenerate four

wave mixing and time-resolved spectroscopy experiments have bp.en reported and the 

nonlinear index (nJ at different wavelengths in the vicinity of the bandgap has been 

measured r Jain and Lind (1983); Yao et az. (1985); Olbright and Peyghambarian (1986)]. 

However. most of the commercial glasses have large semiconductor particle sizes and large 

size distribution. washing out the quantum confinement effer.ts (Borrelli et az. (1987)]. 

Corning Glass Co. reported that these commercial glass filters were obtained within 

an otherwise transparent glass by adding a small amount of CdO. sulfur. and selenium to 

the batch materials [Borelli et az. (1987); Hall and Borrelli (1988)]. After melting. and 

annealing. a subsequent thermal treatment in the range from 575 DC to 750 DC induces 

formation of the semiconductor phase. The crystallite size in these doped glasses can be 

readily controlled via the annealing time and temperature. The larger the heat treatment 

temperature and time. the larger is the microcrystallite size. 

Our first experience with quantum confined glasses was in 1985 where two samples 

with the same glass composition but prepared under two different heat treatments (550 DC 

and 575 DC) were compared (the samples were prepared at Corning by D. Hall and N. 

Borrelli) [Park et az. (1985)]. Fig. 4-1 shows the absorption and photoluminescence spectra 

of these two samples. Note that in 550 DC sample (low temperature heat treated sample) 

there is a larger blue shift of the fundamental absorption edge and photoluminescence and 

more enhanced oscillations in the interband absorption spectrum. 

The nonline:.·.r index measurements were performed for this purpose using a modified 

Twyman-Green interferometer [Olbright and Peyghambarian (1986)]. A schematic of the 

experiI!lental setup for this measurement is silOwn in Fig. 4-2. The collimated and 
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spatially filtered output of a nitrogen-pumped dye laser is incident upon a 50 mm long 

calcite crystal. which produces an ordinary ("sample") and extraordinary ("reference") 

output ray with a parallel 5 mm separation. Both beams are introduced into a Twyman

Green interferometer with a 50/50 beam-splitter. The "sample" beam goes through the 

semiconductor-doped glass sample. which is placed in contact with the end mirror in one 

of the arms of the interferometer. while the "referenCe" beam misses it. Two different 

fringe patterns are produced by these two beams and imaged onto a horizo.:.i.al 

1024-channel linear diode array. As the intensity increases. the fringe pattern of the 

sample beam shifts due to the nonlinearity of the sample and acoustic vibrations. 

However. the error from the acoustic vibrations can be eliminated by the simultaneous 

detection of the fringe patterns of the reference and sample beams. Every single shot is 

measured with the accuracy of 1/100 of a fringe shift. 

Fig. 4-3 shows the two fringe patterns obtained for two different heat treated 

samples. The experiments were performed at 620 nm. which is below the absorption edge 

for both samples. The measurement of thE:; nonlinear index reveals that n2 is a factor of 

two larger for the higher heat treatment (575 DC) sample. 

It is now evide:1t that different heat treatments can change the optical properties of 

semiconductor-doped glasses. In the next section we discuss the quantum coufinement 

effect in specially prepared CdSe doped glasses. 

Quantum-Confined CdSe-Doped Glasses 

Quantum confinement effects in semiconductor microcrystallites occur when the 

particle size approaches. or is smaller than. the exciton Bohr radius. The Bohr radius of 
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the exciton (:lex)' is determined from 

(4.1) 

where 80 - 0.529 A is the hydrogen Bohr radius. 1110 is the free electron mass. m* is the 

effective reduced mass. and € is the dielectric constant. Evidently as € decreases and m* 

increases aex becomes smaller. Using the known values € - 10.6. me .. 0.131110. and mh .. 

• 0 
0.451110 [Madclung et al. (1987)]. we obtamed a value of aex ill 56 A for CdSe. 

The samples used in the experiments reported here were CdSe glasses. grown 

under the three different heat treatment temperatures; 600°C. 650°C. and 700°C [Borrelli et 

al. (1987)]. The average crystallite diameters of these samples were meas'Jred to be 30 A. 

44 A. and 79 A. respectively. using transmission electron microscopy. This is consistent 

with the fact that the average particle size increases with increasing heat treatment 

temperature. Details regarding their growth. characterization. and size distribution can be 

found in Borrelli et al (1987). Note that our smaller particle sizes are in the intermediate 

000 
quantum confinement regime since aex ... 56 A. ae ... 43.1 A and ah .. 12.5 A (these radii 

are easily calculated from ~ "" €aomo/mt (i ...ex. e. h». Therefore. our smaller particle 

sizes are in the intermediate confinement regime. For simplicity. we continue to refer to 
000 

these samples as 30 A. 44 A. and 79 A QD samples. 

Fig. 4-4 shows the absorption spectra of these samples. The blue shift and the 

quantum confined absorption peaks are clearly observed in the 600°C sample. while they 

are absent in the 700 °C sample. This shows t:lat the samples with lower heat treatment 

and consequently smaller average crystallite radii exhibit discrete electron-hole states and 

an enhanced confinement-induced energy shift of the absoiption edge. It is well known 

that the location of the absorption edge and oscillations depends on the size of the 
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microcrystallites (a quantum sizE! effect). 

Linear Optical Properties of 30 A aD Sample 

The first theoretical descriptions of quantum confinement of excitons in all spatial 

dimensions were given by Efros and Efros (1982) and by Brus (1984). They analyzed the 

confinement effect in the effective mass approximation for a semiconductor sphere vlith 

an infinite potential. The interband absorption was obtained through an evaluation of 

transition probabilities for the three different confinement regimes described previously. 

In the strong confinement regime where the Coulomb interaction between an electron 

and a hole may be ignored. Efros and Efros (1982) described the interband absorption 

energy as a function of the microcrystallite size (R) by the following expression 

(4.2) 

where me is the effective mass of the electron and ¢Jnl is the n-th root of the l-th order 

Bessel function (¢Jls .. 3.14. ¢JIP .. 4.49. ¢JID '" 5.76. etc.). Eq. (4.2) shows that the 

fundamental absorption edge shifts to the higher energies as the crystal size decreases. 

As described in detail by Efros and Efros (1982) ana by Banyai et af .• the energy 

spectrum of a system in the intermediate confinement energy can be calculated as the sum 

of the eigenenergies of the strongly quantum confined electrons and of the holes which 

move in the average Coulomb potential formed by the electron distribution. This leads to 

electron and hole wavefunctions of the form 
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(4.3) 

where V'm are the normalized spherical functions and Xn(r) are the radial eigenfunctions. 

In the intermediate confinement regime the radial wavefunction of the electrons is 

(4.4) 

where Jv is a Bessal function. For the S-state (R .. O). Eq. (4.4) reduces to 

Xn e(r) __ 1_ sin(1Tnr/R) . 

.J21TR r 
(4.5) 

lbe hole moves in the Coulomb potential averaged over the electronic motion. The 

resUlting effective potential can be approximated as a harmonic oscillator potential with an 

infinite potential wall at r ... R [Efros and Efros (1982); Banyai et aZ. (1988)] and the 

corresponding eigenfunctions are 

Q02~ 

Xnh(r) .. An e- -2 F[-P. ~ . %2r2] . (4.6) 

Here An is a normalization constant. F is the confluent hypergeometric function and 

(4.7) 
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where £1 and £2 are the background dielectric constants of the glass and of the 

semiconductor material. r~pectively. For the case of the harmonic oscillator with the 

usual boundary conditions at infinity. it is well known that the constant P in Eq. (4.6) 

must be an integer. P '" O. I. 2. ... • and the eigenenergies are Eh '" (2n+3/2) 'I1w • In the n 

quantum dots. however. the real boundaries are at R. since the hole is localized inside the 

microsphere. In this case. P is a non-integer and which has to be obtained numerically. 

OUI' anaiysis shows that for the lowest electrorl-hole states the difference in the results 

with boundary condition at infinity or at R is insignifkant. as long as tne dot radius is 

more than twice the exciton Bohr radius in the corresponding bulk material. 

o 
We see in Fig. 4-5 that the specirum of the 30 A sample has two distinguishable 

peaks at wavelengths of approximately 574 nm. 476 nm and a shoulder on the high 

energy side of the 574 nm peak. We label the two peaks EIS•A and E IP•A and the 

shoulder EIS•B' The lowest energy absorption peak at 574 nm is assigned to the transition 

from the highest hole subband level (EIS,A) to the lowest electron subband level (E1s). as 

shown schematically in the inset of Pig. 4-5. The shoulder. E1S•B' is aSsigned to the 

transition from th~ highest hole level in the split-off valBnce band (EIS•B) to the lowest 

electon level (E1s)' The highe.<;t energy absorption peak at 476 nm is assigned to the 

second quantum confined transition. i.e. the transition from a hole subband level E1P•A to 

a electron subband levei E1P [Borrelli et al. (1987)]. 

Using Eq. (4.2) and the known values of the bulk band gap energy. the lowest 

transition energy for a given size may be caculated and compared with the measured 

value. However. as described by Borrelli et al. (1987). the distribution of the particle sizes 

and the uncertainity in the reduced electron-hole mass for very small particles makes such 

quantitative verification difficult. Instead, it is more appropriate to compare. for a given 

crystal size, the measured ratio of the energy shifts of the two lowest transitions to the 
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ratio of the energy shifts that can be calculated from Eq. (4.2) [Borelli et al. (1987)]. That 

is. 

(4.8) 

where ¢IP .. 4.49 and ¢IS UI 3.14. The advantage of such a comparison is that this ratio 

" -does not contain the effective mass para."neler whose value is uncertain for small 

crystallite sizes. This comparison have been performed for our samples and good 

o 
agreements have been obtained. For example. the measured mHo for the 30 A sample is 

(~EI)/(~~) .. 0.40eV/ 0.92eV ... 0.46. while the calculated value is 0.49. 

Ekimov lind Onushchenko (1984) measured the linear absorption spectra of CdS 

o 0 
microcrystal lite samples of various radii ranging from 14 A to 380 A. and found good 

agreement between experiment and theory for the large radii samples. but not for the 

small radii samples. Moreover. they attributed this deviation from the theoretical 

prediction. which increased as the. microcrystallite size decreased. to a nonparabolicity of 

the electron band. and tunnelling by the electron out of the crystallite [Ekimov and 

Onushchenko \1984)]. TIlUS. it is important to note !hat the discrepcncy between 

experimentally and theoretically obtained values of the excited state energies could arise 

from a failure of the theory for the very small microcryst.allitE'~c;. 

o 
Nonlinear Optical Properties of 30 A QD Sample 

The frequency dependence of the absorption saturation was investigated to better 

o 
understand the physics of the nonlinearities in 30 A QD sample at both room temperature 

and 10Vl temperatures using differential transmission spectroscopy. The differential 
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transmission spectrum (DTS) is defined as 

(4.9) 

where T is the prol.'e transmission with the pump present and To is the probe 

transmission transmission without the pump (see Fig. 2-7). For a sample of thickness L. 

DTS are easily related to the nonlinear absorption change (Ao:) and in the limit of small 

transmission changes 

DTS 'V -Ao:.L • (4.10) 

i.e. the DTS is proportional to the negative absorption change. The experimental 

configuration is a pump-and-probe scheme with slight modications as shown in Fig. 4-6. 

A chopper. which triggers both the nitrogen laser and optical multichannel analyzer 

(OMA). was used to block alternate pump pulses. The OMA accumulates alternate scans 

in different mem'lries. subtracts a background from each. then performs the calculation of 

Eq. (4.9). In order to study saturation effects near the pump wavelength more sensitively. 

a noncollinear geometry of the pump and probe was also used. It is worth noting that a 

broadband and spectrally flat probe luminescence is required to avoid the detector 

nonlinearity of OMA. This condition could be obtained for the various dyes used by 

pumping the probe dye cell in such a way as to avoid reflective feedback from the dye 

cell windows. This feedback essentially increases the amount of stimulated emission in 

the probe. This narrows the probe both temporally and spectral!y and results in a greater 

probe intensity. By eliminating this feedback the FWHM of the probe pulse increased 

from 3 ns to 8 ns. 
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4-6. Schematic of an experimental setup for ns DTS. 
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Fig. 4-7 shows the DTS and their corresponding linear absorption spectra (upper 

curve in each figure) as a fUllction of probe wav~lengths for various pump intensities at 

room temperature. Three different pump wavelengths of 581 nm. 552 nm. and 490 nm 

were used (as indicated in the figures by the vertical arrows). The pump and probe spot 

diameters were ~!OO ,t!m and ··60 /lill respectively. Fig. 4-8 shows similar linear 

absorption spectra and OTS data taken at 10K. except that in this case the pump 

wavelength was either 562 nm. 538 nm. or 478 nm. The three peaks in the spectra. 

Els,A' ElsoB' and EIP.A• that we discussed earlier are distinguishable at wavelengths of 

approximately 558 nm. 529 nm. and 470 nm. respectively. 

It is clear from Figs. 4-7 and 4-8 that the DTS near EISA is larger than that around 

EISoB for different pump intensities. Furthermore. for a given pump intensity the on; 

signal around EISA is larger when it is pumped near EISA than near ElsoB' as can be 

seen by comparing Figo 4-7(a) where the pump is at 581 nm. with Fig. 4-7(b). where the 

pump is at 552 nm. The above experimental observations are consistent with our 

assignement of the peaks. Filling of the IS-electron state in the conduction band is the 

main mechanism for simultaneous bleaching of EISA and EISoB transtions. In other 

words. the more ek-cli"t)113 we excite into the eiectron state (IS) the more we 

simultaneou::;ly block the transitions from the IS-hole states in all sub-bands. 

Note that from the linear spectra the transitions EISoA lead to a larger absorption than 

the transitions ElsoB ' Therefore. pumping near EISA is more efficient for producing 

saturation of the EISA transition than pumping near ElsoB ' This explains why the DTS 

signal near the EISoA peak is larger in Figo 4-8(a) than 4-8(b). This feature in quantum 

dots is analogous to the larger efficiency of bleaching of the heavy-hole transition 

compared with the light hole transition in OaAs multiple quantum wells. The spectra at 

10K are similar with those observed at room temperature. except that the room 

temperature data are naturally broadened by phonon interactions. 
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As can be seen in OTS spectra in Figs. 4-7 and 4-8. we obtained very weak hole 

burning in a spectral region directly surrounding the pump wavelength. The absorption 

saturation was observed to move only slightly with pump wavelength. indicating a 

relatively large homogeneous linewidth even at low temperatures. This hole burning 

effect is more easily observed f/'Om the femtosecond-OTS data given in Fig. 4-9. This 

data were taken at 10 K using three different pump wavelengths. 

An order of magnitude estimate of the dephasing time (T J can be obtained from 

Heisenberg's uTl.certainty principle as foHows. 

(4.11) 

Using the measured FWHM ~~L 2! 20 nm from OTS of Fig. 4-8(a). ~t ~ 10 fs. This is 

only an order of magnitude faster than the measured recovery time (~ 300 fs); hence. 

much of the lifetime broadening may come from recombination. In fact. one may expect 

that as the surface-ta-volume ratio increases for these crystallites. the density of the 

surface states increases proportionally. This accounts for the decrease in recovery time 

from 3 ps at room temperature for nonconfined microcrystallites. to the measured recovery 

time of 500 fs and 300 fs for the 44 A and 30 A samples respectively. 

The next important observation is that pumping near EIP•A has a relatively minor 

effect on the OTS near EIS,A and EIS,B as compared t.o pumping near EISA and E'S.B' 

Noting that the EIP,A peak is the result of the transition between the IP states in the 

conduction band and the A-hole subband. this could be explained by much ~aster cecay 

time out of the higher state. The higher states have more extended wave functions. which 

would penetrate the boundary more efficiently. thus permitting fast nonradiative decay at 

surface recombination sites. We note that the EIS,A and EIS,B transitions are also slightly 
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saturated for the pumping near EIPA' but far less than for direct pumping near EISA' 

This slight bleaching may arise either from the long-tail of IS states due to homogeneous 

broadening or from a partial decay of the IP to the IS states. It is clear from these 

observations that the quantum dots behave completely different than bulk and MQWs in 

the sense that QDs do not have the continuous relaxation from the energetically higher 

states into the lower ones. while this process is allowed in bulk where excitation above 

the band edge bleachs transitions in the vicinity of the band edge. 

Another interesting observation is the appearance of increasing absorption in the DTS 

spectra. This is apparent from the negative DTS of Figs. 4-7 (d) and 4-8 (c). At room 

temperature. this increasing absorption occurs at 513 nm. and at low temperature. at 500 

nm. Although the physical origin of this Induced absorption is unclear at present. it is 

obvious that it arizes from absorption from an excited state. That is. the excited state mU3t 

be populate.d before such an absorption can take place. 

Nonlinear absorption Saluration in Quanlum Dols 

As we discussed above one can not ach~eve the strong absorption saturation of the 

lowest excited state by pumping far !lbove that state in a quantum confined system in 

contrast to nonconfined systems. We performed. therefore. a simple self-saturation 

experiment for the three samples (30 A. 44 A. and 79 A) in order to investigate the 

optical nonlinearities as a function of microcrystallite size. This single-beam absorption 

saturation measurement permits direct and quantitative comparision of the optical 

nonlinearities in various materials. We used a nitrogen-laser-pumped dye-laser system 

with pulses of 2 ns (FWHM) duration. The spot diameter on the sample was 100 p.m. the 

laser was operated at. 20Hz-repetition-rate. and the sample temperature could be varied 
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from room temperature to liquid helium temperature. The wavelength was chosen at the 

first transition peak for all three samples. 

The absorption versus intensity for the saillples is shown in Fig. 4-10 for room 

temperature and Fig. 4-11 for low temperatures (10 K). Clearly the absorption decreases 

with increasing intensity as expected. Fig. 4-12 shows the absorption vs. intensity for 

• 0 0 
pumplOg at 4783 A (near E1P•A peak. i.e. far from the lowest excited state) for 30 A 

sample at 10K. This indicates very little saturation consistent with the pump-probe data 

presented above. 

These data were fit to the expected homogeneously broadened absorption model with 

background absorption. 

(4.12) 

where Cko and Cl:s are the saturable and nonsaturable (background) aruorption. respectively. 

Note that this model avoids the requirement of knowing the so-callf!d filling factor P. 

defined as the volume ratio of microcrystallites to that of the entire slab. For the room 

temperature data in Fig. 4-10. one cannot obtain the saturation intens.ty (Is) and the 

background absorption. Cl:s. because of the lack of sufficient data points at higher 

intensities since sample damage occurs at room temperature. We found that upon 

irradiation beyond a certain threshold intensity, the sample transmission decreased with 

time (number of pulses), indicating the photodarkening effect. At room temperature, the 

critical photo-darkening fluence for the 30 A sample « 13 MW/cm2) was smaller than for 

the 44 A sample « 23 MW /cm2
). Moreover. the critical photodarkening fluenc('! for 79 A 

sample was not reached even with a fluence as high as 30 MW /cm2• It has been reported 

that the photodarkening effect can shorten the carrier recombination process. This 
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darkening effect can be eliminated by first annealing the sample at about 450 °C for 

several hours. and then slowly cooling Ille sample [Roussignol et al. (1987)]. 

When the experiment was repeated at low temperature. the effects of photodarkening 

were observed to decr,".ase drastically. Therefore. taking data at large enough intensities 

before the onset of photodarkening allowed us to almost completely bleach the samples 

and fit the data, as shown in Fig. 4-11. O:B was found to increase from approximately 2.7 

Q 0 0 
cm-I • to 3.0 cm-I • up to 9.0 cm-I for the 79 A. 44 A. and 30 A samples. respectively. 

(The sample thicknesses were approximately 300 pm.) The Is values obtained from the 

o 0 
least squares fit are 0.076 MW Icm2• 0.73 MW Icm2

• and 1.87 MW Icm2 for the 79 A. 44 A. 

and 30 A samples. The dashed lines in Fig. 3 indicate results from the least square fit 

using the two-level saturation model. Is. O:B' and 0:0 for these three samples are 

summarized in Table 4-1. These results tend to indicate that smaller QDs exhibit larger 

saturation intensities. with Ills varying roughly like R3. The change in the index of 

refraction per unIt of intensity. t:J.n/I. is proportional to [o:(I)-a:B]/ls and is also gi'; en in 

Table 4-1 for I ... Is. Recently D. W. Hall and N. F. Borrelli (1988) reported the similar 

observations (decrease in nonlinearity with increase quantum confinement) in these 

quantum-confined glasses using a mode-locked. sync-pumped. ps-dye laser system. 

However. for the comparison to be conclusive. one has to incorporate the decay time T of 

the nonlinearity. Research efforts are currently ongoing to measure the decay time T and 

find the suitable figure of merit. 

Conclusions 

We have conducted the experimental studies of linear and nonlinear optical properties 

of quantum-confined CdSe-doped glasses. 
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Table 4-'. Quantum confined CdSe QD sample parameters. 

15 50 9.0 1.87 6.3 12.4 

22 41 3.0 0.73 7.8 25.1 

40 21 2.7 0.08 4.9 126.6 
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The nonlinear index measurements were performed for the two samples with same 

glass compositions grown under different heat treatments using the interferometric 

technique. The result reveals that the sample heat treated at a higher temperature has a 

factor of two larger nonlinearity. Since the different heat treatment can affect the size of 

the microcrystallite::, we attribute this experimental result to a quantum size effect. 

The three QO samples with reported diameters of 30 l 44 A. and 79 A grown 

under three different heat treatment temperatures (600°C. 650°C. and 700 0c) were 

specially prepared and compared. 

OTS of 30 A sample were obtained at both room temperature and low temperature 

by pumping at various wavelengths. A simple model was presented to describe the 

experimental observations. The OTS indicate that absorption saturation of the lowest 

excited state is very weak for pumping far above that state. and the homogeneous 

linewidth is only slightly smaller than the inhomogeneous linewidth. 

The optical nonlinearities as a function of microcrystallite size were investigated using 

self-saturation experiment for the three QO samples. A simple homogeneous saturation 

model with background absorption was used to analyze the data. The results indicate that 

smaller QO exhibits smaller nonlinearity than the larger QO, showing the R3 dependence 

of X(3). TIle trend of increasing photodarkening effect with decreasing microcrystaIlite size 

was also observed. 

The quantum size effects in the semiconductor microcrystaUites are of great interest 

because of their novel optical and dynamical properties. The experimental and theoretical 

investigations in this emerging area have progressed rapidly. but remain primitive. Here, 

we presented the experimental results for the linear and nonlinear behavior of CdSe QDs. 

however. most experimental conclusions are tentative and depend on the limited data. 



APPENDIX 

PROGRAM FOR C."lLCULATING NONLINEAR REFRACTIVE INDEX 
VIA KRAMERS-KRONIG TRANSFORMATION 

100 CLS : KEY OFF 
110 DEFSNG A-B, D, J, M-N, 0, S-T, W 
120 DEFINT C, E-I, K-L, O-P, R, V 
130 DEF FNXCOL{COL) • INT{8.9875xCOL) 
140 DEF FNYROW{ROW) • INT{10 + 13.32xROW) 
150 ON KEY(12) GOSUB 4290 
160 ON KEY(13) GOSUB 4410 
170 DIM N{10,520), SCALE(8), TB(8,8), YA{10,520), AAS(50) 
180 FOR K • 1 TO 7 
190 READ SCALE{K) 
200 NEXT K 
210 ' 
220 FOR K • 1 TO 7 
230 READ TB(K,O) 
240 READ Q 
250 FOR L • 1 TO TB(K,O) 
260 TB(K,L) R (L -1 »:0 
270 NEXT L 
280 7B(K,L)· 120 - 10xTB(K,0) 
290 NEXT K 
300 MLG • LOG(10) 
310 LL • 1 
320 PI! • 3.14159 
330 ' 
340 INPUT "Number of points in the spectrum : ", 0 
350 M%· 0-2 
360 NCHNL " 0/8 
370 INPUT "Minimum wavelength of the spectrum: ", WLMIN 
380 INPUT "Maximum wavelength of the spectrum: ", WLMAX 
390 WLRANGE " WLMAX - WLMIN 
400 INPUT "Thickness of the sample (in Microns) : ", THICK 
410 THICK· THICKx.OOOl 
420 ' 
430 ' 
440 REM MENU 
450 CALL TMODE 
460 CLS 
470 LOCATE 2,25 : PRINT "Menu" 
480 LOCATE 5, 10 : PRINT "1: Input a file (Absorption)" 
490 LOCATE 7, 10 : PRINT "2: Input a file (Index)" 
500 LOCATE 9, 10 : PRINT "3: Calculate Index" 
510 LOCATE 11,10: PRINT "4: Save index file" 
520 LOCATE 13, 10: PRINT "5: Draw Absorption" 
530 LOCATE 15, 10 : PRINT "6: Draw Index" 
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540 LOCATE 17, 10: PRINT "7: Smooth Absorption Curve" 
550 LOCATE 19, 10: PRINT "8: Temporary Save Smooth Alpha 
560 LOCATE 21, 10: PRINT "9: Compute Delia Alpha" 
570 LOCATE 23,10 : PRINT "10: Select number of files to plot" 
580 LOCATE 25,25 : INPUT "Your Choice (1 to 9) ", MENU% 
590 CLS 
600 ON Mt::NU% GOTO 630, 830, 920, 1180, 1290, 1840, 2290,2470,2560,5070 
610 ' 
620 ' 
630 REM Inpllt Absorption File 
635 LL • 1 : MUL T • 0 
640 GOSUB 2660 
650 FOR I • 1 TO 4 
660 INPUT1. AS 
670 NEXT I 
680 ' 
690 FOR I • 0 TO NCHNL 
700 INPUT1, OXS 
710 X· INSTR(OXS, ":) 
720 FORK·OT07 
730 CNT • 8xl+K 
740 N1· VAL( MIDS(OXS, (Kx7 + X + 2), 7) ) 
750 YA(LL,CNi) • MLGxN1 !THICK 
760 NEXT K 
770 NEXT I 
780 CLOSE1 
790 IF MUL T • 1 THEN :.:TURN 
800 GOTO 440 
810 ' 
820 ' 
830 REM Input Indsx File 
835 LL • 1 : MUL T • 0 
840 GOSUB 2660 
850 FOR I • 0 TO M% 
860 INPUT1, N(LL,I) 
870 NEXT I 
880 CLOSE1 
885 IF MUL T • 1 THEN RETURN 
890 GOTO 410 
900 ' 
910 ' 
920 REM Calculote Index 
930 INPUT "Compute over full spectrum or half spectrum (1 or 2) : ", HALF 
940 INPUT "Print tho index values on the printer? ", PTRS 
950 INPUT "Display index after how many points: ", C 
960 DELTA· WLRANGExHALF/M% 
970 DELTA 1 • '"lEL TAx1 E-08 
980 J • DELTA 1I(2xPII2) 
990 KO • INT( WLMIN/DEL TA ) 
1000 K239 • INT( WLMAX/DELTA ) 
1010 FOR V • KO+1 TO K239 
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1020 A· 0 
1030 FOR I • KO.l TO K239 
1040 IF I • V THEN GOTO 1060 
1050 CNT1· HALFx(I-KO) 
1060 CNT2! • V2 - 12 
1070 A • A • YA(LL,CNTl )/CNT2! 
1 080 ~-l~':XT I 
1090 A· AxV2 
1100 N· A - Vx( YA(LL,V-KO-1)-VA(LL,V-KO+1) )/4 + YA(LL,V-KO}/2 
1110 N(LL,V-KO)· NxJ 
1120 IF (V-KO)/C • (V-KO)/C THEN PRINT V-KO TAB(15) N(LL,V-KO) 
1130 IF PTRS • "V" OR PTR • "y" THEN LPRINT V-KO, N(LL,V-KO) 
1140 NEXT V 
1150 GOTO 440 
1160 ' 
1170 ' 
1180 REM Save Inde)c Fila 
1190 INPUT "Name of index file: ", MS 
1200 CS " "B:" + MS 
1210 OPEN CS FOR OUTPUT AS 1 
1220 FOR I • 0 TO M% 
1230 PRINT1, N(L.L,I) 
1240 NEXT I 
1250 CLOSE 1 
1260 GOTO 440 
1270 ' 
1280 ' 
1290 REM Draw Absorption Curve 
1300 GOSUB 2740 
1310 GOSUB 3000 
1320 CAl.L TMODE 
1330 CLS 
1340 PRINT "Actual extrema len wavelength of graph (in Angstroms) : "; WLLFT 
1350 INPUT "Extreme left wavelength to plot (in Angstroms) : ", WLLFTS 
1360 IF WLLFTS " .. THEN GOTO 1430 
1370 WLLFT • VAL(WLLFTS) 
1380 PRINT "Actual extreme right wavelength of graph (in Angstroms) : "; WLRGT 
1390 INPUT "Extreme right wavelength to plot (in Angstroms) : ", WLRGTS 
1400 IF WLRGTS " "" THEN GOTO 1420 
1410 WLRGT " VAL(WLRGTS) 
1420 INPUT "Tic interval on x-axis (in Angstroms) : ", TINTER 
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