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Abstract 

Thus dissertation presents investigations of fundamental optical nonlinearities 

in semiconductor microstructures. Two distinct effects are studied. In the first 

part the e.xcitonic optical Stark effect in InGaAs and GaAs multiple quantum-well 

structures is investigated by metms of pump-probe spectroscopy. For nonresonant 

oxcitation below the excitonic transition the direction of the shift of the resonance 

(le[)ends (ni the polarization of the pump and probe pulses. In particular, for 

anti-circular polarization a surprising red-shift is ob.served. For resonant excitci-

tiou. induced absorption energetically above and below the exciton transition and 

bleaching of the resonance is found. Experiments using both resonant and nonres

onant excitation reveal the importance of bound and unbound two-exciton states 

in absorption changes of the Is heavy-hole exciton resonance. It is found that 

higher-order Coulomb contributions determine the intensity ciii well tis the time 

deperuUnice of the differential excitonic absorption. In addition, the influence of 

light-hole e.xcitons is analyzed. It is shown tliat the direction of the optical Stark 

shift for nonresonant excitation depends also sensitively on the heavy-hole to light-

hole spli' ting and the detuning of the pump pulse. For very higli pump intensities 

and nonre.sonant excitation the absorption is split when a circularly polarized pump 

and a linearly polarized probe beam are used. For co-circular excitc\tion traces of 

hyper-Raman gain are observed. 

In the second part of this dissertation, the nonlinear optical response of semi

conductor microcavities in the nonperturbative regime is studied in resonant single-

beam transmission and pimip-probe experiments. In both types of experiment, a 

pronounced third transmission peak lying spectrally between the two normal modes 

is observed. Its dependence on the probe intensity, pump intensity, pump-probe 

delay, exciton-cavity detuning and pump detuning is investigated. For single-beam 

transmission, the energy of the third peak parallels the position of the cavity res

onance. It is more pronounced for circularly polarized excitation and lasts longer 
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rhaii the two normal modes. For pump-probe experiments, the third peak increases 

with rlccretising probe intensity and increasing pump intensity. Its energy is close 

ro the low-energ\' side of the pump spectrum and virtually unaffected by the cavity-

exciton detuning. The appearance of the third peak requires temporal overlap of 

[Muui) and probe pulses. The origin of this complex nonlinearity is the quantum 

iiature of light, which induces intraband polarizations in the presence of a coher

ent driving field and a finite carrier density. It is found that the coupling of the 

intrabantl polarizations via guided modes to the polarization of the fundamental 

longitudinal mode is responsible for the third transmission peak. A fully quantized 

th(Hjry reproduces the experimental observations. 
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CHAPTER 1 

Introduction 

At the begiimiiig of tiie 21st century genetics, biochemistry, environment and 

resource management, information technology, and material sciences emerge iis 

the tiekls that will drive social and economic progress for years to come. The 

{5r()(hK ti\-ity gains initiated by research and development in these arefvs are set to 

s()l\-e the diverse needs and wants of society, ranging from health care issues to 

inf(jrmatioii exchange. 

Oj)tics acts cus an enabler in many of these modern technologies. recent 

study of optical sciences [l| examined the progress made during the kuit ten years, 

projected the future impact of optics and identified upcoming opportunities. In 

particular, the study emphcisizes the dominating role of optics in teleconimunica-

material processing, illumination, microlithography. medical imaging and hiser 

surgery. In these areas, semiconductor microstructures are applied more and more 

2t due to their low cost, small size, light weight, compact design, high electrical 

efficiency, low (Operating voltage, and high reliability. 

In tel(!communication. the accelerating demand for high speed, high bandwidth 

communication is driving rapid innovations in lightwave technolog}-. including ver

satile fibers, sources, amplifiers and switches [3. 4j. It relies heavily on semicon

ductor microstructures. for example. InGaAsP DBR-lasers working as primar\" 

emitters, diode lasers of various wavelengths acting as pump sources for optical 

amplifiers, and electro-absorption modulators providing switching capabihties. 

Optical data storage as the most common application employs diode lasers as 

light sources to read and write to the storage media [oj. Increased resolution can 

be achieved by utilizing shorter wavelength diodes. 

Besides their use as pump lasers, high power laser diodes themselves are gain

ing ground in material processing due to increased stability, better beam handling 
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and electrical efficiency, and improved brightness and power output compared to 

cou%'ontional C0> and NdiYAG laser systems. Recently achieved performance and 

price levels promote their use in soldering, drilling, curing, melting, marking, cut

ting. welding and printing [6. 7]. 

In medical therapy, diode lasers operating in the 800-1000 nm range have been 

introduced to treat small eye tumors [8]. for veterinary surgery on small blood ves-

.S(>Ls '9!. photodynamic therapy, aesthetic dermatological surgery and hair removal 

• lOi. Moreover, diagnostics of macular degeneration is simplified with 850 nm V'C-

SELs :11|. 

Finally, since the advent of blue and green luGaX LED's and Uusers 12! and 

high-efficiency LED's in general [13], illumination needs for all primary colors, and 

furthermore in white light applications, can be addressed entirely by semiconductor 

(l(>vices. Their u.se results in lower energ\' consumption and operating costs. As 

such. LED's are beginning to dominate the lighting industry for automotive and 

traffic lights, displays and general lighting. 

Clearly, future progress in all of the subjects mentioned above relies on extending 

the fundamental understanding of the electrical and optical properties of semicon

ductor niicrostructures in the linear and nonlinear regime. In this context, research 

in fundamental semiconductor optics is the basis for the whole optoelectronics in

dustry [14j. By deahng with coherent optical nonlinearities. this dissertation covers 

part of the diverse field. 

The dissertation is organized as follows: Chapter 2 describes the various semi

conductor microstructures investigated. Chapter 3 deals with spectroscopic tech-

niciiies utilized to explore the sample properties. The two main topics are covered in 

chapters 4 and 5. The former deals with the excitonic optical Stark effect in InGaAs 

quantum wells. The latter shows nonlinear effects in semiconductor microcavities 

that are due to the quantization of the light field. 
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CHAPTER 2 

Scunples 

2.1 Basics 

Ail seniicoiuluctor samples investigated in this study wore grown by molecular 

b(>ain cpitcixy on semi-insulating, undoped. ; lOOj-oriented GaAs substrcite using a 

Riber32P system. Rotation of the substrate during growth resulted in a radially 

synmiotric thickness variation of all layers and. consequently, the sample itself. 

Tlu> variation of the layer thickness primarily affects the cavity resonances whereas 

the e.xciton transition energ\- is changed only in second order. As a result, in the 

microcavity samples it allows for the tuning of the Ccivity line with respect to the 

(wcitcju resonance by scanning radially over the samples. 

2.2 InGaAs and GaAs multiple quantum wells 

DBRI3 consists of thirty 8.5nm-thin Ino.o.iGci<),96 As quantum wells sandwiched 

between GaAs layers and provides the opportunity to perform experiments in trans

mission geometry without removing the substrate. Due to the slightly different 

lattice constants of InGaAs and GaAs the quantum well is strained, which lifts the 

degeneracy of the heavy-hole and light-hole exciton transitions considerably. The 

linear absorption spectrum is dominated by the Is heavy-hole exciton resonance 

with a spectrally very narrow linewidth of 0.56 meV. see Fig. 2.1. energetically well 

separated from all other exciton resonances [15]. In particular, the heavy-hole to 

light-hole splitting amounts to 12 meV. DBR13 was AR-coated by CVl Corporation 

with a quarter-wave layer of a material having refractive index of ^/ncZu• 

DBR5 and DBRr2 were grown and coated like DBR13. but contain 10 

hiQ Q.iGao.oe As quantum wells each. Their Is heavy-hole exciton linewidths are 

0.54 meV and 0.69 meV. respectively. 
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Figure 2.1: Experimental linear ab.sorption of DBR13 containing 30 identical In-
GaA.s quantum wells. 

.N'MCo contains fifty 18 nm-wide GaAs quantum wells between AlGaAs barriers 

with a Is heavy-hole excitonic linewidth of 1.4 meV. where the heavy-hole to light-

liole splitting is just 6.5 meV. Its absorption spectrum is displayed in Fig. 2.2. 

Transmission experiments could be performed after removing the substrate in a 

grinding and etching process. 

2.3 Microcavities and nanocavities 

XMC63. a planar microcavity shown in Fig. 2.3. contains a 3A/2 GaAs spacer 

with two S.5nm-thick Ino.04Gao.96 As quantum wells, one at each antinode of the 

electric field. The quantum wells are grown identically to those of DBR13 with 



20 

5 
Is-hh Is-lh 

4 

3 

2 

hh-lh splitting: 6.5 meV 

0 

1.520 1.525 1.530 1.535 

Energy [eV] 

Fif^uro 2.2: Experimental linear absorption of NMCo containing 50 identical GaAs 
quant am wells. 

an exciton absorption linewidth of about 0.56 meV. N'MC63 htis 28/33 (R = 99.6) 

quarter-wave layers of GaAs and AlAs in the top/bottom mirror. The resulting 

c avity linewidth and the minimum sphtting of the polariton branches are 0.5 meV 

and 4.6 meV. respectively. 

A second planar microcavity. .\MC71. has 20/25 quarter-wave layers of GaAs 

and AlAs in the top/bottom mirror and contains a A spacer. The single quantum 

well, located at the field antinode of the spacer, was growTi with a higher In content 

resulting in an exciton absorption linewidth of about 1.5 meV. which is much larger 

than for NMC63. 

The third sample. CAT18 has the following structure: The bottom mirror is 

made of 32 quarter-wave layers of GaAs and AlAs and a A/4 layer of Alo.sGao.-iAs. 
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Figure 2.3; Structure of microcavity .\'MC63. 

Tlie top mirror consists of a A/4 layer that contains AlAs and Alo.sGao.^As. a A/4 

layer of GaAs and 26 quarter-wave layers of GaAs and AIAs. Its A spacer is made 

of Ga.A.s and a 25 nm wide Alo.2-1Gao.76As layer, and contains one 8.5 nm-tliick high-

([uality hio.o-iGiio.geAs quantum well located at the antinode of the intracavity field. 

It.s excitonic linewidth is 0.56 meV. 

CAT17 was grown together with CAT18 on the same pre-eleaved substrate. 

However it was removed from the MBE machine before the final 26 quarter-wave 

layers ot the top mirror of CAT 18 were grown. Hence, the top mirror in CAT17 

consists of only a A/4 layer that contains AlAs and Alo.8Gao.2As and a A/4 layer 

of GaAs. It was then subject to after-growth processing' . Photolithography and 

' Processing was done by D.G. Deppe and D.L. Huffaker. University of Texas, .\ustin. 
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dry otcliiiig down to the spacer produced several arrays of posts. The AlAs layer 

was gradually oxidized from the sides in hot-steam conditions to form intracav-

ity dielcctric apertures of unoxidized AlAs with diameters of 2/mi to IS^m. The 

rop mirror was then completed by a quarterwave stack containing five pairs of 

ZnSe/MgFj. The lateral spacing between the adjacent apertures is 100/im. Hence. 

cou[)liug between apertures can be excluded. Since the cavity mode is also laterally 

confined clue to the effective refractive index difference of the (Oxidized and unox

idized regions 16. 171. one obtains essentially a 3-dimensioual confinement of the 

light Held in this sample. To emphasize the small cavity volume. CAT 17 is called 

a nanocavity in contrcist to the planar microcavities. 
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CHAPTER 3 

Experimental techniques 

3.1 Pump-probe experiments 

Pump-prol)e experiments have been performed with the setup shown in Fig. 3.1. 

B(jth pump and probe pulses were generated by an cictively mode-locked Ti.scipphire 

laser at a re[)etition rate of 80 MHz. The spectrally broad. 100 fs short probe pulses 

were c ent(>red at the Is heavy-hole excitonic resonance. The spectral width of the 

piuup pulses Wcis reduced by an external pulse shaper to a few meV. depending on 

the experiment, which resulted in a temporal width of 1-3 ps. All meiisurements 

liave been performed in a Helium-flow cryostat at temperatures of 4 K unless stated 

otherwise. 

Fur completeness. Tab. 3.1 provides the pump pulse duration Ar (FWHM) and 

spiHtral width A£" (FWHM) cia well tis the detuning with respect to the Is heavy-

hole exciton for all pump-probe experiments reported in this dissertation. 

The spectrally re?solved piunp-probe experiments were performed in transmission 

geometry at helium temperatures for various delays of the pump and probe pulses. 

spectral resolution of 0.04 meV was achieved with a 32 cm spectrograph and a 

liciuid-nitrogen cooled CCD. The pump pulses were incident at a small angle of -5° 

with respect to the surface normal and were focused down to a spot diameter of 

100/zrn. while the weak probe pulses, incident normal to the sample surface and 

focused down to a spot diameter of 50 ̂ m, tested only the central part of the pump 

spot. As a consequence, averaging of regions of varying pump intensity is avoided. 

The pump-probe delay could be adjusted by varying the optical path length of 

the probe beam by means of a cornercube mounted on a linear positioning stage (D): 

see Fig. 3.1. A pair of polarizers and a quarter-wave plate in the probe as well as the 
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Figiirr 3.1: Experimental setup for pump-probe measurements. (\V4) quarterwave 
plate. (\\'2) halfwave plate. (L5) 5cm lens. (L20) 20cm lens. (G) grating. (D) 
variable-delay track. (S) shaker. (P) polarizer. (BS) dielectric beamsplitter. 

pump beam allowed for independent variation of intensity and polarization state. 

The transmitted beam was analyzed using a quarter-wave plate and a polarizer. 

In order to extract the transmission r(A.Ar) .  the absorption a£(A.Ar) .  and 

the d i f fe ren t ia l  absorp t ion  AaI (A.  Ar)  f rom the  t ransmi t ted  probe  s igna l  / j (A.  Ar)  

that is recorded, the following corrections are taken into account; 

r(A.^7) = i , i y ^ T ] - P L { X ]  

Ql(A.Ar)  =  - /n (/£(A.Ar)  - PI(A)) (3.2) 

t 
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Figure Ar [psi [meV' j  Detuning [meVj 

Experiments on q [uantum wells 
4.1 1.6 1.9 -4.5 
4.3 1.8 1.3 0 
4.5 1.8 1.6 -4.5 
4.6 1.8 1.3 0 
4.8 1.8 1.6 -4.5 

4.10 0.9 3.1 -4.0 
4.11 1.9 1.8 -4.1 
4.12 2.0 1.6 -3.0 
4.13 1.8 1.6 -6.2/-9.7/-13.3 
4.17 0.9 3.0 -8.5 

Experiments on microcavities 
5.5 2,1 1.4 -

5.6 3.1 0.9 -

5.7 3.1 0.9 
5.8 1.9 1.5 -

Table 3.1: Pump pulse parameters 

/i)(A) is the spectrum of the incident probe pulses, and P L { X )  is the pump-induced 

{)lK)tuluminescence and scattered light. The reference spectrum ItiX.ref) is ob

tained for an appropriately large negative pump-probe delay. This analysis is valid 

long iis the transmitted probe signal is much larger than the pump-induced scat

tered light. Beyond that regime interference effects between probe beam and the 

scattered pump come into play. Extraction of the absorption from the transmission 

is justified because all quantum-well structures were AR-coated and investigated 

far awa\' from Bragg resonance [18]. 

3.2 Single-beam transmission experiments 

The experimental conditions for single-beam transmission measurements are ex

actly the same as those described above, except for a few modifications explained 

in the following and shown in Fig. 3.2a. First, the pump beam was blocked. In 
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addition, the tran.smitted probe beam was reirnaged onto a pinhole of 10diam

eter at a magnification of one in order to spatially filter only the central part of 

the probe spot and thus detect the transmi.ssion of a homogeneously e.xcited area 

(ju the .sample. 

P P W 4  L 2 0  

(a) 

L10 L20 

pinhole 

P P W 4  L 2 0  -  L 1 0  

1 1 1 "  I  «  \ i  L 2 0  
, ^ nonlinear 

,, , \\ \ L20 ci^stal 
(b) W4 

Figure 3.2: Modifications to the setup for (a) single-beam transmission, and (b) 
single-beam upconversion e.xperiments. 

The temporal and spectral evolutions of the single beam transmission were inves

tigated with an upconversion setup: see Fig. 3.2b. Here the transmitted signal was 

upconverted with 2ps gating pulses in a nonlinear crystal, and the sum frequency 

.signal w;i6 spectrally analyzed for various gate delays. The resulting resolution is 

2ps X 0.9 meV. In this configuration the pump pulses of section 3.1 act as gating 

pulses and their respective polarization, intensity and time delay are adjusted in 

the same way. 
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CHAPTER 4 

Excitonic optical Stark effect 

4.1 Introduction 

Tlic investigation of coherent nonhnear optical effects in semiconductor systems 

has been and still is of fundamental importance. Furthermore, it enables the future 

develo[)ment of semiconductor devices. The first observations of these nonlinearities 

concerned the excitonic optical Stark effect [19. 20. 21] and generated considerable 

interest. These experiments reported the shift of an excitonic resonance in GaAs 

([uantum wells and bulk Cu )0. For excitation below the transition, the magnitude of 

the optical Stark shift Wcis found to be inversely proportional to the detuning of the 

pump-huser from the resonance and the direction of the Stark shift was such that the 

resonaui e shifted to higher energies. The bcisic features could be explained within 

Hartree-Fock theory [22. 23. 24, 25. 26. 27j. However, further investigations revealed 

that (n-en in the low density \"'-hmit - taking into account coherent contributions up 

to tiiird order in the optical field - a consistent explanation of nonlinear experiments 

such cis four-wave mixing and pump-probe reciuires the inclusion of higher-order 

Coulomb correlations [28. 29. 30. 31. 32. 33. 34. 35. 36. 37. 38j. In the \''-limit. 

these correlations manifest themselves in the contributions of bound and unbound 

two-exciton states to the optical response [29. 30. 31. 36]. 

For the theoretical analysis of correlation effects, different techniques have been 

developed. For near-resonant and low-intensity excitation, biexcitonic effects and 

memiiry effects [39. 40] need to be considered explicitly. In this case, the dynamics 

controlled truncation scheme [29. 30. 31. 36] which systematically includes the 

dynamics of the higher-order Coulomb correlations has been proven useful. 

In this chapter configurations where higher-order Coulomb correlation effects be

come significant are investigated. For this purpose, differential absorption spectra of 
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high-quality InGaAs quantum wells with spectrally very narrow exciton linewidths 

were determined by means of pump-probe spectroscopy. Experiments were con

ducted for different polarizations of the pulses, different spectral detunings of the 

pump beam with respect to the Is heavy-hole exciton. and cis a function of pump-

probe delay and pump intensity. The experimental and theoretical results' are in 

c.xcellent agreement. 

For low-intensity pump pulses, a clear red-shift of the heavy-hole resonance is 

ob.served for detunings of the pump pulses well below the Is heavy-hole exciton 

an(.l anti-circularly polarized pulses. Microscopic calculations, that include not 

only the Hartree-Fock contribution but also the higher-order Coulomb correlations, 

reproduce the experimental findings very well. It is shown that the red-shift is 

c au.sed by both Coulomb memory effects and the presence of the bound biexciton. 

In addition, the intensity dependence of pump-induced excitonic absorption 

changes luis been investigated for various detunings and polarization geometries. 

F(}r resonant excitation a saturation of both the exciton bleaching and the induced 

absorption due to two-exciton resonances is observed with increasing pump inten

sity. For pumping below the exciton transition a characteristic polarization depen

dence of higher-order Coulomb contributions to the optical Stark effect is found. 

The theoretical analysis, which includes higher-order Coulomb correlations, shows 

that the experimental observations can be described by the coherent dynamics of 

one- and two-exciton resonances up to fifth order in the optical field. 

For e\'en higher intensities of the nonresonant pump pulses and for co-circularly 

polarized excitation, traces of hyper-Raman gain are observed. Correspondingly, 

for a linearly polarized probe a pronounced splitting of the absorption of the Is 

heavy-hole exciton is found. 

Furthermore, the influence of light-hole excitons on the optical Stark effect was 

investigated. For anti-circular polarization of pump and probe pulses and a moder

ate (3-7 meV) detuning of the pump energy a red-shift of the heavy-hole resonance 

'Calculations have been performed by C. Sieh. T. Meier. F. Jtihnke (now Universitiit Bremen). 
•A. Knorr (now Technische Universitiit Berlin), and S.W. Koch. Universitat Marburg. 
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is observed. However, with increasing detuning of the pump pulse or increasing 

lieavy-hole to light-hole splitting a transition from this red-shift to a blue-shift is 

fountl. The experimental results are reproduced by microscopic calculations includ

ing both heavy holes and light holes. The theoretical analysis confirms that the 

observation of the red-shift depends very sensitively on the detuning of the pump 

pulses and the heavy-hole to light-hole splitting. 

4.2 .Nonresonant e.xcitation 

The most surprising result, which is a clear signature of Coulomb memory effects 

and the bound two-exciton state, is that for nonresonant excitation the experimen

tal differential absorption shown in Fig. 4.1a displays a red-shift if the pump and 

probe pulses are anti-circularly polarized. In contrtist. a hlut-.ihift is observed for 

i'o-rircularl\'. co-linearly. and cross-lincarly polarized pump and probe pulses; see 

Fig. 4.1b-d. The detuning of 4.5 meV below the Is heavy-hole exciton is consider-

ai)lv larger than the biexciton binding energy, the inhomogeneous linewidth. and 

rhe spectral width of the pump pulse, ensuring that the excitation is nonresonant. 

\'arying rhe detuning towards smaller or slightly larger values does not change 

tile qualitative behavior. Thus, the experimental results shown in Fig. 4.1 are 

vtTv different from the atomic case and cannot be explained by the Hartree-Fock 

thecjry. where, as long as light-holes are neglected, no shift at all is expected for 

anti-circularly polarized pulses. 

It is a crucial point in the experiments presented in this section that the exci

tation is detuned far from the light-hole resonance. If light holes contribute signif

icantly to the optical response, as in a GaAs/AlGaAs system, then a blue-shift is 

observed also for anti-circular excitation [41j. As outlined in section 4.S below, this 

is due to the heavy-hole light-hole coupling mediated by a common electron state 

and the Coulomb interaction. 

In order to theoretically model these effects, the optical response in the \^'^-limit 

Wcis computed including coherent contributions up to third order in the optical 
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Fi52,iiro 4.1; Experimental differential absorption spectra of DBR13 for excitation 
4.5incV' below the Is heavy-hole exciton. zero pump-probe delay. F=1100 nJ/cnr. 
(a) .-Xnti-circularly. (b) cross-linearly, (c) co-linearly. and (d) co-circularly polarized 
pump and probe pulses. 

tit^cl. but without further approximations. The equations were solved numerically 

both for a simplified quasi one-dimensional system [40. 42. 43] and for a fully 

twodimensional model of the quantum-well structure [43]. Homogeneotis broad

ening was introduced phenomenologically through decay rates of -•p=(3ps)~^ for 

one exciton and 7s=(1.5ps)~^ for two-exciton states. For numerical convenience 

-p=(O.Gps)'' and 's=(0.3ps)~' were used in the two-dimensional calculations. 

Th(-^ intensity of the pump pulses in the calculations was modelled by a Gaussian 

envelope with a l.lSps width (FWHM). These values are close to the experimental 

situation. 
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Very good qualitative agreement between the one-dimensional and the two-

dimensional model was found. Thus the one-dimensional model was used for a 

iletailed analysis of the Stark effect. Three types of optical nonlinearities iire iden-

ritied. Neglecting all the indices the basic structure of the equations of motion for 

one-exciton p and two-exciton transitions B in the coherent \_'"^*-limit is given by: 

d t p  =  i  [ a j p P  +  ̂ i E  

—  f i E b p ' p  

~  V p B ]  (4.1) 

O t B  =  L  ' ^ g B  - r  l ^ l E p l  (4.2) 

Here, and u-'a are the energies of the one- and two-exciton state, respectively. // is 

rill' cli[)ole matrix element and b and V denote the strength of the Pauli blocking and 

rhe Coulomb-induced nonlinearities. The total differential absorption signal is the 

sum of a Pauli-blocking contribution (2nd line of Eq. (4.1)) and Couloml)-induced 

nonlincHrities (3rd line of Eq. (4.1)). which can be separated further into a first-order 

c'cnitribution and higher-order correlations [36. 44). The Pauli-blocking contribution 

and rhe Hrst-order Coulomb contribution make up the Hartree-Fock contributions, 

which are supplemented here by the higher-order Coulomb contribution. The Pauli 

blocking actually takes two effects into account, the reduction of the oscillator 

strength due to the creation of virtual electron-hole pairs and the renorrnalization 

of the transition energy by the strong pump field. 

Theoretical results both for the one-dimensional model and for the two-

dimensional system are presented for a situation where the pump pulse is tuned 

4.0 me\' below the exciton resonance. In complete agreement with the experiment, 

the differential absorption corresponds to a blue-shift in the co-circular configura

tion (Fig. 4.2a-t-c) and also for co-linear and cross-linear excitation (not shown) 

whereas a red-shift is obtained for anti-circular polarization (Fig. 4.2b-rd). 

The detailed analysis reveals that using co-circularly polarized pulses, the 

Hartree-Fock contributions produce the main effect, a blue-shift, while the higher-

order Coulomb correlations result in a red-shift that reduces the blue-shift by only 
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Figure 4.2; Calculated differential absorption spectra for excitation 4.5 meV below 
rhe e.Kciton and zero punip-probe delay, (a) One-dimensional model, co-circularly 
[)ularized pulses. The lower panel shows the three fundamental contributions (solid; 
Pauli-blocking. dashed; first-order Coulomb, and dotted; higher-order Coulomb 
correlation), (b) One-dimensional model, anti-circularly polarized pulses. The 
dcushed line represents the result of a calculation without bound two-exciton states, 
(c) Same as (a) and (d) same as (b). respectively, but for the full two-dimensional 
fiuantum-well model. The dashed line in (c) displays the result of a Hartree-Fock 
calculation neglecting higher-order Coulomb correlations. 

(b) a'a 

-(d) a'a 



33 

a small amount. Hence, the total differential absorption corresponds to a blue-shift 

as seen in Fig. 4.2a. thus confirming the earlier studies of the optical Stark effect. 

The fact that for co-circular excitation, where no bound bicxcitons are excited, 

the correlation contribution alone corresponds to a red-shift demonstrates that this 

shift is not directly related to the existence of a bound biexciton. 

To support this conclusion differential absorption spectra in anti-circular con

figuration have been analyzed. Note that for anti-circular excitation both the 

Pauli-blocking and the first-order Coulomb nonlinearity. i.e. the Hartree-Fock con-

rribution. vanish identically, because neither one of these contributions leads to a 

(•()upling between the subspaces of different spin states [36. 451. The total signal, i.e. 

the red-shift, stems entirely from the higher-order Coulomb correlations. In order 

to eliminate the bound biexciton contribution from the higher-order Coulomb cor

relation. the terms containing the attractive and repulsive Coulomb interaction for 

two electrons and two holes were artificially dropped from the ecjuation of motion 

for the two-exciton amplitude D (see Eq. (11) of Ref. [42j). In this Ccise no botmd 

l)i('Xcitous exist. However, memory effects are still included. The result displayed 

in Fig. 4.2b shows that although the signal amplitude of the higher-order Coulomb 

correlations is somewhat reduced the red-shift clearly persists. In addition, a cal

culation where also the Markov approximation was made. i.e. memory effects were 

neglected, did not yield a red-shift at all. Consequently, the red-shift is induced by 

Coulomb correlations exclusively and both the biexciton state and memory effects 

contribute almost equally to the red-shift. 

The same artificial calculations without biexcitons. performed for the higher-

order Coulomb contribution and co-circular excitation where no biexcitons are 

excited, yielded results similar to those shown in Fig. 4.2b for the higher-order 

Coulomb contribution and anti-circular excitation. The signal amplitude is re-

tluced. but the red-shift persists. This means that for the occurrence of the red-

shift. the exact structure of the two-exciton states is of httle importance. 
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Prior to this work, for large detuning* below the exciton resonance all experi

ments performed on semiconductors report a blue-shift of the excitonic resonance 

,19. 20. 21. 41, 46. 47], In contrast, one early experiment in a thin film of CuCl 

also displayed a red-shift for co-linearly polarized pulses when the pump laser was 

tuned to a very narrow spectral region slightly below the exciton to biexciton tran

sition [481. The latter effect was found to be caused by bound two-exciton states 

49). However, for incretised detuning to lower energies and for co-linear polarized 

[)ulses the blue-shift was always recovered f49j. In contrast, the red-shift observed 

here for intermediate detuning using anti-circularly polarized pulses is induced by 

higher-order Coulomb correlations, but is only partly related to the existence of a 

hound bie.xciton and. moreover, has part of its origin in Coulomb memory effects. 

Furrli(>rm(3re. the Coulomb memory signatures discus.sed above induce absorption 

changes at the eiiergv- of the Is heavy-hole exciton. They arc therefore different 

from the memory effects reported recently in Ref. ;50l which involved e.xcitation 

high above the bandgap and the build up of the free-carrier Coulomb screening. 

4.3 Resonant excitation 

T) com[)lement the study of the Stark effect under nonresonant pump conditions 

the ciise of resonant excitation was also investigated. The experimental differen

tial absorption spectra for resonant e.xcitation and a pump-probe delay of 2 ps 

sliow pronounced bleaching of the Is heavy-hole exciton resonance: see Fig. 4.3. 

Clear signatures of excited state absorption due to unbound two-exciton states are 

observed above the resonance for both co-circularly and anti-circularly polarized 

pump and probe pulses. For anti-circular excitation, additional absorption fea

tures. which are induced by biexcitonic transitions, appear energetically below the 

Is heavy-hole exciton resonance. 

"The detuning should be considerably larger than the bie.xciton binding energj-. the inhomo-
gpneons linewidths. and the spectral width of the pump pulse. 
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Figure 4.3: E.xperirnental differential absorption spectra of DBR13 for re.sonant 
•wcitation at the Is heavy-hole exciton. pump-probe delay of r=2 ps. F=3.3 ii.I /cm", 
(a! Co-circularly. and (b) anti-circularly polarized pump and probe pulses. 

Numerical results which also prove the importance of two-exciton states for 

rorionant excitation are presented in Fig. 4.4 for co-circular and anti-circular polar

ization. They exhibit very good qualitative agreement with the experimental data 

in Fig. 4.3. For co-circular excitation, in addition to the total differential absorp

tion signal, the three fundamental nonlinear contributions are also displayed; see 

Fig. 4.4a. The Pauli-blocking induces bleaching of the exciton that is very small 

compared to the Coulomb-induced nonlinearities. as is expected for resonant exci

tation .36. 441. The first-order and higher-order Coulomb correlations are mainly 

flispersive in shape corresponding to a blue- and red-shift, respectively. The total 

signal is given by the sum of all three contributions. If the two Coulomb-induced 
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Figure 4.4; Calculated differential absorption spectra for resonant excitation at the 
Is heavy-hole exciton and zero pump-probe delay, (a) One-dimensional model, co-
circularly polarized pulses. The lower panel shows the three fundamental contribu
tions (solid: Pauli-blocking, dcished: first-order Coulomb, and dotted: higher-order 
Coulomb correlation), (b) anti-circularly polarized pulses. 

contributions are added, their dispersive differential spectra at the exciton reso

nance cancels to a large degree. The resulting signal shows excited state absorp

tion at higher energies induced by unbound two-exciton states and bleaching at 

the exciton resonance, which is dominated by the Coulomb-induced nonlinearities 

since the amplitude of the bleaching at the exciton is much larger than the Pauli-

blocking contribution. Figure 4.4b shows the corresponding differential absorption 

spectrum for anti-circular polarizations. Around and above the exciton resonance 
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it is very similar to the spectrum obtained for co-circular polarization. In addi

tion. a strong induced absorption feature appears below the Is heavy-hole exciton 

which originates from the biexciton that is excited in this configuration. The full 

two-diineiisiontil calculation supports the results obtained for the one-dimensional 

model. 

In sununary. resonant pump conditions again reveal the importance of higher-

(jrdf'r Coulomb correlations, which give rise to bound and unbound two-exciton 

states. 

4.4 Time dependence of the Stark effect 

The dependence of the Stark shift on the pum{)-probe delay is displayed in 

Fig. 4.5. For anti-circular as well as for co-circular excitation the Stark shift evolves 

oti a time scale that is close to the temporal width of the pump pulse. Figure 4.5a 

al.so shows that for co-circularly polarized pulses the amplitude of the differential 

al)Sorptiou reaches its nuiximum at a slightly negative pump-probe delay. This 

behavior depends critically on the ratio of the dephasing time to the temporal 

width i)f the pump pulse [51. 27]. indicating a comparable magnitude of the two 

quantities. For anti-circularly polarized pulses, the miiximum of the red-shift is 

observed closer to zero delay, as shown in Fig. 4.5b. An increase of the pump-

intensities by a factor of ten in both cases shifts the maximum of the Stark effect 

slightly closer to zero pump-probe delay. The corresponding changes of the spectral 

features with pump intensity are discussed in the next section. 

4.5 Intensity dependence of the Stark effect 

.\s outlined above, even in the low-intensity \'^'-limit - including coherent con

tributions up to third order in the optical field - the excitonic optical response of 

semiconductors is strongly influenced by the dvnamics of higher-order Coulomb 
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Figiiro 4.5; Dependence of the experimental differential absorption spectra of 
DBR13 on the pump-probe delay for excitation 4.5 meV below the Is heavy-hole 
cxciton. (a).(c) Co-circularly. (b).{d) anti-circularly polarized pump and probe 
pulses. The pump fluence is (a).(b) F=110n.J/cnr. (c).(d) F=I100nJ/cm*. Re
duced absorption is shown cis light, enhanced absorption as dark areas. 

correlations. In the \'^'-limit these correlations manifest themselves by contribut

ing bound and unbound two-exciton resonances which induce a strong dependence 

of the optical response on the polarization of the incident pulses [36. 40|. 

Beyond this low-intensity regime very little knowledge was previously available 

regarding the influence of two-exciton states. This was partly due to the fact that 

even in the \'^'-limit. in addition to the dynamics of one- and two-exciton states, 

three-exciton states need to be considered as well [52]. Microscopic calculations 

of the nonlinear optical response including three-exciton resonances, represent a 

quantmn-mechanical six-body problem. Corresponding numerical evaluations of 
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the resulting equations are currently not possible for extended semiconductors using 

available computers. However, some experimental observations in four-wave mixing 

ex[)erinicnts that occur with increasing intensity have been described by neglecting 

the dynamics of three-exciton states or by treating them approximcitely [53. 54j. 

In this context, one subject which has not been addressed so far is the influence 

of ronrriljutions of higher-order in the optical field on the coherent pump-induced 

oxc itonic absorption changes. Of particular interest for the case of resonant exci

tation i.s how the fundamental low-intensity absorption changes behiive in the next 

high(>r order i.e. how the bleaching of the exciton and the excited-state ab-

s(jrption induced by two-exciton resonances and their relative strength varies with 

the pump intensity. In ciddition. with respect to the excitonic optical Stark effect, 

a ftnidamental question is whether or not the shifts reported in section 4.2 are 

niodificfl in the \''''-limit. 

.Xormalized experimental differential absorption spectra for resonant excitation 

of the Is heavy-hole e.xciton and various pump intensities'' are displayed in Fig. 4.6. 

In atomic systems, the Stark shift is expressed cis vQ- — A- - A with the Rabi 

frequency il and the detuning of the pump beam A. For large detunings. the shift 

is pro[)ortional to the incident pump intensity i55. 56j. With this dependence in 

mind, it is appropriate to normalize all differential spectra by the pump intensity 

usecl. 

To suppress the influence of spectral oscillations which dominate the spectra 

for negative time delays, a time delay between pump and probe pulses of 2 ps was 

chosen. For low pump intensity the measured differential absorption spectra show 

exciton bleaching. Increased absorption appears energetically above the exciton 

for co-circularly and also below the exciton for anti-circularly polarized pump and 

probe pulses. As the pump intensity is increased, the normalized amplitudes of 

both the bleaching and the induced absorption decrease. Furthermore, a blue-shift 

of the bleaching is observed with increasing pump intensity. Additionally. Fig. 4.6 

'The e.xperimentally measured quantity is the pump fluence F. which has units of energj- per 
area per pulse. 
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Fifj;uro 4.6: Experimental differential absorption spectra of DBR13 and extracted 
\'"-('ontribution for resonant excitation at the Is lieavy-hole exciton and pump)-
prohc delay of r=2 ps. The differential spectra are normalized by the pump fluence. 
wliere Fo=3.3 nJ/cm*. (a) Co-circularly. (b) anti-circularly polarized pump and 
probe pulses. 

displays the experimentally estimated pure \''^'-contribution which is obtained by 

subtracting the differential absorption spectra for the two lowest intensities from 

each other. Here it is essential that both spectra are recorded at low intensities, so 

that third- and fifth-order contributions dominate and the influence of contributions 

higher than fifth-order in the optical field is negligible. 

In order to verif\- this assumption, a Taylor expansion has been applied to the 

three normalized differential spectra shown in Fig. 4.6 according to: 

(4.3) 
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This system can be solved for and where it is found that for the 

lowest pump intensity Fq the major contribution arises from with rep-

resf'uting only a very small correction. Consequently, the lowest pump intensity Fq 

corresponds to the \^'''-regime. For the higher pump intensities displayed, the con

tributions of F\'^''^ increase and cau.se considerable change of the spectra. However. 

F'v''* is still small compared to F\'". 

To analyze these observations theoretically the optical response is computed in 

the \"'-Iimit. This is done by supplementing the one-dimensional model .system 

used in rhe previous section with coherent contributions of higher order in the op-

riial fit>ld but neglecting three-exciton states, along the lines described in Ref. [52). 

N'(>vertheless. all coherent contributions up to Hfth order in the optical field induced 

by one-e.xciton p and two-exciton transitions D are fully included. 

.•\.s shown above, within the \''^'-limit. the nonlinear optical response is due to the 

Pauli Ijlocking (f^iEbp'p) and the Coulomb-induced contributions (Vp'B) [36. 40]. 

Linear in the optical field E. a one-exciton transition p can be excited through the 

source i^iE in Eci- (4.4). In second order, the optical field generates transitions to 

two oxcitons B via the term fiEp in Eq. (4.5). In fourth and fifth order B and 

p are e.xcited via all the sources in Eqs. (4.5) and (4.4). respectively. It should 

be noted that even in the \''^'-limit the nonlinear optical response is still driven 

by two nonlinearities that correspond to Pauli blocking and the Coulomb-induced 

contributions, .\gain. for anti-circularly polarized pump and probe pulses the total 

nonlinear optical response vanishes if correlations are neglected [401, since without 

them a'- and (7~-excitons do not interact. 

N\unerical results for resonant excitation and 2ps time delay are shown in 

Fig. 4.7. For these conditions the hneshape of the pure x'^^'-spectra corresponds 

O i p =  I  [ ^ • p P ~ i . i E  

-  i . i E b { p ' p  -f p ' p ' p p  +  B ' p p  -r B p ' p '  -r B '  B )  

+  V { p ' B p ' p ' p B B ' p B ) ]  

d t B  =  I  [u.'gS -f-/lE(p 4-p'B)j 

(4.4) 

(4.5) 
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Figurt' 4.7; Calculated differential absorption spectra for excitation resonant at the 
Ls heavy-hole exciton and pump-probe delay of 7=2 ps. The differential spectra 
arc uorinalized by the pump Huence. (a) Co-circularly. (b) anti-circularly polarized 
pump and probe pulses. The solid line shows the calculated pure \^'''-contribution. 

basically to the negative of the \*^'-result. Consequently, cis in the experiment the 

bleaching and the induced absorption saturate with increasing intensity. The calcu

lations displayed in Fig. 4.7 also show a small shift of the maximum of the bleaching 

towards higher energies with increasing intensity which represents a change in the 

lineshape of the absorption peak. Furthermore, the results in Fig. 4.7 show that the 

polarization dependence of the optical response induced by the biexciton remains 

with increased pump intensity. Altogether, a good qualitative agreement between 

theory and experiment is obtained including the polarization dependence of the 



43 

blcaching amplitude which is approximately two times larger for co-circular than 

for anti-circular excitation. 

The shift of the maximum of the bleaching can be understood in connection with 

the induced absorption due to unbound two-exciton resonances. Figure 4.6 shows 

that for low intensities the lineshape of the bleaching is ver\' asymmetric with a 

long tail extending towards low energies and a steep slope at higher energies. This 

steel) decretuse of the bleaching on the high energy side is caused by the induced 

aixsorption due to transitions to unbound two-exciton resonances which appear 

slightly above the exciton resonance. The combination of bleaching and induced 

al)sorption for low pump intensities results in a miiximum of the bleaching spectrally 

txiow the Is heavy-hole resonance. However, with increivsing pump intensity the 

reduction of the induced absorption in the normalized spectra is stronger than the 

reduction of the bleaching. Consequently, the maximum of the bleaching shifts to 

higher energies with increti^iing pump intensity: see Fig. 4.6. For high intensities 

the lineshape of the bleaching becomes more symmetric with its maximum close 

ro the spectral position of the Is heavy-hole exciton in the linear absorption. The 

fact that the blue-shift of the miiximum of the bleaching is less pronounced in the 

calculated spectra than in the experimental data could be due to the fact that 

inhomogeneous broadening has not been considered in the calculations or may be 

due to limitations of the one-dimensional model. 

Normalized experimental differential absorption spectra for nonresonant exci

tation 4.5 meV below the is heavy-hole exciton and various pump intensities are 

displayed in Fig. 4.8. For low intensity the blue-shift of the excitonic resonance for 

co-circularly and the red-shift for anti-circularly polarized pump and probe pulses 

are reproduced: see section 4.2. For co-circular excitation with a slightly increased 

pump intensity, the negative part of the dispersive signal increases whereas the pos

it i\-e part decreases in amplitude. Again, by subtracting the two lowest-intensity 

differential absorption spectra from each other one obtains an experimental esti

mate of the pure \^^'-contribution. As shown in Fig. 4.Sa, has a lineshape 
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Figure 4.S: Experimental differential absorption spectra and the extracted x*"'-
contribution of" DBR13 excitation 4.5 meV below the Is heavy-hole exciton and zero 
puin[)-probc delay. The differential spectra are normalized by the pump fiuence. 
whore Fo=3.3 n.J/cnr. ( a) Co-circularly. (b) anti-circularly polarized pump and 
probe pulses. 

corresponding to exciton broadening in contrcist to the dispersive shape obtained 

for the low intensity x^'^'-regime. Results for anti-circularly polarized excitation are 

displayed in Fig. 4.8b. For this geometry it is found that by increasing the pump 

iiirensity the normalized amplitude of the shift is gradually reduced. Therefore the 

pure contribution corresponds to a blue-shift which at higher pump intensities 

compensates part of the red-shift in y'" . 



45 

(a) o'o' 

0-2 

0 0  

- 0 . 2  

80 

320 F, 

640 Fj 

—x' 
(b) o'o 

000 

•0 05 

3 •2 0 2 3 

Energy [meV] 

Fiif\iro 4.9; Calculated differential absorption spectra for excitation 4.5rneV below 
rhe Is heavy-hole exciton and zero pump-probe delay. The differential spectra are 
normalized by the pump fiuence. (a) Co-circularly. (b) anti-circularly polarized 
jjump and probe pulses. The solid line shows the calculated pure Y^'^'-contribution. 

.N'umerical results of the pump-intensity dependent absorption changes for non-

lesonant excitation are shown in Fig. 4.9. In support of the experiment, for co-

circular excitation, exciton broadening in is found, which leads to the distinct 

signatures in the lineshape of the differential absorption spectra with increasing 

pvuup intensity: see Fig. 4.9a. For this polarization geometry and choice of detun

ing both the and \;''^'-results can be quaUtatively understood already in the 

Hartree-Fock limit. The Coulomb contributions are unimportant in this case and 

the Pauli-blocking is the dominating nonlinearity. Describing the Is hea\y-hole ex

citon as a simple two-level system, which corresponds to neglecting B in Eqs. (4.4) 
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and (4.5). is sufficient to reproduce both the shift in as well as the broadening 

in \''' for a detuned high-intensity pump when pump and probe pulses overlap in 

time. This confirms the results of Ref. [27]. where it was shown that due to Pauli 

blocking a nonresonant pump may induce exciton broadening type signatures in 

rlu' absorption. 

For nourcsonaut and auti-circularly polarized excitation the calculated spectra 

show a dt'croiLse of the normalized correlation-induced red-shift with increasing 

!)uiup intensity: see Fig. 4.9b. As in the experiment, the \^'"''-contribution corre

sponds to a blue-shift. The experimentally determined polarization and intensity 

(l(>p(Mulence of the optical Stark effect plus the difference in amplitude between co-

and anti-circular excitation is very well reproduced by the model calculations. Even 

rhe ratio of the pump intensities necessary to observe \'''-effects in the resonant 

and nonresonant ciises agrees c^uite well in experiment and theory'. 

Exce[)t for nonresonant excitation with co-circularly polarized pulses, where the 

signal is dominated by the Hartree-Fock contributions, the lineshape of the pure 

V' " spectrum corresponds basically to the negative of the result. This can be 

understood qualitativdy by considering the first of the Coulomb inhomogeneities 

appearing in Eq. (4.4): 

^... (4.6) 

=  . . . - ( 4 . 7 )  

In third order in the optical field, the source term V p ' B  is given by the product 

of a first order p'*" times a second order whereas in fifth order the product 

(;f a third order times a second order 5'"' contributes. If one neglects the 

induced absorption due to two-exciton states, in the spectral vicinity of the exciton 

the third order p'^^* is roughly the negative of the linear since the imaginar\' 

part of the linear polarization describes absorption whereas the imaginary part 

of the third-order polarization gives bleaching. Consequently, the change of sign 

between and leads to the change of sign between and In support 

of this argument, additional calculations have shown, that except for nonresonant 
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excitation with co-circularly polarized pulses, the source term V p ' B  accounts for 

the majority of the absorption changes. 

In conclusion, for resonant excitation, in addition to a blue-shift of the blcaching 

with increiLsing pump intensity, the normalized contributions of both the bleaching 

antl the induced absorption decrease. When the pump pulse is tuned below the 

e.xciton the lineshape of the pure contribution corresponds to a blue-shift for 

anti-circularly and to broadening of the excitonic resonance for co-circularly po-

larizinl pump and probe pulses. Thus for both cases of resonant and nonresonant 

excitation a strong pohirization dependence of the optical response even for in-

( refused pump intensities is identified demonstrating the importance of two-exciton 

stares. The polarization and intensity dependence in the experiment is well de

scribed by microscopic model calculations which include the coherent dynamics of 

oue- and two-exciton resonances up to fifth order in the optical field. 

4.G Tracers of hyper-Raman gain 

For [)ump intensities well beyond the and ^''''-regimes a large coherent 

blue-shift of the e.xcitonic resonance can be observed for nonresonant excitation. 

Fii^ure 4.10(a) shows absorption spectra around the Is heavy-hole resonance under 

rlie influence of a strong co-circularly polarized pump pulse for various pump-probe 

delays. The e.xcitonic absorption is almost completely shifted to higher energies at 

the nuiximum of the pump pulse. However, after the pump pulse the absorption 

recovers completely on a picosecond timescale. The corresponding intensity depen

dence is displayed in Fig. 4.10b. The characteristic blue-shift grows so strongly 

with intensity that no absorption features remain at the initial transition energy 

for the highest excitation power. Related observations have so far been reported 

only in the GaAs/AlGaAs material system [57]. 

In the same experimental configuration traces of a coherent gain can be obser\-ed 

energetically below the pump pulse. Figure 4.11 shows the differential absorption 

for co-circularly polarized pump and probe pulses and a detuning of 4.1 meV below 
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Fij^urc 4.10: E.xporiruental cibsorption spectra of DBR5 for excitation 4.0 meV be
low the Ls heavy-hole exciton and co-circular polarization, (a) Dependence on 
punip-probe delay. F=2700 nJ/cnr. (b) Dependence on pump fluence. r=Ops. 
The shaded region indicates the pump pulse. 

the heavy-hole resonance. This gain can be described by a hyper-Raman process 

58; iUs illustrated in the inset of Fig. 4.11. It involves the absorption of two pump 

photons with energy' hjjpump and creates one exciton at energy husx while a photon 

with energ\- 'Ih^pump — ^^'.v is emitted. It is observed here in InGaAs quantum 

wells at a pump fluence of 1.1 /^tJ/cm* which is much lower than the 100-300/iJ/cm" 

necessary to cause the effect in bulk-GaAs [58. 59). 
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Figure 4.11: Experimental differential absorption spectra of DBR12 for co-circularly 
[)olarized excitation 4.1 meV below the Is heavy-hole exciton and various pump-
probe delays. F=1100 n.J/cm~. Note the different scales on the left and right hand 
side of the figure. The inset shows the gain process. 

4.7 Splitting of the excitonic absorption 

In the context discussed above, a strong a~ polarized pump pulse slightly de

tuned below the Is heavy-hole exciton resonance induces a large blue-shift of the 

= -^1 transition, thus lifting the degeneracy between the m = -rl and m = -1 

exciton states. A linearly polarized probe pulse then monitors the excitonic ab

sorption. Both the red-shifted Am = — 1 and the blue-shifted Am = -i-1 transition 

can be observed simultaneously as a pronounced splitting in the absorption spectra 

shown in Fig. 4.12. This splitting has been discussed earlier with respect to GaAs 

MQWs [411. but has so far never been observed directly. The strong splitting is 
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Figure 4.12: Experimental absorption spectra of DBR5 for various purnp-probe 
delays and excitation 3.0 meV below the Is heavy-hole exciton. F=1100nJ/cnr. 
Puni[) circularly polarized, probe (a) anti-circularly. (b) co-circularly. and (c) lin
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rhe result of an advantageous bandstructure exhibited by the InGaAs/ GciAs mate

rial system compared to the GaAs/AlGciAs material system. Using anti-circularly 

polarized pulses, a red shift is observed in InGaAs MQWs. while in GaAs MQWs 

only a small blue-shift is found due to the influence of the light-hole resonance. 

The latter is discussed next in greater detail. 
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4.8 Influence of light-holes 

Above it luui been shown that in InGaAs quantum wells a red-shift can be 

observed for detunings below the exciton and the exciton-to-biexciton transitions 

wluni i)uuip and probe pulses are anti-circularly polarized. In the following the 

iiitluonce of the light-hole transitions on the optical Stark effect of the heavy-hole 

I'xcitou is investigated. In particular, for anti-circular polarization of the purnp 

and [)robe pulses, it is shown that the direction of the optical Stark shift and 

rlie (xcurrence of the red-shift in InGaAs quantum wells sensitively depends on 

rlic pump detuning and the heavy-hole to light-hole splitting. The experinientcil 

results are supported by microscopic calculations which include Coulomb many-

body correlations. 

In this study, the pump pulse is tuned energetically well below the Is heavy-

hole resonance and the exciton to biexciton transition. In particular, detunings 

much larger than the ones in [43. 60] are used. In the following, the detunings 

and Aih are defined by the difference between the central pump energ}' and the 

heavy-hole and light-hole transition euerg\-. respectively. 

Figure 4.13 shows the experimental differential absorption around the Is heavy-

hole t>xciton for various detunings of the pump pulse below the excitonic resonance. 

For co-circular polarization, see Fig. 4.13a. and a detuning A/,/, of 6.2meV below 

the exciton. a blue-shift of the resonance is observed. A further increase of the 

pump detuning leads, as expected, to a reduction of the magnittide of the dif

ferential absorption, but the signal remains a blue-shift. On the other hand, for 

anti-circular polarization and the smallest A/,/, detuning of 6.2 meV. a red-shift, 

shown in Fig. 4.13b. is found in agreement with the results given in the previous 

sections. However, for this particular polarization geometry tin increase of the de

tuning to 9.7 rneV leaves little if any shift. This reduction is much more pronounced 

than tlie reduction of the blue-shift for co-circular polarization. For the largest de

tuning. 13.3 meV below the exciton. the signal recovers but it now corresponds, in 

contrast, to a blue-shift. 
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Figure 4.13: Experimental differential absorption spectra of DBR13 for excitation 
below the Is heavy-hole resonance. F=1100 nJ/cm*. zero pump-probe delay and 
A;,/, detimings of the pump pulse of 6.2meV (solid Une). 9.7meV (dashed line), 
and 13.3 meV (dotted line), (a) Co-circularly and (b) anti-circularly polarized 
pump and probe pulses. 

.•\s was shown above, the red-shift for anti-circular polarization observed for 

moderate detunings is well explained by an approach which takes only the heavy-

hole transition into account. This approximation is justified for a A/,/, detuning 

much smaller than the heavy-hole to light-hole splitting. However, if the pump pulse 

is tuned far below both the heavy-hole-exciton and light-hole-exciton resonances, 

tlie influence of light holes has to be considered. 

Heavy holes and light holes are coupled via two mechanisms. First, for an anti-

circular pump-probe polarizations, transitions from heavy holes and light holes 
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Figure 4.14-. SinipUfiecl electron. hea\y-holc and light-hole level scheme for InGaAs 
((uaiituni wells, transitions induced by a cr~-pump beam (solid arrows), and heavy-
lioU- transitions probed (dashed arrows). 

involve the same electron states. This is illustrated in Fig. 4.14b. A (T*-polarized 

pump couples the m/,/, = — heavy-hole state with the nie = -^ electron state 

and in addition the mih = — ^ light-hole state with the nig = ^ electron state. 

The cr~-polarized probe pulse monitors the me = ^ electron spin system, i.e. the 

heavy-hole resonance, thus experiencing a Stark shift induced by the light holes tis 

well as by the heavy-hole Coulomb correlations. Secondly, light holes, heavy holes 

and electrons are coupled by the higher-order Coulomb correlations [611, leading 

e.g. to mixed light-hole heavy-hole two-exciton states. 
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The microscopic theory outlined in [40] was extended taking both mechanisms 

consistently into account. The model system includes heavy-hole and light-hole 

transitions and Coulomb correlations according to Refs. [61. 62]. For an exteiaded 

review of the theory and the model system see [42], Within this approach the 

tw(j mechanisms that couple heavy- and light-hole transitions are included. In the 

calculations the splitting between the heavy- and light-hole excitons wtis L2moV' 

ai'ccjrding tcj the experimental data. For the oscillator strength of the heavy- and 

li,»ht-hole transitions a ratio of 4:1 was used. 

Figure 4.15 shows the calculated differential absorption for the parameters of 

the IiiGaAs quantum well. For co-circular polarization of pump and probe pulses, 

the reduction of the blue-shift with increiising detuning, that is observed in the 

experiment, is reproduced: see Fig. 4.15a. For anti-circular polarization, displayed 

in Fig. 4.16a. the red-shift, that is found for a A/ ia detuning of 6.2 meV. decreases 

drastically for larger detunings. At a A/,/i detuning of 13.3 nieV one finds, in good 

agreement with the experiment, that the shift even changes its direction. 

For co'circular polarization geometry, the Am= 1 heavy-hole and light-hole 

transitions are pumped, but only the same Ani= 1 heavy-hole transition is probed. 

S(>(> Fig. 4.14a, and affected by the three nonlinearities discu.sscd above. Pauli-

bl(K'king and first-order Coulomb contributions produce a blue-shift, whereas the 

higluT-order Coulomb contributions contribute a small correcting red-shift [40]. 

Tlu> influence of the light-hole transition arises only duo to the higher-order 

Coulomb interaction among the heavy holes, light holes, and electrons and is negli-

gibl\- small compared to the changes induced by pumping the heavy-hole transition 

a.s displayed in the comparisons of Fig. 4.15a and 4.15b. In addition, the comparison 

of Fig. 4.15a and 4.15c indicates that higher-order Coulomb correlations ciffect the 

differential absorption only to a small extent. This is supported by the normalized 

spectra shown in Fig. 4.15a lower panel, where the differential spectra have been 

nuiltiplied by the detuning A/,/.. As shown earlier [26|. and derived cuialytically 

from the approach mentioned above, the Pauli-blocking contributions to the Stark 
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Figure 4.15: Calculated differential absorption spectra at zero time delay for exci
tation below the Is heavy-hole exciton resonance, a heavy-hole to light-hole split-
ring of r2meV. and A/,/, dettmings of the pump pulse of 6.2 meV (solid line). 
9.7meV (dashed line), and 13.3 meV (dotted line) for co-circularly polarized pump 
and probe pulses, (a) Full calculation (upper panel) and multiplied with 
(lower panel), (b) without the light-hole contribution, (c) without the higher-order 
Coulomb correlations. The origin of the energy- scale corresponds to the position 
of the Is heavy-hole exciton in the linear absorption. 



56 

0.003 • (a) 
a"a 

0.000 

-0.003 

0.003 

0.000 

-0.003-

X A 

'0.003-

0.000-

-0.003-

X A 

0.00 

0 •3 •2 3 2 

Energy [meV] 

Figure 4.16: Calculated differential absorption spectra at zero time delay for excita
tion below the is hea\'y-hole exciton resonance, a heavy-hole to light-hole splitting 
of r2[ne\''. and A/j/, detunings of the pump pulse of 6.2 meV (solid line). 9.7meV 
(dashed line), and 13.3meV (dotted line) for anti-circularly polarized pump and 
probe pulses, (a) Full calculation, (b) without the light-hole contribution (upper 
panel) and multiplied with (lower panel), (c) without the higlier-order Coulomb 
correlations (upper panel) and multiplied with A;/, (lower panel). The origin of the 
euerg\' scale corresponds to the position of the Is heavy-hole exciton in the linear 
absorption. 
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shift .scale with l/^hh and the first-order Coulomb correlations vanish according 

to 1 Ajr,/,. The higher-order Coulomb correlations die out fcistest cis As a 

consequence, if tlie normalized spectra are almost invariant with respect to 

rlu' differential spectra display a 1/A/,/, dependence which is characteristic for the 

Pauli-blocking contribution. 

Xeglr-cting the light-holes for the case of anti-circalar pump-probe polarizations, 

tlu' Ani= —1 transition that is probed involves states different from those that are 

pumped. Tims, the Hartree-Fock contributions, i.e. the first-order Coulomb and 

Pauli-blocking contributions, do not affect the transition probed. The remaining 

higher-order Coulomb contribution results in a red-shift of that transition energy* 

for all detimings: see Fig. 4.16b. As discus.sed above, it decays tus . see 

Fig. -l.lGb lower panel, which is in excellent agreement with the analytical result. 

However, if there are light-hole states, the pump couples the mih — light-hole 

states with the m^ = :7 electron states shifting the latter to higher energies and 

thus lontributing a blue-shift of the Am= —I transition probed by the a' pulse. 

.Xi'glecting the higher-order Coulomb correlations, i.e. the influence of the heavy-

hole transition, we find a blue-shift that falls off cis 1/A(/,; see Fig. 4.16c. For these 

large detunings A;/, with respect to the light-hole-exciton resonance, both the first-

iuui higher-order Coulomb correlations no longer contribute significantly. 

This l)lue-shift competes with the Coulomb-correlation red-shift induced by 

pum[)ing the Am= 1 heavy-hole transition. For small detunings and a large heavy-

hole to light-hole splitting the blue-shift is weaker than the red-shift. For a large 

detuning both heavy-hole and light-hole transitions are pumped well off-resonance, 

and consequently the effect of the light-hole resonance incretises relative to the 

effect of the heavy-hole resonance. The blue-shift induced by pumping the light-

hole transition then over-compensates the red-shift due to higher-order Coulomb 

correlations. 
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Fij^ure -1.17; Experimental differential absorption spectra of NMCo for excitation 
S.5me\' below the Is heavy-hole resonance. F=2700 nJ/cm". zero purnp-probe de
lay. and a heavy-hole to light-hole splitting of 6.5 meV. (a) Co-circularly and (b) 
anti-circularly polarized pump and probe pulses. 

Because of the competition of the heavy-hole-induced red-shift and the light-

hole-induced blue-shift, not only the detuning from the heavy-hole exciton reso

nance is crucial in determining direction and amplitude of the shift, but also the 

detuning with respect to the light-hole exciton resonance, and therefore the spht-

ting between these two resonances. Since it is experimentally not possible to easily 

vary the heavy-hole to light-hole splitting in a continuous way. a sample containing 

Ga.A.s ciuantum wells with a heavy-hole to light-hole splitting of just 6.5 meV was 

investigated additionally. Figure 4.17 shows in contrast to the observation in In-

GaAs cjuantum wells but in support of [20. 21. 41 j. that for co-circular as well as for 

(b) o'o 

ls-lh Is-hh 
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auti-circular polarization a blue-shift is induced for detunings below the heavy-hole 

oxciton. 

This ciise was investigated theoretically in Ref. [62]. where the dependence of the 

Stark shift on the heavy-hole to light-hole spUtting was analyzed. For a splitting of 

r2nie\' the blue-shift for co-circular and the red-shift for anti-circular polarization 

are rt^produced. A reduction of tlie splitting resulted in hardly any change for 

co-circular polarization. However for anti-circularly polarized pulses the red-shift 

is strongly affected by the reduced splitting. It de^creiises and finally, for small 

splitting, changes to a blue-shift [62], which is in agreement with the experiments 

[)('rf()rm('d on GaAs quantum wells. 

In conclusion, it was shown that the red-shift for anti-circular polarization of 

pump and probe pulses depends critically on the detuning of the pump pulse and 

t lu' heavy-hole to light-hole splitting. It is only obser\-able in samples with a large 

heavy-liole to light-hole splitting and only within a certain range of moderate detun

ings of the pump pulse. The most important features of the polarization-dependent 

absorption changes can be well described by the different detuning dependence of 

the contributing nonlinearities. 

4.9 Conclusion 

In this chapter the excitonic optical Stark effect in InGciAs quantum wells was 

experimentally investigated and compared to microscopic calculations including not 

only the Hartree-Fock contributions but also higher-order Coulomb correlations' . 

These turn out to be crucial to the modelling of the experimentiil results. 

In the case of nonresonant anti-circularly polarized excitation, where the first-

order Coulomb contribution and the Pauli-blocking contribution to the optical 

response vanish, the higher-order Coulomb contribution gives rise to an intrigu

ing red-shift. A more detailed analysis revealed that the latter is partly due to 

Coulomb memory effects and partly due to the biexciton resonance. This effect is 

'Parts of this chapter have been published in [43. 60. 62. 63. 64]. 
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very tliffcrcnt from the atomic case, where no shift at all is expected for anti-circular 

I)(jlarization and a blue-shift results for co-circular excitation. 

In addition, it hcis been shown in the experiments that the red-shift for anti-

circular polarization of pump and probe pulses depends critically on the detuning 

of the pump pulse and the heavy-hole to light-hole splitting. It is only observable 

in samples with a large heavy-hole to light-hole splitting and only within a certain 

range of moderate detunings (3-7 me\') of the pump pulse as confirmed by the 

micr(Jsco[)ic- theory. 

Furthermore, for resonant excitation the influence of higiier-order Coulomb cor

relations i.s observed as induced absorption features energetically above and below 

rlie c'xcitonic resonance. Those features are duo to bound and unbound two-e)xciton 

states. 

Intensity dependent experiments using resonant as well cis iionresonant excita

tion denunistrate the importance of higher-order correlations even beyond the 

rcgime. A nuich stronger excitation below the exciton gives rise to coherent gain 

below the pump energy and lifts the degeneracy of the two exciton spin systems. 
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CHAPTER 5 

Quantum correlations in a semiconductor microcavity 

5.1 Introduction to normal-mode coupling 

Semiconductor niicrocavities containing quantum wells in the spacer e.xhibit 

nornuil-mode coupling due to the light-matter interaction between the e.Kcitonic res

onance and the intracavity vacuum field. The nonperturbative regime is achieved 

wh(>n Qo > where S^ai- is the empty cavity hnewidth and -fi the total 

I'.Kc itoiiic linewidth. Qq is the normal-mode sphtting due to the coupling between 

rhe quantum-well susceptibility and the vacuum field in the single mode of the cav

ity. .\ormal-mode coupling i.s observed tis two transmission peaks or two reflection 

dips displaying an anti-crossing behavior [65]. The splitting Q between the two 

[)(jlaritonic resonances depends on the cavity-e.xciton detuning A. 

O = vQT^ (5.1) 

A (o.2) 

For a homogeneously broadened exciton line '. the upper and lower polariton 

branciies have identical linewidths at zero detuning of r)„ = Si - . However, 

if the exciton is inhomogeneously broadened. and Si can be considerably smaller 

than In particular, if Qq >> ~ex the splittings approach for a 

synuuetrically inhomogeneously broadened line [66']. 

The combined effects of structural disorder. Coulomb interaction and radiative 

coupling on the linear properties were hotly debated in Refs. [15. 67. 68. 69. 70]. The 

question as to whether or not light coupling effects modify the influence of struc

tural disorder on the quant tun-well excitons was answered conclusively in Ref. [15]. 

The latter publication proves that linear dispersion theory - using the independently 

metisured susceptibility of a single quantum well as an input - yields e.xcellent agree

ment with the measured reflectivity of a broad range of microcavities. Since the 
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(li.S(jrclor averaged excitoiiic response perfectly determines the linear optical proper-

tics. light propagation and disorder effects need not be treated simultaneously when 

theoretically evaluating the microcavity structures presently under investigation. 

Microcavity transmission and reflection measurements in the regime of nonreso-

luuit and nonlinear excitation, especially the line broadening and the conservation 

of rh(> normal-mode splitting, were successfully modelled in [Til. Within that ap

proach. the excitonic susceptibiUty was calculated including the influence of pha^e-

space filling, screening, and depha^ing due to additional uubovmd elcctron-hole 

[)airs. 

.\ second group of experiments on semiconductor microcavities displayed an 

miexpoct(Hl UDuUnear transition of the photoluminescence. For nonresonant ex-

c itation and a positive cavity-exciton detuning, the intensity of the high-energy 

[jhutoluminesceace peak exhibit.s a threshold-like behavior and eventually over

takes the low-energy photoluminescence peak. This result led to speculations that 

electrons and holes form purely bosonic e.xcitons. which were thought to condensate 

in the upper polariton state [72], However, at the threshold intensities the bound 

electron-hole pairs have lost most of their bosonic properties and the crossover in 

the luminescence amplitudes is due to the transition from the nonperturbative to 

the perturbative regime [73. 74. 75]. 

.-\dditional nonlinear effects of microcavities have been reported in the lumines

cence after nonresonant excitation [76. 77. 78. 79. 80] and resonant cw excitation 

into the polariton branches [81. 82. 83{. In all cases a nonlinear rise of the lu

minescence intensity of the lower polariton branch was observed with increasing 

excitation. This effect was discussed in terms of relaxation processes stimulated 

by the polariton final state population. Other experiments tried to explore these 

effects in multiple-beam setups. Ltuninescence of the upper polariton branch was 

investigated using two pump pulses incident at large angles and a probe pulse in

cident at k=0 [841. A combination of a resonant cw pump and a nonresonant cw 
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[)uinp was used to investigate the lower polariton luminescence in Ref. [85]. Again 

the uoulinear emission was explained by stimulated scattering of polaritons. 

Moreover, pump-probe experiments using resonant picosecond excitation into 

the polariton branches have been performed [86. 87. 88. 89]. In particular, for 

l)um[)ing the lower polariton branch under a critical angle with respect to the sam-

[)l(> normal, a probe at normal incidence experiences a very large amplification close 

tu the lower poUiriton energy. In addition, luminescence is observed in the normal 

direction and at twice the critical angle. The origin of this effect is a parametric: 

scattering process of polaritons obeying energ>" and momentum conservation i90i. 

This polaritouic parametric amplifier, which represents essentially a four-wave mix

ing geometry, is made possible by the nonparabolic dispersion of cavity polaritons. 

Finally, resonant femtosecond pump-probe experiments have been reported for 

puui[) intensities much higher than the saturation limit of the excitonic ab.sorption. 

In reHection strong coherent gain near the lower polariton branch is observed [91. 

92i. Transmission data show a transition from a doublet to a triplet structure 

displaying increasing sideband splitting and a corresponding oscillation period in 

the rime domain [93. 94]. It Wcis interpreted in terms of the change of the polariton 

doublet into an AC-Stark triplet. This increasing sideband splitting makes it quite 

distinct from the effects reported in the next sections. For anti-circular polarization 

a transition from exciton polaritons to biexciton polaritons was observed [951. 

5.2 Motivation for "third-peak" studies 

As outlined above, after the first observ'ation of normal-mode coupling of semi-

(•(jnductor microcavities [65l a large number of experiments [961 explored the linear 

and uoulinear optical response in the nonperturbative regime. In contrast to clear 

demonstrations of the quantized nature of the vacuum-field Rabi splitting of a sin

gle atom 1.97]. most of the experiments on semiconductor microcavities could be 

explained in terms of a classical light field propagating through a material with an 

excitonic susceptibility [15, 71]. Only recently have signatures of the quantized light 
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field been reported in a coherent control experiment [98] in a microcavity and the

oretically investigated in the secondary emission of a quantum well [99]. As such, 

it is still a challenging goal to observe and understand effects in semiconductor 

systems that are due to the quantized nature of the light field. 

In the following, results are presented thcit display a pronounced third trans

mission nuLximum which is induced by the quantum nature of light. The third 

peak, lying energetically between the two normal modes, is observed in resonant 

femtosecund single-beam transmission cis well cus picosecond pump-probe experi

ments under various excitation conditions' . This finding is in striking contriust 

rcj the generally double-peaked transmission in the nonperturbative regime of a 

s(Muic onductor microcavity containing identical quantum wells. It is in even bigger 

contrii^t to the case of nonresonant excitation, where at most two peaks appear. 

With increcusing piunp-intensity these two normal-mode peaks broaden and finally 

collapse into a single peak indicating the onset of the weak coupling regime [71]. 

The appearance of the third peak in a planar microcavity is attributed to the 

coupUug of the fundametital longitudinal cavity mode to the guided modes. Guided 

modes in this context correspond to confined solutions of Maxwell's equations with 

a propagation vector lying in the plane of the microcavity. In general, in a per

fect normal-mode coupling .system that is free of disorder, the exciton resonance 

couples to a cliissically behaving light field only in the normal direction. However, 

secondary emission investigations show that scattering of light from structural dis

order 100. 101. 102. 103. 104. 105. 1061. phonons [107| or due to higher-order 

cjuanturn fluctuations [99] can cause a direct coupling to the entire radiation envi

ronment including the guided modes. 

Here it is demonstrated that the scattering induced by quantum fluctuations 

leads to the nonlinearly behaving weak coupling component, i.e. the third peak, in 

the strong coupling transmission spectrum. As a consequence, the third peak is a 

clear manifestation of the quantized nature of the light field. 

'It should be noted that the third-peak nonlinearity has also been observed in femtosecond-
pump femtosecond-probe experiments and in reflection geometry- - not shown here. 
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5.3 Single-beam transmission experiments 

Experiments presented in this chapter have been performed in transmission 

geomorry on the microcavities and the nanocavity described in chapter 2. The 

cavity-mode exciton detvming Wcis in the range between zero and 1 meV in all the 

cxpcrinu'ut.s and calculations, unless otherwise stated. 
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Figure 5.1; Experimental, intensity dependent, single-beam transmission of the mi-
iTocavity XMC63 on a logarithmic scale for (a) circularly and (b) linearly polarized 
pulses. Pulse fluence is given in [nJ/cm'-]. 

Figure 5.1a displays the single-beam transmission of NMC63 for increasing exci

tation intensities of a circularly polarized 100 fs short pulse centered at the excitonic 

resonance. A very distinct third transmission peak appears between the two normal 

mode peaks and grows in amplitude. The energy of the third peak stays almost 
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coustaut for increasing intensities except for a small blue-shift, .•\lthough the am

plitude of the two normal modes is reduced, the conservation of the normal-mode 

splitting indicates that the exciton resonance is still nonperturbatively coupled 

to the longitudinal optical mode. .A. further increase of excitation intensity - not 

shown here - causes a smooth transition of the third peak into the single cavity 

peak characterizing the perturbative regime with respect to the normal direction. 

The polarization dependeiice of this third peak is emphiisized in Fig. 5.1a and 

5.lb. In b(jth Ccuses. the transmitted spectrum including the third peak displays 

e.xactly the .same optical polarization iis the incident beam. For linearly polarized 

c.xcirarion. see Fig. 5.1b. about twice cis much intensity is needed to produce the 

sanu> amplitude of the third peak tis in the ciise of circularly polarized excitation. 

This feature points to a sensitive dependence on the induced density since a circu

larly [)olarized pul.se creates a density of the .selected spin subsystem twice iis big 

as a linearly polarized one. 

Figure 5.2a again shows the transmission in the normal flirection for various 

excitaticju intensities for the planar inicrocavity .\MC63. Varying the cavity-exciton 

detuning reveals that the third peak is more pronounced for negative detunings. 

and its energ}- parallels the cavity mode resonance; see Fig. 5.3. This suggests that 

the third peak hcvs a weak coupling character. 

•Another indication of the weak coupling character has been demonstrated by 

investigating the effect of guided modes on the third peak. As hcus been shown ear

lier 108. 109]. the optical mode confinement in an oxide-apertured semiconductor 

aanocavity like CAT17 alters the emission properties. The emission into the guided 

modes is cut in half, and correspondingly the emission in the normal direction is 

enhanced. The mode confinement does not imply that the emission into guided 

modes is completely cut off. Rather the relative coupling strengths are changed 

such that the guided modes contribute less than in the planar microcavity. 

Figures 5.2a and 5.2b compare intensity dependent single-beam transmission of 

the microcavity NMC63 and the 2^m-aperture nanocavity CAT17. However, it 
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Figure 5.2: Experimental single-beam transmission on a linear scale for increasing 
pulse fluence [n.J/cnrl (a) for the microcavity NMC63 and (b) for the nanocavity 
CAT 17. 

should be noted that Fig. 5.2b is representative for aperture sizes up to 3.5 

diameter. The third peak is found to be suppressed in the nanocavity. and only the 

transition from the nonperturbative to the perturbative regime can be observed. 

This behavior shows that indeed guided modes are necessary to obser\'e the third 

peak. 

5.4 Theory 

The underlying physical origin for the distinct third transmission peak is ana

lyzed theoretically with a fully quantum-mechanical approach that combines the 
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Figure 5.3; Analysis of single-beam transmission: Energ\- of the third peak 
(sciuares). the upper (triangles up) and lower (triangles down) normal-mode peak, 
rlie bare e.xciton (dotted line) and the cavity peak (solid line) vs. position on the 
sample which is proportional to the cavity-exciton detuning. 

Semiconductor Bloch Equations formulated for a quantized light field and the Semi

conductor Luminescence Equations [99. 110. Ill]" . The ciucintum-well electrons 

and holes with in-plane momentum k are described using the Fermion operators 

and /ik. respectively. The Bosonic photon operator 6q,,. determines the quantum 

[jroperties of the light field. The wave vector [q.qz) is related to the mode solution 

it(q.q,} of the Helmholtz equation for the planar microcavity structure as defined 

by the refractive index profile n{z). q represents the photon momentum in the 

plane of the quantum well. 

The semi-classical treatment, which does not take the quantization of the light 

field into account, typically involves the coherent light field E{z. t). the microscopic 

interband polarization Pk = (/i-kCic). the electron occupations = (ekCk). the hole 

•Calculation have been performed by M. Kira (now Royal Institute of Technologj-. Stockholm), 
F. .Jahnke (now Universitat Bremen), and S.W. Koch, Universitat Marburg. 

r""*  ̂ I 
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occupations as well as carrier-carrier Coulomb correlations. The 

rosuitiug set of equations for E { z . t ) .  Pk- /k constitutes the Semiconductor 

Bloch Equations. 

On the other hand, the full quantum approach, which takes the quantization of 

rhe light field into account, also allows for the consistent inclusion of the photon-

H-ssisted interband polarization (6^^ /i_kek-q). A set of equations, known as the 

Si'uiiconductor Luminescence Equations, results for (6q,j,/'-k'?k-q/ ^^nd the 

[)li(jt()u number (^q.^.^q,,,). if no coherent driving field is pre.sent. 

Combining the two approaches outlined above, that is considering a coherent 

driving field ;is well tis the c^uantization of the light field, leads to additional con

tributions which have to be included. These coherent qviantum correlations are 

rhe [)hoton-photou correlation ('>q.,(,i>q,q;). photon-cissisted intraband polarization 

''q.f/: k^q'k - /i-k/i!.k~q)) correlation (^q.^./i-k^k-rq)- Despite its com-

pk'.xiry. the numerical evaluation of these coupled differential equation.s allows for 

a consistent description of coherently driven phenomena in semiconductor systems. 

In the case of the microcavity. the transmission of an electromagnetic field E i z . t )  

[)r()pagating in normal direction can be derived from the semiconductor .\Icixwell-

Bloch equations [112, 113] by including the quantum corrections Qk [HO. 111]. In 

partic ular, the equation of motion for the interband polarization Pk is modified if 

the ([uantization of the light field is taken into account. 

Here, dci- is the dipole-matrix element, ek the renormalized kinetic energy of the 

electron-hole pair. £q.,. the vacuum field amplitude and = i£q^_q.dci.u{q. q.) de

termines the strength of spontaneous emission. The scattering dynamics describing 

e.xcitation induced dephasing beyond the Hartree-Fock approximation are included 

i>cat 

(5.3) 

(5.4) 
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in the contribution c>Pk/^|scat- This contribution wtis determined separately in 

scfond-order Born and Markov approximation. 

The left hand side of Eq. (5.4) has the structure of the semiconductor Bloch equa-

tion.s for the microscopic interband polarization Pk [112. 113} with the renormalized 

Rai)i frequency The right hand side of Eq. (5.4) which modifies the semiconduc-

t(jr Bhjch ecjuation contains the intraband correlations (6q,^.(f?k^qek — /i-k^!-k-q)) 

where a photon is absorbed and its in-plane momentum is transferred to an electron 

or hole. The ciuaritum corrections Qk involve a summation over all optical modes 

(q. f/;) present in a semiconductor microcavity. i.e. they also include all contribu

tions that result from spontaneous omission into the guided modes. Con.sequently. 

the polarization in the normal direction and therefore the transmission will be 

iuHueiued by the intrabcind correlations with photons propagating in all other di-

nn tions. This is in contrast to the cltussical treatment of the light field, where no 

coupling to modes at q 7^ 0 occurs and only the longitudinal mode at q = 0 bis to 

!)(' considered. The first experimental observation of such correlations by Lee et al. 

98! detected long living intraband oscillations in a coherent control experiment. 

The intraband correlations themselves are coupled to all other quantum corre

lations. Their dynamics follow from; 

~ ^-k^-k-vq)) 

--(/k^q + /k%)a[n l̂J*-^kt,.-

"'"^k.q.ij-Iscat ~ ^(^q.9j (^k+q^k ~ ^-k^_k-q))scat (5.5) 

with the photon energ\- fiu^'q.,.. This correlation is driven spontaneously via the 

nonlinear contribution and vanishes unless a coherently excited polariza

tion is present. In other words, under a coherent driving field that gives rise to Pk. 

{)hotoluminescence is accompanied by intraband correlations. Furthermore, due 

to the optical feedback of the cavity, the dynamics are altered by the stimulated 

emission which includes contributions like (^'q.<j-ek+q/iLk)^k- The interband 

correlations describe the reabsorption of a photon and the creation 
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of an clectron-hole pair which in turn leads to spontaneous light emission deter

mined by the Semiconductor Luminescence Equations [99. 110, Lllj. Therefore, the 

Semiconductor Bloch Equations and the Semiconductor Luminescence Equations 

are dyuamically coupled in the presence of a driving field and can not be separated, 

hi the numerical solution, the pump and probe pulses are propagated through the 

microcavity ami the self-consistent coupling to the polarization and carrier occupa

tion JUS well tUi to the quantum correlations are solved simultaneously, see [110. lllj 

for details. The material parameters used in the calculations correspond to tho.se 

of rlie planar microcavity N.\IC63. 

What is the mechanism responsible for the direct observation of the quantum 

corrections in the microcavity transmission? For a sufficiently low excitation, 

the semiclassical light-matter interaction in the normal direction occurs in the non-

perturbative regime giving rise to the normal mode peaks. In contnist. the quantum 

corrections Qk interact mainly in the perturbative regime since the sunmiation over 

all nujcles in Eq. (5.4) is dominated by the weak-coupling guided modes. Since the 

guid(>d modes q 7^ 0 pos.sess a lot of mode strength, perturbative features are mixed 

into the polarization in the normal direction iis soon tus the coupling between the 

guided modes and the longitudinal mode becomes possible. .A.s a consequence, 

the weak coupling component, i.e. the third peak, emerges in the experimentally 

detected transmission as shown in Fig. 5.2. In excellent agreement with these ar

guments, the computed single beam transmission spectra show a third peak similar 

to Fig. 5.2 only when quantum correlations are included. 

5.5 Time-resolved single-beam transmission 

The dynamics of the third peak, see Fig. 5.4. were revealed by upconverting 

the transmitted signal in a nonlinear crystal with 2 ps gating pulses arriving at 

a defined signal-gate delay. The gating pulses determine the temporal response 

and at the same time result in a spectral resolution that allows to distinguish the 

three peaks. The experimental conditions are similar to those of Fig. 5.2a. Within 
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Figure 5.4: Experimental, time and spectrally resolved, single-beam transmission 
of F=1000nJ/cm" pulses for the microcavity NMC63. 

the picosecond time resolution, the risetime of the third peak is almost cis fast as 

that of the normal-mode peaks. While the quality factor determines the photon 

lifetime in the cavity and thus the Hfetime of the normal-mode peaks, the third peak 

persists longer. This feature agrees with [98] indicating that long-living intraband 

coherences are involved. 

•5.6 Picosecond pump-probe experiments 

In contrast to the single-beam experiments, a spectrally narrow region can be 

excited selectively by using picosecond pump pulses in a pump-probe setup. Figure 
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Fi-ijiiro 5.5: Tran.sriiission of the microcavity NMC63 for incretising pump fluence 
n.I C U1-; and two different pump energies, co-circular polarization, and zero purnp-

[jrobe delay, (a), (c) Experiment, and (b). (d) tlieory. The shaded regions indicate 
the pump spectrum. 

5.5 shows the experimental transmission spectra for two different pump energies 

cis well as corresponding calculations. The third peak is most pronounced for a 

corircular polarization configuration which signifies that the probe pulse tests the 

induced density in the same spin system. The peak ctm be narrower than the 

pump spectrum. Both experiment and theor}- show that the third peak follows the 

low energv' side of the pump pulse and shifts little with pump intensity. Clearly, 

this feature cannot be e.xplained by a new system resonance at a fixed position 

like the biexciton. However, this striking effect can be understood via the weak 

coupling behavior of the quantiun corrections Qk. A weakly coupled quantum 
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Figure 5.6: Experimental transmission of the microcavity CATI8 for various 
fxciton-cavity detunings and increasing pump fluence [nJ/cnr] for the microcavity 
CATIS. co-circular polarization, and zero pump-probe delay, (a) A=2.1meV'. (b) 
A=1.0me\', (c) A=0.6 meV". (d) A=0 meV. The shaded regions indicate the pump 
spectrum. 

system tends to follow the excitation pulse adiabatically such that its temporal 

and spectral response show characteristics similar to those of the excitation - the 

pump pulse in the present case. Because the quantum corrections Qk contribute to 

the polarization of the longitudinal mode, a weak coupling component is created 

in the probe spectrum having similar characteristics as the pump pulse. 

Figure .5.6 once again underlines that the spectral position of the third peak in 

pump-probe experiments is closely related to the pump energ\-. For the considerable 

change in exciton-cavity detuning of 2.1 meV the position of the third peak is 
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affectcd very little. The third peak still appears at the low energy side of the pump 

spectrum rather than the cavity resonance. 
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Figure 5.7; E.xperimental transmission of the microcavity C.ATIS for various pump-
probe delays [ps] and co-circularly polarized pulses. F=10n.J/cm-. The 3ps pump 
pulses are spectrally centered between the two normal modes. 

In addition. Fig. 5.7 displays the pump-probe transmission for various pump-

probe delays. In the time domain the third peak closely follows the pump pulse. It 

is only observed if there is temporal overlap between the pump and probe pulses 

and any residual features decay on a 10 ps time-scale. 

To determine the nonlinear properties of the third peak in more detail, a pump-

probe configuration was investigated, where the pump power was kept constant as 
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Figure 5.S: Dependence of transmission of mirrocavity NMC6.'3 on probe fluence 
n.I/cnr\ at a constant pump fluence of F=330 nJ/cm". co-circular polarization, 

and zero pump-probe delay, (a) Experiment, and (b) theory. The shaded regions 
indicate the pimip spectrum. 

rhe probe pulse intensity was gradually reduced. In tliis case the quantum correc

tions Qu. are created mainly by the ptmip pulse, and the relative effect of Qk on the 

probe polarization increases with decreasing probe intensity. The experimentally 

iji)served third peak in Fig. 5.8a is more pronounced for smaller probe intensities. 

This is in good agreement with the theory, see Fig. -5.8b. which predicted this be

havior. .\ote. that the intensity of the probe pulse can be considered to be in the 

linear regime which demonstrates the strongly nonlinear nature of the correlation 

effects. 
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5.7 Conclusion 

In conclusion, a pronounced third peak between the two normal-mode peaks has 

been observed in single-beam transmission and pump-probe experiments performed 

on soiniconductor microcavities^ . In particular, the third peak is found to arise aa 

a consecjuence of the coupling between the coherently excited polarization of the 

longitudinal mode and the intraband qmmtum correlations of the guided modes. 

•A. fully quantized theory for the light-matter interaction confirms the experimental 

(jbscrvations. The third peak is a clear signature of quantum correlations and the 

c[uantized nature of the light field. 
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Figure 5.9: Experimental single-beam transmission on a logarithmic scale for in
creasing pulse fluence [nJ/cm~] in a strongly disordered microcavity XMC71. 

'Parts of this chapter have been published in [114. 115). 



78 

In principle, disorder could also cause coupling between the guided modes and 

the longitudinal mode of a microcavity. However, that mechanism does not explain 

tlie dependence of the third peak on the probe intensity seen in Fig. 5.8. In addition, 

that possibility was excluded by investigating a microcavity. specially grown with 

;i higher amount of disorder in the quantum well, where it was found that the third 

peak is harder not easier to detect: see Fig. 5.9. 

Xcjte al.so that the results presented here have been obtained in a very different 

regime tlian the strong pumping e.xperiments of Ref. [93]. The third peak reported 

here is seen in low intensity measurements before the nonperturbative splitting 

collapses. Furthermore, in contrast to the observations in [93] where the side-band 

s[)litting increciaes. here the normal-mode peaks do not shift with incretising pump 

intensities. 

In addition, the third peak is not caused by biexcitonic resonances f95] since 

it c an he observed in single-beam experiments using circularly polarized light and 

[)ump-probo experiments in co-circular polarization geometry. In contrast to a 

l)i(\\citonic resonance, the third peak is more pronounced in circularly than linearly 

[)cjlarized single-beam transmission. 

Furthermore, the influence of homogeneous broadening has been investigated. 

First, excitation-induced dephasing which can be realized by a resonant or nonres

onant cw-pump does not produce a third peak. Second, phonon broadening which 

can be increa^ied by raising the temperature, does not enhance the third peak ei

ther. Quite the opposite, at temperatures above lOOK. single-beam transmission 

expt.'riments do not show any third peak and instead resemble the nonresonant 

excitation experiments reported in [71]. 
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