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Resumen:

El objetovo final de este trabajo es mostrar una imagen transversal,
a través de diferentes condiciones de confinamiento (desde tres a
dos dimensiones), de las propiedades de muchos cuerpos de las excitaciones
ópticas en semiconductores de gap directo. En concreto, la dinámica
de tales excitaciones será estudiada a través de técnicas de fotoluminiscencia
resuelta en tiempo.
Se ha estudiado la dinámica de fotoluminiscencia resuelta en tiempo de GaAs volúmico,
y se ha encontrándo una transición de Mott inducida óptimamente entre las fases
excitónicas y de plasma. En pozos cuánticos , se ha propuesto una técnica novedosa que
permite la modificación de las distribuciones de los portadores en las bandas. Finalmente,
en microcavidades, se ha estudiado la dinámica de polaritones y fluidos de polaritones,
obteniéndose resultados compatibles con la observación de superfluidez en estos
sistemas.

Summary

The aim of this work is to provide a wide picture, using different confinement conditions
(from bulk to two-dimensional) of the many-body properties of the optical excitations in
direct gap semiconductors. In particular, the dynamics of such excitations will be studied
by means of time-resolved photoluminescence. In this technique, the system is excited
with an optical pulse with energy above the band gap and the emitted light dynamics is
recorded and analyzed.
We have studied the polarization resolved photoluminescence dynamics of bulk GaAs
photoexcited carriers finding an optically induced Mott transition between an exciton and
plasma phases. In quantum wells a novel experimental technique has been introduced to
tailor the distribution of carriers in the bands. Finally, in microcavities, the dynamics of
polaritons and polariton fluids was studied, finding results compatible with the
observation of superfluidity in these systems.
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nsub = 1 and n1 = 3.0, n2 = 3.6, vs normalized frequeny (ω/ωm). (b) Cor-responding phase φr of the omplex re�etion oe�ient. Both magnitudesare alulated using a transfer matrix approah.[237℄ . . . . . . . . . . . . . . 603.5 (a) Re�etivity spetrum of a typial miroavity. (b) Blak line, right sale:pro�le of the index of refration of a λ/2 miroavity. In this ase threeQWs have been embedded at its enter. The surfae is on the left side. Thegrowth diretion is given by the horizontal axis. Blue line, right sale: eletri�eld of the bare avity mode. Inset: lose up of the avity spaer region. Theeletri �eld is maximum at the position of the QWs. This is the on�gurationin whih exiton-photon strong oupling is observed, as detailed in Se. 3.2.2.() Sanning eletron mirosope image of the ross setion of an atual avity,where both DBRs and avity spaer are learly seen. The blak region on theleft side has a size of ∼ 225 nm. Courtesy of M. D. Martín. . . . . . . . . . . 643.6 Left panels: alulated bare exiton and avity mode dispersions (dashedlines) as well as the polariton dispersions (solid lines) for di�erent exiton-avity detunings δ in a miroavity with a Rabi splitting 2~ΩR = 6.6 meV.Right panels: orresponding Hop�eld oe�ients obtained from Eqs. 3.29-3.30. Detunings: (a)-(b) +2~ΩR, ()-(d) zero, (e)-(f) −2~ΩR. . . . . . . . . . 683.7 (a) Energy di�erene between the UPB/LPB and the avity mode at k‖ = 0as a funtion of re�etivity for a �xed bare QW γX for δ = 0. The dashed linedepits the minimum re�etivity for the onset of strong oupling (R ≈ 0.85).(b) Broadening of the avity mode γc and modi�ed γX inside the avity (R <
0.85), and polariton modes width (R > 0.85), as a funtion of re�etivity.From Ref. [237℄. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 714.1 Priniples of operation of a synhrosan streak amera. See text for details. . 764.2 General experimental set-up for time-resolved PL under non-resonant exita-tion. The polarization optis and the translation stage are used only whenneeded. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 784.3 Experimental set-up for time-resolved PL under non-resonant exitation withseletion of angle of emission via a pinhole. In the partiular depited on�g-uration, the pinhole selets the k‖ = 0 luminesene. Polarization optis (notshown) and translation stage are used only when needed. . . . . . . . . . . . . 794.4 Set-up for the experiment in the TOPO on�guration, in whih real- andmomentum-spae 2D �lms an be reorded. . . . . . . . . . . . . . . . . . . . 80



LIST OF FIGURES 35.1 (a) Diretionally and temporally resolved emission intensity (logarithmi greysale) of a 35, 15, and 8 nm GaAs single quantum well at 5 K and low ex-itation intensity (exiton density of ∼ 2 × 108 m−2). Γinh indiates thedisorder indued inhomogeneous broadening of the exiton transition (fromRef. [166℄). (b) Build-up of the emission at 10 K in a GaAs/AlGaAs multiplequantum well after resonant photoexitation of the heavy-hole exiton linewith a 150 fs-long pulse for di�erent exitation densities. The rise hangesfrom quadrati at low densities (originated from disorder indued dephasing)to linear at high densities (originated from inoherent exiton photolumines-ene).(From Ref. [101℄). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 845.2 Bimoleular exiton formation oe�ient as a funtion of the arrier tem-perature and for a lattie temperature of 10 K. At low arrier temperatures,eletron and holes mainly populate the low energy states in the bands, andexiton formation ours mainly via aousti-phonon interation. At hightemperatures, arriers start to populate states with energy ~ωLO − Ebin andthe more e�ient LO-phonon mediated proess is ativated (from Ref. [204℄). 865.3 Calulated 1s-exiton distributions in a quantum well as a funtion of theenter of mass momentum (in units of the exiton Bohr radius (a0) at di�erenttimes following a pulsed photoexitation (1.5 ps long) at the energy of the 1sresonane, at a delay of (1) 2 ps, (2) 9 ps and (3) 25 ps. The low momentumoptially ative states are depopulated due to spontaneous emission (fromRef. [150℄). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 865.4 Exiton populations or orrelated eletron-hole pairs as the soure of exitoniphotoluminesene? The left olumn shows alulated luminesene spetrafor an InGaAs/GaAs quantum well on a linear (top) and a logarithmi (bot-tom) sale, assuming just a quasi-equilibrium eletron-hole population at atemperature of 20 K without any exitoni population. The orrespondingpanels in the right olumn present the results for the same situation, butwhere 10% exitons in a thermal distribution have been added. The blakand red urves show the situation for two di�erent arrier densities (×109and 1010cm−2). The linear spetra are normalized, whereas the spetra onthe logarithmi sale are in absolute units relative to the peak of the 1s peakof the blak urve in the lower left frame (from Ref. [150, 44℄). . . . . . . . . . 885.5 Shemati diagram of the 1s-exiton dispersion showing the most signi�antproesses ontributing to the rise dynamis of the PL at the 1s-exiton energy(2) after a pulse photoexitation above the bandgap (1): [A℄ thermalizationand ooling of the eletron-hole plasma, [B℄ geminate exiton formation with
K ≈ 0, [C℄ bimoleular exiton formation, [D℄ exiton relaxation within itsown band, [E℄ free exiton trapping into bound states, whih also radiativelyreombine (4). (3) indiates the free eletron-hole pair reombination. . . . . 91



4 LIST OF FIGURES5.6 (a) Low temperature (5 K) PL spetra of the GaAs (blak line) and x = 0.03(grey line) samples reorded at a delay of 1 ns after exitation (exitationdensity 0.18 × 1015 m−3; exitation energy 1.630 eV). (b) GaAs spetra at5 K at di�erent exitation densities. The numbers on the right indiate theexitation density in units of 1015 m−3. Eah spetrum has been normalizedto the FX intensity and rigidly o�set. . . . . . . . . . . . . . . . . . . . . . . 945.7 (a) Time evolution of the FX (solid dots) and the BX (A0 − X; open dots)for the GaAs sample (exitation density 1.8× 1014m−3; T = 5 K). (b) sameas (a) for the AlxGa1−xAs x = 0.03 sample. tmax is indiated by horizontalbars. The solid lines are �ts to the model desribed in the text (τk = 464 ps,
τB = 1240 ps and τr = τrB = 565 ps for GaAs). The inset shows the levelsheme and the transitions onsidered in the model. . . . . . . . . . . . . . . 965.8 (a) Time for the free exiton to reah its maximum intensity, tmax, as afuntion of exitation density in the four investigated AlxGa1−xAs epilayersat a lattie temperature of 5 K. The Aluminum ontent is indiated in eahurve. (b) tmax as a funtion of exitation density for the GaAs sample atdi�erent lattie temperatures, up to 45 K. . . . . . . . . . . . . . . . . . . . . 985.9 Simulated FX PL time evolution for di�erent values of τB for �xed τr, τrBand τk [those orresponding to the �ts shown in Fig. 5.7(a)℄. ↑ [↓℄ indiate
tmax for τB = ∞ [430 ps, the value from the �t in Fig. 5.7(a)℄. . . . . . . . . . 1005.10 PL spetra reorded 1.8 ns after an initial pulsed exitation density of n =
0.75 × 1015 m−3 for di�erent lattie temperatures, spei�ed on the side.Arrows indiate the energy position of the band gap at eah temperatureusing the parameters of Ref. [81℄. The shadowed regions show the eletron-hole pair luminesene. The inset depits the 30 K spetrum (open symbols)and the �t to a Lorentzian plus band-to-band reombination (green solid line)as desribed in the text; the dashed lines show these two ontributions. . . . . 1035.11 (a) Energy of the spetral maximum extrated from the urves of Fig. 5.10(solid points) and that obtained from the Lorentzian ontribution of the spe-tra �tted to Eq. 5.6 (open diamonds), and energy position of the band gapfor eah lattie temperature (open red irles; obtained from Ref. [81℄). (b)Full width at half maximum (FWHM) of the whole luminesene band (solidpoints) and that of the Lorentzian ontribution of the �t (open diamonds) foreah temperature; the lines are a guide to the eye. . . . . . . . . . . . . . . . 1055.12 (a) PL spetra at TL = 30 K, 60 ps after the pulse arrival, for di�erentarrier densities (shown on the right in units of 1015m−3). The straightlines are a guide to the eye. (b) Energies and () FWHM of the PL peak asa funtion of arrier density at a delay of 60 ps (solid points) and 2000 ps(green diamonds). The vertial dashed line marks the boundary between theinsulating and metalli phase. The arrows emphasize the peak energy shiftand FWHM jump at the boundary. . . . . . . . . . . . . . . . . . . . . . . . . 1065.13 Time evolution traes at the spetral maximum for TL = 20 K (a) and TL =
80 K (b). The numbers on the right side of eah panel show the exitationdensity for eah trae in units of 1015 m−3. . . . . . . . . . . . . . . . . . . . 108



LIST OF FIGURES 55.14 Time evolution traes at the spetral maximum of the luminesene for dif-ferent lattie temperatures at an exitation density of 0.75 × 1015m−3. Theirle enloses the fast omponent of the onset of the PL for TL = 20 K. . . . 1095.15 (a) Initial arrier temperature 〈T 〉, (averaged over the �rst 25 ps), as a fun-tion of exitation density for TL = 80 K; the solid line is a guide to the eye.(b) Simulated photoluminesene 0.5 meV above the band gap and () arriertemperature in the plasma regime. In order to simulate the urves in (b)and (), Boltzmann distributions of eletrons and holes were assumed with aarrier deay time of 3.5 ns. For the large (small) photoinjeted n�solid line(red dotted line)� a ooling (warming) time of 40 ps and an initial temper-ature of 100 K (64 K) were employed. The inset of (a) depits the eletronoupation in the ondution band for arrier temperatures of 100 K (blakline), 80 K (blue line) and 64 K (red dotted line). . . . . . . . . . . . . . . . . 1125.16 tmax as a funtion of exitation density for di�erent lattie temperatures.Solid symbols orrespond to the exitoni/insulating phase; open symbolsorrespond to the eletron-hole/metalli phase. The solid grey line is a guideto the eye. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1145.17 tmax versus lattie temperature for eah set of exitation densities (note thatexitation densities are in units of 1015 m−3). The inset shows the tempera-ture range 42 K-105 K in greater detail for exitation densities 0.3×1015 m−3(squares), 30×1015m−3 (solid triangles) and 300×1015 m−3 (open triangles).1155.18 Color map of the tmax as a funtion of temperature and arrier density (inunits of 1015m−3). The z -sale in pioseonds is indiated on the right-handside bar. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1176.1 GaAs PL spetra (σ+�losed points�, σ−�open points�; left sales) anddegree of irular polarization (right sales) for di�erent exitation densitiesand delays after the σ+ pulse arrival: (a) very low exitation density, 1.5 ×
1015 m−3 at 300 ps; (b) 130 × 1015 m−3 at 150 ps; () 390 × 1015 m−3 at150 ps; (d) 390 × 1015 m−3 at 515 ps. The thik solid lines are �ts to thePL as explained in the text. The dashed vertial lines in ()-(d) depit theseleted energies at whih the time evolution of the PL is depited in Fig. 6.2. 1246.2 PL intensity (upper panels) of the σ+ (blak line) and σ− (grey line) ompo-nents, after σ+ exitation, for the highest exitation density (390×1015 m−3),at two emission energies [denoted by vertial lines in Figs. 6.1() and 6.1(d)℄:(a) 1.514 eV (Ek−e = 5 meV); (b) 1.544 eV (Ek−e = 33meV). The lowerpanels show the orresponding degree of irular polarization. The lines are�ts to a exponential deay funtion, with polarization deay times of 4.2 nsin (a) and 0.72 ns in (b). Note the di�erent vertial sales in (a) and (b). . . . 127



6 LIST OF FIGURES6.3 (a) Measured spin-�ip time as a funtion of the eletron kineti energy forinitial exitation densities of 390× 1015 m−3 (irles), 240× 1015 m−3 (tri-angles) and 130 × 1015 m−3 (squares). Solid lines depit the �tted spin-�ip time as disussed in the text. The dashed line orresponds to the non-degenerate ase (τnon−deg
sf , Eq. 6.9) with a hole density of 143 × 1015 m−3,whih orresponds to the hole density at 150 ps for the highest exitation ase(n = 390 × 1015 m−3). The blak dashed line is then to be ompared withthe solid blak line. (b) Oupation of the eletron states with spin-down and-up (dashed lines), as well as the total eletron-hole sattering rate (solid darkline) for the exitation and time delay shown in Fig. 6.1(). The solid lightgreen line depits the sattering rate for the onditions of Fig. 6.1(b). Theinset presents a zoom of the eletron oupations in order to learly show theeletron spin imbalane in the 20-42 meV eletron kineti energy range. Thenon-linear upper sale in (a) orresponds to the momentum of the eletrons. . 1296.4 Eletron-hole sattering event with spin exhange (momentum, Jz). Notethat momentum and spin are onserved in the proess as k + k′ = k′′ + k′′′ . 1316.5 Computed eletron-hole sattering rate for an injeted arrier density of 390×

1015 m−3 at di�erent delays after the arrival of the pulse (solid lines). Blak:150 ps, red: 265 ps, blue: 515 ps. The dashed line depits the averagedsattering rate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1346.6 (a) Figure 5 of Ref. [53℄: alulated eletron-eletron sattering rate as afuntion of density for eletrons with a distribution 20 meV wide in energy,entered at an exess energy of 60 meV. Triangles: stati sreening approxi-mation without exhange (τdirect); diamonds: stati sreening approximationwith exhange (τtotal); squares: dynami sreening with exhange; irles:eletron�LO-phonon sattering. (b) τexc vs τdirect obtained from the pointsenlosed in a irle in (a). Note that both sales are logarithmi. The dashedline is a linear �t to the data. . . . . . . . . . . . . . . . . . . . . . . . . . . . 1367.1 Streak amera images of the single QW hh-PL under one pulse exitation(left panel) and under two onseutive pulses exitation with a delay betweenpulses of 400 ps (right panel). The olor sales are normalized in eah panel.The white arrow indiates the arrival of PII and the subsequent formation ofa dip in the hh-exiton PL emission. The blak (red) arrow mark the emissionfrom hh (lh) exitons. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1427.2 (a) Photoluminesene dynamis of the single QW hh-exiton under one pulseexitation (grey dashed lines) and under two onseutive pulses exitation(blak solid line; onditions of Fig. 7.1). In red dotted line the emission ofthe lh exitons (enhaned by a fator of 4) is presented under two pulsesexitation. (b) Measured eletron-hole temperature for a single (open points)and double (solid points) pulse experiment. () Exiton oupation rightbefore (blak line) and right after (orange line) the arrival of PII ; the blak(red) arrow indiates the energy of the K = 0 heavy (light)-hole exiton. . . . 1437.3 Shemati time evolution of the eletron distributions in a two pulses exper-iment (holes are not shown for simpliity). See text for details. . . . . . . . . 145



LIST OF FIGURES 77.4 Spetra taken at di�erent delays for the onditions of Fig. 7.2 for the single,wide QW. The spetra have been rigidly o�set. The thik solid lines are �tsto the free eletron-hole pair reombination following a Maxwell-Boltzmanndistribution, from whih the temperature of the arriers an be extrated.Reall that the seond pulse reahes the sample at a delay of 400 ps. . . . . . 1487.5 Temperature ratio (just before the seond pulse/just after the pulse) in thesingle GaAs/AlAs QW sample as a funtion of (a) delay between pulses fora �xed power for both pulses (70 µW), and (b) power of PII for a �xed delaybetween pulses of 400 ps and �xed power of PI (70 µW). The solid (open) dotsquantify the temperature ratio as diretly measured from the PL (preditedfrom the model). The dashed lines are guides to the eye. The inset of (a)shows the orresponding relative dip depths (r). () Same as (b) for themultiple narrow QW sample with delay between pulses of 300 ps; the solidline omputes the model (see text). . . . . . . . . . . . . . . . . . . . . . . . . 1498.1 Oupation of partiles following Bose-Einstein statistis at a temperature of10 K and inreasing density in the system (µ inreases with density). . . . . . 1528.2 Phase diagrams for miroavities based on (a) GaAs, (b) CdTe, () GaN and(d) ZnO. The vertial and horizontal dashed lines show the limits of the strongoupling regime imposed by the exiton thermal broadening and sreening,respetively. The solid lines show nc vs temperature relation at the BKTphase transition. The dotted and dashed lines show the nc for the ase ofquasi-ondensation in �nite size systems (lateral dimension of 100 µm and1 m, respetively). Taken from Ref. [181℄. . . . . . . . . . . . . . . . . . . . . 1578.3 Miroavity dispersion in the strong oupling showing the trap in momentumspae and the polariton formation and relaxation hannels. . . . . . . . . . . . 1588.4 (a) Far �eld emission (kx and ky momentum spae) from the LPB of a CdTebased miroavity under non-resonant exitation at 5 K at di�erent polaritondensities, in the experiment of Kasprzak et al. where a BEC of polaritonswas observed. (b) Same as (a) for ky = 0 and energy resolution. Extratedfrom Ref. [133℄. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1618.5 (a) PL spetra of a resonantly exited GaAs-based miroavity at the magiangle and at a CW power above the threshold for stimulated OPO operation.The inset shows the dispersion, where the pair sattering proess is indiatedby arrows. From Ref. [231℄. (b) Power dependene of the PL spetra undersimilar onditions of exitation as (a), in the range 0.5−500 W/m2. The laserintensity saturates the detetor. The onset of the stimulated OPO regimeours at 150 W/m2 (marked with an arrow). From Ref. [263℄. . . . . . . . . 163



8 LIST OF FIGURES8.6 (a) Spetrum of exitations of the pump polariton state, i.e., the eigenener-gies of Eq. 8.19, (b) intensity (arb. units) of the photoni resonant Rayleighsattering signal |δφc (k)|2, and () near �eld image of the photoni sat-tered signal (Fourier transform of |δφc (k)|2), for kP = 0.7µm−1, ~ωP =
~ωLP (kP ) + 0.599 meV, and ~g |Ψss

x |2 = 1 meV. Note that ~ωLP (kP ) isthat of the lower polariton state with kP in the low density linear regime(no exiton-exiton interation). This situation orresponds to the Čerenkovregime, in whih a Bogoliubov linear exitations dispersion is present nearthe pump state but the relative veloity of the defet [plaed in the enter of()℄ is higher than vs, produing sattering in a Čerenkov pattern. . . . . . . . 1698.7 Same as Fig. 8.6, for kP = 0.4µm−1, ~ωP = ~ωLP (kP ) + 0.467 meV, and
~g |Ψss

x |2 = 1 meV. This situation orresponds to the super�uid regime, inwhih a Bogoliubov linear dispersion of the exitations is present with a sin-gularity at the pump state, whih additionally lies at the bottom of the ex-itations branh. In this situation the polariton state annot satter to anyother state as long as the relative veloity of the defet is below vs, and theRayleigh signal has ollapsed. . . . . . . . . . . . . . . . . . . . . . . . . . . . 1709.1 (a) Color map of the k = 0 emission from the InGaAs/GaAs/AlAs miroav-ity under non-resonant CW exitation at 5 K. The horizontal axis indiatesthe position in millimeters along a straight line parallel to the avity wedgeon the sample The UPB peaks are indiated by a white solid line; its po-sition in the map is evidened in a z -logarithmi sale. The dashed linesdepit the energy of the exiton and avity modes. (b) Energy of the UPBand LPB peaks extrated from (a); the open points depit the emission fromunoupled exitons, visible at slightly negative detunings. () Detuning as afuntion of position on the sample alulated from Eq. 9.1. The minimumenergy di�erene takes plae at the position of δ = 0. . . . . . . . . . . . . . . 1749.2 (a) Streak amera image of the k = 0 miroavity emission for a detuning of
+7 meV. (b) Time evolution traes of the upper and lower polariton branhes,extrated from (a). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1759.3 (a) Carrier relaxation in a miroavity in the strong-oupling regime: [A℄polariton formation from the photoreated plasma of eletrons and holes,[B℄ polariton relaxation and thermalization within the reservoir states, [B∗℄polariton relaxation from the bottom of the UPB to the reservoir states,[C℄ polariton relaxation from the bottlenek to the bottom of the LPB. Thegrey line indiates the light one: polaritons with k‖ greater than that of theline annot esape from the avity due to total internal re�etion. (b) Carrierrelaxation and light emission in the weak-oupling regime above the thresholdfor photon lasing (VCSEL regime). The numbers indiate the leveling of the4-level lasing system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176



LIST OF FIGURES 99.4 Miroavity luminesene at k = 0 at 5 K after pulsed non-resonant exitationabove the �rst minimum of the stop band at di�erent powers: (a) 1 mW,(b) 6 mW, () 10 mW, (d) 15 mW, (e) 20 mW, (f) 25 mW, (g) 30 mW,(h) 35 mW, (i) 45 mW. The dotted lines in (a) depit the energy of the k = 0states of the LPB (1.4507 eV), avity mode (1.4542 eV) and UPB (1.4574 eV). 1799.5 Energy of the k = 0 emission of the UPB (green dots), LPB (blak dots)and avity mode (blue open triangles) �left sales�, and total integratedemission (red dots) �right sales� as a funtion of non-resonant pulse powerfor several values of δ: (a) +8.3 meV, (b) +5.1 meV, () +0.8 meV, (d) -4.1 meV, (e) -8.1 meV. The blue area shows the transition from the strong tothe weak oupling regimes. The dotted lines indiate the energy of the bareavity and exiton modes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1819.6 (a) PL dynamis of the k = 0 lower branh polaritons in the miroavityunder one pulse exitation (grey dashed lines) and under two onseutivepulses exitation (blak solid line; delay between pulses: 450 ps; power ofboth pulses: 0.1 mW). (b) Same as (a) for the PL dynamis of the bare QWexitons in an idential miroavity without top mirror. In this ase the delaybetween pulses is 400 ps and the power of eah pulse is 0.3 mW. . . . . . . . . 1829.7 Upper panels: polariton dispersion (solid lines) at δ = −5.6 meV (a), δ = 0(b), δ = +11 meV (). The blue dashed lines depit the dispersion of theunoupled exitons and avity photons. The short red line indiates theenergy of the eletron-hole ontinuum in the QWs. The yellow irles indiatethe exitation energy and momentum. The red arrows in () indiate theupper polariton sattering into reservoir states. Lower panels: PL emissionat k = 0 in the LPB under one pulse exitation (blak lines) and under twoonseutive pulses exitation (red lines) at the detunings indiated in theupper panels. In eah ase the power of both pulses is equal. The �rst pulseis linearly polarized, while the seond one is σ+ irularly polarized; only the
σ− omponent of the emission is deteted (see text for details). . . . . . . . . 1859.8 Exitation of TE and TM polarization modes. The sample surfae is parallelto the quantum well and avity spaer, and the plane of inidene is thatde�ned by the inoming beam and the normal to the surfae. The greenarrow indiates the diretion of linear polarization perpendiular to the planeof inidene. The red arrow represents the linear polarization parallel to theplane of inidene. In this ase there is always a omponent of the eletri�eld parallel to the propagation diretion in the avity (orange arrow). . . . . 1879.9 Degree of irular polarization (left sales, blue lines) and PL intensity for eahirularly polarized omponent at k = 0 (right sales) under σ+ exitationin the low power (a) �2 mW, strong oupling, LPB� and high power (b)�45.5 mW, photon lasing� regimes. () and (d), same as (a) and (b) forlinearly polarized (TM) exitation. The blak (red) lines denote emissiono-(ross-)polarized to the exitation. Note the logarithmi sale for the PLintensity in the lower panels. The position on the sample orresponds to adetuning of −4.1 meV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188



10 LIST OF FIGURES9.10 (a) Time- and energy- integrated degree of irular polarization (open trian-gles) and total PL intensity (red dots) as a funtion of the photoexitationpower of σ+ pulses. (b) Same as (a) for the degree of linear polarization un-der TM-polarized exitation. The dotted line depits the onset of non-linearemission. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1909.11 (a) Angle dependene of the energy- and time-integrated linear polarizationof the avity mode emission at high power (42 mW, weak-oupling regime)for TM (blue solid dots) and TE (red triangles) polarized exitation at δ =
−4.1 meV. The open dots depit the emission energy. (b) Same as (a) for
δ = +5.3 meV at high power (43 mW, solid blue dots; weak oupling, avitymode emission) and low power (14 mW, open dots; strong oupling, LPBemission). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19110.1 (a) Far �eld PL emission from the investigated miroavity under non-resonantexitation at δ = 0. In the LPB, a sketh of the TOPO on�guration is pre-sented. The CW pump and pulsed idler arrive at the sample with angles of
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Chapter 1
IntrodutionSemiondutor materials o�er a privileged workbenh for the study of many fun-damental aspets of the light-matter interation and the olletive exitations in solids. Dueto the vast rihness of their physial properties, they have been the subjet of intense studyin the past �ve deades. Still, the advent of new semiondutor speies, the never-endingimprovement of the growth tehniques, and the ontinuous development of the experimentalmethods make this �eld more ative than ever.One of the fundamental fators in the development of the �eld of optial propertiesof semiondutors has been the appearane of epitaxial growth tehniques. They haveenabled the fabriation of high quality arti�ial semiondutor heterostrutures in whih theexitations an be on�ned from three to two dimensions (quantum wells), one dimension(quantum wires) and zero dimensions (quantum dots).Regardless the dimensionality, eletrons, holes and exitons are the fundamentalexitations of diret gap semiondutors, and dominate their optial properties. These quasi-partiles an be both reated and probed through the absorption and emission of photonsin these materials. When a small number N of exitations are reated in a semiondutor,the behavior and properties of the system an be onsidered the same as those for just oneexitation. At most, the amplitude of the onsidered e�et (for instane, the number ofemitted photons) must be saled with N . When many of suh exitations are reated, thephysis of the system hanges signi�antly, giving rise to very rih phenomena.The aim of this work is to provide a wide piture, using di�erent on�nement ondi-tions (from bulk to two-dimensional) of the many-body properties of the optial exitationsin diret gap semiondutors. In partiular, the dynamis of suh exitations will be studied



14by means of time-resolved photoluminesene. In this tehnique, the system is exited withan optial pulse with energy above the band gap and the emitted light dynamis is reordedand analyzed.Chapter 2 presents a brief introdution to the energy levels (bands), symmetriesand optial properties of the exitations of bulk zin-blende type semiondutors. GaAs andits ternary relatives InGaAs and AlGaAs are semiondutors of this type, and will be theonstituent materials of the heterostrutures investigated here. Partiular attention will bepaid to the desription of the exitoni resonanes, as exitons dominate many of the optialproperties and will be the subjet of intense experimental study in later hapters.In Chapter 3 we desribe the e�et of reduing the material dimensionality on theoptial exitations. Namely, we will address the properties of quantum wells. In the �nalpart of this hapter we will introdue a novel heterostruture with very exoti and rihproperties: the semiondutor miroavity. In this heterostruture not only the materialexitations (quantum well exitons) but also the interating light-�eld modes are on�nedto two dimension. This is ahieved by the epitaxial growth of one or several quantum wellsinside a planar avity sandwihed between two high-re�etivity dieletri mirrors. The avityand the mirrors onform a miro-Fabry-Perot resonator, in whih the eletromagneti �eldis on�ned. The ontinuum of available eletromagneti modes in vauum is redued toa disrete number of modes inside the avity, with inreased energy density. Light-matterinterations in suh an environment are expeted to be strongly modi�ed. Indeed, underpartiular irumstanes that are detailed in Chapter 3, the exitations in this system areno longer avity photons or exitons, but a quantum mixture alled polariton.In those two hapters (2 and 3), the fundamentals of the optial exitations subjetof study in this work are introdued. The next hapter (4) desribes the samples and em-ployed experimental tehniques. The remaining of this work is then devoted to experimentalresults and their analysis.Chapters 5 and 6 disuss experimental results in bulk GaAs. In Chapter 5 the mi-rosopi origin of the emission at the exiton resonane is investigated. Koh and oworkersreently proposed that the emission at the 1s exiton energy might not exlusively arisefrom the radiative reombination of exitons: Coulomb orrelated eletron-hole pairs analso partiipate in the emission at that energy.[145, 44℄ This proposal is very di�erent tothe traditional oneption of the optial properties of diret-gap semiondutors, and hasopened a very ative debate.[270, 44, 150, 18℄ In this framework, in this hapter we show



CHAPTER 1. INTRODUCTION 15that attending to the photoluminesene dynamis in bulk GaAs, a preise phase diagram ofthe mirosopi origin of the luminesene (either from exitons or eletron-hole pairs) anbe obtained. Depending on the sample temperature and exitation density onditions, theemission arises from the radiative reombination of exitons or from unbound eletron-holepairs. The many-body interations in the system rule whih type of exitation is responsiblefor the luminesene harateristis.In the next hapter (6) we explore the spin dynamis of photoexited eletronsin GaAs. The study of the eletron spin in semiondutors has been very ative sine theearly seventies, with the pioneering works of the soviet ommunity.[187℄ However, not muhattention has been paid to the many-body e�ets on the eletron spin dynamis, whih willbe the subjet of this hapter.In the roadmap we are following in the study of the many body physis of pho-toexited semiondutors under di�erent light/matter on�nements, the next step is theinvestigation of quantum well (2D) exitations. In Chapter 7 we report an experimentalon�guration that allows for the tailoring of the eletron and hole distributions in the quan-tum well bands by means of laser pulses.The last three Chapters (8, 9 and 10) are devoted to the physis of miroavities, inwhih light and matter exitations are simultaneously on�ned in an environment of stronginteration, giving rise to polaritons. The �rst one of them (Chapter 8) o�ers a detailedintrodution to the many-body e�ets in these systems. Chapter 9 presents a detailedexperimental map of the miroavity light-emission dynamis under non-resonant exitation,paying speial attention to the onditions that lead to the destrution of polaritons, drivingthe miroavity system into VCSEL operation.1The most important many-body e�ets in miroavities are related to the bosoninature of polaritons. Polaritons are omposite bosons with a very small mass (10−5 timesthe eletron mass) due to their partially photoni nature, and the quantum phenomenaassoiated to their bosoni harater an be observed in optial experiments. Reently,Bose-Einstein ondensation of polaritons has been observed,[133℄ revealing properties suhas the spontaneous appearane of long-range order.[161℄ Other important bosoni e�ets, likethe observation of super�uidity of polaritons, are expeted in these systems. In Chapter 10
1VCSEL is the aronym for a Vertial Cavity Surfae Emitting Laser, a devie with a material struturevery similar to that of a miroavity. However, in this system, the onditions of strong light matter ouplingleading to the observation of polaritons are not ful�lled. In a VCSEL the quantum well is the ative mediumand the avity onforms the optial resonator.



16we present experimental results on the interation of polariton �uids with native defets onthe samples. In order to reate and observe the polariton �uids, a novel experimental spae-and time-resolved imaging system is presented. The �uids interat in very partiular wayswith the defets showing, for the �rst time in a polariton system, behavior ompatible withmanifestations of super�uidity.



CHAPTER 1. INTRODUCTION 17IntroduiónLos semiondutores ofreen un privilegiado bano de pruebas para el estudio demuhos de los aspetos fundamentales de la interaión luz-materia y las exitaiones ole-tivas en los sólidos. Debido a la gran riqueza desus propiedades físias, los semiondutoreshan sido objeto de intenso estudio en las pasadas ino déadas. Aun así, la síntesis denuevos materiales semiondutores, interminable mejora de las ténias de reimiento y elonstante desarrollo de las ténias experimentales haen que este ampo se enuentre másativo que nuna.Uno de los fatores fundamentales en el desarrollo del ampo de las propiedadesóptias de semiondutores ha sido la apariión de las ténias de reimiento epitaxial.Éstas han posibilitado la fabriaión de heterostruturas arti�iales de alta alidad, en lasque las exitaiones propias del material pueden ser on�nadas desde tres a dos dimensiones(pozos uántios), una dimensión (hilos uántios) y ero dimensiones (puntos uántios).Cualquiera que sea la dimensionalidad, las exitaiones fundamentales de los semi-ondutores de gap direto son los eletrones, hueos y exitones, y determinan sus propiedadesóptias. Estas uasipartíulas pueden ser tanto readas omo estudiadas a través de la ab-sorión y emisión de fotones. Cuando un número pequeño N de exitaiones es reado enun semiondutor, su omportamiento y propiedades pueden ser onsideradas equivalentesa las obtenidas para una únia exitaión. Como muho, la amplitud del efeto onsiderado(por ejemplo, el número de fotones emitidos) debe esalar on N . Cuando son muhas lasexitaiones readas, la físia del sistema ambia de forma importante, dando lugar a nuevosy rios fenómenos.El objetvo �nal de este trabajo es mostrar una imagen transversal, a través dediferentes ondiiones de on�namiento (desde tres a dos dimensiones), de las propiedades demuhos uerpos de las exitaiones óptias en semiondutores de gap direto. En onreto,la dinámia de tales exitaiones será estudiada a través de ténias de fotoluminiseniaresuelta en tiempo. En esta ténia, el sistema es exitado on un pulso óptio de energíasuperior a la de la banda prohibida, y la dinámia de emisión es medida y analizada.El apítulo 2 presenta una pequeña introduión a los niveles de energía (bandas),simetrías, propiedades óptias de smiondutores volúmios de tipo zin-blenda. GaAs y losompuestos ternarios relaionados InGaAs y AlGaAs son semiondutores de este tipo, y



18serán los materiales onstituyentes de las heteroestruturas investigadas aquí. Se prestaráespeial atenión a la desripión de las resonanias exitónias, dado que los exitonesdominan la mayoría de las propiedades óptias de estos sistemas y serán objeto de intensoestudio en apítulos posteriores.En el apítulo 3 se desribe el efeto de la reduión de la dimensionalidad delmaterial en las exitaiones óptias. En onreto nos entraresmos en las propiedades delos pozos uántios. En la parte �nal de este apítulo introduiremos una heteroestruturanovedosa propiedades on muy exótias y diversas: la mioavidad semiondutora. Enesta heteroestrutura no sólo las exitaiones materiales (exitones de pozo uántio) sinotambién los modos del ampo de luz interatuante están on�nadas a dos dimensiones. Estose onsigue mediante el reimiento epitaxial de uno o varios pozos uántios dentro the unaavidad plana emparedada entre dos espejos dielétrios de alta re�etividad. La avidady los espejos onforman un miro-resonador de Fabry-Perot, en el que el ampo eletro-magnétio se enuentra on�nado. El ontinuo de modos eletromagnétios disponibles enel vaío se redue a un número disreto de modos dentro de la avidad, on una mayordensidad energétia. La interaión luz-materia en un entorno omo éste se ve fuertementemodi�ada. De heho, bajo determinadas irunstanias detalladas en el apítulo 3, lasexitaiones en este sistema dejan de estar bien desritas por fotones o exitones y pasan aomponerse de una mezla uántia de ambos, los polaritones.En esos dos apítulos (2 y 3) se hará una introduión a los fundamentos básios delas exitaiones óptias objeto de estudion en este trabajo. El siguiente apítulo (4) desribela muestras y ténias experimentales empleadas. El resto de este trabajo está dediado ala desripión de resultados experimentales y a su análisis.Los apítulos 5 y 6 muestran resultados experimentales en GaAs volúmio. En elapítulo 5 se investiga el origen mirosópio de la emisión a la energía de la resonaniaexitónia. Koh y sus olaboradores han propuesto reientemente que la emisión a laenergía del exiton 1s puede no ser debida exlusivamente a la reombinaión radiativa deexitones: pares de eletrones y hueos orrelaionados por interaión Coulombiana tambiénpueden partiipar en la emisión a esa energía.[145, 44℄ Esta propuesta es muy diferente dela onepión tradiional de las propiedades óptias de los semiondutores de gap direto,y ha provoado un debate muy ativo.[270, 44, 150, 18℄ En este ontexto, en este apítulose demuestra que, atendiendo a la dinámia de fotoluminisenia en GaAs volúmio, sepuede obtener un diagrama de fases detallado del origen mirosópio de la luminisenia



CHAPTER 1. INTRODUCTION 19(on origen en exitones o en pares eletrón-hueo). Dependiendo de la temperatura de lamuestra y de las ondiiones de exitaión, la emisión proede de la reombinaión radiativade exitones o de pares no ligados de eletrones y hueos. Las interaiónes de muhosuerpos en este sistema determinan qué tipo de exitaión es responsable de las propiedadesde la luminisenia.En el siguiente apítulo (6) se exploran la dinámia de espín de eletrones fotoex-itados en GaAs. El estudio del espín de los eletrones ha sido un ampo muy ativo desdeprinipios de los años setenta, on los trabajos pioneros de la omunidad soviétia.[187℄ Sinembargo, no se ha prestado muha atenión a los efetos de muhos uerpos en la dinámiade espín, este será el ontenido de este apítulo.En esta ruta que estamos siguiendo en el estudio de la físia de muhos uerpos ensemiondutores fotoexitados bajo distintos on�namientos de luz y materia, el siguientepaso es la investigaión de las exitaiones de los pozos uántios (2D). En el apítulo 7 semuestra una on�guraión experimental que permite la manipulaión de las distribuionesde eletrones y hueos en las bandas del pozo uántio por medio de pulsos láser.Los tres últimos apítulos (8, 9 and 10) se dedian a la físia de miroavidades, enlas que las exitaiones de luz y materia están simultáneamente on�nadas, en un entorno defuerte interaión, dando lugar a los polaritones. El primero de ellos (apítulo 8) ofree unaintroduión a los efetos de muhos uerpos en estos sistemas. El apítulo 9, muestra undetallado mapa experimental de la dinámia de emisión de luz bajo exitaión no-resonante,prestando espeial atenión a las ondiiones que onduen a la destruión de polaritones,llevando el sistema al régimen de operaión VCSEL.2Los efetos de muhos uerpos más importante en miroavidades están relaiona-dos on la naturaleza bosónia de los polaritones. Los polaritones son bosones ompuestoson una masa muy pequeña (10−5 vees la masa del eletrón), debido a su naturaleza par-ialmente fotónia, y los fenómenos uántios asoiados a su aráter bosónio pueden serobservados en experimentos óptios. Reientemente, la ondensaión de Bose-Einstein depolaritones ha sido observada,[133℄ revelando propiedades tales omo la apariión espontáneade orden de largo alane.[161℄ Otros importantes efetos bosónios, omo la super�uidez,
2VCSEL son las sigla en inglés de láser de emisión super�ial de avidad vertial (Vertial Cavity SurfaeEmitting Laser). Se trata de un dispositivo on una estrutura material muy similar al de una miroavidad.Sin embargo en este sistema no se dan las ondiiones de aoplamiento fuerte luz-materia que onduen ala apariión de polaritones. En un VCSELs los pozos uántios atuán omo medio ativo y la avidadonforma el resonador óptio.



20deberian ser, en prinipio, observables. En el apítulo 10 se presentan resultados experi-mentales sobre la interaión de �uidos de polaritones on defetos nativos en las muestras.Para rear y observar los �uidos de polaritones, hemos diseñado un experimento novedoso deformaión de imágenes espaiales on resoluión temporal. Los �uidos interaionan de unmodo muy espeial on los defetos mostrando, por primera vez en un sistema polaritónio,omportamientos ompatibles on manifestaiones de super�uidez.
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Chapter 2
Introdution to zin-blende type bulksemiondutors
2.1 Eletroni struture in III-V bulk semiondutors: thebandsIn this thesis we will deal with rystalline semiondutors, whih are ordered stru-tures with a high atom density (on the order of 1023 per m3).The formal way of �nding theeigenstates of suh systems onsist on solving the Shrödinger equation with the Hamiltonianthat desribes all the interations and partiles in the system. However, the large numberof partiles demands the use of several approximations to make the problem tratable. Oneusually starts by taking the Born-Oppenheimer approximation that assumes that eletronsrespond almost instantaneously to the movement of the nuleii, due to the very large dif-ferene in the mass of the two types of partiles [m0/mnuc ∼ 10−4, where m0(nuc)is thefree eletron (nulear) mass℄. Aordingly, one an separate the Hamiltonian into threeontributions:

H = Hions + He−ions + He. (2.1)
Hions is the Hamiltonian that desribes the interation between the atomi nuleii and theore eletrons, i.e., those eletrons lying in the �lled atomi orbitals, with high bindingenergies. The eigenstate of Hions, aounts for the rystalline struture of the material,haraterized by the di�erent spatial positions of the ions. He−ions desribes the interation



22 2.1. ELECTRONIC STRUCTURE: THE BANDSbetween the valene eletrons and the ions when they su�er small displaements from theirequilibrium positions. The valene eletrons are those oupying the outer inomplete shellsof the atoms onforming the rystal. They are loosely bound to the nuleus and propitious tointerat with harges of surrounding nuleii. For example, in the ase of Ga the inompleteshell is 4s2 4p1 and in As 4s2 4p3 and so the valene eletrons in GaAs will have p-haraterin their ground state. He−ions is also known as the eletron-phonon interation Hamiltonianand is responsible for some of the energy relaxation mehanisms of exited eletrons. Inthis setion we will neglet this term as its ontribution to H is muh smaller than theothers. Finally, He is Hamiltonian desribing the valene eletrons with the ions �xed intheir equilibrium positions, and an be written in the following way (gs units):
He =

∑

i

p2
i

2 ·m0
+

1

2

∑

i6=j

e2

4πε0 |ri − rj|2
−
∑

i,j

Qj · e2
4πε0 |ri − Rj|2

, (2.2)where pi is the eletron momentum, e is the eletron harge, ε0 is the vauum permittivity,
m0 the free eletron mass, Qj is the absolute ion valene, and ri(Rj) is the eletron (ion)position.2.1.1 Crystalline strutureAs we introdued earlier, the eigenstate of Hions de�nes the rystalline strutureof the onsidered material. Many III-V (GaAs, AlP, AlAs, GaP, GaSb, InP, InAs, InSb, aswell as their ternary ompounds) and II-VI (ZnS, ZnSe, ZnTe, CdTe) semiondutors presentthe well known zin-blende struture. This struture, whih is also present in diamond, isharaterized by two fae enter ubi (f) latties shifted one from the other by a distane
a/4 along the main diagonal of the unit ell depited in Fig. 2.1, where a is the length ofthe sides of the ell. In diamond (or elemental semiondutors suh as Si, Ge, α-Sn), all theatomi sites are oupied by C atoms, in a tetrahedral ovalent bonding on�guration inwhih the outer shell orbitals present sp3 hybridization. In the ase of the binary ompounds,eah type of atom (A and B) oupies one of the f latties. In this on�guration eah Aatom is bound to four B atoms. Due to the slightly di�erent eletroni a�nities of A andB, the hemial bond is partly ioni.The highly symmetrial struture of the rystal redues the number of possiblesolutions of Eq. 2.2. In order to �nd them it is onvenient to de�ne the rystallographiunit ell of the binary zin-blende struture, indiated by the primitive lattie vetors a1,
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Figure 2.1: (a) Unit ell of a binary zin-blende semiondutor. (b) Primitive lattie vetorsonforming the Bravais lattie. () Reiproal lattie. In grey are shown the �rst Brillouinzones of two neighboring unit ells. The high symmetry diretions and points are indiated.From Ref. [301℄.



24 2.1. ELECTRONIC STRUCTURE: THE BANDS
a2 and a3, as shown in Fig. 2.1(b). By translating this unit ell by integer multiples of theprimitive lattie vetors, the whole rystal struture an be omposed, in what is alled aBravais lattie. It is also useful to de�ne a reiproal lattie, whose primitive vetors bi aregiven by the expression:

ai · bj = 2π · δij (2.3)or, equivalently, by:
bi = 2π

(aj × ak)

(a1 × a2) · a3

, (2.4)where i, j, k are permutations of the indexes 1, 2, 3. The reiproal primitive ell for the aseof zin-blende rystal is shown in Fig. 2.1(), and onforms a body entered ubi lattie.A �rst Brillouin zone an be de�ned in the reiproal spae as the volume determined bythe bisetrix of the reiproal primitive vetors. Two �rst Brillouin zones are indiated inshades in Fig. 2.1(). The enter of eah one of them is labeled Γ, from whih three highsymmetry diretions an identi�ed [labeled Λ (Γ →L), ∆ (Γ →X) and Σ (Γ →K).The symmetry properties of the diret lattie will simplify the solution of the real-spae valene-eletron Hamiltonian denoted by Eq. 2.2. The reiproal spae, haraterizedby the reiproal lattie, represents the spae of the momentum of the eletrons in the rys-tal as it is de�ned following the same ommutation relations as those of the position andmomentum operators. The high symmetry of the reiproal spae, will determine manyproperties of the eigenstates (wavefuntions) and band struture (eigenvalues) of the va-lene eletrons in the semiondutor. For instane, if two wavevetors in reiproal spaean be transformed one into eah other by a unitary transformation (symmetry operation),the energies of the orresponding states should be the same. On the same ground, the wave-funtions desribing those states should re�et the same symmetry operation properties.The symmetry of the wave funtions an help to determine if any matrix element assoiatedto a given operator is zero. In this way, seletion rules for di�erent proesses (light absorp-tion/emission, Raman sattering, spin properties) an be established without the need toknow the exat form of the wavefuntions.The zin-blende rystalline struture presents 24 symmetry transformations, be-longing to the point group Td, in group theory terminology. Considering the unit ellvetors desribed in Fig. 2.1 the 24 transformations are six re�etions (σd), six 90º rotations



CHAPTER 2. INTRODUCTION TO BULK SEMICONDUCTORS 25plus re�etion (S4), three 180º rotations (C2), eight 120 rotations (C3), and the identitytransformation (E). In reiproal spae the 24 symmetry transformations an only be per-formed for momentum states at the Γ point. One we onsider states with other momentathe symmetry of the wavefuntions is redued and its alulations hardened, while alongthe diretions of high symmetry and at the L, X and K points the wavefuntions retaininvariane under many of those transformations. Let us also point out that the zin-blenderystal does not possess inversion symmetry. This gives rise to the so alled bulk inversionasymmetry e�ets.2.1.2 Band strutureOne we have seen the symmetry properties of the diret and reiproal lattie inzin-blende type semiondutors, we an ome bak to the problem of �nding the eigenstatesof the Hamiltonian given by Eq. 2.2. In order to further simplify that Hamiltonian, wewill onsider a mean-�eld approximation, in whih eah valene eletron feels an averagedinteration oming from the ions and the rest of the eletrons. Therefore, all valene eletronsan be desribed by the same Shrödinger equation, given by:
Hsingle−e·ψnk (r) =

[

p2

2 ·m0
+ V (r) +

~

4 ·m2
e · c2

(σ × ∇ · V ) · p
]

·ψnk (r) = En (k)·ψnk (r) ,(2.5)where ~ is Plank's onstant over 2π, c is the speed of light, σ sigma are the spin Paulimatries, ψnk (r) are the eigenfuntions with a given momentum k and band index n state,and En (k) the energy of the eigenstates. The �rst term orresponds to the kineti energyof the onsidered eletron, and V (r) is the sreened rystalline potential. The third term,
Hso depits the spin-orbit oupling, whih is a relativisti e�et resultant from the ouplingbetween the eletron spin and its orbital angular momentum. This term sales with theatomi number of the atom, and an be signi�ant in semiondutors with heavy atoms, likeInSb or CdTe. We have just seen that the rystal potential V (r) presents many symmetryproperties. For instane, due to this harateristi, Hsingle−e ommutes with integer trans-lations along the primitive unit ell vetors. We an then use the Bloh theorem and expandthe eigenfuntions ψn into free eletron plane waves enveloped by a periodi funtion:

ψnk (r) = unk (r) · eik·r (2.6)



26 2.1. ELECTRONIC STRUCTURE: THE BANDSwhere unk (r) is a funtion with the same periodiity as the rystal potential, and k are themomenta of the free eletron plane waves. If R is a vetor obtained from a linear ombinationof the primitive vetors (R = n1a1 + n2a2 + n3a3, where ni are integer numbers) then as
ψnk (r + R) = ψnk (r) and unk (r + R) = unk (r):

eik·(r+R) = eik·r (2.7)If the rystal has a harateristi lateral size L, and a lattie parameter d (i.e., L = Nd,where N is the total number of atoms along the lateral diretion of the rystal), then Eq. 2.7imposes onditions on the allowed values of k:
ki =

2π · ni

L
=

2π · ni

Nd
(2.8)where and ki are the eletroni wavevetors along the three spatial diretions (x, y, z).Condition 2.8 quantizes the allowed eigenstates in the system, as ni an only take thevalues −N/2,− (N − 1) /2, . . . ,+N/2. The momentum spae states just enumerated arerestrited to the �rst Brilluoin zone in whih k spans from −π/a to π/a. However, due tothe periodiity of the reiproal lattie there is also an expression of the Bloh theorem in kspae analogous to Eq. 2.7: the wavefuntions ψnk (r) are invariant under transformationsof the form k → k+Q, where Q ≡ n1b1 +n2b2 +n3b3 [see Fig. 2.2(b)℄. Usually all allowedwavevetors are represented in a redued zone sheme whih overs just the �rst Brilluoinzone, with wavevetors represented as "folded" states [see Fig. 2.2(f)℄.[301, 11℄The k -states are disretized with a separation given by ∆k = 2π/L, whih in arystal of marosopi size amounts to about 1 m−1, so small that states an be assumed toonform a ontinuum in most experiments and theoretial treatments. Suh quasi-ontinuumof states gives rise to the harateristi bands of rystalline solids. The number of allowedstates in a volume Ω in k spae is given by Ω

(2π/L)3
, or equivalently, the density of states(DOS; the number of states per unit volume) in k spae is given by:

g (k) =
L3

8π3
(2.9)One of the most important onsequenes of the periodiity of the reiproal lattieis the appearane of energy gaps for wavevetor states lose to the edges and enter of theBrilluoin zone. Even if the periodi potential V (r) is very week and it an be onsidered asa perturbation, the eletron states with wavevetors lose to Q are subjet to the so-alled
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Figure 2.2: (a) Free eletron dispersion in one dimension. (b) Dispersion relations separatedby a reiproal lattie wavevetor (K), the �rst step in the onstrution of the band diagramof eletrons in a weak periodi potential. () Same as (b) inluding the re�etion e�ets at theedge of the Bragg plane. (d) Portions of () that belong to the original parabola entered at
k = 0. (e) E�et of all Bragg planes at integer multiples of the reiproal lattie wavevetors.(f) Levels of (e) in a redued-zone sheme. (g) Levels of (e) in a repeated-zone sheme. FromRef. [11℄.



28 2.1. ELECTRONIC STRUCTURE: THE BANDSBragg re�etions, as the momentum of these states annot be unambiguously de�ned.[11℄The diret onsequene of this situation is the appearane of energy gaps in the quasi-freeeletron dispersion for suh states, as depited in Fig. 2.2()-(f). The magnitude of the gapin this approximation is given by the atual strength of the perturbation V (r).The simple arguments we have just desribed to �nd a �rst approximation to thesolution of the eletroni valene states in a rystal were just relying on the translationinvariane of the system. Analogously to the use of these translational invariane, a arefulaount of the other above mentioned symmetry properties will onstrain the atual shapeof the possible wavefuntions and eigenenergies. However, the resolution of Eq. 2.5, evenwhen onsidering these symmetry properties, requires a more profound approah and totake into aount the preise shape of the periodi potential V (r), whih will eventuallydetermine the band gaps and u (r) in Eq. 2.6. For the ase of zin-blende type semion-dutors, several theoretial approahes have been followed on this issue.[301℄ One of them isthe pseudopotential method, that substitutes the real shape of V (r), by a pseudopotential
Vps (r) for eah atom in the primitive ell. These pseudopotentials have strong osillationsnear the ion ores and smooth variations in the outer shells, where the valene eletronslye, highly sreened from the atual shape of the potential lose to the ores. The pseu-dopotentials and the wavefuntions solution to Eq. 2.5 are expanded in series haraterizedby the so alled pseudopotential form fators, whih are determined in an iterative proessby making use of empirial information or from �rst priniples alulations aounting formany body e�ets.[301℄ Figure 2.3 shows the energy bands of Si and GaAs in the singleeletron approximation, whih de�ne the allowed energy states that are solution to Eq. 2.5alulated by the pseudopotential method. Only the dispersions along the high symmetrydiretions Λ, ∆ and Σ are shown. The atual shape of the bands alulated by the thismethod is qualitatively not far from the quasi-free eletron situation depited in Fig. 2.2.This is aused by the strong sreening of the sea of valene eletrons around the ions in themean �eld approximation, whih smooths and weakens the atual potential V (r) felt bythese eletrons.The valene eletrons in semiondutors �ll omplete bands, thus onferring theinsulating harater to these materials at zero temperature. In Fig. 2.3 the highest oupiedvalene bands in Si and GaAs have been marked in red. The major di�erene between thetwo is that in the ase of GaAs the momentum of the highest energy valene band statesoinides (in the so-alled fundamental gap) with that of the bottom of the �rst exited
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(a) (b)

Figure 2.3: Energy bands of Si (a) and GaAs (b) alulated with the pseudopotential method.The red lines depit the highest oupied bands at zero temperature. From Ref. [301℄.band, the so alled ondution band, while in the ase of Si these two points have di�erentmomenta. Attending to this property, GaAs is said to be a diret gap semiondutor, whileSi is of the indiret type. This di�erene will have major impliations in the light-matteroupling properties in these two materials, as exposed later.Other methods to alulate the band struture in semiondutors are, for instane,the k · p method or the tight binding approah.[301℄ The �rst one makes diret use of theBloh theorem (Eq. 2.6) and onentrates on �nding the eletron wavefuntions around thehigh symmetry points making use of perturbation theory. When Eq. 2.6 is substituted intoEq 2.5 we obtain an equation for the unk of the form (here we will not onsider the Hsoterm):
[

p2

2 ·m0
+

~k · p

m0
+

~
2k2

2 ·m0
+ V (r)

]

· unk (r) = Enk · unk (r) , (2.10)whih at k = 0 takes the form:
[

p2

2 ·m0
+ V (r)

]

· un0 (r) = En0 · un0 (r) . (2.11)The solutions to this equation are muh easier to obtain than those to Eq. 2.5. One the



30 2.1. ELECTRONIC STRUCTURE: THE BANDSeigenenergies and eigenfuntions at k = 0 have been obtained, the solutions to other k-states around the high symmetry points an be attained by standard perturbation theory.Assuming that En0 lies at a band maximum or minimum, onsidering the k-terms in Eq. 2.10as perturbations to the funtions un0, a seond order expansion in k gives:
unk = un0 +

~

m0

∑

n′ 6=n

〈un0 |k · p|un′0〉
En0 − En′0

un′0, (2.12)
Enk = En0 +

~
2k2

2 ·m0
+

~
2

m2
0

∑

n′ 6=n

|〈un0 |k · p|un′0〉|2
En0 − En′0

. (2.13)From Eq. 2.13 it is straightforward to de�ne an e�etive mass m∗
n of the band n just byonsidering small values of k around k = 0:

Enk = En0 +
~

2k2

2 ·m∗
n

, (2.14)where
1

m∗
n

=
1

m0

+
2

m2
0k

2

∑

n′ 6=n

|〈un0 |k · p|un′0〉|2
En0 − En′0

. (2.15)The e�etive mass de�nition an be generalized, no matter the method for the band alu-lation, as:
1

m∗
n

=
1

~2

(

∂2E

∂k2

)−1

. (2.16)As the atual wavefuntions are obtained, the k · p method provides informationon the matrix elements determining, for instane, optial phenomena. Thus, attendingto the experimentally measured gaps and osillator strengths of optial transitions, thewavefuntions around the high symmetry points an be aurately alulated and extendedto the omputation of the wavefuntions from over the entire Brillouin zone. An interestingharateristi of the k · p method is that it allows to follow how the momentum ouplingbetween the states of di�erent bands a�ets the urvature of those bands and the gapsbetween them, as an be diretly observed in Eqs. 2.12 and 2.13.The seond mentioned method, the tight binding approah, is oneptually oppositeto the k · p. It starts by onsidering the atoms onforming the rystal as isolated (i.e.,in�nitely far apart). When the atoms are brought together the atomi orbitals start to



CHAPTER 2. INTRODUCTION TO BULK SEMICONDUCTORS 31overlap and extended states are formed. In this approah the eletroni states are desribedas linear ombinations of the atomi orbitals, whih have then to be diagonalized aountingfor the interation energy of the overlapping orbitals with neighboring atoms. In this way,the valene orbitals develop into bands, and the interations open up energy gaps. Again,the oupling between di�erent shells and orbitals in�uenes the urvature of the bands.From the band alulations, using the above mentioned methods, we an learn somequalitative features of the band struture. In partiular, the k · p and tight binding methodsprovide very valuable information on the origin of the symmetry and angular momentum ofthe bands and their onnetion to the atomi valene orbitals. From now on we will restritour analysis to the ase of diret gap zin-blender type semiondutors, like GaAs. In thisase, the highest energy �lled band [marked in red in Fig. 2.3(b)℄ originates from p-typeatomi valene orbitals. This band, whih we will refer to as the valene band, posses abonding harater, with orbital angular momentum 1, inherited from its p-type origin. Onthe same grounds, the lowest energy empty band, whih we will refer to as the ondutionband, originates from s-type valene orbitals and has an antibonding harater, with zeroorbital angular momentum. The apital Greek letters and subindexes in Fig. 2.3 depitsthe symmetry harateristis of the wavefuntions, whih are diretly related to the angularmomentum of the wavefuntions, with the notation of group theory.So far we have not onsidered the spin of the eletrons, exept when we introduedthe spin-orbit oupling term in Eq. 2.5. The e�et of the spin of the eletrons must beaounted in order to obtain the proper degeneray of the bands as well as their total angularmomentum, whih will be of great importane when determining the seletion rules foroptial transitions. The ondution band near the fundamental gap (Γ point) has an orbitalangular momentum of zero, with a wavefuntion analogous to the |s〉 atomi wavefuntion.Thus the omposition of the zero orbital momentum with a spin S = 1/2 results in a bandwith total angular momentum Jcond = 1/2.1 For the wavefuntions orresponding to thesestates Hso is zero in �rst approximation and the only e�et of the eletron spin is to set thedegeneray (Kramers) of the band to two-fold, with the third omponent of the total angularmomentum Jz
cond = +1/2, −1/2. We an thus label the ondution band wavefuntions at

k = 0 as:
1When we speak of total angular momentum we are referring to the operator Ĵ2, with eigenvalues

~J(J + 1). From now on we will refer to the angular momentum operators by the value of J .
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= |s, ↓〉 (2.18)where ↑ (↓) indiates the magnitude of the third omponent of the spin Sz (whih in thisase oinides with Jz
cond).The situation for the valene band in terms of the total angular momentum ismuh more ompliated. Let us again initially restrit ourselves to the ase of the zerolinear-momentum states (k = 0) at the top of the valene band. Before introduing theeletroni spin in the piture, let us reall that these states have a p-type origin with angularmomentum L = 1. Thus, attending to orbital angular momentum this states are three-folddegenerate (Lz = +1, 0, −1) and their wavefuntions, by analogy with the p-shell atomiwavefuntions, an be labeled as |x〉, |y〉, |z〉.[52℄ With this nomenlature, the eigenstates ofthe orbital angular momentum L are (|L, Lz〉):

|1, 1〉 = − 1√
2

(|x〉 + i |y〉) , (2.19)
|1, 0〉 = |z〉 , (2.20)

|1,−1〉 =
1√
2

(|x〉 − i |y〉) . (2.21)We now introdue the spin of the eletrons. The omposition of the L = 1 orbitalangular momentum with S = 1/2 results in states with total angular momenta J = 3/2 and
J = 1/2. From the Clebsh-Gordan oe�ients for the omposition of angular momenta,the eigenstates of the total angular momentum Ĵ an be written as (|J, Jz〉):[76℄

∣

∣

∣
u↑hh,0

〉

≡
∣

∣

∣

∣

3

2
,
3

2

〉

= − 1√
2

(|x, ↑〉 + i |y, ↑〉) (2.22)
∣

∣

∣u
↑
lh,0

〉

≡
∣

∣

∣

∣

3

2
,
1

2

〉

= − 1√
6

(|x, ↓〉 + i |y, ↓〉) +

√

2

3
|z, ↑〉 (2.23)

∣

∣

∣
u↓lh,0

〉

≡
∣

∣

∣

∣

3

2
,−1

2

〉

=
1√
6

(|x, ↑〉 − i |y, ↑〉) +

√

2

3
|z, ↓〉 (2.24)



CHAPTER 2. INTRODUCTION TO BULK SEMICONDUCTORS 33
∣

∣

∣
u↓hh,0

〉

≡
∣

∣

∣

∣

3

2
,−3

2

〉

=
1√
2

(|x, ↓〉 − i |y, ↓〉) (2.25)
∣

∣

∣
u↑so,0

〉

≡
∣

∣

∣

∣

1

2
,
1

2

〉

=
1√
3
|z, ↑〉 +

1√
3

(|x, ↓〉 + i |y, ↓〉) (2.26)
∣

∣

∣
u↓so,0

〉

≡
∣

∣

∣

∣

1

2
,−1

2

〉

=
1√
3
|z, ↓〉 − 1√

3
(|x, ↑〉 − i |y, ↑〉) , (2.27)We have labeled the states aording to the name of the valene bands to whih they give risewhen we onsider the dispersions outside k = 0 (hh: heavy-hole band, lh: light-hole band, so:split-o� band). We an extrat two very important onsequenes from the desription of thewavefuntions attending to the total angular momentum: (i) the total angular momentumof these states is a well de�ned quantity (i.e., a good quantum number),2 and (ii) the

J = 3/2 are four-fold degenerate and the J = 1/2 are two-fold. Note that Hso in Eq. 2.5splits the J = 3/2 from the J = 1/2 states by the so alled spin-orbit splitting (δEso). InFig. 2.3(b), for GaAs the J = 3/2 valene band states are denoted by Γ8 at the Γ point andthe J = 1/2 by Γ7, and a splitting an be appreiated. In GaAs δEso amounts to 0.34 eV atroom temperature. As we mentioned earlier, this relativisti e�et is stronger as the atominumber of the onstituents atoms inreases, values of δEso for inreasingly heavier binaryompounds[301℄ are 0.75 eV for GaSb, 0.81 eV for InSb, and 0.93 eV for ZnTe. Lighterbinary ompounds like GaN or diamond show δEso of 0.017 eV and 0.044 eV, respetively.2.1.3 Valene band mixingIn the previous disussion we have seen that the valene band states with zeromomentum at the Γ point present a well de�ned angular momentum (see footnote 2). Whenwe onsider states with k 6= 0, the Jz = ±3/2 states at k = 0 [Eqs. 2.22-2.25℄ give rise tothe so alled heavy-hole band, while the Jz = ±1/2 states [Eqs. 2.23-2.24℄ give rise to theso alled light-hole bands (the origin of the names lies on the di�erent urvatures of eahband). However, as already mentioned, the k · p terms of the Hamiltonian 2.10 mix thewavefuntions of the di�erent valene orbitals with well de�ned angular momentum whengiving rise to the band states with k 6= 0. This an be learly seen in the sum terms of
2In order to arrive to this onlusion, several approximations were made. If the full Hamiltonian isonsidered, it an be shown that even restriting our analysis to k = 0 the valene band states are noteigenstates of Ĵz . The reason for this is that the zin-blende rystal laks inversion symmetry, as will bedisussed in Se. 2.1.3.



34 2.1. ELECTRONIC STRUCTURE: THE BANDSEqs. 2.12 and 2.13. While the total angular momentum of the band states at k = 0 anbe well de�ned, the k 6= 0 states do not present a well de�ned third omponent of theangular momentum Jz. The mixing e�et is more important as the the onsidered valueof k inreases and the onsidered band is loser to another band [Eq. 2.12℄. Therefore thise�et an be very important for the heavy- and light-hole bands, whih atually lye verylose together (they are degenerate at k = 0). In this work, we will restrit the experimentsand analysis to states lose enough to the k = 0, Γ point for the wavefuntion valene-bandmixing to be important, and therefore they an be negleted.Let us mention that in redued dimensionality systems, suh as QWs, on�nementindues the splitting of the valene band states, and the mixing e�ets, though still present,are greatly redued at k = 0.Another e�et worth mentioning, whih is not diretly related to the valene-band mixing but a�ets the angular momentum properties of the system, is the aforemen-tioned bulk inversion asymmetry. This e�et arises from the lak of inversion symmetry inzin-blende rystals and results in the appearane of spin-dependent terms in the Hamilto-nian 2.10. The most important onsequene is the momentum splitting of the ondutionband,[40℄ i.e. eletrons with the same wavevetor but opposite spin have slightly di�erentenergies. However this e�et is very small ompared to the linewidths and sales onsideredhere and will be negleted, exept in Chapter 6, where we will see that it is relevant whenonsidering the eletron spin-�ip mehanisms.2.1.4 Paraboli band approximationAlthough the preise shapes of the ondution and valene bands may be veryompliated, in partiular for large k values, many properties of semiondutors an be wellharaterized, and understood, onsidering only small momenta states around the funda-mental gap (Γ point in GaAs). As seen in Fig. 2.3 the urvature of the bands at this pointare pretty onstant. Therefore it is onvenient to approximate the band shapes as parabolibands around the fundamental gap, as it was already introdued in Eqs. 2.14, 2.15 and 2.16in the framework of the k · p method. Inherent to this approximation is the de�nition of ef-fetive masses for the bands. We an generalize Eqs. 2.14 by onsidering di�erent urvaturesalong di�erent momentum diretions[11℄:
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Enk = En0 +

~
2

2

∑

i,j

ki
1

µij
n

kj (2.28)where i, j denote the three spatial omponents of the onsidered k-vetor and µij
n is ane�etive mass tensor. Fig. 2.4(a) shows the ondution band Γ6, the heavy-hole (hh) andlight-hole (lh) Γ8 bands as well as the Γ7 split-o� band in a given diretion. We will restritour analysis to these three bands as all our studies will onentrate on exitations withenergy lose to the fundamental gap. Despite the fat that the valene bands show negativeurvature, whih aording to Eq. 2.16 would result in negative e�etive masses, we willalways regard the valene band e�etive masses as positive, as we will onsider the holepiture of exitations in this band (see Se. 2.2). Let us note that in this piture the angularmomentum (J) and spin of holes is also opposite to that in the eletron piture.Figure 2.4(b) depits onstant energy surfaes of the hh and lh bands in a zin-blende type semiondutor alulated by the k · p method.[301℄ Considering that theseisoenergy lines ollapse into one point at the band maximum, it is easy to see that dif-ferent band urvatures exist along di�erent diretions. In partiular, dispersions along the(010) and (100) diretions present a so-alled warped struture, due to the ubi symmetryof zin-blende rystals.An additional and onvenient approximation is to onsider the band struture ashaving spherial symmetry. In this way the tensor µij

n redues to a mean e�etive energymass m∗
n for eah band n. This is the approximation we will onsider from now on, unlessstated otherwise. Table 2.1 summarizes some e�etive masses of interest and band gaps ofsome relevant semiondutors.Even though the spherial band approximation is ommonly aepted, let us pointout that around the Γ point the real urvatures of the heavy and light ondution bandspresent strong anisotropies when onsidering di�erent momentum diretions. In partiularalong a given diretion x [100℄ the heavy-hole band is ertainly �heavy� (small urvature) andthe light-hole band is �light� (large urvature) while along the perpendiular diretion (withinthe yz plane) the heavy-hole band beomes �light� and the light-hole band beomes �heavy�.This is e�et is known as the mass reversal e�et whih is partiularly well aounted whenalulating the bands within the Luttinger Hamiltonian, and has been profusely studied intwo dimensional systems.[24, 86, 129℄ In bulk systems, this e�et indiretly appears in theband alulations along di�erent high symmetry diretions,[91, 102, 40℄ but it is rarely shown
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Figure 2.4: (a) Condution and valene band dispersions of GaAs in the e�etive massspherial approximation. (b) Warping of the heavy- and light-hole bands shown on twoonstant energy surfaes in the (010-100) plane; from Ref. [301℄.
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cond m∗

hh m∗
lh m∗

soSi 1.12 0.044 0.36 0.49 0.16 0.24GaAs 1.519 0.34 0.063 0.51 0.082 0.15CdTe 1.60 1.06∗ 0.096 1.38 - -Table 2.1: Fundamental gap energies, δEso, and the e�etive masses (in units of the freeeletron mass) for Si at 300 K and GaAs [Ref. [122℄℄ and CdTe [Ref. [104℄℄ at 4 K along the
∆ (Γ → X, [100℄) diretion in reiproal spae. ∗Ref. [295℄.expliitly when the valene band masses are alulated. In any ase, when the bands areaveraged in three dimensions it is found that the mean e�etive mass of the heavy and lightbands is very similar.[8, 296℄ For this reason, we will onsider just a mean hole e�etive mass
m∗

h when treating exitons in bulk systems in Se. 2.2.1, following the Baldereshi-Liparitheory in spherial approximation.[19, 20℄2.1.5 Density of StatesEquation 2.9 evaluates the density of states in momentum spae. It is sometimesonvenient to express the density of states of a band in energy spae (DOS), g (E) d (E),de�ned as the number of one-eletron levels in the energy range from E to E + d (E).[11℄If f (k) determines the oupation distribution of a band, the total number of eletrons inthat band per unit volume would be:
N =

1

vol

ˆ

g (k) f (k) dk =
1

vol

ˆ ∞

0
4πk2g (k) f (k) dk, (2.29)or:

N =
1

vol

ˆ ∞

0
g (E) f (k (E)) dE, (2.30)where we have onsidered that the band presents no degeneray, g (k) is isotropi in momen-tum spae and f (k) = f (k). Considering the DOS obtained in Eq. 2.9 and the e�etivemass approximation in spherial bands, by equating the right hand side of Eqs. 2.29 and2.30 we obtain:

g (E) =
(m∗

n)3/2

√
2~3π2

√
E (2.31)A general expression for g (E) an be obtained attending to the number of allowedstates that �t within a given volume in k spae. Attending to these basis, for a generi



38 2.2. BAND EXCITATIONS: ELECTRONS, HOLES AND EXCITONSenergy dispersion funtion E (k), g (E) an be expressed as:
g (E) =

1

16π3

ˆ

dSk

∇E (k)
, (2.32)where Sk is a onstant energy surfae. The DOS will be used to alulate the light absorptionspetrum of diret gap semiondutors.2.2 Band exitations: eletrons, holes and exitonsIn a semiondutor at zero temperature the valene bands are ompletely �lledwith eletrons, while the ondution band is ompletely empty. This is the ground stateof the system. The fundamental exitation onsists on the promotion of an eletron fromthe top of the valene band to the bottom of the ondution band. In this way all thevalene band states exept one remain oupied. It is onvenient to piture this emptystate as a positive harge in an empty valene band. This is the de�nition of hole, and itsdesription as a positive harge enables us to onsider the valene band masses as positivein all pratial alulations, despite the fat that from the single eletron piture they havenegative urvature [See Fig. 2.4 and Eq. 2.16℄.In intrinsi semiondutors (undoped), like those treated here, eah eletron exitedin the ondution band leaves a hole in the valene band. We will only onsider light exi-tations, in whih eah photon arriving at the sample with energy greater than the bandgaphas a �nite probability of reating an eletron-hole pair, as we will treat later. However,other type of exitations are possible, like eletrial injetion of eletron irradiation.The exited eletrons and holes in the bands onform an out of equilibrium systemwhih will gradually tend to the ground state situation by radiative (in partiular in diretgap semiondutors of high rystalline quality) and non-radiative proesses. Nonetheless,as long as exited arriers populate the ondution and valene bands, eletrons and holestend to form thermalized distributions.[62, 225, 54℄ At low exitation densities, the lowoupation of the band states allows to use Maxwell-Boltzmann statistis (fn

MB (E)) todesribe the arrier distributions in their respetive bands, however, at high densities, Fermi-Dira oupation funtions (fn
FD (E)) should instead be used:

fn
MB (E) = ρn

(

2π~
2

m∗
nkBT

)3/2

e
− E

kBT , (2.33)
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MB (E).

fn
FD (E) =

1
(

e
E

kBT
−µ
)

+ 1

, (2.34)where ρn is the density of arriers in the nth band, T is the temperature of the arriers,
kB is Boltzmann's onstant, and µ is the hemial potential obtained in eah ase from thenormalization ondition ρn =

´

gn (E) fn
FD (E) dE. At low densities fn

MB (E) presents thesame shape as the truly fermioni distribution fn
FD (E), with the advantage of being muheasier to manage in alulations. We an arbitrarily set a boundary in the use of Eqs. 2.33and 2.34. At a given temperature, for densities up to an oupation of 0.5 at E = 0 we willkeep using fn

MB (E), while for higher densities we will go bak to fn
FD (E). Figure 2.5 showsthe density at whih an oupation of 0.5 is attained at E = 0, aording to fn

MB (E), asa funtion of the arrier temperature for arriers in the ondution and valene bands inGaAs.2.2.1 ExitonsNegatively harged eletrons in the ondution band and positively harged holes inthe valene band are subjet to Coulomb attration. This eletron-hole interation gives riseto bound states, alled exitons. In semiondutors with the morphologies we are onsideringthe eletron-hole interation is highly sreened by the sea of non-exited eletrons in the



40 2.2. BAND EXCITATIONS: ELECTRONS, HOLES AND EXCITONSvalene band. In this ase the net wavefuntions of the bound eletron and hole are extendedover several rystal unit ells, and the states are regarded as Wannier-Mott exitons. Thissituation is opposed to that found in ioni rystals, in whih eletrons and holes are stronglybound together and their wavefuntions loalized in the same or nearest unit ell. In thisase exitons are said to be of the Frenkel type.To model the exitons within the e�etive mass approximation, let us just on-sider that we have in the rystal an exited eletron with momentum ke and a hole withmomentum kh. The time independent Shrödinger equation would be in this ase:
(

p2
e

2m∗
e

+
p2

h

2m∗
h

+
e2

ǫ |re − rh|

)

ψ (re, rh) = (E − Egap)ψ (re, rh) (2.35)where pe (ph) and m∗
e(h) are, respetively, the momentum and e�etive mass of the eletron(hole), re and rh are the eletron and hole positions, Egap is the semiondutor fundamentalgap, and ǫ is the dieletri funtion of the material. In the ase of the mass of the hole, inEq. 2.35 we have onsidered a mean hole mass m∗

h as disussed in Se. 2.1.4 as a results ofthe spherial band approximation.In the onsidered piture of a single eletron-hole pair exitation, the e�et ofthe rest of the valene eletrons present in the rystal is aounted by the e�etive massapproximation and by the dieletri onstant, that inludes the bakground interation withthose eletrons, and results in an e�etive sreening of the eletron-hole Coulomb interation.Notie that Eq. 2.35 is analogous to that desribing the hydrogen atom in atomi physis.As the Coulomb interation depends only on the relative distane between the eletron andthe hole, it is onvenient to de�ne a new set of oordinates given by the position of theenter of mass of the eletron and hole (R) and its relative distane (r):
R =

m∗
ere +m∗

hrh

m∗
e +m∗

h

, r = re − rh. (2.36)With that hange of variables, Eq. 2.35 beomes:
(

P 2

2
(

m∗
e +m∗

h

) +
p2

2µeh
+
e2

ǫr

)

ψ (R, r) = (E − Egap)ψ (R, r) , (2.37)where P = −i~∇R, p = −i~∇r and µ−1
eh = (m∗

e)
−1 + (m∗

h)−1 is the redued mass of theeletron-hole pair. The solutions to 2.37 an be fatorized into ψ (R, r) = ϕ (R)ϑ (r). Theequation orresponding to ϕ (R) orresponds to that of a free partile of massm∗
e+m∗

h, while



CHAPTER 2. INTRODUCTION TO BULK SEMICONDUCTORS 41that orresponding to ϑ (r) is the well known hydrogen atom equation whose solutions arethe produt of Laguerre polynomials [Lnl (r)℄ and spherial harmoni funtions [Ylm (θ, φ)℄with the eigenenergies given by:
Er

n = −Eb

n2
, n = 1, 2, 3, . . . Eb =

µehe
2

2ǫ2~2
. (2.38)Therefore, the total energy and eigenfuntions of the exiton are:

Enlm = Egap +
~

2K2

2
(

m∗
e +m∗

h

) − Eb

n2
, (2.39)

ψnlm (R, r) = eiK·RLnl (r)Ylm (θ, φ) , (2.40)where n, l,m are the prinipal, angular an magneti quantum numbers, respetively, K isthe exiton enter of mass momentum and Eb is the binding energy. The exiton groundstate at rest is given by the n = 1, l = 0, m = 0 wavefuntion with K = 0:
ψ100 (R, r) =

2
√

a3
B

e−r/aB , (2.41)where aB = ~
2ǫ/µehe

2 is the exiton Bohr radius and haraterizes the spatial extensionof the exitoni omplex. In GaAs the heavy-hole exiton (formed from the binding of aondution eletron and a heavy-hole) has a Bohr radius at low temperature of 11.4 nm,while its binding energy is of 4.2 meV, four orders of magnitude smaller than the bindingenergy of an eletron to a proton in the hydrogen atom. If the exiton is formed from thebinding of an eletron with a light-hole we will refer to it as a light-hole exiton. Notethat so far we have onsidered just a mean hole mass for the exitons. This would meanthat both heavy- and light-hole exitons have the same binding energy and Bohr radius.Nonetheless we an still distinguish and desribe them independently beause eah hole-type wavefuntion has di�erent angular momenta. When we redue the dimensionality ofthe system, the breakdown of the symmetry will result in the inhibition of the mass reversale�et and heavy- and light-hole exitons will present di�erent redued masses and bindingenergies (see Se. 3.1.1).Equations 2.39 and 2.40 tell us some important properties of the exitons. Oneof them is that exitons an move freely within the rystal. Nonetheless, interation withthe lattie exitations, with rystal defets and with arriers and other exitons will result
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Jz hh +3/2 hh −3/2 lh +1/2 lh −1/2

+1/2 |+2〉 |−1〉 |+1〉 |0〉
−1/2 |+1〉 |−2〉 |0〉 |−1〉Table 2.2: Exiton spin state as a funtion of the third omponent of the total angularmomentum of its onstituent eletron (left olumn) and hole (top row).in dissipation. We an also see that the ground state energy of the exiton (before theonstituent eletron and hole pairs reombine) is loated at an energy Eb below the band gapenergy, and that the exiton possesses its own paraboli band. Therefore, the fundamentalexitation in the system is not onformed by an eletron and a hole at their band edges, butby the formation of a 1s exiton at rest.So far we have not onsidered the spin of the exitons. As we have seen in theprevious setions, the onstituent partiles of the exiton may have a well de�ned totalangular momentum. For the sake of simpliity, given the ompliated band mixing e�etsin the heavy and light hole bands far from the k = 0 states, lets restrit the analysis toexitons formed from eletrons and holes with k = 0. In this ase both partiles have awell de�ned total (J) and third omponent (Jz) of the angular momentum, as depited inEqs. 2.22-2.25. The resulting exiton will also have a well de�ned total and third omponentof the angular momentum (JX , Jz

X). From now on we will refer to Jz
X as the spin of theexiton. Table 2.2 presents all the possible spin states of exitons formed from the bindingof an eletron with a heavy or a light hole. Exitons with Jz

X = 0, 1 , 2 an be formed,however, as we will desribe later, only exitons with Jz
X = 1, 0 an ouple to light due tomomentum onservation rules.Note also that though the exiton is onformed by two fermions, an eletron anda hole, its total angular momentum is integer. For this reason, in the dilute limit regime,in whih interexitoni interation and sreening is not very important, exitons an bedesribed as bosons. Partiles of this kind, whose onstituents are fermioni but followbosoni statistis are referred to as �omposite bosons�. Therefore, exitoni interations arewell desribed by bosoni operators, and suh an approah is widely used when treating thephoton-exiton interation in the strong oupling regime (see Se. 3.2.2). However, therehave been some reent theoretial proposals whih stress the importane of the fermioniomposite nature of exitons even in the dilute regime.[60, 59, 58℄



CHAPTER 2. INTRODUCTION TO BULK SEMICONDUCTORS 432.2.2 Many body e�etsThe desription we have followed so far made used of the single eletron piture,in whih the system Hamiltonian 2.5 aounted for the average e�et of the sea of valeneeletrons on a partiular eletron. Moreover, it assumed that all eletrons where in theground state of the system, i.e., fully oupying the valene band. Under these onditions theband diagrams depited in Fig. 2.3 and the assoiated e�etive masses near the Γ point werealulated. If we reate one exitation in the system, for instane, an exiton, the situationremains pretty muh the same, with the same band gaps, e�etive masses and dieletrionstants haraterizing the material. However, when many eletrons are promoted fromthe valene to the ondution band the situation starts to di�er signi�antly from the oneeletron piture. Under these irumstanes large populations of exited eletrons and holeswith spread momentum distributions an freely move and interat. If the densities are highenough so as to overome the degeneration limit de�ned in Fig. 2.5, a �rst orretion tothe energy of the system with respet to the single eletron piture would ome from theantisymmetrization of the fermioni total eletron and hole wavefuntions, in a Hartree-Fok approah. On the same grounds, Coulomb orrelation e�ets, and the arrier sreeningassoiated to them, are very muh a�eted by the wide spread in momentum of the arriers.These problems have been thoroughly treated theoretially in the literature.[105, 308, 280℄One of the diret onsequenes of the many-body e�ets is the hange of the band gaps. Inpartiular, the inrease in the sreening of the system aused by the exited arriers results inthe redution of the fundamental gap. Also the e�etive masses are a�eted and even exotispin-dependent phenomena has reently been predited in this regime.[303℄ Interations ofthe arrier ensembles are a�eted too, and the rate of exhange of energy between the exitedeletrons and holes and the lattie (arrier-phonon interation) is altered.As for the exitons, the inrease in the arrier sreening at high densities whenboth exitons and eletron-hole plasma are present, results in a net hange (an inrease)of the dieletri onstant ǫ that desribes the surrounding exitoni media in Eqs. 2.39 and2.40. Thus, the exiton binding energy gets progressively redued with the inrease of arrierdensity, and eventually exitons dissoiate, as will be thoroughly disussed in Se. 5.4.An estimation of the density of these e�ets to be signi�ant might be given by thedegeneration threshold de�ned in Fig. 2.5.



44 2.3. OPTICAL TRANSITIONS2.3 Optial transitions2.3.1 Eletron-hole pair transitionsWe have already mentioned that the promotion of eletrons from the valene tothe valene band an be arried out by optial exitation. To analyze this proess in somedetail we will again onsider the ground state of the system, in whih the ondution band isompletely �lled with eletrons. We will follow a quantum mirosopi approah to the lightabsorption and emission. However, semilassial approahes via the alulation of the di-eletri funtions near the optial transitions would yield analogous results.[301℄ The optialtransitions in a semiondutor are diretly determined by two very important momentumseletion rules:
• Linear momentum in the absorption proess3 must be onserved:

kγ = ki + kf (2.42)where ki and kf are the initial and �nal states of the onsidered exited eletron(typially a state in the valene band and a state in the ondution band, respetively),and kγ is the momentum of the inident photon. As this momentum is very smallompared to the typial arrier momenta in usual absorption experiments, Eq. 2.42implies that only vertial transitions in the band diagram [Fig. 2.4(a)℄ are allowed.Therefore, the optially allowed transitions impose ki ≈ −kf .
• Angular momentum in the absorption proess must be onserved. This rule will imposepolarization seletion rules in the optial transitions as it will be analyzed below.In order to inlude the light-matter interation in the problem we should go bak to the oneeletron Hamiltonian [Eq. 2.5℄ and substitute the momentum operator p by p + e

cA, where
A is the vetor potential of the inident beam:

[

1

2 ·m0

(

p +
e

c
A
)2

+ V (r)

]

· ψ′

nk (r) = En (k) · ψ′

nk (r) , (2.43)where we have negleted the spin-orbit oupling. To alulate the transition probabilities wedo not need to solve the omplete Hamiltonian 2.43. We an treat the applied optial �eld as
3Here we will make expliit referene to the absorption proesses, but the same onsiderations apply tothe emission.



CHAPTER 2. INTRODUCTION TO BULK SEMICONDUCTORS 45a perturbation to the system. Keeping only the linear terms in the vetor potential, seletingthe appropriate gauge and onsidering the eletri dipole approximation, the perturbationintrodued by the light �eld an be introdued as an e�etive Hamiltonian Hdip = −er ·F ,where F is the amplitude and polarization of the exitation oherent eletri �eld. Nowwe an apply Fermi's Golden rule to obtain the probability Pvc for the optially induedtransition of an eletron from the valene to the ondution band per unit time:
Pcv =

2π

~

∑

k

|〈uc,k |Hdip|uh,k〉|2 δ (Ec (k) − Ev (k) − ~ω) (2.44)where uc,k and uh,k are the ondution and orresponding hole band wavefuntions as de�nedin 2.17, 2.18 and 2.22-2.25, and ~ω is the energy of the onsidered eletromagneti �eld(either exitation or emission �eld).In order to alulate Pcv, we need to obtain the eletri dipole matrix elements
〈uc,k |r · F | uh,k〉. For this purpose it is onvenient to expand the ondution and valenewavefuntions in terms of the |s〉, |x〉, |y〉, |z〉 wavefuntions as in Eqs. 2.17-2.25. Let uspoint out that given the symmetry properties of the wavefuntions and the position operator,the only matrix elements of the r̂ operator are:[52℄

〈s |rx| x〉 = 〈s |ry| y〉 = 〈s |rz| z〉 ≡ im0Π, (2.45)where rz an be hosen as the diretion of propagation of light. Additionally, the spin part ofthe wavefuntions are not r dependent and keep the usual orthogonality properties. Reallthat we are working in the eletron-hole piture, in whih the spin orthogonality is given by:(〈↑e| ↓h〉 = 1, 〈↑e| ↑h〉 = 〈↓e| ↓h〉 = 0, where e (h) indiates the eletron (hole) spin. Withthese onsiderations, the allowed transitions and their relative strengths an be expliitlyobtained.[186℄ If we restrit to the k = 0 states, the probability amplitudes for the transitionfrom the heavy-hole to the ondution band are:
〈

u↓c,0 |r · F |u↑hh,0

〉

=
−1√

2
[〈s, ↓| rxFx |x, ↑〉 + i 〈s, ↓| ryFy |y, ↑〉] =

−i√
2
m0Π(Fx + iFy)(2.46)

〈

u↑c,0 |r · F |u↑hh,0

〉

=
1√
2

[−〈s, ↑| rxFx |x, ↑〉 + i 〈s, ↑| ryFy |y, ↑〉] = 0 (2.47)
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〈

u↓c,0 |r · F |u↓hh,0

〉

=
1√
2

[〈s, ↓| rxFx |x, ↓〉 − i 〈s, ↓| ryFy |y, ↓〉] = 0 (2.48)
〈

u↑c,0 |r · F |u↓hh,0

〉

=
1√
2

[〈s, ↑| rxFx |x, ↓〉 − i 〈s, ↑| ryFy |y, ↓〉] =
i√
2
m0Π(Fx − iFy)(2.49)and from light holes to the ondution band:

〈

u↓c,0 |r · F |u↑lh,0

〉

=
−1√

6
[〈s, ↓| rxFx |x, ↓〉 + i 〈s, ↓| ryFy |y, ↓〉] +

√

2

3
〈s, ↓| rzFz |z, ↑〉 =

=

√

2

3
im0ΠFz (2.50)

〈

u↑c,0 |r · F |u↑lh,0

〉

=
−1√

6
[〈s, ↑| rxFx |x, ↓〉 + i 〈s, ↑| ryFy |y, ↓〉] +

√

2

3
〈s, ↑| rzFz |z, ↑〉 =

=
−1√

6
im0Π(Fx + iFy) (2.51)

〈

u↓c,0 |r · F |u↓lh,0

〉

=
1√
6

(〈s, ↓| rxFx |x, ↑〉 − i 〈s, ↓| ryFy |y, ↑〉) +

√

2

3
〈s, ↓| rzFz |z, ↓〉 =

=
1√
6
im0Π(Fx − iFy) (2.52)

〈

u↑c,0 |r · F |u↓lh,0

〉

=
1√
6

(〈s, ↑| rxFx |x, ↑〉 − i 〈s, ↑| ryFy |y, ↑〉) +

√

2

3
〈s, ↑| rzFz |z, ↓〉 =

=

√

2

3
im0ΠFz (2.53)Equations 2.46-2.53 show that two possible optial transitions are forbidden in theeletri dipole approximation while the rest present very well de�ned polarization seletionrules. Transitions from the ∣∣

∣
u
↑(↓)
lh,0

〉 states to the ∣∣
∣
u
↓(↑)
c,0

〉 are in priniple allowed if theexitation �eld is linearly polarized along the propagation diretion. This is not the ase theexitation �eld is a plane wave, whih is a very good approximation for the experimental
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Figure 2.6: (a) Polarization and relative intensity of the matrix elements assoiated to theeletri dipole allowed transitions from the valene to the ondution band. (b) Same as (a)for the resonant reation and reombination of heavy- and light-hole exitons.exitation onditions treated in this work. Therefore, we will not onsider this linearlypolarized transitions here. The other allowed transitions are ative under right and leftirularly polarized light, as in the seleted frame of referene these two polarizations (σ+and σ−) are respetively de�ned as:
F + =

1√
2

(F x + iF y) , (2.54)
F− =

1√
2

(F x − iF y) . (2.55)Figure 2.6(a) skethes the relative value and assoiated polarization of the dipole matrixelements at the Γ point depited in Eqs. 2.46-2.53. The allowed transitions depited inFig. 2.6(a) do not only aount for the exitation of eletrons to the ondution band butalso for the reombination of an eletron-hole pair and the emission of a photon of the properpolarization. For instane, a spin down eletron from the ondution band is three timesmore likely to reombine with a spin up heavy-hole (emitting a σ+ photon) than with a spindown light-hole (emitting a σ− photon).The previous analysis has foused on the ondution and band states at the bandedge (ke = kh = 0). When we onsider states with inreasing wavevetors, valene band



48 2.3. OPTICAL TRANSITIONSmixing e�ets start to play an important role. As we have desribed above, the thirdomponent of the angular momentum is only well de�ned at the Γ point; at large wavevetorsthe polarization seletion rules are not well de�ned and we an expet polarization forbiddentransitions at k 6= 0 to beome allowed. In this ases, a preise omputation of the valeneband wavefuntions is needed to alulate the amount of spin-up and spin-down eletronspromoted from the valene to the ondution band by an exitation beam of well de�nedpolarization. At k = 0 and ~ω, a σ+ exitation beam will promote three times more spindown eletrons than spin up eletrons to the ondution band. At large k states this eletronspin imbalane generated by the exitation beam will be redued due to the valene-bandmixing e�ets.In order to extrat the atual absorption and emission spetra of an eletron-holepair transition, it is onvenient to transform the sum in Eq. 2.44 into an integral involvinga proper density of states. Within the paraboli band approximation, the energy di�erenebetween the eletron and hole bands is well de�ned and given by Eg +~2k2/2µeh, where µeh isthe redued e�etive mass of eletrons and holes. In this sense we an de�ne a joint densityof states of the eletron and hole bands, whih will be the relevant density of states whenonsidering transitions form the valene to the ondution bands:
geh (E) =

(µ∗eh)3/2

√
2~3π2

√

E − Egap (2.56)In this way, Eq. 2.44 an be expressed as:
Pcv (E) dE =

2π

~
|〈uc,Ec |Hdip| uh,Eh

〉|2 (µ∗eh)3/2

√
2~3π2

√

E − EgapdE (2.57)where now Pcv (E) desribes the probability per unit time that a valene to ondutiontransition (or vieversa) involving photons of energy between E and E + dE takes plae.The wavefuntions ∣∣uc(h),E

〉 an be labeled with the eletron and hole kineti energies in theparaboli and spherial approximation. As only vertial transitions are allowed, the kinetienergy of the eletron (Ec) and hole (Eh) involved in the emission or absorption proess arerelated by: Eh = E − Egap − Ee, and their momenta is ke = kh =
√

2
~2µeh (E − Egap).The emission (and absorption) due to eletron hole pair reombination is pro-portional to Pcv (E). If we only onsider band to band transitions lose to the Γ point,the matrix element |〈uc,Ec |Hdip|uh,Eh

〉|2 an be taken as onstant and independent of thearrier kineti energy. Nonetheless the polarization seletion rules and transition relative



CHAPTER 2. INTRODUCTION TO BULK SEMICONDUCTORS 49strengths detailed in Eqs. 2.46-2.52 must be taken into aount. For instane, if we on-sider the reombination of ondution band eletrons with heavy-holes, the total emissionintensity will be given by:
Ihh−c(E) ∝

[

∣

∣

∣

〈

u↓c |Hdip|u↑hh

〉∣

∣

∣

2
· f (E)e↓ f (E)hh↑ +

+
∣

∣

∣

〈

u↑c |Hdip|u↓hh

〉∣

∣

∣

2
· f (E)e↑ f (E)hh↓ µ

3/2
e−hh · (E − Egap)

1/2, (2.58)where f (E)e↑(↓) is the spin-up (spin-down) eletron oupation funtion in the ondutionband desribed by Eq. 2.34 [f (E)hh↑(↓): same for heavy holes in their valene band℄.2.3.2 Exiton emissionExitons an also ouple to light. In fat, in high quality diret gap semiondutorsat low temperature the photoluminesene spetrum is dominated by the exiton reombi-nation. In this proess, the exited eletron and hole that onform the exiton relax tothe ground state of the rystal by the emission of a photon. The same linear and angu-lar momentum onservation rules aforementioned for unbound eletrons and holes must beonsidered. For instane, linear momentum onservation implies that only exitons withenter of mass momentum lose to zero an ouple to light, as KX = kγ ≈ 0. This restritsthe optially ative exitons to a very narrow region in momentum spae at the bottomof the exiton dispersion band. When non-radiative reombination e�ets are small, thisnarrow radiative region ats as a bottlenek for the exiton reombination (see Se. 5.1.2and Refs. [85, 203, 150℄).The total angular momentum onservation imposes again polarization-dependentseletion rules. Given that the rystal ground state is the absene of an exiton (Jz = 0),the exiton absorption and emission seletion rules is given by:
Jz

X + Jz
γ = 0 (2.59)where Jz

γ is the third omponent of the angular momentum of the inident photons, whihin the ase of a irularly polarized σ+ (σ−) inident beam is +1 (−1).A preise alulation of the matrix elements orresponding to the transition fromthe empty state (|0〉) to the exiton state (|Xnlm, J
z
X〉) mediated by the eletri dipole



50 2.3. OPTICAL TRANSITIONSinteration (Hdip) is required to obtain the transition probabilities. It is easy to see that dueto parity properties of the vetor potential operator Â and the hydrogeni-like eigenfuntionsof the exiton (ψnlm (R, r)), the transition probabilities are proportional to |ψnlm (R, 0)|2whih is nonzero only for the l = 0 (m = 0) states.[301℄ Therefore, only the 1s, 2s, 3s, . . .anemit/absorb light in the reombination/emission of an exiton. The fat that the eletri-dipole matrix element is proportional to |ψn00 (R, 0)|2 indiates that the optial transitionprobability inreases with the overlap of the eletron and hole wavefuntions.Attending to Eq. 2.59 and Table 2.2, where Jz
X of the l = 0 exitons is depited, it islear that heavy-hole exitons with spin ±2 and light-hole exitons with spin 0 are optiallyinative. For this reason they will be referred to as dark states from now on. Figure 2.6(b)shows the polarization of the allowed optial transitions for exitons.The eletron and hole wavefuntions that form an exiton overlap in a �nite-sizespatial extension around the exiton enter of mass. In fat, most of the weight of theirwavefuntions is onentrated within the Bohr radius, due to the Coulomb attration be-tween these partiles. The enhaned overlap inreases the optial transition rates assoiatedto exitons as ompared to the unbound eletron-hole pair absorption and emission. It isuseful then to de�ne an osillator strength for the exiton transition in the eletri dipoleapproximation:

fX
osc ≡

2ωµX

~
|〈0 |r · uF | ± 1〉|2 (2.60)where uF is a unit vetor indiating the diretion polarization of the eletri �eld, and the�±� signs refers to the optially ative exiton states with +1 or −1 spin. The osillatorstrength aounts for the total transition probability rate assoiated to the exiton optialtransition (photon ross setion).Exiton radiative reombination is one of the soures of light emission at the exi-ton energy below the bandgap in semiondutors, but not the only one, as unbound Coulomborrelated eletrons and holes an also radiatively reombine at that energy. Further disus-sion on the origin of this luminesene an be found in Se. 5.2.1.
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Chapter 3
Reduing the dimensionality: QWsand semiondutor miroavities
3.1 Exiton on�nement: semiondutor Quantum Wells3.1.1 Eletron and hole subbandsCon�nement of matter exitations (eletrons, holes and exitons) an be easilyattained in heterostrutures omposed of layers of di�erent semiondutor materials. Onedimensional on�nement is typially reated in Quantum Wells (QWs) by embedding a thinlayer of a semiondutor rystal between two thik layers of a wider gap semiondutor,as depited in Fig. 3.1(a). Matter exitations with low momentum that fall into the QWlayer get trapped in a two-dimensional struture in whih movement in the z -diretion isinhibited. In these heterostrutures quantum on�nement e�ets start to be importantwhen the extension of the exitation wavefuntions are greater or of the same size than theon�nement dimension. A harateristi dimension in the systems we are interested in isgiven by the exitoni size. In GaAs based QWs, on�nement sizes of the order of tens ofnm or less are neessary to observe quantum on�nement e�ets (aB = 11.4 nm in GaAs).Lower dimensionality systems, suh as Quantum Wires and Quantum Dots, will not betreated here.Several approahes have been traditionally onsidered when alulating the eigen-funtions and eigenenergies in a two-dimensional heterostruture. The tight binding,[241,242℄ pseudopotential[123℄ and k · p[264℄ methods, whih have been widely used in bulk
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Figure 3.1: (a) Γ point band struture of the layers of a semiondutor QW. The z-diretionis taken as the growth or on�nement diretion. In dotted lines the on�ned k = 0 eletronand hole levels orresponding to the n′ = 1 subband are depited. (b) Typial dispersionrelations of the n′ = 1 subbands in the QW layer of a GaAs/AlGaAs heterostruture inthe e�etive mass approximation. The dashed lines depit the highest valene bands in theabsene of mixing.



CHAPTER 3. REDUCING THE DIMENSIONALITY: QWS AND MICROCAVS. 53semiondutors, and brie�y desribed in Se. 2.1.2 have also proved suessful in the deter-mination of the band struture in QWs. However, the most intuitive of them is the envelopewavefuntion approah.[284, 10, 23℄Let us onsider a symmetri QW in whih the thin layer is omposed by the semi-ondutor B and the barriers by the semiondutor A, whose three dimensional band wave-funtions are uB
n,k (r) and uA

n,k (r), respetively. In the heterostruture, in the envelopewavefuntion method the eigenfuntions an be written as:
Ψk (r) =

∑

n

fA
n (r)uA

n,k (r) , (3.1)if r belongs to the barriers, and
Ψk (r) =

∑

n

fB
n (r)uB

n,k (r) , (3.2)if r belongs to the thin layer. Imposing the ontinuity of the wavefuntions and their e�etivemass weighted derivatives[23℄ at the material boundaries and aounting for the di�erentband gap of the onstituent materials in the e�etive mass approximation, the Ψk (r) anbe determined.[23℄ Within this approximations this problem is analogous to the quantummehanis textbook example of a partile in a two dimensional square QW.[52℄ The probleman then be solved for the ondution and valene bands onsidering the e�etive massesof eah band. The diret onsequene of the on�nement is the splitting of eah band indi�erent on�ned states. The eigenenergies in the growth diretion are quantized, while inthe in-plane diretions show paraboli dispersions:
En′ (k) = Ez

n′ +
~k2

‖

2m∗‖
(3.3)where m∗‖ is the e�etive mass of the onsidered band parallel to the plane of the well (in-plane momentum). In the ase of in�nitely high barriers the Ez

n′ energies take the values:
Ez

n′ =
π2

~
2

2m∗⊥
n′2 n′ = 1, 2, 3, . . . (3.4)where m∗⊥ is the band e�etive mass along the growth diretion (perpendiular to the QWplane). Both the ondution and the valene bands split in on�ned subbands, labeled by

n′. From Eq. 3.4 it is lear that the heavy- and light-hole bands are not degenerate anymoreas they have di�erent e�etive masses m∗⊥. Nonetheless, it is important to onsider in this



54 3.1. EXCITON CONFINEMENT: SEMICONDUCTOR QUANTUM WELLSase the anisotropy related to the mass reversal e�et. For instane, in AlGaAs based QWsgrown in the [001℄ diretion, the heavy-hole mass along the z-diretion (growth diretion)
m∗⊥

hh is greater than the light-hole mass along the same diretion m∗⊥
lh . These are therelevant e�etive masses in order to alulate Ez

n′ in Eq. 3.4. The result is that for n′ = 1the on�nement energy of heavy-hole band is smaller than that of the light-hole. However,in the QW plane m∗‖
hh < m

∗‖
lh and a rossing between the bands would be expeted at large

k as indiated by the dashed lines in Fig. 3.1(b), whih shows the n′ = 1 ondution, heavyand light hole subbands. Interation between the bands analogous to that desribed in the
k · p formalism in bulk [Eq. 2.13℄ indues the antirossing of the bands (solid bands).[24℄Valene band mixing e�ets are, therefore, also important in QWs. The quantiza-tion axis now de�nes a diretion to whih set the angular momentum oordinates system.Then, we an assoiate the third omponent of the angular momentum (Jz) diretion to thequantization axis. In this ase, Jz for the heavy- and light-hole subbands is still well de�nedat k = 0. Atually, for momentum states around k = 0 the purity of Jz is enhaned respetto the 3D ase, as the mixing bands (heavy and light) are split in energy. However, for largevalues of k, around the antirossing positions valene band mixing is very important and Jzis no longer well de�ned in eah subband. In any ase, we will restrit the experiments andanalysis to wavevetors lose enough to k = 0 for whih Jz is well de�ned.Con�nement of the wavefuntions also alters the density of states as ompared tobulk systems. If movement is on�ned to a two-dimensional plane the density of states inmomentum spae hanges to g2D (k) = S/4π2 (where S is the surfae of the QW), and thetransformation into energy spae, again assuming paraboli dispersion yields:

g2D (E) =
m∗

π~2
Θ (E − Ez

n′) (3.5)where Θ (x) is the Heaviside step funtion.3.1.2 2D exitonsAnalogously to the bulk ase, eletrons and holes from di�erent subbands aresubjet to Coulomb interation leading to the formation of exitons. The wavefuntionsand energies of the exiton an be obtained by solving an equation analogous to Eq. 2.35introduing the two-dimensionality of the system in the envelope wavefuntion approah.The energy dispersion in this ase takes the form:
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E = Egap + Ez

n′,e + Ez
m′,h − E2D

b

w2
+

~
2K2

‖

2
(

m
∗‖
e +m

∗‖
h

) , (3.6)where Ez
n′,e and Ez

m′,h are the energies of the on�nement energies of the eletron and holesubbands that form the exitons, E2D
b is the exiton binding energy, w is the exiton prinipalquantum number, and K‖ is the in-plane momentum of its enter of mass.The overlap of the eletron and hole wavefuntions onforming the exiton is greatlyenhaned due to the on�nement. This is one of the major advantages of working with two-dimensional systems, as it has important onsequenes in the optial properties of thesesystems. For instane, the enhaned wavefuntion overlap results in an inreased osillatorstrength of QW vs bulk exitons.In the ase of a purely two-dimensional situation the exiton Bohr radius wouldbe half of the orresponding in bulk, while the binding energy would be as muh as fourtime its bulk value (Eq. 2.38). By hanging the width of the wells and the height of thebarriers, both the eletron and hole subbands and the exiton Bohr radius and bindingenergy an be modi�ed. Figure 3.2(a) shows the alulated binding energy of the exitonsformed from n′ = 1 eletrons and heavy- and light-holes,1 for di�erent well widths (L)and ompositions of the barriers in a GaAs/AlxGa1−xAs heterostruture. In the in�nitebarrier ase, the exiton binding energy inreases when the well width is diminished asthe eletron and hole wavefuntions inrease their overlap. In the ase of �nite barriers thewavefuntions penetration in the barriers and larger spatial extension results in a diminishedoverlap, resulting in overall lower values of Eb. Nonetheless, Eb still inreases with dereasingwidth, exept when the well width gets very small [below 40 Å in the ase of x = 0.15 inFig. 3.2(a)℄, when the on�ned eletron and hole levels reah energies lose to the barrier.The same behavior is found in the ase of �nite barriers. Let us mention that the band gapof AlxGa1−xAs inreases as the Al ontent in the alloy is inreased (for x . 0.4 to onsideronly diret band-gap alloys). Therefore, by hanging x, the potential energy height of thebarriers an be adjusted.

1The exiton states formed from the n′ = 1 eletron and hole subbands are the lowest lying exiton levels,and will dominate most of the optial properties of the system. We will thus restrit our disussion to thesesubbands' exitons.
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(a) (b)

Figure 3.2: Calulated 1s heavy- and light-hole exiton binding energies (a, Ref. [96℄) andosillator strengths (b, Ref [9℄) as a funtion of well width in symmetri GaAs/AlxGa1−xAsheterostrutures.



CHAPTER 3. REDUCING THE DIMENSIONALITY: QWS AND MICROCAVS. 573.1.3 Optial propertiesThe redution of the symmetry in a two-dimensional system imposes a well de�nedquantization axis along the diretion perpendiular to the QW plane (growth diretion). Inbulk systems (Se. 2.3.1) the relevant axis, when attending for instane to polarizationproperties of the absorbed and emitted light, was the propagation axis of the inomingbeam. In two-dimensional systems, it is onvenient instead to use the quantization axis asthe main axis of the system, de�ning the light polarizations.The optial seletion rules for transitions between heavy/light-hole and eletronsubbands are the same as those reported in bulk (see Fig. 3.3), with the following partiu-larities:
• In-plane momentum of the absorbed/emitted photon must math the total in-planemomentum of the generated/destroyed eletron-hole pair.
• Due to the parity of the on�ned wavefuntions in eah subband, only transitionsbetween subbands that satisfy n′e +m′

h = even are allowed in single photon proesses.However, transitions within the subbands with the same index n′ are the strongest(and the only ones allowed in an in�nitely deep well) due to the enhaned overlap oftheir wavefuntions.
• When extending Fig. 2.6 to the QW ase, for a given set of subbands n′, the heavy-and light-hole levels should be split, as indiated in Fig. 3.3(a).
• Jz is now de�ned along the quantization axis, the irularly polarized transitions inFig. 3.3(a) refer to the oupling with light modes with in-plane angular momenta.Heavy-holes only ouple to this kind of modes, while light-holes an also ouple withlight modes linearly polarized with propagation diretion in the plane of the well [πtransitions in Fig. 3.3(a)℄.Analogously, the optial properties of QW exitons an be extended from those inbulk, attending to the same partiularities related to the heavy-/light-hole exiton splittings,as indiated in Fig. 3.3(b). In this ase the total in-plane momentum of the exiton shouldmath that of the emitted/absorbed photon, restriting again the properties that an beinvestigated by spetrosopi tehniques to the exiton states with K‖ ≈ 0.
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Figure 3.3: (a) Polarization and relative intensity of the matrix elements assoiated to theeletri dipole allowed transitions from the heavy- and light-hole subbands to the ondutionsubband with same n′. (b) Same as (a) for the resonant reation and reombination of heavy-and light-hole exitons.One of the most interesting onsequenes of the two-dimensional on�nement is theenhaned osillator strength of exitons in these systems. This results from the redution inthe Bohr radius aused by the inreased overlap of the eletron and hole wavefuntions [seeFig. 3.2(b)℄. The transition probability |〈0 |r · uF | ± 1〉|2 in the osillator strength de�ned inEq. 2.60 is proportional to 1/a3

B
. Therefore, the osillator strength of exitons is (a3D

B /a2D
B

)3times greater in QWs than in bulk. Thus, light emitting devies made of several QW staksplaed together present muh better luminesene properties than bulk based devies.3.1.4 E�et of interfae �utuations and defets on the exiton linewidthLet us �nally make some omments on the exiton lineshapes observable in lumi-nesene measurements. In QW strutures with no defets the exiton resonanes would beharaterized by a homogeneous lineshape of width γhom, whose magnitude is dominatedby dephasing. Despite the high quality of the heterostrutures grown by urrent epitaxialtehniques, interfae and omposition �utuations are present in the QWs.[236℄ Thus, ex-itons are subjet to an irregular environment in whih loal �utuations ontribute to theinhomogeneous broadening (γinh) of the the exiton lineshape, and to Stokes shifts betweenthe absorption and emission peak energies. In priniple, the inhomogeneously broadenedexiton should show a rather symmetri (Gaussian) lineshape. However, the spei� distri-



CHAPTER 3. REDUCING THE DIMENSIONALITY: QWS AND MICROCAVS. 59bution in size of interfae defets in the well, as well as the distributed osillator strength ofthe di�erent exiton sublevels result, in rather asymmetrial shapes.[136, 236℄Interfae and omposition �utuation are partiularly important in CdTe basedheterostrutures, as their quality is still quite far from the GaAs based systems. In appli-ations in whih narrow exiton lines are required, a way to overome these problems is bygrowing wider QWs.2 In this situation the weight of the exiton wavefuntion is loweredat the QW interfaes, whih is where roughness and defets are mostly loated, resultingin more symmetrial lineshapes and smaller widths. The prie to pay by doing this is thederease of the osillator strength as the on�nement is redued.
3.2 Light on�nement and polaritons: semiondutor miro-avitiesIn this setion we will present a brief and qualitative introdution to optial on-�nement and exiton-photon oupling in semiondutor miroavities. Only an overview ofthe most relevant theoretial results will be presented here. Several works an be found inthe literature that address many spei� points of the theoretial basis in this �eld.[214, 237,235, 47, 126, 127℄ The number of published artiles is signi�ant when it omes to the area ofdynamis and luminesene properties of miroavity polaritons,[26, 214, 238, 237, 135, 73℄whih are light-matter speies with very rih physial phenomena assoiated to them. Forinstane, the miroavity polariton system shows very exoti non-linear optial harateris-tis, the apability to form Bose-Einstein ondensates, or super�uid behavior. A more detailintrodution to the many-body properties of polaritons si presented in Se. 8.A semiondutor miroavity is a high �nesse Fabry-Perot resonator with a QW,or a series of QWs, embedded inside the avity spaer. In the next two setions we willpresent eah of the ingredients that onform these systems. To do so, we will make use of alinear semilassial approah.[126, 127, 237℄

2This is the ase of the exiton transitions in miroavities working in the strong oupling regime. As itwill be disussed in Se. 3.2, the onditions for an optimal exiton-photon oupling in these systems, requirea narrow exiton linewidth, with a sharp distribution of osillator strengths around the transition's peak.
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Figure 3.4: (a) Normal inidene re�etivity (R = |r (ω)|2) of a 20 pair DBR with nout =
nsub = 1 and n1 = 3.0, n2 = 3.6, vs normalized frequeny (ω/ωm). (b) Corresponding phase
φr of the omplex re�etion oe�ient. Both magnitudes are alulated using a transfermatrix approah.[237℄3.2.1 Distributed Bragg Re�etors and the optial avityA Distributed Bragg Re�etor (DBR) is a dieletri heterostruture omposed oflayers of two alternating materials of di�erent index of refration (nr

i ). Usually semiondu-tors with high indexes of refration (∼ 3.5) are employed. If the optial thikness of eahmaterial is λ/4, the heterostruture will present an enhaned re�etivity for an inominglight �eld of wavelength λ. At normal inidene and for a su�iently high number N ofdieletri layers (so that 1 − R ≪ 1), the re�etivity (R = |r (ω)|2) at wavelength λ = 2πc
ωan be alulated using lassial eletromagneti theory of ontinuum media:[36℄

R ≈ 1 − 4
nout

nsub

(

n1

n2

)2N (3.7)where nout(sub) is the index of refration of the external medium (substrate on whih theDBR is grown) and n1 and n2 are the refration index of the two materials omposingthe DBR itself (we have assumed n1 < n2). As the number of layers is inreased, boththe re�etivity and the wavelength region around λ for whih the re�etivity is enhaned,inrease. The spetral region of enhaned re�etivity around λ is alled stop band, and anbe learly observed in Fig. 3.4(a), where the re�etivity of a typial 20 pairs DBR is plotted.



CHAPTER 3. REDUCING THE DIMENSIONALITY: QWS AND MICROCAVS. 61The phase of the omplex re�etivity r (ω) has an approximate linear dependeneon ω (angular frequeny of the light �eld) inside the stop band [Fig. 3.4(b)℄:
φr ≈ nsubLDBR

c
(ω − ωm) , (3.8)where ωm is the frequeny of the enter of the stop band. LDBR is the penetration depth ofthe eletromagneti �eld inside the mirror, and is given by:

LDBR =
λ

2

n1n2

nsub (n2 − n1)
. (3.9)An optial miroavity is formed by sandwihing a avity spaer between twoof suh DBRs. The avity spaer material is usually an additional semiondutor layer ofwidth Lc. Suh on�guration onforms a Fabry-Perot, with a broad stop band in whih hightransmission peaks [minima of R (ω)℄ open at the energy of the avity modes [Fig. 3.5(a)℄.In many ases, miroavities are designed so that the wavelength assoiated to the entralfrequeny of the stop band (ωm) is equal to the length of the spaer, Lc. In this ase itis onvenient to de�ne an e�etive avity length Leff = Lc + LDBR. The ondition foronstrutive interferene in a round trip is given by:

(

ω2

c2
n2

cav − k2
‖

)
1

2

Leff = Mπ, (3.10)where M = 1, 2, 3, . . ., and ncav is the index of refration of the avity spaer. The paren-thesis in Eq. 3.10 depits the omponent of the photon wavevetor normal to the plane ofthe mirrors. This diretion is usually referred to as growth diretion, and here we will labelit as z. In other words:
kz =

(

ω2

c2
n2

cav − k2
‖

)
1

2

. (3.11)
k‖ is the photon wavevetor parallel to the avity plane, whih an have any value, as themiroavity does not impose any on�nement in suh plane. At normal inidene, k‖ = 0,Eq. 3.10 imposes the appearane of avity modes at wavelengths:

λM =
2ncavLeff

M
. (3.12)The lowest avity mode orresponds to a wavelength equal to twie optial length of thee�etive avity. Usually, miroavities are operated in one of the �rst modes. In this way,



62 3.2. LIGHT CONFINEMENT AND POLARITONSthe mode energy splitting is large enough to disregard any e�et of other avity modes in theoptial properties. If we onsider just one of the avity modes M , the avity mode presentsa dispersion given by:
E
(

k‖
)

=
~c

ncav

√

k2
⊥ + k2

‖ , (3.13)where k⊥ = ncav
2π
λM

is the on�ned momentum in the growth diretion. k‖ is related to theangle of inidene θ of the photons outside the avity by:
k‖ = k⊥ tan

[

arcsin

(

1

ncav
sin θ

)]

, (3.14)
k‖ = ncav

2π

λM
tan

[

arcsin

(

1

ncav
sin θ

)]

. (3.15)The avity mode dispersion of Eq. 3.13, allows the assignation of an e�etive massfor the avity photons in the limit k‖ ≪ k⊥. A seond order Taylor expansion around k‖ = 0results in:
E
(

k‖
)

≈ ~c

ncav

(

k⊥ +
1

2k⊥
k2
‖

)

. (3.16)Applying Eq. 2.16 we obtain a photon e�etive mass of:
mph =

2π~

cλM
, (3.17)whih has a typial value of 3 × 10−6 m0.The linewidth of the avity resonane is a very important fator of the miroavity.For the avity modes at normal inidene and assuming symmetri DBRs with re�etivity

R, the avity homogeneous linewidth is:
γc =

c

2πncavLeff

1 −R√
R

. (3.18)It is onvenient to use the avity quality fator Q de�ned as λM

∆λ . Transforming the frequenywidth of Eq. 3.18 into ∆λ, and onsidering just the M = 1 mode in Eq. 3.12 (the so alled
λ/2 avity), the avity quality fator is:

Q =
λ

∆λ
= π

√
R

1 −R
. (3.19)



CHAPTER 3. REDUCING THE DIMENSIONALITY: QWS AND MICROCAVS. 63The linewidth γc determines the lifetime of a photon in the avity (1/γc) at the energy ofthe resonane before esaping. In the same sense, Q indiates the average number of roundtrips of a photon in the avity before leaking out. Typial values of the avity lifetime in realGaAs based semiondutor miroavities as those desribed in Se. 4.1, are on the order of4 ps (R ≈ 0.9982). These values result in values of Q of about 1700 for a resonane enteredat 810 nm.Besides the Fabry-Perot harateristis of the miroavity, one of its most im-portant features is the enhanement of the eletromagneti �eld inside the avity spaer.Following the lassial theory of �elds employed so far,[237℄ the eletri �eld strength in theenter of a symmetri λ/2 avity is given by:
|F (ω)|2 = F 2

0

1 −R (ω)

(1 −R (ω))2 + 4
√

R (ω) sin2
[

1
2 (kzLc + φr (ω))

] , (3.20)where the argument of the sine is the phase hange in a round trip inside the avity, and
φr (ω) is given by Eq. 3.8. F0 is the amplitude of inoming eletri �eld (i.e., the amplitudeof the �eld in the absene of a avity). For the ase of a avity lifetime of 4 ps, as in theexample above, the strength of the eletri �eld at the enter of the avity is inreased by afator of about 500.The amplitude of the eletri �eld for a λ/2 avity with Bragg mirrors of 15 (left)and 21 (right) pair periods is shown in Fig. 3.5. Note that due to the boundary onditionsimposed by the DBRs, the eletromagneti �eld inside the avity is quasi-stationary.3.2.2 Semiondutor miroavity with an embedded quantum well: exiton-photon normal mode ouplingFor the sake of simpliity, let us onsider a λ/2 photoni avity. At the end of theprevious setion we desribed how the amplitude of the eletri �eld in the enter of the avityat the energy of the photoni resonane is greatly enhaned as ompared to the value of the�eld outside the avity. If a material with an optial resonane lose in energy to the avitymode is plaed at suh position of enhaned eletromagneti �eld, an important light-matterinteration is expeted. This is the basi idea behind a semiondutor optial miroavity.The usual on�guration employs a QW with a 1s exiton energy lose to the avity mode.QW exitons are ideal strutures to explore light-matter oupling in miroavities, as the 2Don�nement enhanes their osillator strength while loalizing them at the position of the
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CHAPTER 3. REDUCING THE DIMENSIONALITY: QWS AND MICROCAVS. 65avity where the eletri �eld is maximum [see inset of Fig. 3.5(b)℄. The exitons and thephotons inside the avity onstitute a system of two bosoni osillators, as both speies anbe treated as boson, oupled through light-matter interation. As in any lassial system oftwo oupled osillators, renormalization of the eigenenergies of the system as ompared tothose of the independent osillators is expeted.In order to understand the onsequenes of the strong exiton-photon interationinside the avity, we are going to follow a seond quantization approah, whih providesvery intuitive results. Nonetheless, the physis behind this phenomena do not require theuse of a quantum mehanial treatment; similar results an be obtained following lassiallinear approahes.[304, 126, 127, 237℄Within the framework of two oupled osillators, the Hamiltonian desribing theexiton-photon system inside the avity an be written as:
Hpol =

∑

k‖

~ωc

(

k‖
)

â†k‖
âk‖

+
∑

k‖

~ωx

(

k‖
)

B̂†
k‖
B̂k‖

+
∑

k‖

~ΩR

(

â†k‖
B̂k‖

+ âk‖
B̂†

k‖

)

, (3.21)where B̂k‖
(âk‖

) is the exiton (photon) reation operator with in-plane wavevetor k‖,
~ωx(c)

(

k‖
) is the in-plane energy dispersion of the exitons (avity photons), and ~ΩR is theexiton-photon dipole interation. In the ase of a single QW plaed at one of the antinodesof the eletromagneti �eld inside the avity, ΩR is given by:[237℄

Ω2
R =

(

1 +
√
R
)2

2
√
R

cΓ0

ncavLeff
, (3.22)where Γ0 is the exiton radiative lifetime in the absene of the avity and aounts for theexiton osillator strength. Note that ~ΩR is independent of k‖ if k‖ ≪ k⊥,[238℄ as it isthe ase in the treatment we are following. If more QWs are plaed in the antinodes of theavity �eld, the total exiton osillator strength of the system is multiplied by the numberof QWs. In the ase of N QWs, and assuming no polariton oupling between them, then

ΩR,N = ΩR

√
N .[291, 115℄ The inset of Fig. 3.5(b) shows a situation of three QWs at theantinode of the eletri �eld.Within the exiton-photon3 basis (âk‖

, B̂k‖
) Hamiltonian 3.21 an be expressed inmatrix form as:

3From now on we will use indistintly the nomenlature: photon, photon mode, avity mode, avityresonane, avity.
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Hpol

(

k‖
)

=





~ωc

(

k‖
)

~ΩR

~ΩR ~ωx

(

k‖
)



 . (3.23)
Hpol

(

k‖
) an be diagonalized by the transformation into the basis given by the followingreation operators, the polariton basis:

p̂k‖
= Xk‖

B̂k‖
+ Ck‖

âk‖
, (3.24)

q̂k‖
= −Ck‖

B̂k‖
+Xk‖

âk‖
. (3.25)

p̂ and q̂ are the lower and upper polariton reation operators respetively, while Xk‖
and Ck‖are the Hop�eld oe�ients with information on the exiton and photon omponent of eahpolariton type with a partiular in-plane momentum k‖. In this basis, Hpol is diagonal:

Hpol =
∑

k‖

ELPB

(

k‖
)

p̂†k‖
p̂k‖

+
∑

k‖

EUPB

(

k‖
)

q̂†k‖
q̂k‖

, (3.26)with eigenenergies:
EUPB

(

k‖
)

=
~ωc

(

k‖
)

+ ~ωx

(

k‖
)

2
+

1

2

√

4~2Ω2
R +

[

~ωc

(

k‖
)

− ~ωx

(

k‖
)]2

, (3.27)
ELPB

(

k‖
)

=
~ωc

(

k‖
)

+ ~ωx

(

k‖
)

2
− 1

2

√

4~2Ω2
R +

[

~ωc

(

k‖
)

− ~ωx

(

k‖
)]2

, (3.28)Note that the minimum energy separation between the UPB and the LPB take plaes at k‖states where the exiton and avity modes are resonant. This minimum energy separation isalled Rabi splitting and amounts to 2~ΩR. Typially the Rabi splitting per QW in a GaAsbased miroavity is on the order of 4 meV. The Hop�eld oe�ients[113℄ whih weight thephotoni and exitoni ontent of the upper and lower polaritons in Eqs. 3.24-3.25 are givenby:
Xk‖

=
1√
2



1 +
~ωc

(

k‖
)

− ~ωx

(

k‖
)

√

4~2Ω2
R +

[

~ωc

(

k‖
)

− ~ωx

(

k‖
)]2





1

2 (3.29)
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Ck‖

=
1√
2



1 −
~ωc

(

k‖
)

− ~ωx

(

k‖
)

√

4~2Ω2
R +

[

~ωc

(

k‖
)

− ~ωx

(

k‖
)]2





1

2 (3.30)The oe�ients satisfy the normalization ondition ∣∣∣Xk‖

∣

∣

∣

2
+
∣

∣

∣Ck‖

∣

∣

∣

2
= 1. At k‖points of the polariton dispersion in whih the bare exiton and avity energies are thesame, both upper and lower polaritons have a 50% exiton and photon omponent. The po-lariton states, thus, onform quantum mixtures of the exiton and photon states. Figure 3.6shows the polariton dispersions (Eqs. 3.27-3.28; left panels) and the orresponding Hop-�eld oe�ients (Eqs. 3.29-3.30; right panels) for three di�erent avity-exiton detunings δ,whih is de�ned as the energy di�erene at k‖ = 0 of the bare avity and exiton modes. Wean see that by hoosing the appropriate detuning, the exiton-avity ontent of polaritonsat a given k‖ an be seleted. Additionally, the polariton dispersions present very exotifeatures. The LPB onforms a trap for polaritons in momentum spae. Polaritons �living�on suh dispersion and subjet to energy relaxation proesses (by interating with rystalphonons, for instane) will tend to oupy the energy states at the bottom of the trap. Mostinteresting is the in�exion point in the LPB, whih will have important impliations whenexiting the system resonantly at that energy-momentum state, as detailed in Se. 8.4.The polarization properties of polaritons are determined by those of their on-stituents. Only optially ative exitons ouple to light, with Jz = ±1. These exiton statesouple to light only via emission/absorption of irularly polarized photons. Thus, whenthe photoni part of the polariton leaks out of the avity (destroying the polariton), it emitsa irularly polarized photon. This is the situation at k‖ = 0, in whih the system is sym-metri about the growth axis. When k‖ 6= 0, the situation is slightly more ompliated, asthe avity modes presents a small energy anisotropy between the modes linearly polarizedalong and perpendiularly to the diretion of propagation inside the avity.[27℄ More detailsabout these issues will be found in Se. 9.4.In Fig. 3.6 the exiton dispersion is onsidered as �at, i.e., the exiton mass isonsidered as in�nite. This approximation is valid for values of k‖ lose to zero, as in thisregion the photon mass is muh smaller than the exiton mass. Note that the upper andlower polariton branhes (UPB and LPB, respetively) are approximately paraboli lose to

k‖ = 0. It is then possible to de�ne a polariton e�etive mass for eah branh. ExpandingEqs. 3.27-3.28 in a Taylor series up to seond order, and using Eq. 2.16, the polariton
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EUPB/LPB

(

k‖
)

≈ EUPB/LPB (0) +
~

2k2
‖

2mUPB/LPB
, (3.31)where the polariton mass is again weighted by the Hop�eld oe�ients:

1

mUPB
=

∣

∣

∣Xk‖=0

∣

∣

∣

2

m∗
X

+

∣

∣

∣Ck‖=0

∣

∣

∣

2

mph
, (3.32)

1

mLPB
=

∣

∣

∣
Ck‖=0

∣

∣

∣

2

m∗
X

+

∣

∣

∣
Xk‖=0

∣

∣

∣

2

mph
, (3.33)where m∗

X is the exiton e�etive in-plane mass (m∗‖
e + m

∗‖
h ). As m∗

X ∼ m0 ≪ mph, atdetunings lose to zero the polariton masses are basially given by the mass of the avitymode weighted by the exiton or photon ontent of polaritons at k‖ = 0, for eah onsidereddetuning. The polariton masses, thus, are on the order of the mph(∼ 10−6m0), resultingin a very small density of states inside the polariton trap [Eq. 3.5℄. This property will alsohave important impliations on the bosoni and ondensation properties of avity polaritons(Chapter 8).3.2.3 Finite avity and exiton lifetimesIn the preeding setion, all results were derived assuming that the exiton andavity modes have a vanishing homogeneous linewidth. Atually, it is the exiton deayrate and the avity mode parameters (that eventually de�ne its width) the elements thatdetermine the Rabi splitting [Eq. 3.22℄ The avity parameters aount for the enhanementof the eletri �eld inside the avity (Eq. 3.20) and the exiton deay rate re�ets thestrength of the interation of exitons with the eletromagneti �eld. However, the �niteavity lifetime [homogeneous avity linewidth γc, Eq. 3.18℄ and the exiton homogeneouslinewidth (γX) modify the properties of polaritons. The most important onsequene of theexpliit inlusion of these two parameters, is the alteration of the Rabi splitting, whih isnow given by:
Rabi splitting = 2

√

~
2Ω2

R − ~2

4
(γc − γX)2. (3.34)



70 3.2. LIGHT CONFINEMENT AND POLARITONSIf 2ΩR < (γc − γX) then the ontent of the square root is negative and solutionsare purely imaginary, resulting in two modes with the same energy This situation is alledweak ouping regime, in whih the exiton and avity photon piture is still valid with smallvariations in their deay rate. In the opposite ase (2ΩR > (γc − γX), real valued Rabisplitting) the system must be fully desribed in the polariton piture, appearing a splittingbetween the two polariton modes.4 This splitting is analogous to the normal mode splittingobserved in atoms inside avities.[213, 304℄ This situation is alled strong oupling regime,and re�ets the fat that the exhange rate between the photon and exiton is muh fasterthan their deoherene rate in order to onform a polariton (i. e., the quantum exiton-photon mixture that onforms the fundamental exitation of the system).Figure 3.7(a) shows the Rabi splitting as a funtion of re�etivity of the miroavity,for a λ/2 miroavity system as alulated by Savona et al.[237℄ Figure 3.7(b) depits thelinewidth of eah mode as a funtion of re�etivity. In general, the homogeneous linewidthfor eah partiular polariton state is determined by its exitoni and photoni ontent:
γUPB

(

k‖
)

=
∣

∣

∣Xk‖

∣

∣

∣

2
γX +

∣

∣

∣Ck‖

∣

∣

∣

2
γC , (3.35)
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∣

∣

∣
Ck‖
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∣

∣

2
γX +
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∣

∣
Xk‖

∣

∣

∣

2
γC . (3.36)For a situation of resonant exiton-avity modes (δ = 0; ∣∣∣Xk‖

∣

∣

∣

2
=
∣

∣

∣Ck‖

∣

∣

∣

2
= 0.5), asthat depited in Fig. 3.7, the linewidth of polaritons ollapse into a single value, givenby 1

2 (γc + γX).

4Note that the maximumRabi splitting is obtained when both osillator linewidths are idential. However,in order to observe the Rabi splitting in spetrosopi experiments, both γc and γX must be smaller than
ΩR.[114℄
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73
Chapter 4
Samples and desription of theexperimental set-ups
4.1 Samples desription4.1.1 Bulk GaAs and AlGaAsThe bulk, high quality GaAs and AlGaAs samples of the experiments desribedin Chapters 5 and 6 were grown by moleular beam epitaxy by Konstantin Zhuravlev ando-workers at the Institute of Semiondutor Physis in Novosibirsk (Russia).Di�erent AlxGa1−xAs epilayers were investigated, with Al onentrations of x =

0, 0.015, 0.03 and 0.05. The ative layer in eah sample had a width of 2.5 µm, and wasenapsulated between two thin (25 nm) AlAs layers in order to derease surfae reombi-nation. A GaAs bu�er layer of 0.2 µm was grown between the lower AlAs layer and thesubstrate, with an embedded superlattie of 20 pairs of (AlAs)2(GaAs)5.Room temperature residual arrier measurements showed that all samples pre-sented a p harater, with hole onentrations ranging from 8×1014 m−3 in the GaAs layerto (1 − 5) × 1014 m−3 in the AlxGa1−xAs layers. Despite the presene of residual arriers,all the samples show a very narrow free-exiton linewidth at low temperature and exitationdensity, well below 1 meV for x < 0.1, indiating their high rystalline quality.



74 4.1. SAMPLES DESCRIPTION4.1.2 InGaAs/GaAs/AlGaAs/AlAs miroavityThe miroavity employed in the non-resonant exitation experiments desribed inChapter 9 was grown at the University of She�eld by the group of Maurie S. Skolnik andJohn S. Roberts. The sample was grown by metal organi vapor-phase epitaxy. The top(bottom) Bragg re�etor is omposed of 17 (20) repeats of Al0.13Ga0.87As/AlAs λ/4 layers(thikness of eah Al0.13Ga0.87As layer: 616 Å, AlAs layer: 699 Å). The GaAs avity spaerhas a 3λ/2 on�guration, with a nominal width of ∼ 1500 Å. The avity spaer presents awedge aross the sample that enables the tuning of the avity-mode energy by exitation indi�erent positions of the sample. The wedge is small enough to neglet any e�et relatedto it, within the extension of the exitation spot. Two groups of three In0.06Ga0.94As QWs(10 nm thik eah) are embedded in the GaAs avity at the antinodes of the eletromagneti�eld . Within eah group, the QWs are separated by GaAs barriers of 100 Å.The avity and exitoni linewidths measured far from resonane (i.e., at verynegative and very positive detuning, respetively) are, in both ases,∼ 1 meV. The avitylifetime is on the order of ∼ 4 ps. A Rabi splitting is 6.6 meV is obtained under non-resonantPL at low temperature and low power (see Fig. 9.1).4.1.3 GaAs/AlGaAs/AlAs miroavityThe miroavity employed in the resonant exitation experiments desribed inChapter 10 was grown at the Laboratoire de Photonique et de Nanostrutures (CNRS, Paris,Frane) by the groups of Jaqueline Bloh and Aristide Lemaître, and it is very similar asthat studied by Perrin et al.[201, 200℄ and Bajoni et al.[16℄ The sample was grown by mole-ular beam epitaxy. The top (bottom) Bragg re�etor is omposed of 15.5 (24) repeats ofAl0.15Ga0.85As/AlAs λ/4 layers (thikness of eah Al0.15Ga0.85As layer: 572 Å, AlAs layer:675 Å). The AlAs avity spaer has a λ/2 on�guration, with a nominal width of ∼ 1200 Å.Analogously to the miroavity desribed in the previous setion, the avity spaer presentsa wedge aross the sample that enables the tuning of the avity mode energy by exitationin di�erent positions of the sample. The wedge is even smaller than in the miroavitydesribed in the previous setion. Therefore, wedge e�ets an be negleted within the ex-tension of the exitation spot. One GaAs wide QW (20 nm thik) is embedded in at theenter of the spaer, at the antinode of the eletri �eld. This is the QW whose exitonresonanes ouple to the avity mode.



CHAPTER 4. SAMPLES AND SET-UPS 75One additional narrow QW (2.6 nm thik) is present at eah side of the wide QW,separated by an AlAs layer of 10 nm. The exiton resonanes of these QWs are muhhigher in energy than any of the polariton resonanes of interest here, and do not a�et thepolariton physis investigated in Chapter 10.The use of a single, wide QW results in very narrow exiton linewidths, as thee�et of interfae �utuations and width distributions are greatly suppressed. In this asethe heavy-hole QW exiton presents a low-temperature linewidth of about 0.3 meV, whilethe avity-mode lifetime is still on the order of 4 ps. The Rabi splitting in the ase of theheavy-hole exiton oupled to the avity mode is 4.4 meV.4.1.4 Single QW sampleA single GaAs/AlAs QW sample was employed for most of the experiments shownin Chapter 7. This QW sample was also grown at the Laboratoire de Photonique et deNanostrutures. The sample is atually idential to the miroavity desribed in the previoussetion, but a hemial ething was performed in order to remove the upper Bragg re�etor.In this way the PL from the bare QW ould be aessed. The presene of the lower DBRdoes not a�et the PL dynamis from the QW. The amount of olleted light might beinreased by the re�etion of the PL on that mirror.4.2 Experimental set-upsFor the experiments presented in this work two di�erent types of exitation soureswere employed:
• A ontinuous wave (CW) Ti:Al2O3 (Spetra Physis) laser pumped by a CW Ar+laser. The laser an be ontinuously tuned between 720 nm and 860 nm
• A pulsed Ti:Al2O3 (Spetra Physis Tsunami) laser pumped by a CW diode-laser (SPMillenia), with tunability between 680 nm and 950 nm. The laser was operated inthe pioseond on�guration, with a pulse width of ∼ 1.5 ps and a repetition rate of82.1 MHz.For the detetion, two devies were employed: a high resolution CCD and a syn-hrosan Hamamatsu streak amera. The priniples of operation of suh a streak amera
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Figure 4.1: Priniples of operation of a synhrosan streak amera. See text for details.is depited in Fig. 4.1. The light impinging upon the photoathode exites photoeletronsinside the streak tube. The photoeletrons are aelerated by an aeleration mesh (notshown). Then they travel inside the tube through a region in whih there is an eletri�eld whose strength varies in time (region between the eletrodes). Early photons reatephotoeletrons that enounter a �eld that deviates them upwards. Photoeletrons reatedby later arriving photons su�er a �eld de�eting them in a di�erent vertial diretion (down-wards). In this way, the vertial diretion behind the eletrodes aquires a meaning of timeevolution.After the eletrodes a multihannel plate multiplies the number of eletrons im-pinging upon it. Finally, the ampli�ed photoeletrons hit a phosphor sreen whose lightis reorded by a CCD. In the CCD the vertial diretion means time while the horizontaldiretion has the same meaning as the horizontal dimension of the light arriving at the pho-toathode, whih an be wavelength or spatial dimension (real spae or momentum spae).The sweeping voltage that deviates the photoeletrons has a sinusoidal shape, butonly the linear part of the sinusoidal is employed. The sweeping-voltage frequeny is syn-hronized with the repetition rate of the exitation laser via a fast photodiode. In this way,millions of idential measurements (one per exitation pulse) an be performed and signalsan be obtained even in low-emission intensity onditions.The largest time window of the streak amera has a size of 2100 ps with a resolutionof about 30 ps. However the resolution an be improved below 10 ps by operating the amerain regimes wit smaller time windows.



CHAPTER 4. SAMPLES AND SET-UPS 774.2.1 General time-resolved PL set-upFigure 4.2 shows the time-resolved set-up employed for the experiments of Chap-ters 5, 6, and 7. The pulsed exitation beam arrives at the sample non-resonantly at smallangle from the sample normal (growth diretion). The sample is kept in a old �nger-ryostatwhere the temperature an be varied between 5 K and room temperature. The temperaturesensor is plaed very lose to the sample holder, where the sample is attahed with silverpaint to ensure a good thermal ontat.The light is olleted using the fousing lens, in a re�etion geometry, and foused,with a seond lens, on the entrane slit of a spetrometer. The spetrometer, whih obtainsthe energy resolution in these experiments, is attahed to a streak amera. For the experi-ments of Chapter 6 polarization optis (sets of quarter waveplates and linear polarizers) areadded to the exitation and detetion paths. For the experiments of Chapter 7 and Se. 9.3a delay stage is added to the pulsed-laser path so that exitation an be performed with twoonseutive pulses on the same spot.4.2.2 Non-resonant time-resolved PL from miroavitiesThe experiments desribed in Chapter 9 make use of a on�guration very similar tothat depited in Fig. 4.2. In this ase an addition is made in order to selet the PL omingfrom di�erent k-states of the miroavity, whih onsists on the inlusion of a pinhole inthe detetion arm, as depited in Fig. 4.3. The pinhole is set-up so that it bloks all lightexept that orresponding to k = 0. Just by moving the pinhole perpendiularly to theoptial axis, a given k-state is seleted. Equation 3.15 relates the in-plane momentum of apolariton state with the angle of emission of that state. Additionally, polarization optis areemployed (in the exitation and detetion paths) in order to study the polarization emissiondynamis.4.2.3 The TOPO experimentHere we will present a detailed desription of the experimental set-up employed inthe experiments shown in Chapter 10, where the sample is resonantly exited with CW andpulsed beams, and momentum and real spae �lms are reorded.As shown in Fig. 4.4, eah exitation beam is direted towards the sample by anindependent mirror. By positioning them at di�erent distanes from the optial axis (∆x)
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Figure 4.2: General experimental set-up for time-resolved PL under non-resonant exitation.The polarization optis and the translation stage are used only when needed.
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CHAPTER 4. SAMPLES AND SET-UPS 81of the fousing lens F, the angle of inidene θinc of eah beam an be seleted (θinc =

arctan
(

∆x
fF

), where fF is the foal distane of the fousing lens).Two on�gurations an be used for detetion. For real-spae detetion, lens B isremoved from the set-up. Lens A forms an image of the real spae of the sample's surfaeon the entrane slit of the spetrometer. Along the slit, a slie of the real-spae image isseleted and imaged either diretly on the CCD or on the input slit of the streak amera.Additionally, the spetrometer disperses in energy the light arriving at the entrane slit. Inthis way, an image of the spetrometer entrane slit (y dimension) at a partiular energy isimaged on the input slit of the streak amera. In this on�guration a one dimension realspae (y, the line seleted by the input slit of the spetrometer) vs time image is obtainedas an output of the system. In order to obtain 2D real-spae images resolved in time, lensA is displaed sideways (x dimension, perpendiular to the optial axis), so that the xposition of the image of the sample on the spetrometer entrane slit an be varied. Byaquiring a number of one-dimensional y slies vs time at di�erent x positions, 2D �lms anbe omposed.If the momentum spae is to be imaged, lens B is added to the set-up and lens A ismoved from its previous position (at the foal distane fA from the spetrometer entraneslit) to a distane fA from the Fourier plane of the fousing lens F. In this way, the Fourierplane is imaged on the entrane slit of the spetrometer, and 2D �lms in momentum spaean reorded. The Fourier plane of the lens F is perpendiular to the optial axis and loatedat the fous point of this lens, symmetri to the sample (see Fig. 4.4). All rays oming outfrom the sample at a given angle (whih orrespond to a well de�ned in-plane momentum)form a point in the Fourier plane. The Fourier plane is therefore a map of the angularemission from the sample.Note that swithing from the real to the momentum spae set-up, and vieversa,is straightforward taking just a few seonds, and the exitation onditions are not altered.
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Chapter 5
Carrier dynamis of photoexitedbulk GaAs
5.1 Introdution: photoreation of arrier populations5.1.1 Coherent and inoherent emissionLight enountering a medium with a non-vanishing suseptibility indues a maro-sopi polarization whih in turn reates an osillatory eletromagneti �eld. The system inthis situation is said to be in the oherent regime, and the polarizations an be desribedby the imaginary part of the solutions of the optial Bloh equations [178℄. At energieslose to a resonane the light matter-oupling is stronger and the indued polarization hasa greater magnitude. The indued polarization in the medium is subjet to dephasing pro-esses, whih limit the duration of the oherent regime, one the exitation soure has beenremoved. Important soures of dephasing in diret gap semiondutors are the interation(sattering) of the polarization �elds with interfae roughness and alloy �utuations, [306,236, 151, 101, 292℄ with lattie exitations (i.e., phonons),[143, 243, 277℄ and with arrierexitations,[143, 287, 188, 101℄ whih limit the lifetime of the polarization �eld in two- andthree-dimensional systems to a few pioseonds. Four-wave mixing[243, 244, 255, 289, 217℄,non-linear di�erential transmission[287℄ and resonant Rayleigh sattering[268, 166, 101, 167℄are some of the phenomena assoiated to the reation (and destrution) of a polarization inthe media and provide very valuable information about the spei� light-sattering proesses,and the dephasing mehanisms and times in a material.



CHAPTER 5. CARRIER DYNAMICS OF PHOTOEXCITED BULK GAAS 83The dephasing sattering proesses desribed above lead to the deay of the po-larization, whih gives rise both to (i) oherent emission of light, and to (ii) the reationof populations in the semiondutor, i.e., exitons and unbound eletrons and holes, whihmay deay. Proess (i) inludes both the purely oherent response of the material, whihresults in the emission in the re�eted and transmitted diretions of the exitation beam,and the oherent response arising from the deay of the polarization treated in the previousparagraph. In this ase, the emission may our in di�erent spatial diretions, as for exam-ple is the ase of the spekle interferene patterns, whih retain part of the temporal phaseoherene of the polarizations [see Fig. 5.1(a)℄.[166, 183℄As for proess (ii), the populations and their subsequent radiative reombination donot retain any marosopi phase oherene, and show no preferential diretion of emission.From a oneptual point of view this situation an be regarded as the absorption mehanismof the light beam, taking plae in timesales on the order of the dephasing time.The experimental distintion between oherent emission and inoherent radiativereombination is not easy at short delays after the exitation, and not until relatively reenttimes a well de�ned piture of the observed initial light emitted by semiondutors hasbeen obtained. For example, it has been theoretially predited[307, 48℄ and experimentallyobserved[101℄ that oherent emission aused by stati disorder should rise quadratially intime, while radiative reombination should do it linearly [see Fig. 5.1(b)℄. When exitationdensities are large, arrier-arrier and momentum relaxation enter into play and the emissionis mainly dominated by the inoherent radiative reombination. [101, 288℄Unlike oherent polarizations, populations, whih an be desribed by the realpart of the solutions of the semiondutor optial Bloh equations,[178℄ an live very longompared to the dephasing time, as they are not a�eted by phase sensitive proesses. Forthe ase of optial exitation well above the band gap, the deay of the polarization givesrise to the formation of unbound eletrons and holes. Due to the strong Coulomb interationand LO-phonon sattering the formation of the eletron-hole populations is very rapid (afew femtoseonds). One the arrier populations have been reated, e�etive arrier-arrierand arrier-phonon sattering leads to thermalized distributions of eletrons and holes, i.e.,distributions with a well de�ned temperature[225, 5℄ that an be well desribed by theFermi-Dira statistis.



84 5.1. INTRODUCTION: PHOTOCREATION OF CARRIER POPULATIONS

Figure 5.1: (a) Diretionally and temporally resolved emission intensity (logarithmi greysale) of a 35, 15, and 8 nm GaAs single quantum well at 5 K and low exitation intensity(exiton density of ∼ 2 × 108 m−2). Γinh indiates the disorder indued inhomogeneousbroadening of the exiton transition (from Ref. [166℄). (b) Build-up of the emission at 10 Kin a GaAs/AlGaAs multiple quantum well after resonant photoexitation of the heavy-holeexiton line with a 150 fs-long pulse for di�erent exitation densities. The rise hanges fromquadrati at low densities (originated from disorder indued dephasing) to linear at highdensities (originated from inoherent exiton photoluminesene).(From Ref. [101℄).5.1.2 Exiton formationDue to Coulomb interation, the eletron and hole populations in the semiondu-tor an give rise to the formation of exitons. Several mehanisms have been proposed forthis proess, the most important being geminate[204℄ and bimoleular[269, 250, 204, 99℄formation. Geminate formation takes plae diretly from the orrelated eletron-hole pairreated by the absorption of an above band-gap photon. The reated orrelated pair extendover the rystal with total momentum zero, and �nally binds into an exiton via interationwith phonons. This proess is dominated by optial phonon emission and, therefore, it hasa threshold energy for the absorbed photons (~ω) given by the LO-optial phonon energy(~ω > Egap−Eb +~ωLO). As exitons may form from eah generated pair, the geminate for-mation rate is linearly proportional to the exitation photon density. The geminate proesstakes plae only during the time in whih the orrelation between the photoreated eletronand hole survives. However, sattering with other arriers and phonons destroys this or-relation very rapidly. Thus, the geminate formation mehanism is only possible during thetime of the exitation pulse in time-resolved experiments.



CHAPTER 5. CARRIER DYNAMICS OF PHOTOEXCITED BULK GAAS 85In the bimoleular mehanism, exitons form from the thermalized distributions ofeletrons and holes. In this ase a given eletron interats with all the available hole states,and the total momentum of the eletron and the hole that end up onforming the exitonsis not onstrained. In this ase the formation rate is given by the probability of interationbetween eletrons and holes:
(

dX

dt

)

form bim

= C · ne · nh, (5.1)where X is the density of exitons formed by the bimoleular mehanism, ne(h) is the totalthermalized unbound eletron (hole) density, and C is the bimoleular formation oe�ientwhih depends both on the arrier and on the lattie temperatures. After a pulse photoex-itation the density of arriers and their temperature hanges with time, and so does C andthe formation rate. In the alulation of C, LO-phonon mediated proesses are the domi-nant ontribution, also with an ativation energy given by the LO-phonon energy. Aoustiphonon ontributions only play a role for eletrons and holes with low kineti energies, loseto the band edge [See Fig. 5.2℄. Let us point out that the bimoleular formation rateis proportional the eletron and hole densities, i.e. is quadrati on the exitation density(geminate is linear). Additionally, while the geminate proesses only take plae during theexitation pulse, the bimoleular mehanism is onstantly depleting the arrier populationsand forming exitons.In the ase of exitation resonant with the 1s-exiton transition, below the atualbandgap, the deay of the polarization an lead to the diret generation of old inoherentexiton populations with enter of mass momentum K ≈ 0.[277, 107℄ Subsequent exiton-exiton and exiton-phonon interation leads to a thermalized exiton population.[282, 288,250℄ However, exitons are subjet to deay proesses. In partiular, in high purity diret gapsemiondutors the radiative deay is the most important of them. In this ase, a thermaldistribution of exitons annot be truly ahieved as the reombination proess being seletivein momentum spae, is only allowed for exitons lose toK ≈ 0. Figure 5.3 shows an exampleof how the deay proesses an a�et the thermal harater of a resonantly reated exitondistribution.[203, 150℄
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��	�	���Figure 5.2: Bimoleular exiton formation oe�ient as a funtion of the arrier temperatureand for a lattie temperature of 10 K. At low arrier temperatures, eletron and holesmainly populate the low energy states in the bands, and exiton formation ours mainlyvia aousti-phonon interation. At high temperatures, arriers start to populate states withenergy ~ωLO − Ebin and the more e�ient LO-phonon mediated proess is ativated (fromRef. [204℄).

Figure 5.3: Calulated 1s-exiton distributions in a quantum well as a funtion of the enterof mass momentum (in units of the exiton Bohr radius (a0) at di�erent times following apulsed photoexitation (1.5 ps long) at the energy of the 1s resonane, at a delay of (1) 2 ps,(2) 9 ps and (3) 25 ps. The low momentum optially ative states are depopulated due tospontaneous emission (from Ref. [150℄).



CHAPTER 5. CARRIER DYNAMICS OF PHOTOEXCITED BULK GAAS 875.1.3 SummaryWe have just seen that the emission of light in a photoexited diret gap semion-dutor originates from (i) the radiative reombination of exitons, (ii) the pair reombinationof eletrons and holes, and (iii) emission assoiated to the deay of the polarization induedby the exitation soure. In the �rst two ases the light emission is alled photoluminesene(PL), and, though it is an inoherent response of the system (it has lost the exitation phasememory), it an provide valuable information about the arrier populations. In the next se-tions of this hapter we will onentrate on the study of the population dynamis via time-and energy-resolved photoluminesene. All the studies will be limited to photoexitationsat energies well above the deteted signal. Therefore, oherent e�ets as those desribed inthe previous paragraphs an be negleted.5.2 Bulk GaAs photoluminesene under non-resonant exi-tation5.2.1 The origin of the 1s exiton lumineseneThe luminesene harateristis of diret gap semiondutors after photoexitationat energies above the band-gap are dominated by the emission at the 1s exiton energy.Traditionally, the photoluminesene at this transition energy has been entirely attributedto the reombination of exitons with enter of mass momentum K ≈ 0. Despite the ratherlong history (over the last three deades) of optial studies in semiondutors, only reentlya strong debate has arisen in the semiondutor ommunity about the origin of this brighttransition.On one hand, there have been several attempts to alulate the exiton formationtime by diret evaluation of the dynamis of the eletron and hole ensembles, mainly inQWs.[250, 204, 99℄ These alulations rely on Monte-Carlo[250, 99℄ and Boltzmann equationapproahes [204℄ that assume that the luminesene at the 1s exiton energy solely re�etsexiton reombination. They have onentrated on the formation mehanisms and theire�et on the time evolution of the exiton populations, but have not onsidered the originof the spetral harateristis of the exiton-free arrier ensemble. On the other hand,using a quantum theory of the interation between photons and an eletron-hole populationin GaAs QWs, Kira et al. have shown that a Coulomb-orrelated unbound eletron-hole
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Figure 5.4: Exiton populations or orrelated eletron-hole pairs as the soure of exitoniphotoluminesene? The left olumn shows alulated luminesene spetra for an In-GaAs/GaAs quantum well on a linear (top) and a logarithmi (bottom) sale, assumingjust a quasi-equilibrium eletron-hole population at a temperature of 20 K without any ex-itoni population. The orresponding panels in the right olumn present the results forthe same situation, but where 10% exitons in a thermal distribution have been added.The blak and red urves show the situation for two di�erent arrier densities (×109 and
1010cm−2). The linear spetra are normalized, whereas the spetra on the logarithmi saleare in absolute units relative to the peak of the 1s peak of the blak urve in the lower leftframe (from Ref. [150, 44℄).plasma an reprodue the PL features traditionally assigned to exiton reombination.[145℄In partiular, the work of the group of Stephan Koh has stressed that the emission at the1s-exiton energy annot be diretly assigned only to the reombination of exitons, butCoulomb orrelated eletron-hole pairs an also partiipate in the emission at that energy(see Fig. 5.4).[150, 44℄ The debate, therefore, has reently been entered on the origin ofthe luminesene at the exiton energy.The lari�ation of the situation by diret omparison between the theoretial pre-ditions and atual experiments is not an easy task. Besides the need to determine theexiton and eletron-hole pair reombination ontributions to the PL, also the exiton for-mation times, exiton relaxation and thermalization and arrier ooling dynamis should beonsidered in the interpretation of the experimental results.[250, 62, 271, 116℄ A diret andsimultaneous measure of the exiton and eletron-hole densities as well as the exiton forma-tion times would be desirable to larify the situation. For instane, similar emission dynamisat the exiton and plasma energies would indiate that the emission at the 1s exiton line



CHAPTER 5. CARRIER DYNAMICS OF PHOTOEXCITED BULK GAAS 89originates from orrelated eletron-hole pairs.[116℄ Thus, time-resolved studies an providea deep insight on this subjet. Early time-resolved PL experiments already paid attentionto the exiton formation dynamis.[62, 79, 222, 100, 300, 269℄ However these studies didnot onsidered the unbound eletron-hole ontribution to the emission at the exiton energy.Only very reently, due to the availability of very high quality samples, PL experiments haveaddressed all these issues in detail by simultaneously onsidering the emission at the exitonenergy and by a areful measurement of the eletron-hole plasma temperature, from the re-ombination above the band-gap energy in high resolution experiments.[270, 271, 44, 116, 18℄New tehniques like terahertz spetrosopy are worth mentioning in the investiga-tion of these topis. Kaindl et al. have open a promising path in the investigation of thethermodynamial balane between the exiton and eletron-hole plasma populations.[128℄By making use of a time-resolved pump and probe tehnique in whih an infrared pumpphotoexites a QW system, they an diretly probe the 1s-2p heavy-hole exiton transitionwith a terahertz pulse.[128℄ This experimental on�guration enables the diret study of theexiton and plasma populations by analyzing the real and imaginary parts of the transmit-ted probe beams, whih present very di�erent features when the majority population of thesystem is onformed by exitons or by free eletrons and holes.In any ase, all the above mentioned studies evidene that exiton formation isa very omplex dynamial phenomenon, dependent upon many parameters.[117, 100, 250,128, 300℄ These studies also show that at low temperatures and low/medium exitationdensities, exitons onstitute only a low perentage of the total number of exitations inthe system;[250, 44, 300℄ however, due to the large radiative reombination rate of exitonsas ompared to that of band-to-band transitions, the exiton emission dominates the PLspetra. Indeed, the ompetition between the exiton and eletron-hole pair ontributionsto the PL in diret gap semiondutors is still an open question, where time-resolved studiesan help to larify the situation.5.2.2 Time evolution of the PL riseThe PL-rise dynamis at the energy of the 1s exiton after non-resonant exitationan be haraterized by its rise time (tr), de�ned as the time for the PL to reah its maximumintensity after a pulsed photoexitation. In bulk and QW semiondutor strutures, the PLrise dynamis ontain vary valuable information about the partiular speies (exitons or



90 5.2. BULK GAAS PHOTOLUMINESCENCEeletron-hole pairs) that originate the PL, the exiton formation and trapping dynamis, orthe ooling/warming of the arriers after the exitation. All these ingredients are determinedby the exitation onditions, lattie temperature and the partiular struture and purity ofthe onsidered sample.[203℄ Thus, for onditions of exiton-dominated PL, the literatureontains a wide spetrum of experimental data with tr inreasing[300, 100℄ or dereasing[62,158, 192, 226, 79℄ when, for example, raising the exitation density.If the arrier density or lattie temperature onditions are suh that the PL primar-ily originates from eletron-hole pair reombination (plasma regime), the rise-times dynamisget very short and have hardly been investigated. Most studies have onentrated on thethermalization[225, 5, 148℄ and ooling[285, 227, 175, 176℄ or warming[219℄ dynamis of theeletron-hole gas. Figure 5.5 shows a shemati diagram of all the proesses partiipatingin the rise-time dynamis of the PL at the 1s-exiton energy, whih will be main topi ofstudy of the following setions in this hapter.5.2.3 GaAsThe extraordinary luminesent harateristis of GaAs and its related ompounds,like AlGaAs, along with the development of growth tehnologies resulting in the produ-tion of very high quality wafers, have onverted these materials into the main onstituents ofmany heterostrutures like Vertial Cavity Surfae Emitting Lasers (VCSELs), superlatties,miroavities, avity Light Emitting Diodes (LEDs) or Graded Index Separate Con�nementHeterostrutures lasers (GRINSCHs). For this reason we are going to enter the PL studiespresented here in AlGaAs based heterostrutures with a major emphasis in bulk GaAs. Dueto partiular historial senarios,1 while the luminesene and arrier dynamis of GaAs andAlGaAs low dimensional heterostrutures have been intensely investigated,[290℄ little atten-tion has been paid to the luminesene dynamis of their three-dimensional onstituents.Therefore, historially there has been an important gap in the knowledge and understandingof many properties of this bulk material. Apart from its importane from a tehnologialpoint of view, the use of bulk GaAs presents nie advantages over other systems in the studyof many fundamental properties. GaAs samples are grown in muh higher quality than anyother semiondutor material, and an be easily doped. The interfae roughness, typial of
1The simultaneous availability of ommerial pulsed lasers and of nanostruturated semiondutors inthe late 70s onentrated the attention of the optial studies on arrier dynamis on these heterostrutures,diverting it from bulk III-V materials.
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Figure 5.5: Shemati diagram of the 1s-exiton dispersion showing the most signi�antproesses ontributing to the rise dynamis of the PL at the 1s-exiton energy (2) after apulse photoexitation above the bandgap (1): [A℄ thermalization and ooling of the eletron-hole plasma, [B℄ geminate exiton formation with K ≈ 0, [C℄ bimoleular exiton formation,[D℄ exiton relaxation within its own band, [E℄ free exiton trapping into bound states, whihalso radiatively reombine (4). (3) indiates the free eletron-hole pair reombination.



92 5.3. LOW POWER REGIME: EXCITON DYNAMICSQW samples whih leads to the appearane of quasi-loalized states and to interfae �utu-ation trapping sites, is ompletely absent in bulk systems. Surfae related defets an alsobe negleted, due to the large penetration depth (0.7 µm) of the light exitation. These twofats result in very narrow exiton lines with inappreiable Stokes shifts.In the following setions of this hapter we will present novel experimental resultson the photoluminesene dynamis of GaAs and AlGaAs bulk systems addressing some ofthe issues disussed in the preeding paragraphs. In partiular we will onentrate on thee�ets of omposition, exitation density and lattie temperature in the rise dynamis of thePL. We will see that the onset dynamis and rise times are strongly a�eted by the ratio ofthe populations of exitons and free arriers, whih an be altered by hanging the abovementioned parameters. The main result of this hapter is the determination and analysis ofthe phase diagram of the nature of the dominant ontribution to the PL in the system (i.e.,exitons or free arriers), in the phase spae of lattie temperature and total arrier density.This phase diagram is obtained from the information ontained in the PL rise dynamis.The transition from the exiton dominating phase to the plasma dominating phase an beregarded as a Mott transition, from an insulating to a onduting state.5.3 Low power regime: exiton dynamisAs mentioned in the preeding setion, little attention has been paid to the lu-minesene dynamis of bulk GaAs and AlGaAs. Only reently some works,[100, 262, 94℄whih omplement but not omplete older sattered studies,[273, 1, 31, 110℄ have investi-gated the emission dynamis just in GaAs. Yet, important issues in III-V alloys, suh as thein�uene of defets or Aluminum ontent on the exiton dynamis, have not been addressed.In this setion, results of the PL dynamis at the exiton energy at low exitation densitiesand low lattie temperatures will be presented.5.3.1 Spetral and time evolution harateristisThe investigated samples were four high quality AlxGa1−xAs epilayers of 2.5 µmthikness, with Al onentration x = 0, 0.015, 0.03 and 0.05, grown by Moleular BeamEpitaxy.[305℄ All the samples, whih were nominally undoped, showed p-type ondutivitywith hole onentrations in the range 1 − 8 × 1014 m−3. The samples were mounted ona old-�nger ryostat, whih enabled preise ontrol of the lattie temperature. The time-



CHAPTER 5. CARRIER DYNAMICS OF PHOTOEXCITED BULK GAAS 93resolved photoluminesene exitation and detetion on�gurations desribed in Se. 4.2.1were employed for this set of experiments, with a pulsed non-resonant exitation energy of1.630 eV, and a laser exitation spot of 100 µm in diameter (FWHM). The exitation volumeis de�ned by the FWHM of the laser spot and the penetration depth of the exitation inthe material, whih exponentially deays as it is absorbed with an absorption oe�ient of
1.67 µm−1 (penetration depth of 0.6 µm). The area delimited by the FWHM of the laserspot onentrates 94% of the exited pairs, while the exitation volume onentrates 60%of the exited pairs. Thus the exitation is pretty well de�ned and onentrated within thisvolume. Figure 5.6(a) shows the PL spetra at 5 K and low exitation density (n = 1.8 ×
1014m−3) of the GaAs (blak line) and x = 0.03 (grey line) samples 1 ns after the exitation.The PL is dominated by the emission from the free exitons (FX ) and bound exitons(BX ). In partiular, attending to the emission energy,[31, 108℄ di�erent types of boundexiton omplexes an be identi�ed �aeptor bound exitons (A0 − X), donor boundexitons (D0 −X)� as well as eletron-aeptor (e−A0) reombination peaks. An exitonloalization energy in aeptor related sites, of about 2.7 meV, an be extrated from thepeaks' position.2 Despite the presene of loalization enters, the narrowness of the exitonilines (full width at half maximum below 1 meV) evidenes the high quality of the samples.At low exitation densities, the BX luminesene and e − A0 reombination getsstronger than that of the FX as the Al fration in the alloy is augmented, due to the inreasein the number of defets. In Fig. 5.6(a) the ratio of the e−A0 to FX luminesene intensityinreases from 2.1 in the GaAs sample to 11.4 in the 3% Al one. However, at high exitationdensities (n = 7.5 × 1015m−3) the PL is ompletely dominated by the FX emission in allsamples, as depited in Fig. 5.6(b). In the analysis of the time-resolved PL arried on inthis setion we will onentrate on the FX and A0 −X lines.Figure 5.7 depits the time evolution of the FX (solid points) and A0 − X (BX ;open points) emissions for the GaAs and the x = 0.03 samples under the same onditions ofFig. 5.6(a). We an haraterize the emission rise dynamis by the time the free-exiton PLtakes to reah its maximum, tmax. This rise time of the photoluminesene, whih an beeasily assigned as indiated in the �gure by the horizontal bars, is onsiderably longer for theGaAs than for the x = 0.03 sample. We have observed that tmax is also longer for the BX

2The value of the loalization energy will be important later as it sets the temperature (thermal energy)needed to ionize the bound exitons.
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Figure 5.6: (a) Low temperature (5 K) PL spetra of the GaAs (blak line) and x =
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CHAPTER 5. CARRIER DYNAMICS OF PHOTOEXCITED BULK GAAS 95than for the FX (Fig. 5.7) in all investigated samples, revealing longer energy-relaxationproesses in the ase of the BX. In addition, as an be learly seen for GaAs in Fig. 5.7(a),the BX luminesene presents a onave time evolution at short times after the exitation,while that of the FX is onvex. The onave urvature of the BX traes indiates that thebuild up of the BX population results from a multi-step relaxation proess. Both fats, theshorter tmax for FX than for the BX and the onave urvature, evidene that the soureof the BX luminesene is the trapping of FX with enter of mass momentum K∼0, ina asade proess similar to that observed when arriers from the barrier are trapped inquantum dots.[262, 3℄5.3.2 The e�et of trapping on tmax: rate equations modelIn order to aount for this asade proess we have onsidered a four-level rate-equation model as depited in the inset of Fig. 5.7(b). The exitation pulse reates eletron-hole pairs at high energies in the ondution and valene bands (level 3 in the inset). Thefree eletrons and holes, whih rapidly thermalize and spread over their bands,[225, 148℄ bindto form FX with a distributed momentum.[150℄ The FX relax their kineti energy towardsthe radiative K ∼ 0 states (level 2) via emission of aousti phonons.[100℄ The harateristirelaxation time, τk, that desribes the transition from level 3 to level 2, thus, re�ets boththe exiton formation and momentum relaxation times. One they have reahed the K ∼ 0states, FX an either radiatively reombine (τr) or get trapped in loalization sites (τB)giving rise to a BX population (level 1), whih an also radiatively reombine (τrB). Thedi�erential rate equations that desribe the dynamis of suh a four-level model, an beeasily analytially integrated, are:
∂n3(t)

∂t
= −n3(t)

τk
, (5.2)

∂n2(t)

∂t
=
n3(t)

τk
− n2(t)

τB
− n2(t)

τr
, (5.3)

∂n1(t)

∂t
=
n2(t)

τB
− n1(t)

τrB
, (5.4)

∂n0(t)

∂t
=
n2(t)

τrB
+
n1(t)

τr
, (5.5)
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CHAPTER 5. CARRIER DYNAMICS OF PHOTOEXCITED BULK GAAS 97where n3,n2,n1 and n0 are the populations of the 3, 2, 1 and 0 levels, respetively (inset ofFig. 5.7).Figure 5.7 also shows the simultaneous least squares �ts of the temporal traesextrated from the four-level model to the FX and BX data. For the sake of reduing thenumber of �tting parameters, the �ts were performed assuming the same reombinationtimes for FX and BX (τr = τrB). Good agreement is found between the experiments andthe �ts. From the �tting parameters we have found a trapping time τB four times shorter inthe x = 0.03 epilayer than in the GaAs one, evidening a density of traps about four timesgreater in the x = 0.03 sample (τB ∝ [traps]−1).[1℄Figure 5.8(a) shows the dependene of the FX-tmax on exitation density at 5 Kfor the four investigated epilayers. All the samples show a similar non-monotoni behav-ior,3 with a maximum tmax at a arrier density n ∼ 1.2 × 1016m−3≡ nx−x. This densityorresponds to a mean distane between exitons of ∼40 nm, whih is of the same order ofmagnitude as the exiton Bohr radius in GaAs (11.2 nm). For n > nx−x, exiton-exitonand arrier-exiton elasti sattering are important soures of sattering events and result ina fast relaxation of FX with large K toward the radiative states with K ∼ 0, as previouslyreported in QWs.[62, 226, 18℄ The higher the arrier density in the sample the more e�ientthese proesses beome, resulting in a derease of tmax with inreasing exitation density.For these densities, the free-arrier reombination ontribution to the PL also results in aderease of tmax, as will be disussed in setion 5.4, in whih the high density regime istreated in detail. The threshold density nx−x only depends on aB and thus is expeted tobe independent of the Al ontent for the low onentrations onsidered in our studies, asborne out by our experiments.For n < nx−x, FX-tmax inreases with inreasing exitation density. This behavioran be understood if trapping of FX in loalized states is taken into aount in the frameworkof the proposed four-level model. The PL spetra in all investigated samples are dominatedby BX emission for densities below nx−x. Therefore, at the lowest studied densities, thereare two mehanisms for the depletion of exitons from the K ∼ 0 FX level: (i) exitonradiative reombination, and (ii) trapping of FX with K ∼ 0 into loalized BX states.As the exitation density is inreased, BX trapping states are gradually �lled up to theirsaturation. When n is high enough, the number of available loalization sites is small
3It should be mentioned that a similar non-monotoni behavior in the tmax dependene on n an behinted in Fig. 4(a) of Ref. [100℄.
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Figure 5.8: (a) Time for the free exiton to reah its maximum intensity, tmax, as a funtionof exitation density in the four investigated AlxGa1−xAs epilayers at a lattie temperatureof 5 K. The Aluminum ontent is indiated in eah urve. (b) tmax as a funtion of exitationdensity for the GaAs sample at di�erent lattie temperatures, up to 45 K.



CHAPTER 5. CARRIER DYNAMICS OF PHOTOEXCITED BULK GAAS 99ompared to the FX population, and the trapping hannel (ii) has very little e�et onthe dynamis of the FX population. The diret onsequene of the saturation of trappingenters, and therefore, the losing of one of the depletion hannels, is the inrease of tmax.This situation is reprodued by the model, as shown in detail in Fig. 5.9, wherethe time evolution of the FX -PL has been simulated aording to the rate Eqs. 5.2-5.5 fordi�erent values of τB while �xing the values of τk and τr obtained from the �ts of Fig. 5.7(a).As n inreases, the number of available loalization enters diminish and the trapping timeinreases.[1℄ The extreme ase, when all loalization enters are saturated, orresponds tothe elimination of the BX level. Figure 5.9 shows that taking τB → ∞, the model wouldgive a FX temporal trae with tmax onsiderably longer -512 ps- than that obtained inthe presene of the loalization hannel -430 ps-. This is in qualitative agreement with theinrease of tmax with arrier density shown in Fig. 5.8(a).This simple phenomenologial model an in partly aount for the dispersion in
tmax values found in the literature in GaAs epilayers, if the di�erent densities of trappingenters inherent to all samples are onsidered. For instane, Shen et al. [262℄ �nd a valueof tmax for the FX at 2 K of ∼50 ps whih is almost independent of the exitation density.This result an be well reprodued by our four level model if τB, is very short omparedto τk. Indeed their PL spetra are dominated by the BX emission at all exitation powers,evidening a high density of loalization sites.The inrease of the Al ontent in the alloy results in two e�ets: (i) an aelerationof the dynamis due to the enhanement of alloy sattering, whih results in the redutionof tmax for any n; (ii) a larger number of alloy defet-related traps. As already mentionedabove, a higher density of loalization enters produes a redution of the trapping time τBwhih, aording to the four level model (see Fig. 5.9), results in an additional derease of
tmax for n < nx−x, as observed in Fig. 5.8(a) when the Al ontent in the sample is inreased.For a 5% ontent of Al the trapping time is redued by a fator of ∼20.In order to gain a deeper insight into the in�uene of trapping on the FX dynam-is, time-resolved experiments have been performed at di�erent lattie temperatures. Theresults for GaAs are shown in Fig. 5.8(b), whih depits tmax versus exitation densityfor temperatures (T ) up to 45 K. For T ≤ 30 K, the observed behavior follows the trendsdisussed above for low T (non-monotonous dependene of tmax on n). In ontrast, if thelattie temperature is raised above the bound exiton loalization energy (2.7 meV↔31.3K), the BX are ionized and trapping is hindered. In the absene of the trapping depletion
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CHAPTER 5. CARRIER DYNAMICS OF PHOTOEXCITED BULK GAAS 101for the onset of the luminesene, haraterized by tmax. Furthermore, the PL dynamisin the intermediate range, where a Mott transition[191℄ between the exitoni regime andthe onduting eletron-hole plasma phase should take plae, has not been investigated indetail. The onept of the Mott insulator was introdued after the studies of Mott on rys-tals with half-�lled bands that showed no ondutivity,[189℄ and his ideas on the transitionfrom metalli to non-metalli states in rystals when the inter-atomi distane is varied.[190℄In a metal, at large inter-atomi/valent-eletron distanes (or U/W > 1, where W is theintersite valent eletron interation and U is the intra-atomi binding Coulomb interation)eletrons are repelled from the neighboring sites and remain attahed to their ions, onform-ing an insulator. As the density is inreased (the ions in the rystal get loser together),the overlap of the valent eletrons and the sreening of the eletron-ion binding Coulombinterations redues the ratio U/W to values smaller than 1, enabling the deloalization ofeletrons and giving rise to a metalli (onduting) phase.In a semiondutor we an make an analogous piture to that of the metal-insulatortransition. A system of dilute photoreated exitons is formed by eletrons bound to holesdue to Coulomb interation. This situation would orrespond to the insulating phase, inwhih eletrons are tightly bound to holes onforming the neutral exitons. If the exitondensity is inreased, not only the inter-exiton distanes but also the arrier sreening isdramatially altered, eventually giving rise to a deloalized phase of onduting free eletronsand holes, analogous to the metalli regime.In diret gap semiondutors, the exiton and eletron-hole populations an be, inpriniple, aessed via the energy- and time-resolved detetion of their luminesene. Addi-tionally, the density of arriers an be ontrolled by hanging the exitation photon densityin PL experiments. Thus, diret gap semiondutors, like GaAs, onstitute an advantageousworkbenh for the study of the nature of this transition and the arrier orrelations. Themajor ompliation, however, in suh experiments is the di�ulty in the identi�ation of thepreise exiton density present in the system at a given time, as already disussed in Se.5.2. Many theoretial works have been devoted in semiondutors to the determi-nation of the onditions of density and arrier and lattie temperature that de�ne theMott transition as de�ned in the previous paragraphs. Early studies onentrated on thealulations[279, 57, 216, 308℄ and experiments[256, 216℄ of the Mott transition phase dia-



102 5.4. MEDIUM AND HIGH POWER REGIMEgram in Si and Ge. However, the interest in this �eld has been renewed in the past fouryears, mainly from the theoretial point of view, onentrating in low-dimensional GaAsbased systems and taking into onsideration the modern perspetives on the formation,relaxation and relative ontribution to the PL of exitons and eletron-hole plasma.[28, 149℄In GaAs, experimental studies have been very sare. We an quote a low-resolutiontime-resolved experiment performed in the early 80's in bulk GaAs[93℄ and two very reentstudies in 2D (Refs. [131, 266℄). These last two works an be inluded in the revival of this�eld that has taken plae in the past 5 years. The works of Göbel et al.[93℄ and Kappei etal.[131℄ show that the Mott transition, as the density of photogenerated arriers is inreased,is not abrupt. Let us also mentioned that reently, by means of time-resolved broadband THzspetrosopy, the group of Chemla has also addressed the issue of the exiton to eletron-holeplasma transition in QWs by means of intraband di�erential absorption.[128, 118℄ Despitethis experimental tehnique being very promising in the understanding of the phases andoexistene of the exiton/eletron-hole system, this group has not reported further resultson this topi.In this setion we will extend the study of the PL dynamis in bulk GaAs presentedin Se. 5.3 to a wider range of lattie temperatures (5-100 K) and exitation densities. Byanalyzing tmax and the luminesene onset dynamis we will study the interplay between theexiton and eletron-hole pair reombination to the PL. As brie�y disussed in Se. 5.2 inthe transition from the low temperature/low density to the high temperature/high densityregimes, the origin of the major ontribution to the PL shifts from exitoni to eletron-hole pair reombination. Additionally, the exitation-power dependene of the rise time fordi�erent lattie temperatures presents a behavior typial of a metal-to-insulator transition,at a ritial lattie temperature Tc. In a similar way, the lattie-temperature dependene ofthe rise time as the exitation density is inreased, also undergoes a relatively abrupt hangeat a ritial density nc. In Se. 5.4.4 we will present a detailed phase diagram of the Motttransition in bulk GaAs as obtained from the rise time harateristis.5.4.2 Spetral harateristisThe �rst indiation of the di�erent ontributions, either from exitons or eletron-hole pairs, to the light emission an be obtained from the T dependene of the PL, asdemonstrated in Fig. 5.10, whih depits spetra reorded 1.8 ns after the exitation at
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Figure 5.10: PL spetra reorded 1.8 ns after an initial pulsed exitation density of n =
0.75 × 1015 m−3 for di�erent lattie temperatures, spei�ed on the side. Arrows indiatethe energy position of the band gap at eah temperature using the parameters of Ref. [81℄.The shadowed regions show the eletron-hole pair luminesene. The inset depits the 30 Kspetrum (open symbols) and the �t to a Lorentzian plus band-to-band reombination (greensolid line) as desribed in the text; the dashed lines show these two ontributions.di�erent lattie temperatures for a low exitation density of n = 0.75 × 1015m−3. Forsuh a long delay, thermodynamial quasi-equilibrium between free arriers, exitons andthe lattie has been reahed.4At 5 K the spetrum displays the harateristi exitoni emission (1.512-1.516 eVrange) and eletron-aeptor reombination strutures disussed in Se. 5.3. For tempera-tures up to a ritial temperature, Tc = 49 K, the spetra are dominated by the exitoniemission. In the range 5 K≤ T < 49 K the emission from eletron-hole pairs beomes appar-ent (shaded regions) at the band gap energy (indiated by arrows), and its relative intensityinreases. In this temperature range, the full width at half maximum (FWHM) of the PLband also inreases with temperature (a fator of 2.2 from 5 to 45 K), as it is shown in Fig.5.11(b). For TL ≥ 49 K the spetra present a muh wider overall linewidth. Although these

4Thermal equilibrium between arriers and the lattie may not be reahed at the lowest lattie temper-atures (TL < 20K) before all arriers have radiatively reombined, as found in QWs.[270, 176, 18℄ However,thermodynami equilibrium between free arriers and exitons is present at all times (see Ref. [222℄).



104 5.4. MEDIUM AND HIGH POWER REGIMEtemperatures imply thermal energies that are above the exiton binding energy, Coulomb-orrelation e�ets are responsible for the appearane of a wide PL peak at energies belowthe bandgap.[98℄ It is remarkable that the spetrum orresponding to TL ≥ 49 K undergoesan abrupt shift towards lower energies, as an be seen in Fig. 5.11(a), and it is signi�antlymuh wider than that at TL =45 K.Let us note that the abrupt broadening that takes plae at TL ≈ 49 K is observednot only in the overall emission band, but it also beomes apparent when we fous on eah ofthe ontributions to the PL that appear in the spetra shown in Fig. 5.10. For this purposeeah spetrum shown in Fig. 5.10 is �t to a funtion of the form:
IPL (E) = A

w

4 (E −EX)2 + w2
+B

√

E − Egap
1

exp
(

E−Egap−µ
kBT

)

+ 1
(5.6)In Eq. 5.6 the exitoni ontribution to the PL is given by the �rst term, whih is a Lorentzianof amplitude A and width w, entered at EX . The seond term orresponds to the band-to-band reombination, haraterized by a 3D DOS and a Fermi-Dira eletron-hole distributionat temperature T and hemial potential µ. The inset of Fig. 5.10 depits the PL (opensymbols) together with the �t (solid line) for the ase of TL = 30 K, where A, B, w, EX , T ,and µ are the �tting parameters. Eah of the ontributions in Eq. 5.6 (exitoni/band-to-band) is plotted in dashed lines. The �ts are only meaningful for TL up to 49 K, as for highertemperatures the low energy Coulomb-orrelated plasma requires a many-body treatmentand annot be desribed by a simple Lorentzian lineshape. The energy position and theFWHM of the Lorentzian ontribution are plotted as open diamonds in Fig. 5.11. Theypresent the same features as the overall PL (solid points), inluding the abrupt broadeningat TL = 49 K [a fator of 1.5 (1.7) from TL = 45 K to TL =49 K in the exitoni (overall)PL band℄.The abrupt shift and the broadening at Tc demonstrate that there are two kinds ofspetra belonging to two di�erent regimes, as we shall disuss below. Moreover, Fig. 5.11(a)shows that the exiton emission energy (diamonds) approahes the band gap (open dots) at

Tc, indiating the disappearane of the exiton binding energy (exiton ionization) at thislattie temperature.Similarly to the ritial temperature just de�ned, we an also identify a ritialdensity, nc, that ats as a boundary between two very distint behaviors if we fous on the



CHAPTER 5. CARRIER DYNAMICS OF PHOTOEXCITED BULK GAAS 105

0 20 40 60 80 100

2

4

6

1.500

1.505

1.510

1.515

1.520

(b)

 F
W

H
M

  
(m

eV
)

T
L
  (K)

E
n

er
g

y
 (

eV
)

 Spectral maximum

 Band gap energy

(a)
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CHAPTER 5. CARRIER DYNAMICS OF PHOTOEXCITED BULK GAAS 107spetral harateristis of the emission at a given TL for di�erent arrier densities. Figure5.12(a) shows PL spetra at TL = 30 K, obtained 60 ps after the arrival of the exitationpulse, for di�erent arrier densities ranging from 0.75 × 1015 m−3 to 390 × 1015 m−3.Figure 5.12(a) is, then, analogous to Fig. 5.10, with n playing the role of TL as the hangingphase parameter in the observation of the spetral harateristis of the emission. Theenergy position of the peak of the emission shows a non-monotonous dependene on n: itred-shifts up to a density of nc = 120− 150× 1015 m−3 and blue-shifts for larger densities,as ompiled in Fig. 5.12(b) �solid dots�. Below nc the shifts are due to many body e�ets,suh as band-gap renormalization that red-shifts the emission. Above nc the arriers startto �ll the bands above the degeneration limit resulting in a displaement of the enter ofgravity of the emission towards higher energies. Finally, Fig. 5.12() �solid dots� showsthe dependene of the FWHM on arrier density. A jump on the emitted FWHM is alsoapparent at nc as marked by the arrow.In the next setions we will see that nc orresponds to the ritial density for thetransition from an exiton dominated PL (n < nc) to an eletron-hole plasma (n > nc)dominated PL dynamis at short times. Figure 5.12(b) and () �green diamonds� showsthat at very long times after the exitation the dependene on n of the spetral maximumand FWHM are monotonous and very similar to the situation at a delay of 60 ps for n < nc,but in this ase no jump is observable. This indiates that for the onditions of Fig. 5.12(TL = 30 K), at long times the system stays in the exitoni phase for all the densities usedon our experiments.In the remaining of this hapter we will onentrate on the arrier dynamis atshort times after exitation, in partiular we will pay attention to tmax. We will showexperimental results on the behavior of tmax with TL and n that will justify the de�nitionsof ritial lattie temperature and ritial injeted arrier density brie�y introdued in thepreeding paragraphs.5.4.3 Rise time harateristisFigure 5.13 depits PL time-evolution traes at the energy of the spetral maximumfor low [20 K; (a)℄ and high [80 K; (b)℄ TL at di�erent exitation densities, n. Let usstart disussing the high exitation-density regime. The temporal traes at these densities(n > 150 × 1015 m−3) are qualitatively very similar for both lattie temperatures: for
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CHAPTER 5. CARRIER DYNAMICS OF PHOTOEXCITED BULK GAAS 109

0 500 1000 1500 2000

Time (ps)

N
o

rm
al

iz
ed

 P
L

 i
n

te
n

si
ty

 (
ar

b
. 

u
n

it
s)

5 KExcitation density

0.75x10
15

cm
-3

13 K

20 K

30 K

38 K

45 K

49 K
60 K

80 K

100 K

T
L

Figure 5.14: Time evolution traes at the spetral maximum of the luminesene for di�erentlattie temperatures at an exitation density of 0.75×1015m−3. The irle enloses the fastomponent of the onset of the PL for TL = 20 K.pair reombination) and the slow omponent (exitoni reombination) in the onset of theluminesene, as we will analyze in detail in the following paragraphs.As we disussed in the preeding setion, at low exitation densities, suh as theone orresponding to Fig. 5.14, the slow omponent fully dominates the onset of thePL at the lowest TL (5 K). Under these onditions the PL mostly arises from exitonireombination.[270, 44℄ The long tmax re�ets the slow phonon-assisted exiton relaxationfrom large momentum K to the radiatively ative states at K = 0,[150℄ and the slow exi-ton formation time.[270, 18℄ The fast omponent, already seen at 13 K, has been previouslyobserved in GaAs and tentatively attributed either to the emission of free eletron-holepairs[110℄ or to a rapid exiton formation mediated by LO-phonon interations.[215℄ Ourresults disard the latter mehanism sine the fast omponent is absent at the lowest tem-perature and LO-phonon emission is nearly temperature independent. Therefore, the fastomponent in the rise an be unambiguously attributed to the reombination of unboundeletron-hole pairs. As TL is inreased, the fast omponent beomes more important, as an



110 5.4. MEDIUM AND HIGH POWER REGIMEbe seen in Fig. 5.14, whih implies that the fration of exitons present in the system atshort times is redued when TL is inreased. This �nding is in agreement with the om-putational results of Koh et al. presented in Ref. [149℄. For TL > Tc = 49 K, the fastinitial omponent fully dominates the rise time. For those values of TL exitons are ionized(as kB · TL > 4.2 meV, the exiton binding energy, for TL > 49 K) and the luminesenearises from the reombination of Coulomb-orrelated eletron-hole pairs. Suh behavior isonsistent with the observations depited in Fig. 5.10, where the spetra above Tc is fullydominated bu the eletron-hole pair reombination.We have just disussed the behavior of the fast rising omponent of the PL for agiven low exitation density as a funtion of TL. Let us now examine this dependene at agiven TL for di�erent exitation powers. For a low TL [i.e., 20 K; Fig. 5.13(a)℄, where exitonformation is not inhibited by thermal ionization, the fration of eletron-hole pairs that bindto form exitons inreases with inreasing exitation density.[270, 204, 250℄ As a result, thefast omponent in the PL rise (eletron-hole reombination) is overome by the slow exitoniomponent when the exitation density is inreased (0.3 × 1015 m−3< n < 30 × 1015 m−3at short times), as borne out by our experiments. However, with a further inrease in theexitation density, sreening between arriers starts to be an important fator and inhibitsthe binding of eletron-hole pairs into exitons;[149℄ eletron-hole pair reombination is againimportant and the dynamis aelerate. At the highest densities (n > 150× 1015 m−3) theemission ours mainly from eletron-hole pair reombination.The preeding disussion shows that the interplay between the exiton reombina-tion and eletron-hole pair emission determines the shape of the time evolution of the onsetof the PL at the free-exiton energy. At the shortest times the emission omes mainly fromeletron-hole pair reombination (fast omponent). Its relative ontribution to the PL, om-pared to the exitoni one (slow omponent), inreases when TL is inreased and dereaseswhen the exitation density is inreased, as long as n is kept below 15 × 1015 m−3. Witha further inrease in exitation density (above 150× 1015 m−3) the system is populated byeletron-hole pairs as exiton formation is hindered by sreening.Figure 5.14 also shows a striking feature in the high TL temporal evolutions. For
TL above 49 K the fast omponent of the onset of the PL is followed by an initial fastdeay, whih is more evident as TL is inreased. If we fous on the TL = 80 K ase,Fig. 5.13(b) reveals that this fast initial drop is more important at low exitation densities,being ompletely absent for n > 50×1015 m−3. The origin of this initial fast deay may be



CHAPTER 5. CARRIER DYNAMICS OF PHOTOEXCITED BULK GAAS 111sought in the warming of the eletron-hole plasma. At the lowest exitation densities, the fastsub-pioseond thermalization[225, 5, 148℄ in onjuntion with e�ient LO-phonon assistedrelaxation, may result in thermalized arrier populations with initial temperatures lose butslightly below TL. Figure 5.15(a) shows the initial arrier temperature 〈T 〉 (averaged overthe �rst 25 ps, i. e., just before the initial fast deay) as a funtion of exitation density for
TL = 80 K. The temperature was extrated from the high energy tail of the PL assuming, forthe sake of simpliity, Boltzmann distributions.[219℄ Indeed, for exitation densities below
50 × 1015 m−3 the initial arrier temperature is lower than TL. We interpret the initialfast deay of the PL as a onsequene of the warming of the arriers to TL, whih hangesthe arrier distributions, in partiular resulting in a depletion of the states at the energy ofthe maximum of the PL band (lose to Egap), as indiated by the red arrow in the inset ofFig. 5.15(a). Figure 5.15(b) �red dotted line� shows the expeted PL time evolution undersuh onditions of arrier warming [modeled in Fig. 5.15()℄. This behavior has also beenobserved for exitons in GaAs QWs.[79℄ For n > 50 × 1015m−3 this initial drop is absentsine the arrier temperature is above TL and, therefore, the depletion does not our [seesolid lines in Fig. 5.15(b) and (), and blak arrow in the inset of (a)℄. Similar e�ets relatedto the fast redistribution of arriers in the bands and their in�uene in the PL dynamis,will be disussed in detail in Chapter 7.Let us �nally omment on the observed monotoni inrease of 〈T 〉 with n, for higharrier densities. In a low power, linear regime in whih all exitations (arriers, phonons,...) in the system are in quasi-thermodynamial equilibrium at all times, the initial arriertemperature would only be determined by the exess energy above the gap of the exi-tation laser. However, at high n the establishment of an initial arrier temperature andthe subsequent ooling is strongly a�eted by (i) the sreening of the arrier-arrier andarrier-phonon interation, (ii) the eletron degeneray whih may a�et the ooling ratesby frustrating the relaxation of eletrons to the low energy states, and (iii) the reation ofnon-thermal phonon distributions.[176, 210, 258, 257, 227℄ The latter ontribution ausesthe appearane of a phonon bottlenek and arises from the slow di�usion and deay of thearrier-generated phonons. Fast re-absorption of the exited phonons by the eletron-holeplasma thus results in higher initial temperatures, as obtained from our experiments, andslower ooling rates.The main onlusion that we an extrat from all the above disussions is thata ritial temperature Tc = 49 K an be identi�ed, whih sets a boundary in the spetral



112 5.4. MEDIUM AND HIGH POWER REGIME

10
15

10
16

10
17

10
18

60

70

80

90

100

110

120

130

 

 

〈T
 〉 

  
(K

)

Excitation density (cm
-3 

)

T
L
 = 80 K

(a)

0 500 1000 1500 2000
60

70

80

90

100

0 500 1000 1500 2000

 

 

C
ar

rie
r 

te
m

pe
ra

tu
re

 (
K

)

Time (ps)

T
L
= 80 K

 Initial carrier temperature: 100 K

 Initial carrier temperature: 64 K

(c)

 

 

P
L 

in
te

ns
ity

 (
ar

b.
 u

ni
ts

)
(b)

0.1 1 10

 

O
cc

u
p
at

io
n

E-E
gap

 (meV)

64 K

80 K

100 K
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CHAPTER 5. CARRIER DYNAMICS OF PHOTOEXCITED BULK GAAS 113(Fig. 5.10) and dynami (Figs. 5.13 and 5.14) behavior of the arriers in the system. In thease of the dynamis, the interplay between the exitoni (slow omponent) and eletron-hole pair (fast omponent) reombination is summarized in Figs. 5.16 and 5.17 for di�erent
TL and exitation densities. Figure 5.16 depits tmax as a funtion of exitation density, n,for di�erent lattie temperatures. The urves an be lassi�ed in two groups, orrespondingto TL < Tc (solid symbols) and TL > Tc (open symbols), plus the urve at 49 K. The tmaxdependene on n of these groups shows ertain symmetry with respet to the TL = Tc urve,with negative urvature for TL < Tc and positive for TL > Tc. This symmetri behavior isharateristi of a metal-to-insulator transition,[276, 154℄ with TL as the order parameterhaving a ritial value of 49 K (in resistivity measurements in doped semiondutors theorder parameter in the metal-to-insulator transition is the eletron density). The lattietemperature that sets the boundary between the insulator and metal behavior in tmax (Tc =

49 K) oinides with the exiton binding energy (i. e., kB ·Tc = 4.2 meV). This fat evidenesthat ionization is dominated by exiton-phonon interation rather than by exiton-exitonsattering.The �rst group of urves in Fig. 5.16, TL < 49 K (solid symbols), orrespondsto the exitoni insulating phase in whih the onset of the PL is dominated by the slowomponent and tmax is governed by the exiton relaxation, as was disussed in Se. 5.3. Asdisussed in that setion, a detailed analysis reveals that for n < 3 × 1015 m−3 and TLup to 30 K, the monotoni inrease of tmax with density is related to the trapping of freeexitons in bound states. For higher exitation densities, the steady derease of tmax withinreasing density arises from the fast exiton formation time and from the rapid relaxationof exitons indued by exiton-exiton sattering (see setion 5.3).The seond group, TL > 49 K (open symbols), orresponds to the metalli phase,with the onset of the PL dominated by the fast omponent (eletron-hole pair reombina-tion). The rise time, whih inreases monotonially with inreasing n, is determined by thethermalization and ooling of arriers. This inrease an be qualitatively explained, takinginto aount the initial arrier temperature, as follows. For densities above ∼ 50×1015m−3,the temperature of the initial eletron-hole plasma is higher than TL (see Fig. 5.15); ar-riers ool down to TL through arrier-phonon interation and it takes some time to reahthe highest oupation of the lowest energy states, resulting in a delay for the PL to reahits maximum.[79, 270℄ As the exitation density is raised, the initial arrier temperature ishigher and the ooling takes longer, leading to an inrease of tmax.[176, 170, 69℄



114 5.4. MEDIUM AND HIGH POWER REGIME

10
14

10
15

10
16

10
17

10
18

100

1000

t m
ax
  
(p
s)

n (cm
-3
)

  T
L
 (K)

  5

  13

  20

  30

  38

  45

  49

  60

  80

 100

Figure 5.16: tmax as a funtion of exitation density for di�erent lattie temperatures.Solid symbols orrespond to the exitoni/insulating phase; open symbols orrespond to theeletron-hole/metalli phase. The solid grey line is a guide to the eye.



CHAPTER 5. CARRIER DYNAMICS OF PHOTOEXCITED BULK GAAS 115

100

150

200

250 60 80 100

0 20 40 60 80 100
0

200

400

600

800

1000
 

 

 

t m
ax
 (
p
s)

Lattice temperature (K)

           Excitation density    (x10
15
 cm

-3 
)

  0.3         7.5      90       300

  0.75       15      120      390

  1.5         30      180

  3.0         60      240

49 K

Figure 5.17: tmax versus lattie temperature for eah set of exitation densities (note thatexitation densities are in units of 1015 m−3). The inset shows the temperature range 42 K-105 K in greater detail for exitation densities 0.3 × 1015 m−3 (squares), 30 × 1015m−3(solid triangles) and 300 × 1015 m−3 (open triangles).



116 5.4. MEDIUM AND HIGH POWER REGIMEOnly at the highest exitation densities, in the region where all the urves tendto approah a ommon value of tmax ≈ 100 ps, the rise time is essentially haraterized byeletron-hole reombination for any lattie temperature, due to the e�etive arrier sreening,as already disussed above. In order to reinfore this idea we have plotted, in Fig. 5.17, thedependene of tmax on TL for several exitation densities. There is a temperature (49 K, theritial temperature) for whih tmax is nearly independent of the exitation density. More-over, the urves reverse their order when rossing this temperature (see inset of Fig. 5.17;only 3 urves are shown for larity). These two fats are qualitatively idential to what isfound in resistivity studies around the metal-to-insulator transition in two dimensional highmobility semiondutors.[154, 124℄Figure 5.17, shows again two groups of urves, separated by an exitation density of
∼ 150× 1015 m−3. For n ≤ 120× 1015 m−3 (solid points) and TL ≤ 49 K, the dependeneof the rise time on lattie temperature re�ets the aforementioned interplay between exitonand eletron-hole pair reombination. For n ≥ 180 × 1015 m−3 (open points) the rise-timedependene on TL shows a behavior muh less dependent on exitation density, as in thisregime the arriers in the system form an eletron-hole plasma (metalli state). Thus, theexitation density range 120 − 180 × 1015 m−3 establishes a phase boundary in the har-ateristis of the onset of the PL, similar to the TL = 49 K boundary disussed above. Themetal-to-insulator transition in the system, set by this density range (densities varying bya fator 1.5), is muh more abrupt than the observed Mott transition in reent experimentsin QWs,[131℄ whih takes plae over an order of magnitude in exitation densities. Thetransition densities we �nd are about �ve times greater than the theoretial alulationsfor the Mott transition by Haug and Shmitt-Rink.[105℄ Their alulations, making use ofHartree-Fok and self-sreening orretions to the exiton energy, yield a Mott density forGaAs of 28.1 × 1015 m−3 at TL = 0.5.4.4 Phase diagram for tmaxThe existene of a ritial TL and n in the phase spae that desribes the rise-timeharateristis of the system enables us to ompose a phase diagram for the transition fromthe exitoni dominated to the eletron-hole pair reombination dominated luminesene.Figure 5.18 shows TL data already depited in Figs. 5.16 and 5.17 as a funtion of thesetwo oordinates (TL and n) in whih the boundaries between the two phases are marked
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118 5.4. MEDIUM AND HIGH POWER REGIME5.4.5 SummaryAs a summary of this hapter, let us mention that a systemati study of theexiton/eletron-hole plasma PL dynamis in bulk GaAs in a wide range of lattie temper-atures and exitation densities after a pulsed non-resonant exitation has been presented.We onentrated on the onset of the luminesene and on the e�et of the oexistene offree arriers and exitons on the temporal evolution of the PL. The exitation density de-pendene of the rise time for di�erent lattie temperatures presents a behavior typial of ametal-to-insulator transition, qualitatively similar to those observed in resistivity measure-ments in doped bulk semiondutors,[276, 224℄ in high mobility two-dimensional eletronsystems,[153, 154, 124℄ or in superonduting thin �lms.[106, 139, 278℄ This transition,whih is ontinuous but abrupt, takes plae at a ritial lattie temperature Tc. In a similarway, the lattie-temperature dependene of the rise time as the exitation density is in-reased, also undergoes a relatively abrupt hange at a ritial density nc. Thus, monitoringthe PL rise time, we have observed a transition that takes plae at a density that is about�ve times greater than the theoretially predited Mott transition density in photoexitedsemiondutors.[105℄



119
Chapter 6
Eletron spin dynamis in the plasmaregimeIn the preeding hapters we have presented experimental results on the PL dy-namis of arriers in bulk GaAs under very di�erent regimes of exitation density and lattietemperatures. In this hapter we will study an additional degree of freedom that so far hasnot been onsidered, namely, the spin of the arriers in the system. In partiular, we willpresent experimental results on the momentum dependene of the spin-�ip dynamis of theeletrons in bulk GaAs. We will make use of the knowledge of the phase diagram of the dy-namis introdued in the preeding setion in order to prepare the system in the onditionsof exitation density and lattie temperature that ensure that the dominant exited popula-tion is onformed by free eletrons and holes. Let us �rst present a brief phenomenologialintrodution on the state of the �eld of eletron spin-�ip in bulk semiondutors.6.1 Phenomenologial introdutionAs introdued in Ses. 2.1 and 2.2, exitons, eletrons and holes in semiondutorsposses a spin degree of freedom. The spin degree of freedom of these partiles an be aessedthrough optial spetrosopy given the spei� polarization seletion-rules that govern thelight oupling to these exitations, in what has been alled �optial orientation�.[187℄From the three mentioned speies, the eletron spin-relaxation proesses have at-trated the most attention in the solid-state physis ommunity for the past three deades.This interest has been renewed reently due to the feasibility of spin-based devies for the



120 6.1. PHENOMENOLOGICAL INTRODUCTIONstorage, transport and proessing of information.[309℄ In fat, optial-orientation relatedtehniques have proved to be extremely powerful tools for the manipulation and study ofthe eletron-spin degree of freedom in diret gap semiondutors. An extensive review ofsome of the most signi�ant experiments in this �eld both in bulk and lower dimensionalsystems an be found in Ref. [309℄.Although the theoretial basis underlying the physis of the eletron spin-�ip pro-esses were established in the late 1970's (a review an be found in Ref. [187℄), its under-standing is still a very ative �eld of researh.[179, 265, 173, 303℄ Theoretial studies havebeen performed mainly onsidering doped systems. They have omposed a very detailedmap of the eletron spin-�ip relaxation mehanisms under very di�erent onditions of mate-rial omposition, temperature, and doping density,[265, 78, 205, 142℄ and have suessfullyexplained and predited many of the experimental observations in this �eld. In the lastdeade, on the quest for the use of the eletron spin as a fundamental onstituent in spin-troni devies, many experimental studies have onentrated on the design and developmentof GaAs-based strutures with long eletron spin-relaxation times,[78, 140, 286, 230, 142℄whih an reah the miroseond sale.[56℄However, despite all the thorough investigations, some fundamental aspets of thephysis of eletron spin relaxation in semiondutors have historially been negleted. Oneof these issues is the eletron-momentum (k) dependene of the spin-�ip proesses. This k-dependene is of great importane not only from a fundamental point of view, but also for thedesign of appliations that rely on the transport and injetion of eletrons with a preservedspin state. In these appliations eletrons travel some distane in the system with a non-zeromomentum, and a preise knowledge of the k-dependene of the spin relaxation time mayhelp to improve the designs.[229, 125, 88, 141℄ Generally, this is arefully aounted for in thetheoretial derivations of the spin-�ip times (τsf ) under di�erent mehanisms,[179, 265, 205℄but has remained largely unexplored in experimental works. For example, in the relatedtopi of the eletron g-fator, only reently diret data has been obtained on the energydependene of the eletron g-fator in bulk GaAs.[162℄Bulk n-doped GaAs, in whih the ondution band is �lled up to the Fermi levelwith eletrons oming from dopants, is not very suitable for suh experimental studies sinephotoinjeted eletrons may only keep a spin imbalane at the Fermi edge.[78, 140℄ Then,in these systems the spin-�ip times an only be investigated for eletrons with momentumorresponding to the Fermi energy. In the ase of p-doped and undoped GaAs samples, the



CHAPTER 6. ELECTRON SPIN DYNAMICS IN THE PLASMA REGIME 121measurement of the k-dependene of τsf by optial means should be feasible, but it hassimply not been performed.1. In any ase, the use of doped samples should be avoided insuh studies as doping introdues (i) extrinsi sattering enters whose strength may varydepending on the dopant and even depending on the sample (ompare τsf values, for thesame doping onentration, in Refs. [55℄ and [78℄); and (ii) loalization enters that areritial in the determination of the spin-relaxation mehanism.[78, 230, 56℄Another fundamental issue that has not been explored until very reently, is thephysis of spin-dependent eletron many-body proesses[211, 193, 303℄ and phase-spae�lling e�ets.[130, 209℄ Due to the di�ulties in the theoretial modeling and in the analysisof the experimental results, the spin relaxation mehanisms in the regime where these e�etsare important are not well known.As already antiipated, in this hapter we present experimental results on someaspets of the two aforementioned issues, i.e., the k-dependene of the eletron τsf , and thespin-dependent many-body and phase-spae �lling e�ets on the eletron spin-�ip proesses.The optial-orientation tehnique used to aess the spin degree of eletrons with di�erent
k will be introdued in subsetion 6.2, while the experimental results and Monte-Carlosimulations that model the physial proesses evidened in the experimental results will bepresented in Ses. 6.3 and 6.4 respetively. As a brief preview of the results ontained inthis setion, let us mention that the experiments presented here yield the largest observed
τsf in undoped GaAs.6.2 Optial orientationThe main experimental results of this setion make use of optial orientation toobtain the eletron spin-�ip times. In an intrinsi bulk semiondutor, the probability for theexitation of eletrons from the valene to the ondution band after a irularly σ+polarizednon-resonant pump pulse with photon energy E is given by Eq. 6.1:

α+(E) ∝
[

|〈e |Pdip|hh〉|2 · µ3/2
e−hh + |〈e |Pdip| lh〉|2 · µ3/2

e−lh

]

(E − Eg)
1/2, (6.1)where 〈e |Pdip|hh〉(〈e |Pdip| lh〉) is the eletri dipole matrix element for the absorption ofa σ+ photon and reation of a spin-down (spin-up) eletron and a Jz = +3/2 heavy-hole

1In the experiments available in the literature, only a single eletron energy has been studied in eahinvestigated sample.[302, 254, 89℄



122 6.2. OPTICAL ORIENTATION(Jz = +1/2 light-hole), Eg is the band gap, µe−hh (µe−lh) is the redued eletron andheavy-hole (light-hole) mass, and Jz is the third omponent of the total angular momentum.Thus, a σ+ inident pulse exites both spin-down and spin-up eletrons. Taking into aountthat |〈e |Pdip|hh〉|2 is 3 times greater than |〈e |Pdip| lh〉|2 if valene band mixing e�ets arenegleted,[186℄ and that the redued masses µe−hh and µe−lh are nearly the same when theyare averaged in all diretions of spae, the maximum injeted total eletron spin imbalaneamounts to ∼ 50%. Even though this is an old, well established theoretial result,[187℄only reently, by means of two photon absorption tehniques, Bhat and oworkers[30℄ havepresented detailed experimental results that orroborate this theoretial predition.The photogenerated holes are also spin polarized but, due to the angular mo-mentum mixing in the valene bands, they loose their spin memory in a time sale of
∼ 100 fs,[111℄ muh shorter than any other spin-�ip time onsidered here. Therefore, forthe rest of this setion, we will assume that holes are not polarized.After thermalization and energy relaxation of the arriers in the bands, the ele-trons reombine with the unpolarized holes, and the σ+polarized light emitted at energy Eis given by Eq. 6.2:
I(E, σ+) ∝

[

|〈e |Pdip| hh〉|2 · fe↓fhh↑ · µ3/2
e−hh + |〈e |Pdip| lh〉|2 · fe↑flh↑ · µ3/2

e−lh

]

(E − E∗
gap)

1/2,(6.2)where E∗
gap is the renormalized band gap, fe↓(↑) are the Fermi-Dira oupations of spin-down (-up) eletrons and fhh↑(lh↑) those of Jz = +3/2 heavy- (Jz = +1/2 light-) holes.The same seletion rules apply to the exitation and emission proesses. σ+ luminesenewill originate from the reombination of spin-down eletrons with heavy-holes, and spin-upeletrons with light holes in a ∼ 3 to 1 ratio. The σ− emission [i. e., I(E, σ−)℄ is given by anexpression analogous to Eq. 6.2 with the arrows in the distribution funtions in the oppositediretion, meaning a hange of sign in the spin or Jz. Then, due to the just mentioned 3to 1 ratio in the optial seletion rules, eletrons mainly reombine with heavy-holes. Thedegree of irular polarization of the emitted light, at energy E, after exitation with a σ+pulse, is given by Eq. 6.3:

℘(E) =
I(E, σ+) − I(E, σ−)

I(E, σ+) + I(E, σ−)
. (6.3)

℘ provides a diret measurement of the imbalane of the two eletroni spin populations.



CHAPTER 6. ELECTRON SPIN DYNAMICS IN THE PLASMA REGIME 123After the pulsed injetion of spin-polarized arriers, they thermalize, slowly ooldown (see Se. 5.4) and progressively �ip their spin towards a spin balaned situation ofeletrons in the ondution band. The maximum value of ℘(E) is obtained at zero delayafter the exitation. The spin-�ip rate of the eletrons τsf (E) at a given energy an bemonitored through the time evolution of ℘(E). The deay time of the polarization τ℘(E) isdiretly onneted to τsf (E) through:[274℄ τsf(E) = 2 · τ℘(E).Let us mention that the use of polarization- and time-resolved PL proedures, asthat desribed in the previous paragraphs, provide a diret quanti�ation of τsf withoutthe possible spurious e�ets and ompliations assoiated to the use of external magneti�elds and/or post-experimental theoretial �ttings whih are inherent to other tehniques,suh as those based on the Hanle or Kerr e�ets.[78℄ It also avoids other limitations presentin tehniques like time-resolved photoemission, whih just probes the surfae of the samplewhere the loalization of arriers destroys any possibility of aessing the information on theeletron momentum.[240℄6.3 Experimental resultsWe have used the same experimental on�guration as in the experiments of Ses. 5.3and 5.4, with the additional use of polarization optis in the exitation beam and in the PLolletion path (see Se. 4.2.1). Combinations of linear polarizers and λ/4 plates enabled thepreparation of the exitation pulses in a σ+ polarized state and the analysis of the olletedluminesene into its σ+ and σ− omponents. All experiments where performed in the bulkGaAs sample at a lattie temperature of 5 K.Figure 6.1(a) shows the GaAs PL spetrum 300 ps after the arrival of the laserpulse (energy: 1.630 eV) at low exitation density (1.5 × 1015 m−3), where the photoex-ited eletrons and holes mainly form free exitons. As only exitons with K ≈ 0 oupleto light, the spetral harateristis of the free exiton line primarily arise from the homo-geneous nature of the resonane and from exiton dephasing proesses.[245, 85℄ Due to thehomogeneous origin of the free-exiton line, no spetral dependene of ℘ is expeted arossthe resonane,2 as observed in Fig. 6.1(a): ℘ remains almost onstant along the free exiton
2Even if the exitoni lineshape would have shown inhomogeneous broadening (aused for example byalloy �utuations), no spetral dependene of ℘ would be expeted. Individual exitons at slightly di�erentenergies ontributing to the inhomogeneously broadened lineshape would in priniple show the same spindynamis.



124 6.3. EXPERIMENTAL RESULTS
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Figure 6.1: GaAs PL spetra (σ+�losed points�, σ−�open points�; left sales) anddegree of irular polarization (right sales) for di�erent exitation densities and delaysafter the σ+ pulse arrival: (a) very low exitation density, 1.5 × 1015 m−3 at 300 ps; (b)
130 × 1015 m−3 at 150 ps; () 390 × 1015 m−3 at 150 ps; (d) 390 × 1015 m−3 at 515 ps.The thik solid lines are �ts to the PL as explained in the text. The dashed vertial linesin ()-(d) depit the seleted energies at whih the time evolution of the PL is depited inFig. 6.2.



CHAPTER 6. ELECTRON SPIN DYNAMICS IN THE PLASMA REGIME 125emission, and in partiular at its high-energy side with a value of 0.21 ± 0.04. The slightabrupt jump (∆℘ ≤ 0.05) at the enter of the line originates from a splitting between the
σ+ and σ− omponents of the PL (∼ 0.1meV), due to inter-exitoni interations.[281℄As was thoroughly disussed in Se. 5.4, at high exitation densities (above nc ∼
120× 1017m−3) sreening of the arriers leads to the formation of an eletron-hole plasma.In this ase, the σ+ photoexitation reates two ensembles of eletrons with a high exessenergy in the ondution band (with down- and up-spin in a ∼ 3 to 1 ratio as disussedearlier). Again, due to strong arrier-arrier and arrier-phonon interations, eah popula-tion thermalizes within 1 ps onforming broad Fermi-Dira distributions in the band, witha ommon temperature well above the lattie temperature.[225, 5℄ Simultaneously, an anal-ogous proess for the depolarized holes leads to the ahievement of a thermal distributionalso in the valene band. The arrier distributions then slowly ool down towards the lattietemperature through arrier-phonon interation. For suh high arrier densities, where exi-ton formation is hindered, eletrons and holes with any k an radiatively reombine, as longas the total eletron-hole pair momentum is lose to zero (only vertial transitions betweenthe bands are allowed). Eletrons with �nite kineti energy an then reombine at energiesabove the gap. In this situation the PL lineshape does not originate from the homogeneousharater of the resonane (as in the ase of exitons) but from the oupation of eletronsand holes at di�erent energies in the band.The kineti energy Ek−e and the momentum k of the eletrons that reombine atan emission energy E are related by:

Ek−e =
~

2k2

2me
=

mh

mh +me
(E − E∗

g ), (6.4)where me is the eletron e�etive mass, and mh is the heavy- or light-hole mass dependingon the kind of hole with whih the eletron reombines.Figures 6.1(b)-(d) show the PL spetra for two exitation densities in the eletron-hole plasma regime, at di�erent delays after the exitation pulse arrival. Very broad emissionfrom the plasma is observed (notie the x -sales). The graphs show the widest spetralwindow allowed by the setup; the entral detetion energy was hosen in order to overthe high energy tail, whih ontains all the information about the eletron populations.The large amount of injeted arriers produes a renormalization of the band gap, due toexhange and orrelation e�ets.[280℄ Band-gap renormalizations as large as 25 meV have



126 6.3. EXPERIMENTAL RESULTSbeen reported in similar systems under analogous onditions.[39℄As learly seen in Fig. 6.1(b), the degree of irular polarization shows a strongspetral dependene, whih results from the spin imbalane of the two spin eletron pop-ulations. At short delays after exitation, the oupation of eletron states with low Ek−e(emission energy lose to the renormalized band gap, 1.508 eV) is very similar for both ele-tron spin populations, resulting in very low values of ℘. However, for higher Ek−e there areprogressively more spin-down than spin-up eletrons, yielding higher polarization degrees,whih approah values of 0.4 for the lowest initial arrier density at high energy. At largerdensities [Fig. 6.1()℄ an analogous spetral dependene of ℘ an be observed but withsmaller values. This derease of ℘ with power an originate from a broader initial distribu-tion of arriers together with a redution of τsf with Ek−e (see below) with inreasing n,and/or from spetral-hole burning e�ets, whih are more important for eletrons exitedfrom the heavy-hole than from those from the light-hole band.3 At latter times [Fig. 6.1(d)℄,the spin-�ip proesses, whih tend to balane both populations, produe an overall dereaseof the polarization degree. Nonetheless, the monotonous inrease of ℘(E) with emissionenergy is preserved.We an now fous on the PL dynamis at di�erent emission energies. Figure 6.2depits the time evolution traes of the σ+ and σ− luminesene for the highest investigatedexitation density at two di�erent emission energies [orresponding to the vertial lines inFigs. 6.1() & (d)℄. Both rise and deay dynamis are very di�erent in the two ases as aonsequene of the relaxation and ooling dynamis of the eletron ensembles. At low (high)energies the PL evolution re�ets the radiative reombination and the �lling (emptying) ofeletroni states. The ooling proess of the eletron populations from high- to low energystates results therefore in a slow (fast) dynamis at low (high) energies.[240℄In the lower panels of Fig. 6.2 the time evolution of ℘, extrated from the upperpanels traes, is presented. ℘ deays with time and τ℘ an be obtained by �ttings to mono-exponential deay funtions.Figure 6.3(a) depits the eletron spin-�ip time τsf obtained from τ℘, for di�erentexitation densities as a funtion of eletron kineti energy in the ondution band. Toobtain the kineti energy we have used Eq. 6.4 assuming that the emission energy omes
3Neme et al. (Ref. [193℄) have reported signi�ant non-linear e�ets in pump-and-probe on�gurationsunder strong optial pumping above the bandgap. However, these e�ets are negligible in PL experiments,as those onsidered here.
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Figure 6.2: PL intensity (upper panels) of the σ+ (blak line) and σ− (grey line) omponents,after σ+ exitation, for the highest exitation density (390 × 1015 m−3), at two emissionenergies [denoted by vertial lines in Figs. 6.1() and 6.1(d)℄: (a) 1.514 eV (Ek−e = 5 meV);(b) 1.544 eV (Ek−e = 33meV). The lower panels show the orresponding degree of irularpolarization. The lines are �ts to a exponential deay funtion, with polarization deaytimes of 4.2 ns in (a) and 0.72 ns in (b). Note the di�erent vertial sales in (a) and (b).



1286.4. MONTE-CARLO SIMULATION AND DISCUSSION OF THE EXPERIMENTALRESULTSfrom eletron and heavy-hole reombination. The renormalized band-gap energy, E∗
gap hasbeen obtained from the �ts to the PL that will be disussed in Se. 6.4 τsf inreases withexitation density and dereases with inreasing eletron kineti energy. Values of τsf up to26 ns are obtained for low Ek−e at the highest density. These are the longest spin-relaxationtimes reported in a nominally undoped GaAs sample, and of the same order than thosereported for lightly doped n-type GaAs.[56℄ As it will disussed in the following setions,the observation of suh long τsf is related to the Pauli blokade of the spin-�ip proesses foreletron states with oupations lose to 1.6.4 Monte-Carlo simulation and disussion of the experimen-tal results6.4.1 Spin relaxation mehanismsThe three main eletron spin relaxation mehanisms in bulk zin-blende semion-dutors are the Elliot-Ya�et (EY),[82, 299℄ D'yakonov-Perel (DP) and Bir-Aronov-Pikus(BAP).[32, 33℄ Let us brie�y disuss them.EY arises from the spin-orbit interations of ondution band eletrons. Thisoupling mixes opposite spins in the eletron wavefuntions due to bulk inversion asym-metry4-related terms in the eletron Hamiltonian, and more importantly, mixes eletronwavefuntions with valene band states. In this way, when sattering with arriers, impuri-ties or phonons, eletrons have a �nite probability of �ipping their spin. The spin-�ip ratefor an eletron with kineti energy Ek following this mehanism is given by:[205℄

1

τEY
sf

=
16

27
Φ

(

Ek

Egap

)2

η2

(

1 − 1
2η

1 − 1
3η

)2
1

τp
, (6.5)where Φ is a ross setion related to the dominant sattering mehanism, τp is the eletronmomentum relaxation time, and η =

δEso

δEso + Egap
. The EY mehanism is important innarrow gap semiondutors, where band mixing e�ets are more important, as indiated byEq. 6.5, or at very low temperatures.[265℄DP purely originates from the spin splitting aused by bulk inversion asymmetry(Se. 2.1.3), whih results in eletrons with the same wavevetor k but opposite spin having

4This e�et has been brie�y mentioned in Se. 2.1.3 an arises from the mixing of the spin terms in theeletron Hamiltonian.
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Figure 6.3: (a) Measured spin-�ip time as a funtion of the eletron kineti energy forinitial exitation densities of 390 × 1015 m−3 (irles), 240 × 1015 m−3 (triangles) and
130 × 1015 m−3 (squares). Solid lines depit the �tted spin-�ip time as disussed in thetext. The dashed line orresponds to the non-degenerate ase (τnon−deg

sf , Eq. 6.9) with a holedensity of 143 × 1015 m−3, whih orresponds to the hole density at 150 ps for the highestexitation ase (n = 390 × 1015 m−3). The blak dashed line is then to be ompared withthe solid blak line. (b) Oupation of the eletron states with spin-down and -up (dashedlines), as well as the total eletron-hole sattering rate (solid dark line) for the exitationand time delay shown in Fig. 6.1(). The solid light green line depits the sattering ratefor the onditions of Fig. 6.1(b). The inset presents a zoom of the eletron oupations inorder to learly show the eletron spin imbalane in the 20-42 meV eletron kineti energyrange. The non-linear upper sale in (a) orresponds to the momentum of the eletrons.



130 6.4. MONTE-CARLO SIMULATION AND DISCUSSIONslightly di�erent energies. The splitting an be modeled as originating from an e�etive, in-ternal magneti �eld in the diretion of k. Eletron ollisions randomly hange the diretionand magnitude of k, giving rise to a τsf inversely proportional to the eletron satteringtime τp:[205℄
1

τDP
sf

=
32

105
γα2

cτp
E3

k

~2Egap

2

, (6.6)where γ is a parameter that aounts for an average of the angular dependent satteringprobability and depends on the dominant sattering mehanism, and αc ≈
4η√
3 − η

m∗
e

m0
[265℄BAP relies on the eletron-hole exhange interation. In an sattering proess likethe one depited in Fig. 6.4, the involved eletron and hole have a �nite probability ofexhanging their spin. This ation in itself is not enough to relax the spin of an eletronensemble, as an eletron whih just �ipped its spin in this exhange proess ould �ip itsspin bak by sattering with another hole. However, due to the valene band mixing, holesrandomize their spin in a time-sale muh shorter than the eletron-hole sattering time.In this way, a proess suh as the one desribed in Fig. 6.4 e�etively ontributes to therelaxation of the eletron spin. In the ase of a non-degenerate system τsf is given by:

1

τBAP
sf

= Γp
µ

1/2
eh a

4
B

~
nh

√

Ek, (6.7)where nh is the hole onentration in the system, and Γp is a rate related to the eletron-holeexhange and sattering probabilities. The most important feature from Eq. 6.7 is that τsfis diretly proportional to the eletron-hole exhange and sattering time.For temperatures above ∼ 4 K and very weak photoexitation, DP is the domi-nant mehanism in n-GaAs, and in p-GaAs for doping onentrations below 1016 m−3. Athigher aeptor onentrations, the main spin-relaxation mehanism is BAP.[265℄ Theoreti-al alulations predit that, in undoped samples under weak photoinjetion, the main spinrelaxation mehanism is DP.[265℄ We are interested in a situation of strong optial pumpingin an undoped semiondutor, whih has not been explored in detail.[254℄ Under this ir-umstane, a high eletron onentration would favor a spin relaxation mehanism based onDP but, on the same ground, a high hole onentration would result in the enhanement ofthe BAP mehanism.[265, 78, 140℄ However, if we extrapolate the results for eletron-spinrelaxation obtained in doped samples, where the BAP relaxation rate in p-type materialsis muh stronger than the DP in n-type for the same doping onentrations,[265, 230℄ we
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h+ (k’’’, +1/2)Figure 6.4: Eletron-hole sattering event with spin exhange (momentum, Jz). Note thatmomentum and spin are onserved in the proess as k + k′ = k′′ + k′′′expet the BAP mehanism to dominate the eletron-spin relaxation in undoped samplesunder strong pumping. The BAP mehanism is so e�ient in �ipping the eletron spin, asompared to DP, that even in n-doped samples the presene of photoexited holes has beenproved to shorten the spin lifetime due to the e�ient eletron-hole exhange sattering(see Ref. [142℄ and the inset of Fig. 2 in Ref. [78℄). Additionally, alulations of Fishmanand Lampel[89℄ and Maialle[179℄ show that, for hole onentrations similar to the ones pho-toinjeted in our system and eletron kineti energies below 100 meV, the spin relaxationrate assoiated to the BAP mehanism is up to 3 orders of magnitude greater than thatassoiated to the DP mehanism.6.4.2 Monte-Carlo simulations: phase-spae �lling e�etsIn strongly exited systems, on the top of the intrinsi spin-relaxation mehanisms,phase-spae �lling e�ets an be of great importane. Spin-�ip rates an be highly in�uenedby the oupation of the �nal eletron state. In the framework of a spin relaxation fullydominated by the BAP mehanism, and in order to explore the in�uene of the phase-spae�lling e�ets, we have performed Monte-Carlo simulations of the arrier populations thatevaluate the eletron-hole sattering rates (1/τe−h) under our experimental onditions.The injeted eletrons and holes in the Monte-Carlo simulations satter amongthemselves and with phonons, onforming thermalized Fermi-Dira distributions. The arrier-arrier and arrier-phonon sattering proesses, whih arefully inlude �nal-state exlusione�ets, are aounted for by using a stati multisreening approah as disussed in Ref. [225℄



132 6.4. MONTE-CARLO SIMULATION AND DISCUSSIONwith the simpli�ation of onsidering only degenerate Γ ondution bands, and a heavy-holevalene band (no light-hole band), all of them paraboli. The simpli�ation in the use of aheavy-hole valene band only, is justi�ed in our ase as the eletron�light-hole satteringhas a very weak in�uene on the eletron spin-�ip time.[179℄Before proeeding to the alulation of τe−h one needs a preise knowledge of theeletron and hole distribution funtions, fe↑(↓)(E) and fhh(E), for eah onsidered exitationdensity and time-delay after exitation (the spin in the hole distribution an be negleteddue to the depolarization of the holes). In order to do so, at a given time delay we havesimultaneously �tted the σ+- and σ−-PL emission with I(E, σ+) and I(E, σ−) [Eq. 6.2℄,respetively. We have used the density of eah type of arriers, their temperature andthe renormalized gap as �tting parameters. In the �ts, eletrons and holes are fored tostay in thermodynami equilibrium, i.e., the temperature of spin-up eletrons, spin-downeletrons and holes is the same, and the total density of holes is equal to the total densityof eletrons. By performing suh �ts at di�erent delays, the time-dependent fe↑(↓)(E) and
fhh(E) an be obtained. The thik solid lines in Figs. 6.1(b)-(d) depit the results of these�ts for di�erent exitation powers and delays. Table 6.4, show the temperature and arrierdensities extrated from the �ts to the analyzed σ+- and σ−-PL spetra.One the distribution of spin-up and spin-down eletrons and holes is obtained fromthe experiments, we an proeed to the alulation of τe−h. The Monte-Carlo method enablesus to alulate the eletron-hole sattering rates for eah �tted delay. In the simulations, aarrier is randomly hosen from the spin-up/-down eletron or hole distributions and madeto satter with eletrons, holes or phonons with a probability given by the above mentionedstati multisreening approah.[225℄The Monte-Carlo method here employed an only ompute the diret Coulombarrier sattering. Atually, aounting for the exhange interation in inter-partile sat-tering goes beyond the sope and apabilities of the standard Monte-Carlo simulation of therelaxation dynamis of a photoexited eletron-hole distribution. To the best of our knowl-edge, only very preliminary attempts in suh diretion have been presented in the literature(see, e.g. Ref. [87℄). We have therefore onsidered expliitly only the diret Coulomb-likearrier-arrier interations. We will phenomenologially aount for the e�et of the ex-hange interation via a �tting on the results of the results of the diret Coulomb satteringresults, as will be explained in detail later.The eletron-hole sattering rates are alulated by integrating during a �xed time
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(a)delay (ps) Tcarriers(K) ntot (×1015 m−3) n ↑ /ntot n ↓ /ntot150 54.0 143 0.539 0.461265 48.0 102 0.531 0.469515 36.6 60 0.524 0.476(b)delay (ps) Tcarriers(K) ntot (×1015 m−3) n ↑ /ntot n ↓ /ntot150 54.2 112 0.542 0.458265 43.8 83 0.531 0.469515 37.6 50 0.523 0.477()delay (ps) Tcarriers(K) ntot (×1015 m−3) n ↑ /ntot n ↓ /ntot150 47.4 52 0.567 0.433265 41.9 44 0.553 0.447515 35.2 30 0.538 0.462Table 6.4: Parameters obtained from the �ts of Eq. 6.2 to the measured σ+- and σ−-PL atdi�erent delays for a nominal exitation density of (a) 390×1015 m−3, (b) 240×1015 m−3,() 130×1015 m−3. ntot indiates the total density of eletron hole-pairs, while n↑(↓) showsthe density of spin-up (-down) eletrons.
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Figure 6.5: Computed eletron-hole sattering rate for an injeted arrier density of 390 ×
1015 m−3 at di�erent delays after the arrival of the pulse (solid lines). Blak: 150 ps, red:265 ps, blue: 515 ps. The dashed line depits the averaged sattering rate.interval (5 ps), the number of total sattering events between holes and eletrons of eitherspin that are not frustrated by the �nal state oupation of the sattering partners.Let us disuss the results of the simulations for a �xed delay of 150 ps and twodi�erent exitation densities. Figure 6.3(b) depits 1/τe−h (thik solid lines) for the satter-ing of eletrons with heavy holes, in the onditions of Fig. 6.1(b) �n = 130 × 1015 m−3,green line�, and Fig. 6.1() �n = 390 × 1015 m−3, blak line�. For the latter ase, alsothe Fermi-Dira distributions of both eletron populations are shown (dashed lines). Thesattering rates of the low kineti energy eletrons are onsiderably smaller than those ofhigh-energy ones, due to the higher oupation of the low Ek−e states. Figure 6.3(b) showsthat for the ase of n = 390×1015m−3, the eletron-hole sattering rates are 4 times smallerfor eletrons with Ek−e = 1 than for eletrons with Ek−e = 25. The e�et of the eletronoupation on 1/τe−h is also evidened when omparing the eletron-hole sattering rates fordi�erent exitation densities: at low Ek−e, 1/τe−h is more than twie larger for low arrierdensity [green line in the �gure, n = 130 × 1015 m−3 ℄ than for high arrier density [blakline in the �gure, n = 390 × 1015 m−3 ℄, where the higher oupation of eletroni statesinhibits the eletron-hole sattering.So far we have disussed the simulations for a time delay of 150 ps. As time evolves,the arrier distributions slowly hange due to the radiative reombination and to the oolingof the ensembles. Figure 6.5 depits the omputed sattering rate at di�erent delays for aninjeted arrier density of 390×1015 m−3. τe−h hanges only slightly during the PL lifetime.To aount for these small hanges, in the simulations we have averaged τe−h during thetime needed for the PL to deay to 1/e of its maximum value (dashed line in Fig. 6.5).



CHAPTER 6. ELECTRON SPIN DYNAMICS IN THE PLASMA REGIME 1356.4.3 Saling relationAs we have disussed above, the employed Monte-Carlo approah an only aountfor the diret Coulomb sattering. In order to ompare results of the simulation for thediret eletron-hole sattering rate with the experimental results on the spin-�ip rate (whihis equivalent to the eletron-hole exhange sattering rate in the BAP mehanism), we havemade use of a saling relation of the type:
1

τsf(k)
= C

(

1

τe−h(k)

)β

, (6.8)where C and β are the saling oe�ient and saling exponent respetively showing no de-pendene on k. Analogous saling relations an be inferred from alulations on the eletron-eletron sattering rates inluding and exluding exhange[53℄ (see disussion below), andan also be dedued for the ase of the orrelation and exhange mean-energies per eletronin an eletron-hole plasma in the ontext of a sreened potential approximation.[105℄We have �tted the experimental points shown in Fig. 6.3(a) with Eq. 6.8 using thesimulated averaged τe−h for eah exitation density. The �t was performed simultaneouslyfor the three onsidered exitation densities to obtain the �tting parameters C and β. Theresults of the �t is shown in Fig. 6.3(a) as solid lines, yielding values of C = 2.05 × 10−3and β = 2.81. The agreement is exellent for the three investigated densities.Let us further omment on the justi�ation for the use of the saling model in-trodued in Eq. 6.8. Our saling model of the diret and exhange spin-�ip eletron-holesattering rates is based on the idea that the spin �ip is dominated by exhange interation.Both diret and exhange interations sale with di�erent powers of the density. Therefore,one an sale exhange as a power of the diret term. This general argument has proved tobe valid in alulations of arrier-arrier sattering by Collet in undoped GaAs in a statisreening approximation.[53℄ The alulations of Collet fous on the eletron-eletron sat-tering rates as a funtion of density (instead of eletron-hole rates) and are here reproduedin Fig. 6.6(a) [Fig. 5 of Ref. [53℄℄. Triangles depit the alulated rate without exhange(τdirect; diret terms only), while the diamonds inlude exhange both exhange and diretterms (τtotal). If we fous on the points enlosed by the dashed irle, we an plot the bareexhange sattering rate (τexc) vs the bare Coulomb sattering rate τdirect. In order to esti-mate the bare exhange sattering rate from the data of Fig. 6.6(a), we make the followingapproximation: τexc = τtotal − τdirect. The obtained τexc is plotted vs τdirect in Fig 6.6(b),
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Figure 6.6: (a) Figure 5 of Ref. [53℄: alulated eletron-eletron sattering rate as a funtionof density for eletrons with a distribution 20 meV wide in energy, entered at an exessenergy of 60 meV. Triangles: stati sreening approximation without exhange (τdirect);diamonds: stati sreening approximation with exhange (τtotal); squares: dynami sreeningwith exhange; irles: eletron�LO-phonon sattering. (b) τexc vs τdirect obtained fromthe points enlosed in a irle in (a). Note that both sales are logarithmi. The dashed lineis a linear �t to the data.



CHAPTER 6. ELECTRON SPIN DYNAMICS IN THE PLASMA REGIME 137where a saling relation between diret and exhange sattering rates analogous to Eq. 6.8an be extrated, as indiated by the dashed linear �t. In this ase of eletron-eletronsattering, whih should not di�er muh from the eletron-hole ase, a saling exponent of3.5 is obtained, not far from our result of β = 2.81 for eletron-hole sattering.Let us now fous on the e�ets of phase-spae �lling on the spin-�ip time. Inorder to do so, we have alulated τsf for the ase of non-degenerate holes and emptyondution band. The dashed line in Fig. 6.3(a) shows τsf as derived by Bir et al,[32, 33℄and reformulated in Ref. [179℄ as:
1

τnon−deg
sf

= nhσs

(

2

µe−hh

)1/2

E
1/2
k−e, (6.9)where nh is the hole density and σs is the spin-�ip ross setion. For our evaluation of

τnon−deg
sf we have used a hole density orresponding to the highest investigated density inour experiments at a delay of 150 ps (143× 1015 m−3), whih is far beyond the assumptionof non-degeneray, but provides a qualitative referene for the e�et of phase-spae �llingon the spin-�ip rates.[179℄ To visualize the e�ets one has to ompare the dashed line withthe bold solid blak line: for low kineti energies τsf is greatly inreased with respet to
τnon−deg
sf (∼ 8 times, from 3.6 ns to 29 ns for Ek−e = 2 meV) due to the frustration ofthe eletron spin-�ip in highly oupied states (Pauli blokade). At higher eletron kinetienergies (> 20 meV), the oupation is muh lower [see Fig. 6.3(b)℄ and τsf approahesthe non-degenerate values. Thus, the Pauli blokade of the spin relaxation does not onlymodify the overall value of τsf , but it also a�ets the energy dependene of the spin-�ipproesses.[179℄The k-dependene of the eletron spin-�ip time reported in Fig. 6.3(a) shows τsfvalues and follows trends very lose to those alulated by Maialle in bulk GaAs, assum-ing a BAP spin-relaxation mehanism, with p-doping onentrations very similar to thephotoinjeted eletron-hole pair densities of our experiments.[179℄ Our measurements yieldslightly higher values of τsf aused by a higher Pauli blokade of the eletron-hole satteringdue to the presene of degenerate eletron populations (the alulations of Ref. [179℄ areperformed in the absene of eletrons in the ondution band, but aount for degeneratevalene bands). Despite the di�erenes in the system's onditions between the alulationsof Ref. [179℄ and our experimental results shown in Fig. 6.3(a), the good qualitative agree-ment between the two supports our model of eletron spin relaxation through the BAP



138 6.5. SUMMARYspin �ip mehanism sattering time vs n spin-�ip time vs exitation densityDP τe ∼ n τsf ∝ 1

τe
⇒ τsf ↓when n ↑Our model (BAP) τe−h ∼ n τsf ∝ (τe−h)β ⇒ τsf ↑when n ↑Table 6.5: Expeted qualitative dependene of τsf for the Dyakonov-Perel (DP) and Bir-Aronov-Pikus (BAP) mehanisms with inreasing n assuming that the eletron satteringtime (τe and τe−h) inreases with exitation density as obtained in the Monte-Carlo simula-tions due to the Pauli blokade.mehanism under strong Pauli blokade for our experimental results.Let us �nally note that the DP mehanism, as ompared with the BAP one, wouldresult in a very di�erent dependene of τsf with n. In the DP mehanism, τsf is inverselyproportional to the eletron sattering time, while in our model both times are proportionalto eah other [see Eq. 6.8 and Table 6.5℄. Our experiments learly show an inrease of

τsf with inreasing optially pumped arrier density (τsf ∼ n). The simulations obtainan inrease of the eletron sattering time with density (τe−h ∼ n), due to Pauli blokade[ompare green and blak solid lines in Fig. 6.3(b)℄, on�rming the validity of our model(τsf ∼ τe−h) and disarding the DP mehanism (τsf ∼ 1/τe−h).6.5 SummaryIn this hapter, by means of optial orientation tehniques, we have shown experi-mental results on the k -dependene of the eletron spin-�ip times in a diret-gap bulk semi-ondutor. In the ase of undoped GaAs under strong photoexitation, where the densitiesof free eletrons and holes are idential, the main spin-�ip mehanism is BAP. Furthermore,by means of a Monte-Carlo simulation we have evidened that in this situation of a highlydegenerate system, the large oupation of low energy states frustrates the eletron-spinrelaxation, yielding an inrease of τsf of up to 8 times as ompared with a non-degeneratesystem. This Pauli blokade also a�ets the energy dependene of τsf , as the oupationof eletrons in the ondution band follows a Fermi-Dira distribution, with the highestoupation for the lowest energy eletrons. These e�ets result in values of τsf up to 30 nsat k ≈ 0, the longest reported spin-relaxation time in undoped GaAs in the absene of amagneti �eld. Additionally, we have introdued a simple saling relation between the diretCoulomb and exhange eletron-hole sattering rates, that fully aounts for the measured
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Chapter 7
Tailoring the arrier distributions inQWs: two pulses experiments:
7.1 IntrodutionIn the preeding hapters we have presented studies demonstrating that the dis-tribution of exited exitons, eletrons and holes in the bands determine many emissionproperties (rise time dynamis, luminesene spetra, spin-�ip dynamis) in bulk diret-gapsemiondutors suh as GaAs. In partiular, in the experiments presented so far, we haveseen that there is an intimate relation between the exiton formation time (Ses. 5.3.2and 5.4.3), the distribution and ooling dynamis of the unbound eletrons and holes (Ses.5.4.3 and 6.4), and the emission dynamis of the system.[270, 44, 128℄ Under several ir-umstanes, both speies (exitons and eletron-hole plasma) oexist in the system (see rateequations of Se. 5.3.2 and Se. 5.4.3). Moreover, reent studies have demonstrated thatat low TL exitons and plasma do not only oexist but share a thermodynamial quasi-equilibrium.[18, 271, 222℄ Bearing these fats in mind, it is expeted that indued hangesin the distributions of free arriers in the bands will a�et the exitoni emission dynamis.The aim of the experiments presented in this hapter is the study and manipulationof the exited arrier distributions in their bands. In these experiments we will onentratein high quality QWs instead of bulk samples. The reasons for this hoie are related tothe redued dimensionality e�ets. In bulk systems, the small exiton binding-energy andthe high ratio in osillator strength between exitoni and eletron-hole pair reombination,



CHAPTER 7. TAILORING THE CARRIER DISTRIBUTIONS IN QWS 141hinders the possibility of simultaneously deteting the exiton and the plasma dynamis withhigh resolution. The plasma pair-reombination is simply buried in the high energy tail of theinhomogeneous exiton lineshape. However, in the QWs employed here, the high quality ofthe samples and the on�nement e�ets, whih inrease the exiton binding-energy, do enableus to measure the emission from both the heavy-hole exitons and from the eletron-holeplasma above the band gap. In this way we an study the relationship between the exitondynamis and the distribution of free arriers in their bands. Additionally, on�nemente�ets also simplify the DOS and split the valene bands in QWs (see Se. 3.1.1), so that thealulation of the arrier temperature from the measured eletron-hole pair reombinationis straightforward, as we shall see below.Here we show experimental results on how pre-existing thermalized distributionsof arriers in QWs an be modi�ed by the pulsed photoexitation of hot arriers in thebands, resulting in abrupt, but ontrolled, hanges of the arrier and exiton temperatures.The most striking e�et of the indued ultrafast redistribution of arriers is the appear-ane of sharp dips in the PL dynamis of heavy-hole (hh) exitons. We will present aquasi-equilibrium thermodynamial model of the exiton/arrier exitations in the QW thataurately relates the magnitude of the observed dips in the exitons PL with the preisearrier warming indued by the pulse.7.2 Photoluminesene under two pulses exitationThe studies were arried out on two samples based on GaAs/AlAs: the �rst onewas a heterostruture with a single wide QW (20 nm), the seond one ontains multiple(50) narrow QWs (7.7 nm). Similar results were also found in a multiple InGaAs/GaAs QWsample (10 nm), showing the generality of the phenomena presented in this setion. Moredetails of the samples struture an be found in Se. 4.1.4.The samples were kept in a old �nger ryostat at 9 K. We employed the time-resolved PL exitation and detetion on�gurations in a bak re�etion geometry desribedin Se. 4.2.1, with a pulsed non-resonant exitation energy 26 meV above the hh exiton.In this ase we used two onseutive pulses (PI and PII), whose power and delay an beindependently ontrolled by means of attenuators and a delay unit. Both pulses arrive atthe sample at the same exitation spot (∼20 µm in diameter).Figure 7.1 shows streak amera images of the exitoni emission from the single QW
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Figure 7.1: Streak amera images of the single QW hh-PL under one pulse exitation (leftpanel) and under two onseutive pulses exitation with a delay between pulses of 400 ps(right panel). The olor sales are normalized in eah panel. The white arrow indiates thearrival of PII and the subsequent formation of a dip in the hh-exiton PL emission. Theblak (red) arrow mark the emission from hh (lh) exitons.after exitation by one single pulse of 70 µW (left panel) and by two idential onseutivepulses delayed by 400 ps (right panel; 70 µW eah). In the latter ase, a lear dip appearsin the emission of the hh exiton (blak arrow) at the time of arrival of PII (marked with awhite arrow).Figure 7.2(a) shows in detail the time evolution of the hh exiton PL when the twopulses exite the QW independently (dashed lines) and when both exite it jointly (solidline). The abrupt quenhing of the PL is limited by our time resolution. The emission fromthe light-hole (lh) exiton an also be deteted 4.7 meV above the hh exiton [red dotted line;red arrow in Fig. 7.1℄. In ontrast to the hh, the lh dynamis do not show the appearaneof a dip in the PL at the time of arrival of PII .7.3 Origin of the dip: thermodynamial modelThe origin of the dip an be explained onsidering the redistribution of arriersin the bands that takes plae after the absorption of PII . To aount quantitatively for
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Figure 7.2: (a) Photoluminesene dynamis of the single QW hh-exiton under one pulseexitation (grey dashed lines) and under two onseutive pulses exitation (blak solid line;onditions of Fig. 7.1). In red dotted line the emission of the lh exitons (enhaned by afator of 4) is presented under two pulses exitation. (b) Measured eletron-hole temperaturefor a single (open points) and double (solid points) pulse experiment. () Exiton oupationright before (blak line) and right after (orange line) the arrival of PII ; the blak (red) arrowindiates the energy of the K = 0 heavy (light)-hole exiton.



144 7.3. ORIGIN OF THE DIP: THERMODYNAMICAL MODELthe observed magnitude of the dip depth, we have developed a dynamial quasi-equilibriumthermodynamial model of the arriers in the QW, whih is skethed in Fig. 7.3. Theabsorption of the �rst non-resonant pulse reates a non-thermal population of eletrons andholes at high energies in the ondution and valene bands [Fig. 7.3 panel (a)℄. In a timesale of the order of 200 fs the arriers distribute in the bands ahieving a well de�nedtemperature, higher than the lattie temperature [panel (b)℄.[225, 148℄ The arrier densitiesonsidered in this setion are far from the degeneration limit, and the eletron populationan be well desribed by a Maxwell-Boltzmann distribution funtion:
fMB(E) =

n

kBT

1

DOS
exp(−E/kBT ), (7.1)where E is the energy of the eletrons above the bottom of the ondution band, and n isthe density of eletrons. A similar desription an also be made for holes. As time evolves,the arrier distributions ool down due to the interation with phonons, and the populationsderease due to pair reombination and exiton formation [panel ()℄.[176℄ When the PIIreahes the QW new hot arriers are photoinjeted at high energy in the bands [panel (d)℄.Due to e�ient arrier-arrier sattering, the newly reated arriers and the preexisting pop-ulations rethermalize in a timesale given by the pulse duration, at a temperature (Taft)higher than the arrier temperature right before the absorption of PII (Tbef ) [panel (e)℄.Thus, the e�et of the delayed pulse is to warm-up the arriers and inrease their onen-tration, in a time-sale shorter than a few pioseonds (∼2 ps).Conomitantly to the free arrier dynamis that has just been desribed, eletronsand holes bind to form exitons in a time-sale, for the onditions of our experiments, ofthe order of several hundreds of pioseonds.[18, 270℄ The exiton population obeys also aMaxwell-Boltzmann distribution law.1 Reent studies have suessfully developed kinetitheories, �tted to experimental data, based on the assumption that exitons and the oex-isting eletron-hole plasma have the same temperature at all times.[270, 271, 44, 116℄ Bajoniet al.[18℄ have atually measured independently the temperature of the exitons and thatof the eletron-hole plasma, in a sample very similar to the single, wide QW struture usedhere. They observe that both speies do show the same temperature for times larger than

1In Se. 5.1 it was argued that due to the fat that only optially ative exitons are those with K ≈ 0results in non-thermal harater of the exiton distributions. However, the exiton population outside thelight-one, whih aounts for the vast majority of the total population, do follow quasi-Maxwell-Boltzmannlike distributions, and so we will onsider them in the rest of this setion.[203℄
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Figure 7.3: Shemati time evolution of the eletron distributions in a two pulses experiment(holes are not shown for simpliity). See text for details.200 ps after a pulse non-resonant exitation. For shorter times, Bajoni and oworkers pro-pose that the exiton populations have not reahed a thermal on�guration to explain thedi�erenes in the measured temperature. This argument agrees with the theoretial predi-tions of Selbmann et al.[250℄. They �nd that the exiton formation is favored for eletronslying with kineti energies around the LO-phonon, as LO-phonon assisted eletron and holebinding is the most favorable exitons formation mehanism aording to their alulation.This fat, added to the slow exiton momentum relaxation, results in the non-thermaliityof the exiton population in the �rst 200 ps, aording to their model. During this initialtime exitons form, relax and thermalize simultaneously.The situation in our two-pulses on�guration is slightly di�erent. In our ase PIIreahes the sample more than 200 ps after the arrival of PI , and we an expet thermalequilibrium between exitons and plasma at that time. Therefore, PII injets hot eletron-hole pairs in a system populated by already thermalized exitons. In the �rst pioseonds,after the arrival of PII , the rethermalized eletron-hole plasma just warms the preexistingexitons. However, in ontrast to the plasma population, due to the slow formation dynamisof exitons �two orders of magnitude slower than the exitation pulse�, the exiton densityis hardly altered within the pulse duration. Thus, no additional non-thermalized exitonsshould be onsidered during the time of arrival of PII .



146 7.3. ORIGIN OF THE DIP: THERMODYNAMICAL MODELFrom these premises, we an onlude that within a reasonable approximation,we an assume that exitons and the eletron-hole plasma have the same temperature atthe time of arrival of PII , and probably for some time after that. Therefore, an analogousdynamis to that of the free arriers takes plae also for the exiton population: during thearrival of PII , the abrupt warming of the arriers results in an ultrafast warming of theexiton population.With these assumptions and using Eq. 7.1 the appearane of the dip in the hh-exiton PL an be understood. The hh-exiton oupation of the zero momentum states(K = 0) before/after the arrival of PII is given by:
f

bef/aft
MB (0) =

n′

kBTbef/aft

1

DOS
, (7.2)where n′ is the pre-existing density of exitons at the arrival time of the pulse, and Tbef/aftis the exiton (and arrier) temperature before/after the arrival of PII .The PL intensity of the hh exitons is diretly proportional to the oupationof states with K lose to zero, as these are the exitoni states that an ouple to light.Therefore, modi�ations in the oupation of these states at the arrival of the delayed pulse[see Fig. 7.2()℄ indue hanges in the PL. In partiular, the abrupt warming of the arriersprodued by the arrival of PII (Taft > Tbef ) results in an abrupt drop of the K = 0populations (faft

MB(0) < f bef
MB(0)) and onsequently in an ultrafast quenhing of the hh-PL,as born out by our experiments (see Fig. 7.2).The details of the exiton redistributions after the arrival of PII also aounts forthe absene of a dip in the lh emission. The lh-exiton energy is higher than that of the hhexiton and the inrease in temperature of the exitons results in a negligible hange of theexitoni oupation at the K = 0 lh states [as depited in Fig. 7.2() for an energy markedwith the red arrow℄.In order to gain a deeper insight into the quantitative validity of this quasi-equilibrium thermodynamial model, we have diretly measured the arrier temperature inthe single, wide QW. Figure 7.4 shows PL spetra deteted at di�erent times after the arrivalof PI for the onditions of Fig. 7.2 (PII arrives at 400 ps) . The spetra show the hh- and lh-exiton lines as well as the diret free eletron-hole pair reombination above the lh exitonenergy. A Maxwellian �t an be performed at the high energy tail (indiated by solid lines)to extrat the arrier temperature. Figure 7.2(b) shows the temperatures of the eletron-holeplasma for the onditions of Fig. 7.2(a). The solid (open) dots orresponds to the double



CHAPTER 7. TAILORING THE CARRIER DISTRIBUTIONS IN QWS 147(single) pulse experiments. In the ase of the single pulse exitation, a monotonous oolingof the plasma is observed, with a �nal equilibrium temperature (∼19 K) higher than thelattie temperature (∼9 K).[176, 300℄ In the two-pulses experiment, an abrupt warming ofthe plasma, and onsequently of the exitons, an be observed at the time of arrival of PII .At longer times (>1 ns) the same temperature as that obtained in a single pulse experimentis reahed.The measured temperature of the arriers enables us to predit the dip depthfollowing our model. A relative dip depth an be de�ned as r ≡ (Ibef − Iaft)/Ibef , where
Ibef (Iaft) is the intensity of the hh-exiton PL right before (after) the arrival of PII . Fromthis de�nition and Eq. 7.2, the relative dip depth an be related to the exitoni temperaturebefore and after the arrival of PII by:

r ≡ f bef
MB(0) − faft

MB(0)

f bef
MB(0)

= 1 − Tbef

Taft
. (7.3)The inset of Figure 7.5(a) shows in solid dots (•) the values of r diretly measuredfrom the hh-exiton PL as a funtion of the delay between the two pulses for the single QW.The high values of r demonstrate the apability of PII to quenh the PL. The open dots (◦)depit r obtained from the measured arrier temperature ratio Tbef/Taft and Eq. 7.3. In asymmetrial manner Figure 7.5(a) depits in open dots Tbef/Taft as diretly measured, whilethe solid points ompile the temperature ratio as obtained from Eq. 7.3. Figure 7.5(b) shows

Tbef/Taft as a funtion of the power of PII relative to that of PI . In this ase, the signalto noise ratio of the spetra limited the lowest power of PII for whih the temperature ofthe eletron-hole plasma ould be attained. The good agreements between the temperatureratios obtained from the relative dip depth in the hh PL (•) and those measured diretly(◦) on�rms the validity of our model.This is further demonstrated in Fig. 7.5() that depits Tbef/Taft obtained fromthe hh PL for the GaAs/AlAs narrow multiple QW sample as a funtion of the powerof PII (delay = 300 ps) in the low power regime (solid points). In this ase the broaderexitoni linewidth hinders the possibility of extrating the arrier temperature from thespetra. Nonetheless, our model reprodues quantitatively the observed experimental de-pendene without the need of any adjustable parameters, as shown by the red line, whihplots Tbef/Taft obtained in the following way: the temperature after PII is given by Taft =

(nbefTbef +ninjT
∗)/(nbef +ninj), where nbef is the density of arriers at the time of arrival
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150 7.4. SUMMARYof PII , determined from the power of PI and the PL deay-time; ninj is the density pho-toinjeted by PII ; T ∗ and Tbef , taken as 38 K and 24 K, respetively, are the initial arriertemperature and that measured at a delay of 300 ps in the single QW experiments (seeFig. 7.2), whih were performed under very similar onditions to those in the multiple-QWstruture.7.4 SummaryIn this hapter, we have presented experimental results demonstrating the apabil-ity to optially ontrol in a short time-sale (< 2 ps) the arrier distributions in the bandsin QWs. In partiular, we have seen that the arrival of a short light pulse results in asudden warming of a pre-exited eletron-hole plasma. The exiton distributions, whih arein thermal equilibrium with the eletron-hole plasma, are also abruptly warmed-up by thearrival of the pulse, originating an ultrafast dip in the hh-exiton luminesene.We have introdued a model that quantitatively reprodues the observed lumines-ene quenhing and an be used to obtain the relative inrease in arrier/exiton temper-ature indued by the arrival of the pulse, by measuring the magnitude of the dip in thehh exiton PL [Eq. 7.3℄. Let us also mention that although the results presented here on-entrate on the light emission from bare QWs, the physis and observed phenomena anbe diretly extrapolated to more ompliated systems suh as semiondutor miroavities,VCSELs or strutures with ative media of higher dimensionality, like the bulk diret-gapsemiondutors treated in the preeding hapters. In partiular, the relationship betweenthe dip depth and the arrier warming an be exploited to study the arrier-relaxation dy-namis in miroavities as we will show in Se. 9.3. It ould also be helpful to investigatephase transitions, suh as ondensation of indiret exitons [37℄ or polaritons,[133, 21℄ inwhih the arrier temperature plays an important role.
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Chapter 8
Introdution to the many-bodyproperties of miroavity polaritons
8.1 Bose-Einstein ondensation of polaritonsOne of the most interesting properties of miroavity polaritons is their apabilityto form Bose-Einstein ondensates (BEC). This property arises from the bosoni haraterof polaritons, whih is inherited from the bosoni nature of its onstituents: photons andexitons. It is easy to see that a set of indistinguishable integer-spin partiles in a systemof energy levels ǫi follows the so alled Bose-Einstein distribution funtion:[163℄

fBE (ǫi, T, µ) =
1

exp
(

ǫi−µ
kBT

)

− 1
, (8.1)where µ is the hemial potential. And the total number of partiles in the system is:

N (T, µ) =
∑

i

1

exp
(

ǫi−µ
kBT

)

− 1
=
∑

i

fBE (ǫi, T, µ) . (8.2)The fat that the oupation of a state annot be negative (Ni ≥ 0) imposes that µ ≤ ǫ0,being ǫ0 the ground state of the system. Note that µ inreases with the number of partiles.We an rewrite Eq. 8.2 as:
N (T, µ) = fBE (ǫ0, T, µ) +

∑

i6=0

fBE (ǫi, T, µ) ≡ N0 (T, µ) +Nexc (T, µ) (8.3)
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Figure 8.1: Oupation of partiles following Bose-Einstein statistis at a temperature of10 K and inreasing density in the system (µ inreases with density).At a �nite T , when the hemial potential µ approahes ǫ0 from lower values somethingspeial happens: on one hand fBE (ǫi > ǫ0) saturates asymptotially and the number ofpartiles in all the exited states tends to:
N c (T ) ≡ Nexc (T, µ = ǫ0) (8.4)On the other hand fBE (ǫ0, T, µ) diverges, as an be seen in Fig. 8.1.If the total number of partiles exeedsN c (T ) then the additional partiles, N−N c,will populate the ground state. In other words, above N c (T ) if we add a new partile in suha way that this partile does not hange the temperature of the system, this partile willoupy the ground state. In this way, the ground state an ahieve marosopi oupations,and Bose-Einstein ondensation takes plae. In fat, this degenerate situation starts todominate the physis of the system when the ground state oupations are lose to 1, and itis the basis for many properties found in bosoni systems suh as polaritons in miroavities.For instane, the tendeny to oupy the ground state above the degeneration limit resultsin �nal state stimulation phenomena as we will desribe later.Using the above mentioned ondition [Eq. 8.4℄, it is straightforward to alulatethe density of partiles required for ondensation to take. If we take a three dimensionalgas of free partiles of mass m, with dispersion ǫ = ~

2k2

2m (ǫ0 = 0), and we onsider that the



CHAPTER 8. MANY-BODY PROPERTIES OF POLARITONS 153level states are so lose together that we an integrate over the energy states with use of the
DOS [Eq. 2.31℄, then the ritial density is given by:

nc (T ) =
N c (T )

V
=
Nexc (T, 0)

V
=

(

mkBT

2π~2

)
3

2





2√
π

∞̂

0

1

ex − 1
x1/2dx



 , (8.5)where V is the volume of the system. The �rst parenthesis in the right hand side of Eq. 8.5is the inverse ube of the so-alled de Broglie wavelength λT ≡
(

2π~2

mkBT

) 1

2 , and it re�etsthe average quantum size of the partiles onforming the gas at temperature T . The seondparenthesis in the equation has a value of 2.612 and, therefore:
nc (T )λ3

T = 2.612 (8.6)Equation 8.6 tells us that in order for a Bose gas to ondensate in a BEC, the averagedistane between partiles must be on the order of their quantum size. When this ours,the wavefuntions that desribe the individual bosoni partiles start to overlap and and thepartiles start to oupy the same quantum state. The marosopi ensemble of ondensedpartiles an then be well de�ned by a single wavefuntion:[207℄
Ψ (r) =

√
n0 |ψ0 (r)| eiφ0(r) +

∑

j 6=0

√
nj |ψj (r)| eiφj(r) = Ψ0 (r) + Ψexc (r) , (8.7)where ψj (r) and φj (r) are the amplitude and phase of the individual quantum states ofthe system. The wavefuntion desribing the marosopially oupied ground state Ψ0 (r)has a well de�ned phase φ0 (r).[61, 174℄ The density matrix of the system is given by:

ρ1

(

r, r′
)

=
〈

Ψ† (r)Ψ
(

r′
)

〉

=
〈

Ψ†
0 (r)Ψ0

(

r′
)

〉

+
〈

Ψ†
exc (r)Ψexc

(

r′
)

〉 (8.8)and desribes the �rst-order orrelation between partiles at di�erent positions r and r′ inthe system. The seond term in the right hand side of Eq. 8.8 goes to zero when |r − r′| goesto ∞, while the �rst term has a �nite and onstant value due to the well de�ned phase of themarosopially oupied ground state.[61℄ This property is alled o� diagonal long-rangeorder, and along with super�uidity, whih will be treated in Se. 8.5, is one of the mostimportant and harateristi properties of Bose gases, and has been thoroughly studied indilute atomi systems sine they were obtained for the �rst time in 1995.[65, 6℄



154 8.1. BOSE-EINSTEIN CONDENSATION OF POLARITONSspeies atomi gases polaritonsmass m∗/m0 104 10−5Bohr radius 10−1Å 102Å
λT at Tc 103Å 104Å

Tc < 1µK 10 − 300KTable 8.1: Comparison between di�erent parameters in atomi and polaritoni BECs. m0indiates the free eletron mass.Due to the heavy mass of the atomi bosons employed in BEC studies, and thelow density required to keep the bosoni harater of those partile, ondition 8.6 impliesworking at sub-µK temperatures. Alternative BECs an be studied in the miroavitypolariton system, as polaritons themselves are bosons. Polaritons have a very small e�etivemass due to its photoni omponent, of the order of 109 times smaller than those of atoms.For this reason, the transition to a Bose-ondensed phase an take plae at muh highertemperatures, as ompiles in Table 8.1.So far we have onsidered an ideal non-interating Bose gas. It is not straightfor-ward to see why the non-interating partiles should all ondense into a single quantum stateinstead of in a series of quasi degenerate states if, their energy separation is small enough,as ould be inferred from Fig. 8.1. However, BEC in a single quantum state does our, andthe reason is that partiles in real Bose gases interat repulsively. The repulsion interationprevents the gas from ollapsing and also aounts for ondensation taking plae in a singlequantum state, as this is the energetially favored situation when onsidering Hartree andexhange interations in the system.[194℄Atomi ondensates are regularly studied in three dimensional on�gurations, wherethe above mentioned properties of BEC an be diretly applied. However, polaritons in mi-roavities live in a two dimensional environment. Considering the onstant density of statesharateristi of two-dimensional systems (see Se. 3.1.1) the ritial density for the Bosephase transition desribed by Eq. 8.5 diverges and the transition an only take plae at
T = 0. Equivalently, the impossibility of formation of a BEC in 2D an be seen as aused bythe destrution of the phase orrelations by long wavelength thermal �utuations.[112℄ Thisis atually aused by the divergene at low energy of the Bose-Einstein distribution itselfwhen µ→ ǫ0 [see Fig. 8.1℄. A BEC phase transition an be reovered in 2D in the preseneof potential traps.[15, 202, 61℄ Nevertheless, if interations are present long-range order andsuper�uidity an still develop below a ritial temperature. This ritial temperature har-



CHAPTER 8. MANY-BODY PROPERTIES OF POLARITONS 155aterizes a phase transition known as Berezinski-Kosterlitz-Thouless (BKT).[29, 152℄ Theritial density and temperature are related by a linear relation:
nc =

2mkBTBKT

π~2
, (8.9)where, in this ase, nc is the density of the ondensed fration of the gas. Equation 8.9 analso be expressed in terms of the de Broglie length:

nc (T )λ2
T = 4, (8.10)and the same interpretation about the overlapping of the Bose partile wavefuntions an beapplied as in 3D. Note that even though the BKT transition requires interations betweenpartiles, Eq. 8.9 does not show any partiular interation-energy term. The BKT transitionatually relies on two partiles interations. Above the ritial temperature unonnetedloal quasi-ondensed droplets an form, but also free vorties do spontaneously appear,destroying the super�uidity and the long-range order. Below the ritial temperature phase�utuations also indue the formation of vorties, but in this ase they tend to bind in pairsof opposite irulations due to the energy relief of suh on�guration aused by interations.The pairs and lusters of vorties with total zero irulation have little in�uene on thesuper�uid properties. In this way the ondensate ends up onforming perolation paths thatonnet the phases of spatially separated points, and quasi-long range order is reovered.Two di�erent �uids oexist: a normal �uid and a perolated ondensed phase. In thissituation the �rst term of the orrelation funtion [Eq. 8.8℄ is not onstant, and dereases asa funtion of distane |r − r′|. Then true long range order is not ahieved and the systemdoes not onform a true BEC.Reent alulations spei�ally performed on the two-dimensional polariton systemand starting from the internal struture of polaritons without onsidering BKT e�ets,�nd that the problem an atually be treated in a mean-�eld approah.[138℄ When phase�utuations are introdued in the alulation, at low densities nc follows a linear dependeneon T , similar to that given by Eq. 8.9.Although the above mentioned di�erenes between the two and three dimensionalases must be kept in mind, the theoretial treatment of the polariton ondensate in twodimensions an be arried on within the standard Gross-Pitaevskii and Bogoliubov theoriesas in the three dimensional ase. In Se. 8.5 we will brie�y introdue the Bogoliubov theory



156 8.2. MICROCAVITY POLARITONS PHASE DIAGRAMto desribe the most important features of super�uidity in these systems, in the frame-work of Bose-ondensed phases. In any ase, even though it may not be the most rigorousterminology, from now on we will refer to the two-dimensional polariton ondensate as aBEC.
8.2 Miroavity polaritons phase diagramIt is important to remark that exitons, and onsequently polaritons, are ompositebosons, formed from two spin-paired fermions. This sets up an important limit to thebosoni treatment of miroavity polaritons. If the density of polaritons is too high, thebosoni piture of polaritons does not hold, as the eletron and hole wavefuntions thatonform the exitons from di�erent polaritons start to overlap, evidening their fermioninature. Also, interpartile sreening hanges the exiton osillator strength and the ouplingto the photon modes, eventually destroying the strongly-oupled polariton. In this ase themiroavity enters into the regime of weak-oupling, in whih the system is well desribedby the bare exiton and avity modes. In GaAs based miroavities at low temperature andnon-resonant exitation, the arrier density threshold for the onset of laser operation, in theunoupled exiton-photon system, is usually lower than the threshold for the weak-ouplingregime, and lasing usually takes plae right at the density point of polariton destrution.[38℄In the photon-lasing regime (VCSEL) the quantum wells inside the avity at as a gainmedium, and the avity itself as a laser resonator.Thermal ionization of the exiton an also take plae at high enough temperatures,driving the system into LED operation. Figure 8.2 shows the di�erent phases in exitedmiroavities of di�erent materials as a funtion of partile density and temperature. Onlyat temperatures and densities lower than those haraterizing the onset of LED and VCSELoperation, strongly oupled polaritons onform the exitations and light-emission propertiesof the system, in the region enlosed by the dashed vertial and horizontal lines in Fig. 8.2.Within this region, an inoherent polariton phase (polariton diode) or a BEC of polaritonsan be found. The solid line shows the BKT transition with its linear dependene on Tdesribed by Eq. 8.9 at low densities.
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Figure 8.2: Phase diagrams for miroavities based on (a) GaAs, (b) CdTe, () GaN and(d) ZnO. The vertial and horizontal dashed lines show the limits of the strong ouplingregime imposed by the exiton thermal broadening and sreening, respetively. The solidlines show nc vs temperature relation at the BKT phase transition. The dotted and dashedlines show the nc for the ase of quasi-ondensation in �nite size systems (lateral dimensionof 100 µm and 1 m, respetively). Taken from Ref. [181℄.
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Figure 8.3: Miroavity dispersion in the strong oupling showing the trap in momentumspae and the polariton formation and relaxation hannels.8.3 Spontaneous BEC of polaritonsMany properties assoiated to the formation of BEC of polaritons in miroavitieshave been observed in many di�erent experiments in the past deade.[64, 239, 267, 220, 221,133, 147, 132, 161℄ The most extended on�guration employed to explore this phenomenonis the use of the energy trap in momentum spae found in the lower polariton branh around
k = 0. If a su�ient amount of polaritons aumulate in the quantum states at the bottomof the trap, ondensation may take plae.This momentum trap on�guration is skethed in Fig. 8.3. In order to unambigu-ously observe a true phase transition, the externally injeted polariton population in thesystem must be inoherent. In this way, if any long range order oherene arises in thesystem it will be solely due to the spontaneous ondensation, and not inherited from theoherene of the exitation soure (whih is usually a laser). For this reason, in experimentsthat attempt to demonstrate the ondensation of polaritons, the polaritons injeted in thesystem are reated non-resonantly, with energies far above the bottom of the trap, expetingthat relaxation in the arrier bands will destroy any trae of the oherene of the injetedarriers. As depited in Fig. 8.3 the non-resonantly reated polaritons relax energy andmomentum until they reah the momentum-bottlenek region.Relaxation from the bottlenek region to the bottom of the polariton trap is a slow



CHAPTER 8. MANY-BODY PROPERTIES OF POLARITONS 159proess at low exitation densities, as it requires the simultaneous relaxation of signi�antamounts of energy and momentum. LO-phonon assisted sattering proesses annot par-tiipate due to energy onservation onstraints, and only polariton-polariton and aoustiphonon-polariton interation an mediate in the polariton relaxation.[180℄ Apart from therelaxation bottlenek, another important onstraint for the aumulation of polaritons at thebottom of the trap is their redued lifetime. As disussed in Se. 3.2.2, due to the photoniontent of the lower branh polaritons, whih is lose to 50% in the onsidered experiments(δ = 0), the polariton lifetime in those states is of the order of 1-10 ps in standard GaAsand CdTe based systems. Faster relaxation times are required to ahieve oupations at
k‖ = 0 above 1 to trigger the ondensation. The usual strategy has been to inrease theexitation density until the oupation of the ground state is high enough, as long as thestrong-oupling regime is not destroyed by the high arrier density.The relaxation bottlenek has been the major obstale for the observation of theBEC phase transition in GaAs based miroavities until very reently.[161℄ In these systemsdue to the redued eletron-hole binding energy (. 10 meV) the exiton an be ionized (andthe polariton destroyed) at not very high arrier densities. This is the situation depitedin Fig. 8.2(a) with an horizontal dashed line. When the exitation density is inreasedit is found that the system looses strong oupling due to sreening and exiton ionizationin the high-dense polariton gas. Atually, when non-resonant exitation is above the QWbandgap (as in Fig. 8.3) the ritial arrier density for the strong oupling to break downis even smaller than that indiated in Fig. 8.2(a). In this situation polaritons oexist withfree arriers (injeted by the exitation soure), whih ontribute to the sreening in thesystem and eventually destroy the strong oupling at densities lower than those requiredfor ondensation. In suh onditions, the system is driven into the VCSEL regime, wherephoton lasing takes plae under weak oupling.[38, 251, 35, 17℄Several on�gurations have been attempted in order to redue the bottlenek ef-fet and to enhane the polariton relaxation in the lower branh in GaAs based miroavi-ties: (i) the inrease of the lattie temperature to relax the energy-momentum onservationonstritions,[275, 157, 200℄ and (ii) the introdution of free arriers in the system to enhanethe polariton relaxation sattering.[157, 200, 16℄ Despite the fat that these approahes havedemonstrated that the bottlenek e�et an be substantially redued, none of them resultin k = 0 oupations high enough to trigger the ondensation. In Chapter 9 we will presentsome studies on the thermodynamis of the polariton states above the bottlenek.



160 8.3. SPONTANEOUS BEC OF POLARITONSReently, spontaneous Bose-Einstein ondensation of miroavity polaritons hasbeen demonstrated in a CdTe based miroavity.[133℄ In these systems the exiton bindingenergy is muh larger than in GaAs and the density threshold for the ionization of the po-lariton is muh higher [see Fig. 8.2(b)℄. For this reason, the non-resonant exitation densityan be inreased above the limit over whih the oupation of the ground state beomesmarosopi and ondensation an take plae. Let us note that one this oupation isabove 1, in a thermalized bosoni distribution newly injeted partiles will tend to oupythe ground state just by following the Bose-Einstein distribution, and the ondensed state isreinfored. Figure 8.4 depits the momentum distribution below (a) and above (b)-() theondensation threshold for the ondensed state realized by Kasprzak and oworkers.[133℄ Inthe last two ases the marosopi oupation of a single momentum state (k = 0) an beeasily appreiated. Other predited properties assoiated to the polariton BEC ondensationare aessible through the photons that sape out of the avity. These photons retain infor-mation of the polariton state from whih they were originated. For instane, the ondensedground state is expeted to show the build-up of spontaneous linear polarization,[261℄ nar-rowing of the emission linewidth,[208℄ superlinear exitation density dependene,[208℄ andspatial long-range oherene.[182℄ All these properties have been demonstrated in the afore-mentioned CdTe based miroavity experiments.[64, 220, 221, 133, 147, 132℄In very reent experiments, the group of Yamamoto has also been able to demon-strate BEC of polaritons in a GaAs based miroavity. In order to overome the bottlenekand exitons ionization problem, in their experiments the exitation is resonant with thelower polariton branh with very large in plane momentum (i.e., very large inidene angle,
∼ 60◦), where polaritons have a very large exitoni harater. With this on�guration, onlypolaritons are reated in the system and no free arrier bath, whih would sreen the exi-tations. In this way, a su�iently high polariton density of the ground state is ahieved andondensation takes plae. The most important feature demonstrated in these experimentsis the appearane of long-range order,[71, 161℄ in partiular when an array of weak spatialpolariton traps is built.[161℄Nevertheless, some aspets of the observations of BEC of polaritons are still notlear. One of them is, for instane, the importane of ahieving a thermalized distributionof polaritons. By measuring the light intensity emitted from the miroavity as a funtionof angle (i.e., polariton momentum) it is possible to obtain the polariton oupation distri-bution as a funtion of polariton momentum.[133, 70, 201, 17℄ However, in many oasions,
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Figure 8.4: (a) Far �eld emission (kx and ky momentum spae) from the LPB of a CdTebased miroavity under non-resonant exitation at 5 K at di�erent polariton densities, inthe experiment of Kasprzak et al. where a BEC of polaritons was observed. (b) Same as (a)for ky = 0 and energy resolution. Extrated from Ref. [133℄.under the onditions of ondensation (where spetral narrowing of the ground state, onsetof non-linear power dependene, et. take plae) polaritons do not always follow a properBose-Einstein distribution.[133℄ In order for the system to be thermal, the ground and ex-ited states lifetimes should be longer than the thermalization time. It has been shown thatthis might only be ahieved under partiular exiton-photon detunings. In partiular, largeenough positive detunings are more favorable, as the exitoni ontent of the polariton ex-tends its lifetime and inreases the polariton-polariton and polariton-phonon interations sothat thermalization is aelerated.[70℄ On top of these di�ulties, a reent work by Bajoni etal. shows that a miroavity in the weak oupling regime, above the onset of photon lasing,may show an angle-dependent emission pattern resembling very muh that of a Bose-Einsteindistribution.[17℄Let us �nally mention that a di�erent strategy has reently been proposed for theformation of a BEC of polaritons in miroavities by making use of spatial traps.[21℄ Thesetraps in real spae are reated by the loal redution of the photoni potential when loalizedpressure is applied to the miroavity sample. The traps at as the magneti quadrupoletraps in atomi ondensates and should be able to lower the temperature of the polariton



1628.4. THE POLARITON SYSTEM UNDER RESONANT EXCITATION OF THE LPBensemble by evaporative ooling. However, in these experiments the optial exitation isperformed resonantly with the lower polariton branh at an angle of about 17, whih isvery lose to the so alled magi angle at whih polariton pair sattering to k = 0 statesin the OPO regime has its lowest intensity threshold.[239℄ It is therefore not lear in theseexperiments whether the observed phenomena (narrowing of the linewidth, nonlinear powerdependene, build up of linear polarization, spatial oherene) are spontaneously formedfrom an inoherent ensemble, or inherited from the driven oherene of the pump state inan OPO proess, as in the experiments desribed in Se. 8.4.In summary, as desribed above, BEC of polaritons in miroavities has reentlybeen demonstrated. However, several properties related to BECs, whih are well knownin atomi physis, are yet to be found in the polariton system. Some of these phenomenaare the reation of vorties,[2℄ observation of Josephson osillations between two interatingondensates, appearane of Čerenkov-like shokwaves,[43℄ or super�uidity. The experimentalobservation of the last of these two phenomena in GaAs based miroavities will be thesubjet of Chapter 10.8.4 The polariton system under resonant exitation of theLPBWhen polaritons are resonantly injeted into the lower polariton branh, the po-lariton relaxation mehanisms giving rise to the LPB luminesene are very di�erent tothose desribed in the previous setion. In this ase, the exitation laser introdues largepopulations of polaritons in a partiular state, whih is easily marosopially oupied. Theon�guration we are onsidering is depited in Fig. 8.5, where the laser energy and inideneangle is set to exite the LPB lose to its in�exion point. At low powers, polaritons relaxinoherently via phonon sattering, populating (pretty muh evenly) all the LPB states be-low the pump energy. If the pump intensity is high enough, polaritons reated in this statestrongly interat with eah other and there is a high probability for pair sattering eventsto take plae.[51, 293, 164, 165℄ The pair (parametri) sattering events are haraterizedby the following onservation rules:
2EP = ES + EI , (8.11)
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(a) (b)

0.5 W/cm2

500

Figure 8.5: (a) PL spetra of a resonantly exited GaAs-based miroavity at the magi angleand at a CW power above the threshold for stimulated OPO operation. The inset showsthe dispersion, where the pair sattering proess is indiated by arrows. From Ref. [231℄.(b) Power dependene of the PL spetra under similar onditions of exitation as (a), inthe range 0.5 − 500 W/m2. The laser intensity saturates the detetor. The onset of thestimulated OPO regime ours at 150 W/m2 (marked with an arrow). From Ref. [263℄.
2kP = kS + kI , (8.12)

P , S, and I, indiating the pump, signal and idler modes, respetively. The so-alled phasemathing onditions 8.11 and 8.12 are only satis�ed when pumping is performed at veryspei� points of the dispersion urve. The on�guration shown in Fig. 8.5 is in fat themost suitable for this proess as pump is resonant with the in�exion point of the LPB, at theso alled magi angle. Around the magi angle it is easy to �nd pairs of points that satisfyEq. 8.11 and 8.12.[155℄ If the polariton linewidth is taken into aount, pair sattering isalso possible when pumping at di�erent angles. The e�ieny of the proess diminishes thefurther apart the pump is from the magi angle, as energy and momentum onservationrules are less likely satis�ed.[25℄ Let us note that the quantum nature of the pair satteringproess an be evidened through the observation of intensity orrelations between the signaland idler states.[234, 14, 223℄In addition to the ativation of the pair sattering proesses, if the pump power isfurther inreased, it is possible to populate the ground state of the system with oupanies



164 8.4. THE POLARITON SYSTEM UNDER RESONANT EXCITATIONabove unity. In this ase, stimulated sattering to the ground state is triggered as a resultof the boson distribution properties desribed in Se. 8.1, and as depited in Fig. 8.5(b).Therefore, above a given threshold, polariton pair sattering is strongly favored towards theground state1, and simultaneously an idler state is formed, suh that onditions 8.11-8.12 aresatis�ed. The idler state is visible in Fig. 8.5(a), and the regime under whih this takes plaeis alled Optial Parametri Osillator (OPO). From now on we will refer to the low-energyparametri state of the OPO as signal.The OPO regime is aompanied by the abrupt derease of the signal emissionlinewidth, and the non-linear inrease of the signal intensity with pump power.[267, 239℄These two fats appear as a onsequene of the marosopi oupation of the signal state.On the other hand, the emission from the idler state is signi�antly smaller than that ofthe signal. The number of partiles in both states should be idential, if pure parametriproesses were responsible for their oupation. However, the idler state lies at an energyand momentum very lose to the polariton states above the bottlenek, with a large exitoniomponent. The states above the bottlenek region [at about 30◦ in Fig. 8.5(a)℄ are usuallyreferred to as the reservoir, and they strongly interat with the idler leading to its very fastdephasing and spread in k. It is this fast dephasing of the idler what ultimately limits theoherene of the OPO. If the idler state is not well de�ned (large energy indeterminationaused by dephasing), the parametri proess is not well set.The non-linearities assoiated with the onset of OPO regime are also responsible forthe appearane of bi-stability.[49, 294℄ This e�et has reently been observed as a hysteresisloop in the variations of the signal intensity versus the pump intensity around the onset ofthe threshold density.[13, 95℄One of the most spetaular properties of the polariton OPO, and �nal state stim-ulation, is the observation of very high gains when a weak probe is shone on the signalstate at k = 0.[239℄ Under OPO onditions, the weak probe inreases the oupation of thesignal k = 0 state and stimulates the sattering from the pump state to the signal state.The probe transmitted light through the sample shows ultrafast gains of up to 70.[239℄Additionally, the proess is very muh dependent on the polarization on�gurations of theinterplaying beams, evidening the important e�ets of spin on the pair stimulated sat-tering mehanisms.[160, 134℄ Final state stimulation and high gains (up to 20) have also
1The parametri proess ould be spontaneously initiated towards signal states di�erent to k = 0. How-ever, the OPO with signal state at k = 0 has the lowest density threshold.[294℄



CHAPTER 8. MANY-BODY PROPERTIES OF POLARITONS 165been observed in atomi BEC in four-wave-mixing experiments,[283, 72℄ demonstrating theuniversality of the phenomenon, purely assoiated to the bosoni statistis.Let us point out that in this on�guration the system as a whole does not followa true Bose-Einstein distribution, as there is a very high oupation of polaritons in a wellde�ned state di�erent from the ground state (the pump state). Nevertheless the signal statedoes show harateristis assoiated to the ondensed ground state of a BEC. Reent the-oretial studies by Wouters and Carusotto[298℄ support this idea, as they predit that theground state in an OPO on�guration should show the appearane of Goldstone modes,assoiated to the spontaneous breaking of the symmetry harateristi of a transition into aBEC phase. These authors onsider the spontaneous parametri proesses assoiated to anOPO as the one depited in Fig. 8.5(a), where the aforementioned momentum and energyphase mathing onditions are satis�ed between pump, signal and idler modes. The ampli-tude and phase of the pump mode is fully determined by the pump inident laser. However,the phase of the signal and idler remain free as they are invariant under a simultaneousomplementary rotation:
S → Sei∆φ I → Ie−i∆φ, (8.13)where S and I are the omplex amplitudes of the signal and idler modes, respetively. Inother words, the total phase of the trimodal system should be onserved:
φP + φS + φI = constant. (8.14)

φP is �xed by the pump laser, and φS and φI are in priniple free as long as ondition 8.14is satis�ed. Above the threshold for the onset of the OPO, a random value of the phase ofthe signal and, thus, of the idler, is spontaneously set, and a U(1) phase-rotation symmetry[Eq. 8.13℄ is spontaneously broken. This is the kind of spontaneous symmetry breakingassoiated to many properties of Bose-Einstein ondensates, like the onset of super�uidity.Wouters and Carusotto show that the spetrum of exitations [ωG (k), Goldstone modes℄around the signal state has a linear shape Re [ωG (k)] = cG (k − kS). This linear dispersion ofthe exitations is indeed a manifestation of the Bogoliubov modes harateristi of systemswith super�uidi properties. A detailed analysis shows that given that Re [ωG (k)] = 0 at k =

kS , and the absene of a singularity at that point, the Goldstone modes physially orrespondto spatially slowly varying twist exitations of the signal and idler phases. Moreover, a



166 8.5. SUPERFLUIDITY OF POLARITONSloalized phase perturbation will not propagate, but simply relax bak down. This onfersa di�usive harater to these modes in non-equilibrium situations, suh as that enounteredin a miroavity OPO, where polaritons are onstantly feeding and exiting the system.The situation is di�erent in an equilibrium system suh as that onformed by aBEC of atoms, where the orresponding Goldstone modes dispersion goes as Re [ωG (k)] =

cG |k − kS | around the onsidered state kS , and presents a singularity at k = kS . In thisase an exitation (Goldstone mode) physially orrespond to a weakly-damped sound wavepropagating at the speed of sound cG.[298℄ In any ase, the Bogoliubov-like exitation spe-trum indiates that the polariton system, under resonant exitation of the LPB, may showsuper�uid properties suh as movement through an obstale without dissipation, appearaneof vorties, or Josephson osillations between two weakly-interating polariton �uids.Let us point out that reently, Szymanska and oworkers[272℄ have found a sim-ilar di�usive nature of the modes belonging to the spetrum of exitations of a polaritonondensed phase under non-resonant inoherent pumping (this is the situation in the experi-ments of Kasprzak et al.[133℄ where a BEC of polaritons has been reported). Therefore, verysimilar physis may rule the exitation spetrum of polariton oherent states in miroavitieswhen they are either reated resonantly or non-resonantly.[298, 297℄
8.5 Super�uidity of polaritonsThe theoretial treatment of the olletive exitations of the miroavity polaritonsystem under resonant exitation of the lower polariton branh has been the subjet ofintense study by the groups of Cuiti, Carusotto[42, 49℄ and Whittaker.[293, 294℄ Here wewill follow the treatment of Ciuti and Carusotto developed in detail in Refs. [42℄ and [49℄.We will just reprodue and point out the results of their theory that will be useful for theinterpretation of the results shown in Chapter 10. For further details, the reader is diretedto the just mentioned referenes.Let us onsider the exiton and photon �eld operators Ψ̂x (r), and Ψ̂c (r), respe-tively, in a situation of oherent pumping with a laser of energy ~ωP and momentum kP .Within a mean �eld approximation, the time evolution of the exiton and avity mean �elds
Ψx,c (r) =

〈

Ψ̂x,c (r)
〉 is given by the solution to the Shrödinger equation:
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 , (8.15)where h0 is the usual exiton-photon interation Hamiltonian:
h0 (k) = ~





ωx (k) ΩR

ΩR ωc (k)



 . (8.16)
~ωx(c) (k) is the in-plane energy dispersion of the exitons (avity photons), ΩR is the Rabifrequeny assoiated to the exiton-photon oupling (see Se. 3.2.2), FP is the amplitude ofthe driving pump laser, γx(c) is the homogeneous broadening of the exiton (avity photon)mode, Vx (x) and Vc (x) are exitoni and photoni spatial �utuations produed by interfaeand alloy imperfetions in the QWs and avity length of Bragg mirrors, respetively. Finally,
g, whih is greater than zero, is a repulsive exiton-exiton ontat potential, and the termthat ontains it is the soure of many of the non-linearities of the system. For instane,this term results in the renormalization of the polariton branhes (blueshift) when manypolaritons are introdued in the system, even under inoherent non-resonant exitation.Following the Bogoliubov theory of a weakly interating Bose gas,[174℄ the spe-trum of the exitations of the system an be obtained from the eigenvalues of Eq. 8.15 whenlinearized. In order to do so it is onvenient to de�ne slowly varying �elds (perturbations)with respet to the pump state:

δφi (r, t) = δΨi (r, t) exp (iωP t) , (8.17)and a four omponent displaement vetor:
δφ (r, t) = (δφx (r, t) , δφc (r, t) , δφ∗x (r, t) , δφ∗c (r, t)) . (8.18)Then the equation of motion of δφ (r, t), aording to the linearization of Hamiltonian 8.15when a weak perturbation fd is applied to the system, is:

i
d

dt
δφ (r, t) = L · δφ (r, t) + fd, (8.19)
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L =
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.(8.20)
Ψss

x are the stationary state solutions to Eq. 8.15 with Vx (x) = Vc (x) = 0. When Vx (x) =

Vc (x) = 0 the perturbation term fd is zero and the solutions to Eq. 8.19 depit the spetrumof olletive exitations of the system (Bogoliubov modes). In this ase the nature of theexitations is haraterized by the oupling indued by the pump between a generi signal
kS mode and an idler mode, whose wavevetor and energy satisfy onditions 8.12 and 8.11.The introdution of a photoni or exitoni defet in the system via fd in Eq. 8.19results in the appearane of the well known Rayleigh related sattering in the photon �elds.In the paper we are following,[49℄ Ciuti and Carusotto have alulated the dispersion ofexitations, and the momentum (far �eld) and real spae (near �eld) Rayleigh satteringimages when a defet is enountered in a resonantly exited miroavity near the bottom ofthe LPB. The magnitude |δφc (k)|2 is proportional to the intensity of the Rayleigh satteringemission. Figures 8.6 and 8.7 show those magnitudes for two di�erent situations of inidentmomentum and photon energy of the pump. Let us note that the potentials Vc,x (r) break thespatial invariane of the system and an exite Bogoliubov modes with momentum di�erentto kP . However they are stati perturbations, and an only exite states with energy equalto ~ωP (elasti proesses).In the exitation spetra depited in panel (a) of Figs. 8.6 and 8.7 it is remarkablethat a portion of the dispersion shows a linear shape. This is reminisent of the linearBogoliubov dispersion of exitations of a super�uid given, at small momentum, by2 ω (k) =

vsk, with:
vs =

√

~g
∣

∣Ψss
LP

∣

∣

2
/mLP , (8.21)where Ψss

LP (r) is the density of lower branh polaritons injeted by the pump, and mLP istheir mass (obtained in the low-density linear regime). If a photoni or exitoni defet inthe miroavity moves against the polariton �uid at a relative veloity v lower than vs, noexitations will be produed in the system and the polariton �uid will remain unperturbed
2See also the disussion of the dispersion of the Goldstone modes in Se. 8.4
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(c)

Figure 8.6: (a) Spetrum of exitations of the pump polariton state, i.e., the eigenenergiesof Eq. 8.19, (b) intensity (arb. units) of the photoni resonant Rayleigh sattering signal
|δφc (k)|2, and () near �eld image of the photoni sattered signal (Fourier transform of
|δφc (k)|2), for kP = 0.7µm−1, ~ωP = ~ωLP (kP ) + 0.599 meV, and ~g |Ψss

x |2 = 1 meV.Note that ~ωLP (kP ) is that of the lower polariton state with kP in the low density linearregime (no exiton-exiton interation). This situation orresponds to the Čerenkov regime,in whih a Bogoliubov linear exitations dispersion is present near the pump state but therelative veloity of the defet [plaed in the enter of ()℄ is higher than vs, produingsattering in a Čerenkov pattern.
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(c)

Figure 8.7: Same as Fig. 8.6, for kP = 0.4µm−1, ~ωP = ~ωLP (kP ) + 0.467 meV, and
~g |Ψss

x |2 = 1 meV. This situation orresponds to the super�uid regime, in whih a Bogoli-ubov linear dispersion of the exitations is present with a singularity at the pump state,whih additionally lies at the bottom of the exitations branh. In this situation the polari-ton state annot satter to any other state as long as the relative veloity of the defet isbelow vs, and the Rayleigh signal has ollapsed.



CHAPTER 8. MANY-BODY PROPERTIES OF POLARITONS 171after passing through the defet. Otherwise, exitations in the �uid are possible and sat-tering between polaritons auses dissipation. This, ondition v < vs plus the requisite that
ωLP (k) > ωP for every k 6= kP , onform the Landau riteria for super�uidity in a polaritonsystem. In Chapter 10 we will show experimental results on polariton �uids showing be-haviors very similar to that depited in Figs. 8.6 and 8.7.8.6 Final remarksThe next two hapters will show experimental results in GaAs based miroavitiesin the strong-oupling regime. In Chapter 9 we will show experiments under non-resonantexitation, paying partiular attention to the dynamis of relaxation of polaritons and thebottlenek e�et introdued in Se. 8.3. In these experiments, polariton ondensation e�etsan not be observed due to the presene of an exited plasma of eletrons and holes (reatedby the laser exitation) that ionizes exitons, driving the system into the weak-ouplingregime, before the ritial density for ondensation is attained.Finally, in Chapter 10 we will probe some properties assoiated to the ondensationand formation of polariton quantum �uids by resonant exitation of the LPB lose to thebottom of the polariton trap.
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Chapter 9
Dynamis of miroavity polaritonsunder non-resonant exitation
9.1 Introdution: CW haraterizationThe samples used for the studies presented in this hapter are the InGaAs/GaAs/AlGaAsmiroavities grown at the University of She�eld and desribed in Se. 4.1.2. The sampleswere grown with a avity wedge so that di�erent exiton avity detunings an be studiedby hanging the position of the exitation spot on the sample. A basi haraterization ofthe samples was performed in order to determine the Rabi splitting and emission energies.Figure 9.1(a) shows the k = 0 emission spetra as a funtion of position along a straightline on the sample, under low-power, CW non-resonant exitation. The emission from theLPB and UPB is learly observed, with the harateristi polariton antirossing betweenthe exiton and avity modes [Fig. 9.1(b)℄. Several fators ause the luminesene from theLPB to be muh more intense than that from the UPB. The most important one is the veryfast inoherent relaxation of upper branh polaritons to the lower lying states of the lowerpolariton branh. Additionally, at positive detuning [~ωc (0) > ~ωx (0)℄ the lifetime of theUPB states is muh shorter than that of the LPB, due to the high exitoni omponent ofthe latter. On the other hand, at negative detuning the k = 0 states of the UPB are verylose in energy to the reservoir states of the LPB, and interation with polaritons from thesestates quikly depletes the UPB.The value of the detuning exiton-avity at di�erent points along the sample is



CHAPTER 9. POLARITONS UNDER NON-RESONANT EXCITATION 173plotted in Fig. 9.1(). The δ = 0 position an be easily identi�ed as the point of least energydi�erene between the UPB and LPB, yielding a Rabi splitting 2~ΩR = 6.6 meV. δ an beobtained from the di�erene between the UPB and LPB energies at k‖ = 0 (EUPB, ELPBrespetively) and is given by the equation:1
|δ| =

√

(EUPB − ELPB)2 − (~ΩR)2 (9.1)In the remaining of this hapter we will present studies of the emission dynamisunder pulsed exitation for several exiton-avity detunings. The samples were kept at 5 K,and the photoluminesene time-resolved set-up employed is the one desribed in Se. 4.2.2,in whih a pinhole seleted the emission of polaritons at k = 0 (normal to the avitysurfae). Exitation was performed above the �rst re�etivity minimum of the stop band, inthe ontinuum of eletron-hole states of the GaAs avity spaer, exept in Se. 9.3, where,in some of the presented experiments, the exitation is resonant with the UPB lose to itsminimum.9.2 Power dependent dynamisFigure 9.2(a) shows a streak-amera image of the k = 0 emission of the miroavityat δ = +7 meV after non-resonant exitation for low laser power (4 mW). Under theseonditions the LPB and UPB modes an be observed. In Fig. 9.2(b) the time evolutiontraes of the upper and lower polaritons are shown. The lower polariton branh presentsslow dynamis, haraterized by a long rise and deay. In the ase of the upper polaritons,the dynamis are muh faster.The time evolution harateristis an be qualitatively understood onsidering thephenomenologial model desribed in Fig. 9.3. Free eletron-hole pairs are reated by thenon-resonant pulses in the QWs. Analogously to the proess desribed in Se. 7.3, in lessthan a pioseond the eletrons and holes ahieve thermalized distributions in the QWs.Simultaneously, polaritons start their formation proess {[A℄ in Fig. 9.3(a)}, populatingboth the UPB and the LPB. The avity lifetime in the samples under study is of the orderof 2 ps. Attending to the Hop�eld oe�ients (Se. 3.2.2), at detunings lose to zero theshort photon esaping time implies that the polariton lifetimes are also very short (∼ 4 ps)
1Equation 9.1 an be derived from Eqs. 3.27-3.28 after some straightforward algebra.
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Figure 9.1: (a) Color map of the k = 0 emission from the InGaAs/GaAs/AlAs miroavityunder non-resonant CW exitation at 5 K. The horizontal axis indiates the position inmillimeters along a straight line parallel to the avity wedge on the sample The UPB peaksare indiated by a white solid line; its position in the map is evidened in a z -logarithmisale. The dashed lines depit the energy of the exiton and avity modes. (b) Energyof the UPB and LPB peaks extrated from (a); the open points depit the emission fromunoupled exitons, visible at slightly negative detunings. () Detuning as a funtion ofposition on the sample alulated from Eq. 9.1. The minimum energy di�erene takes plaeat the position of δ = 0.
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Figure 9.2: (a) Streak amera image of the k = 0 miroavity emission for a detuning of
+7 meV. (b) Time evolution traes of the upper and lower polariton branhes, extratedfrom (a).for states lose to k = 0, where polaritons have a large exitoni omponent (∼ 50%).For this reason, any polariton falling inside the dispersion energy trap esapes very fastfrom the system. On the other hand, polaritons above the bottlenek, outside the trap,posses a very high exitoni omponent (> 90%) and a weak oupling to light. Additionally,above a ertain momentum, polaritons lie outside the light one [indiated by a grey line inFig. 9.3(a)℄ and do not ouple to light at all.2 Thus, the polariton lifetime is very di�erentdepending strongly on the polariton momentum. Inside the trap the polariton modes arestrongly depleted, while above the bottlenek polaritons have long lifetimes and dynamissimilar to that of exitons, due to their high exitoni omponent. Moreover, the bottleneke�et results in very slow relaxations from the reservoir3 to the bottom of the trap {[C℄in Fig. 9.3(a)}. Given the very di�erent lifetimes of polaritons inside and outside the trap,and the bottlenek e�et, it is straightforward to see that any polariton relaxing from thereservoir to the trap immediately esapes from the system, and the emission dynamis at

2Let us note that the trap region in momentum spae, and even the light one region, are very smallompared to the region of momenta over whih thermalized polaritons extend above the bottlenek at thetypial arrier temperatures of the photoluminesene experiments in these systems. An idea of the ratiobetween the number of arriers in eah region an be obtained from the analysis of Fig. 5.3, where exitondepletion within the light one an be ompared to the extension of the distribution of exitons in momentumspae at temperatures similar to those in miroavity systems.
3Given that the reservoir polaritons have a very strong exitoni harater, and their energy-momentumdispersion is almost that of exitons, we will refer to them indistintly as polaritons or as exitons. This isa nomenlature onvention widely used in the literature.
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Figure 9.3: (a) Carrier relaxation in a miroavity in the strong-oupling regime: [A℄ polari-ton formation from the photoreated plasma of eletrons and holes, [B℄ polariton relaxationand thermalization within the reservoir states, [B∗℄ polariton relaxation from the bottom ofthe UPB to the reservoir states, [C℄ polariton relaxation from the bottlenek to the bottomof the LPB. The grey line indiates the light one: polaritons with k‖ greater than that ofthe line annot esape from the avity due to total internal re�etion. (b) Carrier relax-ation and light emission in the weak-oupling regime above the threshold for photon lasing(VCSEL regime). The numbers indiate the leveling of the 4-level lasing system.
k = 0, for non-resonant exitation, is mainly determined by the polariton dynamis of thereservoir states lose to the bottlenek, as these require the least amount of phonon orarrier sattering events to relax their energy and momentum.The situation we have just desribed about the population distribution in the LPBan be extended to any detuning, the only di�erene being that at very positive detuningsthe LPB lifetime in the trap is inreased, and the bottlenek e�et is redued. Eventually,at very positive detuning, the bare exiton dynamis are reovered, but still states loseto k = 0 are signi�antly depleted as ompared to the states outside the light one [seeSe. 5.1.2 and Fig. 5.3℄.Aording to the arguments presented in the previous paragraphs, the LPB k =

0 polariton dynamis under non-resonant exitation re�ets the exiton dynamis at thereservoir states. In this sense, the long rise time depited in Fig. 9.2(b) is aused by the



CHAPTER 9. POLARITONS UNDER NON-RESONANT EXCITATION 177slow exiton formation, while the deay is mainly haraterized by the long exiton lifetime.This interpretation is onsistent with alulations of the polariton dynamis at di�erenttemperatures and detunings.[237℄The UPB dynamis an also be explained attending to the sketh of Fig. 9.3(a).As disussed in the preeding setion, the upper branh polaritons are very fast depleteddue to either their high photoni omponent (positive δ) or to their strong interation withand fast relaxation to reservoir lower branh polaritons {[B∗℄ in Fig. 9.3(a)}.[34, 252℄ Thelarge upper polariton linewidth is a manifestation of these interations.The very fast rise time of the UPB dynamis depited in Fig. 9.2(b), at a on-siderable positive detuning (δ = +7 meV), is a manifestation of the above mentioned fastdepletion hannels. The rise and deay UPB-dynamis depited in Fig. 9.2(b), at a onsid-erable positive detuning (δ = +7 meV), are determined by two fators: (i) at this positivedetuning, the UPB is of highly photoni harater, with a very short state lifetime; (ii)the relaxation hannel [B∗℄ in Fig. 9.3(a) ommuniates the reservoir states with the UPB.In this way, the fast rise and slow long time deay of the k = 0 upper branh polaritonsobserved in Fig. 9.2(b) are a onsequene of the quasi-thermal equilibrium between the reser-voir states and the UPB: the fast rise is a onsequene of the ahievement of a polaritondistribution in the reservoir, while the deay re�ets the ooling of that distribution and thedeay of the reservoir population.In Se. 8.2 and 8.3 of the preeding hapter, the alulated phase diagram of themiroavity system was presented. We mentioned that in the ase of GaAs-based miro-avities at low temperature, when inreasing the arrier density the strong oupling is lostbefore reahing the ritial density for the BEC of polaritons. This situation is explored inFig. 9.4, where the emission dynamis of k = 0 polaritons are shown as a funtion of exita-tion power for a spot (∼ 100 µm in diameter) on the sample with a detuning very lose to zero(δ = +0.8 meV). At very low power [Fig. 9.4(a)℄, a narrow emission (∼ 500 µeV) is observedat the energy of the LPB. Also emission from the UPB an be observed with the appropriatesetting of the z -sale, but it is not shown in this �gure. As the arrier density is inreased,the polariton linewidth inreases due to the enhanement of the polariton-polariton andpolariton-arrier interations.[50, 12, 119℄ These interations are also responsible for theshortening of the rise time as they also redue the exiton formation time and ease therelaxation to the bottom of the trap. In Figs. 9.4(d)-(f) the transition from the strongto the weak oupling is evidened. At short times, at these powers (and above), the high



178 9.2. POWER DEPENDENT DYNAMICSdensity of free arriers injeted by the non-resonant exitation pulse sreens the eletronsand holes that form the exitons leading to their ionization and the systems evolves into theweak-oupling regime, haraterized by emission at the energy of the avity mode. At longertimes, the number of arriers in the system dereases due to reombination. In this way thesreening also dereases and the system goes bak to the strong-oupling regime, harater-ized by emission at the energy of the LPB and UPB, as evidened in Figs. 9.4(d)-(g) at longtimes. One the strong oupling is lost, the dispersion relations of the energy states ofthe system are given by those of the �rst eletron and heavy-hole subbands, as depited inFig. 9.3(b). A four level system an be onsidered, as indiated in the �gure, and populationinversion between levels 3 and 2 is easily ahieved as the eletron and hole relaxation to thebottom/top of their bands is very e�ient due to arrier-arrier interation.[225℄ In this asethe Bragg mirrors at as very e�ient resonators with a photoni mode very lose to thebandgap, and photon lasing is triggered, with a very low power threshold.[199, 38, 159℄Figures 9.4(f)-(i) show how, as soon as the system reahes the weak-ouplingregime, photon stimulated emission takes plae and the miroavity is driven into VCSELoperation. Due to the stimulated harater of the reombination, the light emission is veryfast in this regime. Most available eletron-hole pairs at the avity energy reombine in the�rst ∼ 50 ps.This situation of photon lasing is very di�erent to that of a polariton laser (plaser).[121℄Optial emission in a plaser would ome from the leakage out of the miroavity of a BECof polaritons at the bottom of the momentum trap. As was disussed in Se. 8.1, due to thebosoni nature of the ondensate, the stimulation proess takes plae during the relaxationof reservoir polaritons with large k to k = 0 states at the bottom of the LPB. The ondensedpolaritons are in a well de�ned quantum state, and when they leak out of the avity presentvery similar harateristis to those of a onventional photon laser, i.e. monohromatiity,well de�ned phase, diretionality. The fat that the stimulation and emission proesses aredeoupled an lead, in priniple, to plasing devies without exitation threshold.[121℄Note that in the GaAs based systems we are disussing here, due to the smallexiton binding-energy, and to the aforementioned sreening of the exitons, the weak ou-pling threshold is reahed at densities muh smaller than those for BEC to take plae. Insystems with �stronger� exitons (i.e., with larger binding energy) the weak-oupling exita-tion threshold under non-resonant exitation is muh higher,[133℄ even allowing for plasing
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Figure 9.4: Miroavity luminesene at k = 0 at 5 K after pulsed non-resonant exita-tion above the �rst minimum of the stop band at di�erent powers: (a) 1 mW, (b) 6 mW,() 10 mW, (d) 15 mW, (e) 20 mW, (f) 25 mW, (g) 30 mW, (h) 35 mW, (i) 45 mW. Thedotted lines in (a) depit the energy of the k = 0 states of the LPB (1.4507 eV), avity mode(1.4542 eV) and UPB (1.4574 eV).



1809.3. POLARITON RELAXATION FROM THE UPB IN THE STRONG COUPLINGREGIMEto take plae at room temperature, as evidened in a reent observation in a GaN basedmiroavity[46℄.Figure 9.4(f) shows that, at short times after exitation, emission from weakly (atthe photon mode) and strongly (at the LPB) oupled modes oexist. This phenomenon anbe observed in experiments at very di�erent detunings. Figure 9.5 shows the emission energy(green and blue dots) as well as the intensity (red dots) dependene on pulsed-exitationpower at several detunings in the sample. At low exitation density, the miroavity is in thestrong-oupling regime with emission ourring at the LPB and UPB energies, with a lineardependene of the photoluminesene intensity on exitation density. The light blue areasdepit the transition from the strong to the weak oupling at high densities. Analogously tothe analysis arried on Fig. 9.4, the transition threshold an be identi�ed by the shift of theemission to the avity mode states (blue triangles). The appearane of emission at the avitymode is aompanied by the onset of a superlinear dependene of the photolumineseneintensity on exitation power. Suh a superlinear behavior is harateristi of lasing systemsright at the threshold density.[75, 233℄ At higher exitation intensities the linear behavior isreovered, as hinted in Fig. 9.5(a).The width of the light blue areas in Fig. 9.5 indiates the exitation power rangeover whih strongly and weakly oupled modes an be observed. At detunings lose to zero,where the strongly and weakly oupled modes are furthest apart in energy the oexisteneis learly observed. In this ase the oexistene region ould probably be extended to higherdensities if a larger dynami range would have been available in these experiments, as thephoton lasing mode inreases non-linearly while the oupled modes inrease linearly withdensity. Let us also mention that studies in the same system evidene that the oexisteneof strong and weak oupling takes plae on emission areas smaller than ∼ 10 µm.[22℄9.3 Polariton relaxation from the UPB in the strong ouplingregimeThe k = 0 lower-branh polariton dynamis is mostly determined by the dynamisof the reservoir polaritons, as it was pointed out in the disussion of the polariton relaxationhannels [Fig. 9.3(a)℄ and evidened by the slow dynamis shown in Fig. 9.4(a). In thissetion we will gain insight into this relationship through the results of a two pulses exper-
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Figure 9.5: Energy of the k = 0 emission of the UPB (green dots), LPB (blak dots) andavity mode (blue open triangles) �left sales�, and total integrated emission (red dots) �right sales� as a funtion of non-resonant pulse power for several values of δ: (a) +8.3 meV,(b) +5.1 meV, () +0.8 meV, (d) -4.1 meV, (e) -8.1 meV. The blue area shows the transitionfrom the strong to the weak oupling regimes. The dotted lines indiate the energy of thebare avity and exiton modes.
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Figure 9.6: (a) PL dynamis of the k = 0 lower branh polaritons in the miroavity underone pulse exitation (grey dashed lines) and under two onseutive pulses exitation (blaksolid line; delay between pulses: 450 ps; power of both pulses: 0.1 mW). (b) Same as (a) forthe PL dynamis of the bare QW exitons in an idential miroavity without top mirror.In this ase the delay between pulses is 400 ps and the power of eah pulse is 0.3 mW.iment analogous to that desribed in the experiments of Chapter 7. In those experiments,two delayed exitation pulses PI and PII reah the sample on the same exitation spot, PIIinduing an ultrafast warming of the exiton population reated by PI . Figure 9.6(a) showsthe LPB k = 0 emission under suh a on�guration for a spot on the sample at δ = 0. In thisase both pulses exite the sample non-resonantly (above the QW eletron-hole ontinuum)with the same power (0.1 mW) and a delay between them of 450 ps. Analogously to theresults presented in Chapter 7, a quenh of the photoluminesene is observed at the arrivalof the seond pulse. PI reates an eletron-hole pair population that deays into reservoirexitons, whih eventually relax to the bottom of the polariton dispersion trap giving riseto the emission shown in Fig. 9.6(a). The arrival of PII indues an ultrafast warming of theexiton distribution in the reservoir produing an abrupt derease of the exiton populationsat the bottlenek and a subsequent quenh of the k = 0 luminesene.In order to stress that the physis behind the dip are fully determined by theredistribution of exitons in the reservoir, we have also performed a similar two pulsesexperiment in an idential miroavity sample that has been proessed (hemial ething)in order to remove the top DBR mirror. In this way, the luminesene from the bare QWsan be aessed. Figure 9.6(b) shows the QW emission under the same non-resonant twopulses experiment (in this ase with a delay between pulses of 400 ps). The dynamis of



CHAPTER 9. POLARITONS UNDER NON-RESONANT EXCITATION 183the PL under a single pulse exitation (grey dashed lines) are alike in the miroavity andthe QW, evidening that they have the same origin. For a similar delay between pulses andratio of the powers of PI and PII , the magnitude of the dip is also very similar in both ases,whih is what would be expeted from the model desribed in Se. 7.3 if the dip is ausedby the redistribution of exitons.Taking advantage of the model desribed in Se. 7.3 and the relation between dipdepth and relative temperature hange of the exitoni distribution [Eq. 7.3℄, we are goingto study the relaxation of resonantly reated upper-branh polaritons. In this ase theexitation will no longer be non-resonant above the �rst minimum of the stop band. Herewe will desribe two pulses experiments in whih polaritons are resonantly injeted in anUPB state lose to k = 0. Figure 9.7 shows the k = 0 LPB emission under exitationwith two independent (blak lines) and two onseutive (red lines) pulses resonant withthe aforementioned UPB state, at di�erent detunings. The �rst pulse is linearly polarized,the seond one is σ+-polarized, and the σ−-emission is deteted. We use this on�gurationfor reasons that will be explained below. Control of the polarization of the exitation anddetetion paths is performed by use of appropriate ombinations of linear polarizers andquarter waveplates.In these experiments PI , linearly polarized, resonantly injets polaritons at thebottom of the UPB (see Fig. 9.7 upper panels). The diret relaxation via phonon emissionto the k ≈ 0 LPB states results in the very fast rise of the PL observed right after thearrival of PI (blak lines in the lower panels of Fig. 9.7).[252℄ Nonetheless, a signi�antportion of polaritons satter to the reservoir states in the LPB, onforming a thermalizeddistribution. Some of these polaritons relax towards k = 0 states where they esape fromthe avity giving rise to the deay observed at later times after the arrival of PI .[34, 252℄When a seond delayed pulse reahes the sample, at the same energy and momentum as PI ,the photoreated upper polaritons relax again to the reservoir states with an exess energygiven by the di�erene between the upper polariton energy and the reservoir energy (bareexitoni energy), whih is indiated by ∆ in Fig. 9.7. The seond pulse is σ+ irularlypolarized (injeting spin-up polaritons), while only the σ− irularly polarized emission isdeteted (from the esape of spin-down polaritons). In this way the diret relaxation ofthe polaritons injeted by PII from the UPB to the k = 0 LPB states is disregarded, asthis phonon mediated proess does not hange the polariton spin. In ontrast, the reservoirpolaritons do �ip their spin via usual exiton spin �ip mehanisms,[63℄ and any hange in



184 9.4. POLARIZATION DYNAMICS IN THE WEAK COUPLING REGIMEtheir distribution is re�eted in the σ− PL emission at k = 0. The slow rise observed inthe lower panels of Fig. 9.7 after the arrival of PII re�ets the time required for reservoirpolariton to �ip their spin.The red line in Fig. 9.7 shows the LPB k = 0 emission when the two onseutivepulses reah the sample. In Fig. 9.7(d) a dip in the PL an be observed indiating thatthe upper polaritons generated by PII very e�iently relax towards the reservoir states [redarrows in ()℄ hanging signi�antly their distribution. By measuring the relative magnitudeof the dip depth, and making use of Eq. 7.3 we an alulate the temperature inrease of thereservoir polaritons indued by the injetion of upper branh polaritons by PII . In the aseof δ = 0 [Fig. 9.7()-(d)℄, the temperature inrease is given by Taft = 1.2×Tbef . For a largerdetuning, as that depited in Fig. 9.7(e)-(f), ∆ is signi�antly inreased, and the arriersinjeted by PII more e�iently warm the exiton reservoir (Taft = 2.1 × Tbef ), induing alarger dip. In this ase the UPB lies within the eletron-hole ontinuum, and PII injetseletron-hole pairs in the system, whih warm the reservoir exitons even more e�ientlythan upper-branh polaritons. Figure 9.7(a)-(b) depits the ase of very negative detuning.In this ase ∆ is very small, and the negligible exess energy of the polaritons injeted by
PII results in a negligible warming of the reservoir.9.4 Polarization dynamis in the weak oupling regimeA subjet, within the �eld of miroavity polaritons, that has attrated the atten-tion of both theoretial and experimental researh groups is the issue of the spin dynamis ofpolaritons, whih an be aessed through the study of the polarization of the light leakingout of these systems. Let us reall (see Se. 3.2) that polaritons have the same spin states aslight, with its +1 or −1 heliity oriented along the growth diretion of the miroavity. Lin-ear superpositions of these states give rise to elliptial or linear polarization, and polaritonemission an in priniple show any polarization.The spin-dependent dynamis under resonant exitation of the LPB lose to themagi angle show very omplex behavior.[160, 134, 156, 218, 137℄ Several mehanisms par-tiipate in the polarization dynamis in this regime: (i) In the linear regime the polaritonstates are split into linearly-polarized modes (TE and TM) that at as an e�etive Voigtmagneti �eld for the irularly polarized polariton states. Let us note that this splittingis zero for polariton states at k = 0,but it may be important for polariton states at the
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Figure 9.7: Upper panels: polariton dispersion (solid lines) at δ = −5.6 meV (a), δ = 0 (b),
δ = +11 meV (). The blue dashed lines depit the dispersion of the unoupled exitonsand avity photons. The short red line indiates the energy of the eletron-hole ontinuumin the QWs. The yellow irles indiate the exitation energy and momentum. The redarrows in () indiate the upper polariton sattering into reservoir states. Lower panels:PL emission at k = 0 in the LPB under one pulse exitation (blak lines) and under twoonseutive pulses exitation (red lines) at the detunings indiated in the upper panels. Ineah ase the power of both pulses is equal. The �rst pulse is linearly polarized, while theseond one is σ+ irularly polarized; only the σ− omponent of the emission is deteted(see text for details).



186 9.4. POLARIZATION DYNAMICS IN THE WEAK COUPLING REGIMEbottlenek.[196℄ (ii) Due to in plane asymmetries of the QWs or Brag mirrors, a splittingmay arise between the linearly polarized polaritons along the diretions of asymmetry, usu-ally oriented along the rystallographi diretions of the heterostruture.[156, 231℄ (iii) Inthe non-linear regime, the renormalization assoiated to the high oupation of polaritonstates of a given polarization, indues a splitting between irularly polarized polaritonstates equivalent to an e�etive magneti �eld in the Faraday geometry. Under the e�etof this �eld the polarization of an elliptial polariton state would preess about the growthdiretion.[260, 218, 259℄ (iv) Polariton-polariton sattering shows a strong spin dependenedue to the repulsion between polaritons of the same spin, resulting in the rotation of thepolariton polarization in this type of events.[160, 134℄Under non-resonant exitation the polariton emission also shows non-trivial polar-ization dynamis,[185, 146℄ partiularly in the regime of BEC. It has been predited thatthe spontaneously ondensed polariton state at k = 0 must show linear polarization, andseveral experimental evidenes of this behavior have been provided.[132, 21℄ However, non-negligible degrees of linear polarization have been observed at k = 0 below the ondensationthreshold,[147℄ due to rystallographi anisotropies of the sample.In this setion we will brie�y show experimental results on the polarization dynam-is in a di�erent situation in a miroavity: the high-power weak-oupling regime. We willsee that this regime also shows peuliar polarization harateristis, most probably relatedto sample asymmetries along the rystal diretions of the sample.In order to aess the polarization properties of the system we have employed asimilar experimental on�guration to that used in the previous setion, with polarizationoptis (quarter-waveplates and linear polarizers) in the exitation and detetion arms. Inthis way, exitation with linearly or irularly polarized light pulses an be performed, whilethe emission an be analyzed into its polarization omponents.In the ase of linear polarization experiments it is onvenient to de�ne the TE andTM polarization diretions. In the TE mode, or transverse eletri, the light is polarizedperpendiular to the diretion of propagation of polaritons in the plane of the miroavity.In the TM mode, or transverse magneti, light is linearly polarized parallel to the to thepropagation diretion inside the avity,As shown in Fig. 9.8, TE modes an be exited with light linearly perpendiularto the plane of inidene (green arrow), while TM modes will be exited by light linearlypolarized parallel to that plane (red arrow, orange omponent parallel to the diretion of
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Figure 9.8: Exitation of TE and TM polarization modes. The sample surfae is parallelto the quantum well and avity spaer, and the plane of inidene is that de�ned by theinoming beam and the normal to the surfae. The green arrow indiates the diretion oflinear polarization perpendiular to the plane of inidene. The red arrow represents thelinear polarization parallel to the plane of inidene. In this ase there is always a omponentof the eletri �eld parallel to the propagation diretion in the avity (orange arrow).propagation inside the avity).The orientation of the polarized light and the angle of exitation will set a wellde�ned TE or TM on�gurations. In the experiments shown in this setion, the exitationbeam arrives on the sample with an angle of 2.5◦. A degree of linear polarization (℘LIN ) ofthe emission an be de�ned as:
℘LIN =

ITM − ITE

ITM + ITE
, (9.2)where ITM (ITE) indiates the emission intensity linearly polarized parallel to the TM (TE)diretion.Figure 9.9(a)-(b) depits the PL intensity of the k = 0 σ+ (σ−) emission [blak(red) line℄ and the orresponding irular polarization (℘CIR, blue lines), at low [(a); 2 mW℄and high [(b); 45.5 mW℄ exitation power after the arrival of a σ+ pulse for a detuning of

−4.1 meV. ℘CIR is de�ned by Eq. 6.3. In the low power ase (a) the emission arises fromthe LPB of the strongly oupled modes, showing no polarization, while at high densities thesystem operates in the VCSEL regime and a low value of ℘CIR, onstant in time, an beobserved. The situation in a linearly polarization geometry is very di�erent. Figure 9.9()-(d) shows the PL emission at k = 0 deomposed into its TM and TE omponents4 for
4At k = 0 the TM and TE omponents are de�ned with respet to the plane of inidene of the exitation
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Figure 9.9: Degree of irular polarization (left sales, blue lines) and PL intensity foreah irularly polarized omponent at k = 0 (right sales) under σ+ exitation in the lowpower (a) �2 mW, strong oupling, LPB� and high power (b) �45.5 mW, photon lasing�regimes. () and (d), same as (a) and (b) for linearly polarized (TM) exitation. The blak(red) lines denote emission o-(ross-)polarized to the exitation. Note the logarithmi salefor the PL intensity in the lower panels. The position on the sample orresponds to adetuning of −4.1 meV



CHAPTER 9. POLARITONS UNDER NON-RESONANT EXCITATION 189TM-polarized exitation. Muh larger values of linear polarization ℘LIN of the emission arefound, even at low power, and the deay time of the polarization is very long (> 4 ns).The results at di�erent exitation powers are summarized in Fig. 9.10, where thepower dependene of the time and energy-integrated ℘CIR (a) and ℘LIN (b) as well asthe total PL-intensity are depited under σ+ and TM exitation, respetively. Under σ+exitation [Fig. 9.10(a)℄, only in the regime above the threshold for VCSEL operation (∼
20 mW, haraterized by a non-linear inrease in the emission intensity, dotted line) a non-zero value of ℘CIR an be observed, always lower than 0.2. On the other hand, ℘LIN[Fig. 9.10(b)℄ always shows a high degree, approahing 1 above the VCSEL threshold.In the experiment shown in Fig. 9.10(b), exitation was kept in a TM on�gura-tion. However, the plane of linear polarization of the emission is in fat unrelated to thepolarization of exitation. The plane of polarization is found to be pinned to a partiularrystallographi diretion of the sample. The polarization plane of the emission remains thesame under TE-, TM- and irularly- polarized exitations, and it rotates when the sampleis rotated. This behavior is very di�erent to that found in optially exited VCSELs atroom temperature. In suh onditions, under non-resonant irularly polarized exitationthe VCSEL emission is found to be highly o-polarized with the exitation.[7, 120℄ Evenunder elliptial exitation the emission partially �remembers� the axis orientation of thepolarization ellipsis of the exitation.[109℄ These e�ets an be well desribed with the spin-�ip model developed by San Miguel, Feng and Moloney.[228℄ Aording to this model, airularly polarized absorbed beam exites three times more eletrons of a given spin thanthe opposite in the QW (see Fig. 3.3). The spin imbalane is partially retained during thearrier relaxation and ampli�ed by stimulated emission in the irularly optial transitionassoiated to the majority spin population. On top of this, the fat that one of the spinsublevels in the ative medium (the QW) is more populated (even reahing saturation limits)than the other, results in nonlinear optial anisotropy e�ets.[92, 77℄In ontrast, eletrially pumped VCSELs tend to emit in linearly polarized lightalong one of two rystallographi diretions (〈011〉 and 〈011̄〉in GaAs based systems) withno hange in the emission spetra between the two polarizations (same fundamental avitymode). Polarization bi-stability has been found when hanging the injetion urrent withina given urrent range,[195, 45℄ while polarization instabilities orrelated with hanges in thebeam.
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Figure 9.10: (a) Time- and energy- integrated degree of irular polarization (open triangles)and total PL intensity (red dots) as a funtion of the photoexitation power of σ+ pulses.(b) Same as (a) for the degree of linear polarization under TM-polarized exitation. Thedotted line depits the onset of non-linear emission.
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Figure 9.11: (a) Angle dependene of the energy- and time-integrated linear polarization ofthe avity mode emission at high power (42 mW, weak-oupling regime) for TM (blue soliddots) and TE (red triangles) polarized exitation at δ = −4.1 meV. The open dots depit theemission energy. (b) Same as (a) for δ = +5.3 meV at high power (43 mW, solid blue dots;weak oupling, avity mode emission) and low power (14 mW, open dots; strong oupling,LPB emission).spetral pro�le of the emission have been observed.[84℄The results shown in Figs. 9.9 and 9.10 indiate that in the miroavity understudy, pinning to one of the rystallographi axis dominates the polarization properties bothin the strong and in the weak oupling regimes. Additionally, the long deay times of ℘LINdepited in Fig. 9.9(b) indiate that linearly polarized states might be the eigenstates ofthe system. Let us mention that in many miroavity systems parametri proesses[74, 231,223℄ or spontaneous polarization[147, 132, 21℄ are also pinned to partiular rystallographiorientation.In order to understand whether the polarization pinning originates from anisotropiesin the QW or in the avity DBRs, angle-resolved experiments have been performed at dif-ferent detunings. Figure 9.11 shows the degree of linear polarization with respet to theTM emission at di�erent emission angles. In this ase, the TM and TE emission is de�nedfrom the plane of observation [TM (TE): linear polarization perpendiular (parallel) to theplane of observation℄. In the partiular experimental realization of the experiments shownin Fig. 9.11, the TM and TE diretions oinide with the relevant rystallographi axis ofthe sample.Figure 9.11(a) shows that at high exitation power (42 mW, weak-oupling regime)



192 9.4. POLARIZATION DYNAMICS IN THE WEAK COUPLING REGIMEand negative detuning (δ = −4.1 meV) the degree of linear polarization is independent fromthe polarization of exitation, and presents very strong angular osillations. The polariza-tion remains approximately onstant for angles of ±2 around k = 0. However, a inreasingthe detetion angle above that value results in an abrupt swithing in the degree of linearpolarization from +0.8 to −0.9. A further inrease of the detetion angle leads to a mono-toni redution of the degree of polarization. Thus, the polarization plane of the emissionhanges from TM to TE in a narrow one around k = 0.The ase of positive detuning (δ = +5.3 meV) is depited in Fig. 9.11(b). Thepolarization emission pattern at high exitation (43 mW, weak-oupling regime; solid dots)is similar to that of δ = −4.1 meV, with a lower absolute magnitude of the polarization.At low power (14 mW, strong oupling), the emission from the LPB still shows the pattern,with an even lower value of the polarization. This seems to indiate that the higher the pho-toni omponent of the emitting quasipartile from the miroavity, the higher polarizationin the emission an be found. Then, the pinning e�et of the linear polarization should beattributed to the axial anisotropies in the DBRs. Although the DBRs are made of layers ofquasi lattie-mathed materials (GaAs/AlGaAs), it has been shown that in heterostrutureswith so many layers (eah DBR is omposed of about 40 epilayers), strain may develop alongpartiular rystal diretions.[168℄ The fat that higher values of the linear polarization arefound at negative detuning may be also linked to the fat that at δ = +5.3 meV, the avitymode lies well above the ontinuum of free eletrons and holes of the QW. High arrier sat-tering is present at the energy level from whih luminesene is originated [see Fig. 6.3(b)℄,somewhat a�eting the degree of linear polarization imposed by the photoni anisotropy. Atnegative detuning, the weak-oupling emission originates from the reombination of the lowenergy tail of the eletron-hole distribution in the QW, whih shows low sattering ratesdue to degeneration e�ets [Fig. 6.3(b)℄.The physial origin of the unonventional angular polarization distributions de-pited in Fig. 9.11 is not lear and has not been reported in VCSELs, where PL studies arelimited to the emission parallel to the growth diretion. The angular e�ets reported heremight be originated from TE/TM birefringene assoiated to the photoni anisotropy in thesystem.



CHAPTER 9. POLARITONS UNDER NON-RESONANT EXCITATION 1939.5 SummaryIn this hapter we have presented experimental results on the time-resolved PLin semiondutor miroavities under non-resonant exitation. At low exitation densitythe system remains in the strong-oupling regime and the polariton emission at k = 0 isdominated by the exiton formation and polariton relaxation from the bottlenek states.The relaxation from upper-branh polaritons to reservoir states has been investigated in atwo pulses experiment. In this experiment, the ontrolled warming of the reservoir polaritondistribution has been demonstrated.Going bak to the non-resonant exitation on�guration, we have shown how themiroavity is driven into the weak-oupling regime as the power is inreased, where photonlasing dominates the emission. In this ase we have shown that the emission is linearly polar-ized along a diretion pinned to one of the rystallographi axis of the system. The pinningarises from anisotropies in the photoni on�nement and might also be responsible for theabrupt swithing between perpendiularly-polarized modes at di�erent emission angles.
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Chapter 10
Polariton quantum hydrodynamis
10.1 IntrodutionIn the previous hapter we presented experiments under non-resonant exitation inan InGaAs/GaAs/AlGaAs based miroavity. The emission dynamis in the strong-ouplingregime are well explained by free arriers and polariton relaxation mehanisms, giving rise topolariton inoherent populations. Even though only the emission from the k = 0 states hasbeen so far onsidered, in this inoherent regime polaritons distribute along the polaritondispersion giving rise to inoherent luminesene from all states within the light one.As disussed in detail in Se. 8.3 and shown in the experimental results of Se. 9.2,under highly non-resonant exitation (via photoreation of free eletrons and holes) in GaAsbased miroavities it is not possible to reah a quantum ondensed phase of polaritons. InCdTe based miroavities a Bose-Einstein ondensed state has been observed by Kasprzakand oworkers under suh exitation onditions,[133℄ and also in GaAs based miroavities,by the group of Yamamoto, under diret injetion of reservoir polaritons.[71, 161℄ Theimportane of those experiments is that a phase transition from an inoherent state (injetedfree eletrons and holes in the experiment of Kasprzak, reservoir exitons in the Yamamotoexperiments) to a oherent ondensed state of polaritons is observed. Due to the Bose-Einstein harater of the transition, polaritons spontaneously ondense in a state that liesat the bottom of the polariton dispersion, in a marosopially oupied state with zerolinear momentum.Very interesting properties distintive of a ondensed phase have been observedfrom this zero momentum state, as detailed in Se. 8.3. In fat, experimental observations



CHAPTER 10. POLARITON QUANTUM HYDRODYNAMICS 195of spetral and momentum narrowing, spatial oherene and long-range order have been usedas proof for the polariton Bose-Einstein phase transition, However, despite these observationsbeing lear evidene that polariton BECs an be formed in miroavities, they do not di�ersigni�antly from what an be found in a pure photoni laser.[17℄A di�erential landmark between a Bose-Einstein ondensate of interating polari-tons and a ondensate of non-interating photons (a laser), would be the observation ofsuper�uid properties in the polariton ondensate. The observation of these properties wouldon�rm the quantum nature of the ondensed phase.As demonstrated in many experiments in atomi ondensates, super�uidity maybe evidened in di�erent ways. Two of the most intuitive are the formation of vorties withquantized angular momentum,[2℄ and the interation with moving point-like potential bar-riers (�obstales�).[43℄ In the latter ase, a quantum ondensate interating with an obstaletraversing it presents very spei� sattering properties. Some of them were detailed inSe. 8.5. If the quantum ondensate is in the super�uid regime, the obstale will traversethe quantum �uid without ausing any sattering [Fig. 8.7℄. If the speed of sound of thequantum �uid is smaller than the veloity of the moving obstale, sattering takes plaegiving rise to a Čerenkov like pattern [Fig. 8.6℄.[43℄A polariton ondensed state with zero momentum, as those reated by Kasprzak etal. and by the group of Yamamoto, is not suitable to study these phenomena. A polaritonquantum state with well de�ned non-zero momentum must be employed so that it aninterat with stati obstales in the sample.1 In this hapter we will experimentally explorethis situation. We will show a novel tehnique for the reation and observation of polaritonquantum states with a well de�ned and ontrolled non-zero momentum (Ses. 10.2 and10.3). Then we will disuss experimental results on the interation of these quantum �uidswith obstales of di�erent sizes found in the sample (Se. 10.4). Some of the phenomenaintrodued in the previous paragraph and in Se. 8.5 will be evidened in these experiments.10.2 Making polaritons �owThe most straightforward way to make polaritons �ow would be by the resonant,pulsed2 photoreation of polaritons in a state of well de�ned momentum in the LPB. However
1Just by making a Galilean transformation this situation is equivalent to that of a stati ondensed stateinterating with a moving objet.
2A pulsed soure is essential if the dynamis of the polariton �uid is to be studied.



196 10.2. MAKING POLARITONS FLOWthis on�guration presents many di�ulties when it omes to the detetion of the polaritonmovement. First of all, polaritons only live a few pioseonds before esaping the avity(the polariton lifetime is on the order of 1-4 ps in most of the available miroavities). Thetemporal dynamis of polaritons after a resonant pulsed laser exitation an be resolved de-teting photon arrival times from the sample. However, even the best detetors do not allowfor resolution better than 1-2 ps,3 when the polariton population of the exited state hasalmost ompletely disappeared. Additionally, stray light from the resonant laser exitationis muh stronger than the light emitted by the polaritons, hindering the detetion of theirmovement in the avity, even a few pioseonds after the arrival of the pulse.Very few experiments in the literature address the issue of polariton movement.Freixanet, Sermage and oworkers[90, 253℄ presented and experimental on�guration inwhih polaritons with a well de�ned momentum state were reated by resonant pulsedexitation of the LPB at a given angle of inidene. In order to avoid the aforementioneddi�ulties, they made use of a pinhole to blok the stray light from the laser. In this waythey restrited the observation to polariton states with di�erent momentum and energy tothose resonantly addressed by the laser. The observed states do not onform polariton �uidswith marosopi oupations, as they are populated by the inoherent sattering from otherpolariton states (mainly from the state exited by the laser).Another experiment on this issue is that reently presented by Langbein et al.[169℄In this ase a well de�ned polariton state is not exited, as the pulsed soure simultaneouslypopulates a plethora of states with all possible in-plane momenta at a given energy in theLPB. The stray light from the laser is eliminated by use of a onfoal setup with a mask ofthe exitation spot. In any ase, inoherent propagation of the polaritons in a ring departingfrom the exitation spot an be observed, with a very fast deay (∼ 4 ps).In the experiments of Freixanet, Sermage, Langbein and oworkers, besides thedi�ulties related to the very fast deay of the polariton populations, the addressed polaritonstates present an inoherent nature. Thus, they do not onform a ondensed quantum phaseand they are not subjet to the super�uidi desription of bosoni quantum states.Here we present a experimental on�guration that allows us to reate a polariton�uid in a well de�ned energy and momentum quantum state while being able to observe its
3An experimental set-up based on the up-onversion tehnique would provide a resolution below 1 ps.However, we are interested in the real- and momentum-spae time-resolved imaging of the system in orderto observe the polariton �ow, and this an hardly be realized with the up-onversion tehnique due to itspartiular harateristis.
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Figure 10.1: (a) Far �eld PL emission from the investigated miroavity under non-resonantexitation at δ = 0. In the LPB, a sketh of the TOPO on�guration is presented. The CWpump and pulsed idler arrive at the sample with angles of 10◦ and 16◦ respetively, giving riseto a signal state expeted at 4◦ from the growth diretion (normal to the surfae). (b) Far�eld PL emission under resonant pump and idler exitation in the OPA on�guration (sameon�guration as the TOPO with both pump and idler beams being CW). The laser sattered-light from the CW pump and idler (indiated by the yellow dots) has been bloked in orderto avoid the bleahing of the detetion CCD. The signal state is visible at kx − 0.5 µm−1.() Sketh of the pump and idler laser spots on the sample.spatial evolution without any of the di�ulties related to the deay of the populations andof the stray light from the laser.Our experimental on�guration is based on a ontinuous replenishing of the polari-ton �uid from a higher-lying state driven oherently by an external CW-laser in a on�g-uration of a triggered optial-parametri-osillator (TOPO) in the lower polariton branh.Figure 10.1(a) shows a sketh of the exitation onditions in this on�guration. The sampleemployed for the experiments desribed in this setion is a λ/2-GaAs/AlGaAs miroavitywith a single wide QW in the antinode of the eletromagneti �eld in the enter of the av-ity. The sample was grown at the Laboratoire de Photonique et de Nanostrutures (CNRS,Frane). More details about this sample an be found in Se. 4.1.3. The sketh of theexitation onditions in Fig. 10.1(a), is plotted on top of the PL dispersion under low power,non-resonant exitation, at 10 K (temperature at whih all experiments in this hapter have



198 10.2. MAKING POLARITONS FLOWbeen done). We will restrit all the experiments shown here to the ase of δ = 0 (wherelight-matter oupling is strongest).The way the TOPO works is the following. Under CW pumping, a large polaritonpopulation is reated at a LPB state (the �pump� state, P) with energy EP and in-planemomentum kP . EP an be seleted by tuning the laser energy, while the in-plane momentum
kP is established by the angle of inidene of the CW-pump beam on the sample [kP andinidene angle are related by Eq. 3.15℄. Polariton pair-sattering proesses are possible tothe signal (S) and the idler states (I), as long as the phase mathing onditions 8.11 and8.12 between pump, signal and idler states are ful�lled:

2EP = ES + EI ,

2kP = kS + kI .If the pump population is large enough, pair sattering is spontaneously stimulatedto the signal at kS = 0 (i.e., kI = 2 × kP ), whih beomes marosopially oupied in awell de�ned quantum state4.[267, 239, 293, 51℄ However, if a polariton population at an idlerstate (EI , kI 6= 2× kP ) is reated by a CW probe while CW exiting the pump state, pairsattering proesses will be stimulated to a signal state predetermined by Eqs. 8.11-8.12.Thus, the momentum and energy of a signal-polariton population an be arbitrarily preparedwith the proper seletion of pump and idler energies and inidene angles. This on�gurationis alled Optial Parametri Ampli�er (OPA),[232℄ and an be easily ahieved for a rangeof pump, signal and idler states due to the peuliar dispersion found in semiondutormiroavities and the strong non-linearities assoiated to the polariton interation.In our experiment, the pump is a CW beam but the probe is a short (2 ps) pulse atthe idler state, whih just initializes the system, induing a population at the signal state.After the probe pulse has disappeared, the signal state is left marosopially oupied,and �nal state stimulation of the pump polaritons to the signal polaritons arries on fornanoseonds. This novel experimental on�guration, only initialized by the probe pulse,orresponds to a triggered OPO (TOPO), where the �nal-state stimulation of the pair-sattering proess is provided by the self-sustained high oupany of the signal and idler
4In this on�guration, known as OPO, sattering to the signal quantum state is stimulated by the highoupation of the �nal state (signal) and its bosoni harater (see Se. 8.4)



CHAPTER 10. POLARITON QUANTUM HYDRODYNAMICS 199states and it is fueled by the ontinuously replenished polariton population in the pumpstate (Fig. 10.1).With the experimental on�guration just desribed, we an reate polariton stateswith a well de�ned non-vanishing momentum at an energy di�erent from that of the exi-tation lasers. By making use of a spetrometer in the detetion setup, we an selet theemission from the signal states and �lter out the stray light from the exitation soures.Additionally, the high oupany of the signal state (whih is an essential preondition forthe TOPO proess to be ativated) assures that signal polaritons are indeed in a quantummarosopially oupied state. Figure 10.1(b) shows an atual time integrated CCD imageof the far �eld PL in the regime of OPA, with CW pump and idler exitations.In the time resolved experiments, the CW pump is foused on the sample on aspot of 110µm in diameter, while the pulsed idler is foused with a size of 16µm insidethe pump spot, as depited in Fig. 10.1(). One the TOPO is initialized on the spot ofthe sample illuminated by the pulsed laser, the signal polaritons start to move at a veloitygiven by their enter of mass momentum. In a time given by the polariton lifetime in theavity (2-4 ps), polaritons move to a nearby di�erent point in the sample and then leakout of the avity. However, the CW pump ontinues to feed the signal state by the TOPOmehanism, as long as the signal polaritons move within the pump spot. One the �uidreahes the pump-spot edge, the signal dies away. The position of the signal-polariton �uidis evidened by the light emitted at the energy of the signal state, whih arises from thephotons esaping from that state. In all the experiments presented here (exept statedotherwise), the CW pump will be injeted at an angle of 10◦ (orresponding to an in-planemomentum of ∼ 1.15 µm−1). 5Let us note that polariton-polariton interations result in appreiable renormal-izations (blueshifts) of the LPB when large populations are injeted in the system. Theseinterations arise from the exiton ontent of the polaritons and are desribed by the gdependent terms in Eq. 8.15. When preparing the pump and idler states in the TOPO, theband blueshift must be taken into aount by �ne adjusting the energy of the CW pumpand pulsed idler so that the phase mathing onditions are satis�ed.
5This angle is slightly below the magi angle (12◦, in�exion point of the LPB). In this way, the thresholdfor the spontaneous OPO of the pump is inreased and the emission of the OPO signal at k = 0, whih ouldontaminate the emission from the nearby TOPO signal state, is minimized. However, this pump angle islose enough to the in�exion point so that the phase mathing onditions 8.11-8.12 for the TOPO are stilleasily ahieved.
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Figure 10.2: Time evolution of the TOPO signal at k = 0 after the arrival of the pulsed idlerfor pump and idler energies and momenta suh that the phase mathing onditions result ina signal at k = 0 (pump inidene angle: 12º). (a) Streak-amera image. (b) Time pro�le,showing a signal deay-time of 1.1 ns.The setup used for the detetion of the polariton �uids moving aross the sampleis shown and explained in detail in Se. 4.2.3. The employed on�guration allows us toalternatively form the 2D images of the near-�eld (real spae) or far-�eld (momentum spae)emissions on a CCD or on the input slit of a streak amera at a given energy. Therefore,movies of the real- and momentum-spae movement of the polaritons in the sample an bereorded at a given emission energy with a time resolution of about 8 ps. The total spetraland spatial resolutions are on the order of 0.2 meV and 4 µm, respetively.The sustainability in time of the TOPO proess an be investigated if the pump andidler beams are set, following the phase mathing onditions 8.11-8.12, to in-plane momentaand energies suh that the signal state appears at kS = 06 (bottom of the LPB). In thisase the signal polaritons state does not move in spae and its lifetime an be measured.Figure 10.2(a) shows a streak-amera image in its usual on�guration (wavelength vs time)of the signal PL at k = 0. The signal emission is triggered at the arrival of the idler pulse.The very fast initial deay is aused the disappearane of the idler pulse, whose photondensity sets the initial oupation of the signal states. After the pulsed has disappeared thesignal is fed by the pump polaritons, showing a deay of 1.1 ns [Fig. 10.2(b)℄. The fators
6kI = 2 × kP and EI = 2 × EP − E(k = 0).



CHAPTER 10. POLARITON QUANTUM HYDRODYNAMICS 201determining this deay are urrently under investigation.10.3 Polariton �ow in the absene of defets10.3.1 Polariton �owFigure 10.3(a) shows several frames of the real-spae emission at the energy of thesignal polaritons, in the TOPO on�guration desribed in the aption of Fig. 10.1(a), afterthe arrival of the pulsed idler. Far �eld images at the same emission energy are also displayedat the same time delays [Fig. 10.3(b)℄. In Fig. 10.3, as well as in the rest of the moviespresented in this hapter, the images are obtained by reording the emission with pump andidler beams impinging upon the sample and subtrating the emission from just the pumpexitation. In this way only the polaritons populated by parametri proesses triggered bythe pulsed idler are reorded. It is readily seen that signal polaritons freely move arossthe sample without expanding or interating with the surrounding medium until polaritonsreah the edge of the area exited by the CW pump. In k-spae the motion is unperturbedand the total polariton momentum is onserved, with a value of kp = −0.75 µm−1, withoutany appreiable spreading.A detailed analysis of real-spae �lms shows that the polariton �uid moves at aonstant speed. Its group veloity is vg = (1.7 ± 0.4) µm/ps. We an ompare this valuewith the veloity assoiated to the observed momentum in the k-spae images. The groupveloity and the momentum of the enter of mass of the �uid is given by:
vg =

~kp

mp
, (10.1)where mp is the polariton mass. The polariton mass an be obtained from the measureddispersion relation of the LPB under non-resonant exitation shown in Fig. 10.1(a): thebottom of the LPB an be �tted to a paraboli funtion and the e�etive mass of thepolaritons an be obtained (mp = 1

~2

∂2E
∂k2

p
). For the onditions of δ = 0 onsidered here aLPB polariton mass of 1.89 × 10−4m0 is obtained.In this ase, with the value of kp measured in Fig. 10.3(b), a polariton groupveloity of vg = (0.5±0.3) µm/ps is obtained. This value is lower, but lose to, that diretlymeasured from the movement in real spae. The reason for this disrepany might be inthe unertainties assoiated to the alibration of the momentum spae in the CCD images
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Figure 10.3: Spetrally seleted observation at the TOPO signal energy of a oherent polari-ton gas moving at vg = 1.7 µm/ps. The images are real spae shots taken at di�erent timesafter the probe pulse arrival (t = 0). (b) Reiproal (momentum) spae frames reordedat the same time delays and energy as (a). The inset displays a 3D view whih evidenethe narrowness of the k distribution. The di�usion-less motion and the invariane of thek-vetor are a lear signature that polaritons are in a regime showing quantum oherene.The CW pump power is 20 mW (10◦), while the pulsed probe power is 110 µW (16◦).



CHAPTER 10. POLARITON QUANTUM HYDRODYNAMICS 203from whih the polariton mass is obtained [Fig. 10.1(a)℄. Nonetheless, other importantonsiderations should be taken into aount. In order to alulate vg from the measuredenter of mass momentum of the �uid, we employed the polariton mass from the non-resonant, low power polariton dispersion. However, the polariton dispersion is subjet toimportant hanges when it is resonantly exited in the LPB. Figure 10.4(a) shows the LPBdispersion around kx = 0 (ky is kept 0), as obtained in the TOPO regime at short timesafter the arrival of the idler pulse, for a spot on the sample and exiton ondition similarbut not idential to those used to obtain the dynamis displayed in Fig. 10.3. The emissionis spatially integrated over all the exitation spot, but as shown in Fig. 10.3, the emissionharateristis do not signi�antly hange along the trajetory of the �uid.To obtain the image shown in Fig. 10.4(a), the detetion path in the experimentwas setup in order to form an image of the far-�eld emission on the entrane slit of the streakamera (whih in suh on�guration produes kx-momentum spae images resolved in timeat a given detetion energy). In this ase, ky = 0 was seleted, and the detetion energywas sanned obtaining a kx vs energy plot at a short time (12 ps) after the arrival of thepulsed idler. Note that the image is obtained by reording the emission of the TOPO (CWpump plus pulsed idler) and subtrating the emission aused by the CW pump only. Onlythe polaritons populated by parametri proesses triggered by the pulsed idler are reorded.The signal states in Fig. 10.4(a) an be easily identi�ed as a PL peak at negativevalues of kx. Due to the �nite energy width of the idler pulse (∼ 2.5 meV), the phasemathing onditions give rise to several signal states, that onform the observed peak inFig. 10.4(a). Eah of them presents a marosopi oupation (as this is the ondition forstimulated sattering to those states in the TOPO on�guration), and an be treated as apolariton �uid in itself. Let us reall that in the real- and momentum-spae images shownhere, we selet one of these states by energy �ltering.Figure 10.4(b) shows in blak dots the PL peak positions extrated from (a), underresonant CW-pump (orange arrow) and pulsed-idler exitations. The red dots depit theLPB dispersion from the same spot on the sample after non-resonant, low-power exita-tion. Marked di�erenes an be appreiated between the two situations. First of all, theresonantly exited dispersion presents a blueshift in the emission of about 0.75 meV. Thisrenormalization of the band arises from the strong polariton-polariton interation in thesystem (terms ontaining g in Eq. 8.15), due to the high density of polaritons injeted bythe pump beam. Additionally, the polariton band shows a linearized setion lose to the
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Figure 10.4: (a) PL intensity as a funtion of energy and momentum of the emission for
ky = 0, at short time (12 ps) after the arrival of the pulsed laser in the TOPO on�guration.Note that the image is obtained by reording the emission of the TOPO (CW-pump pluspulsed-idler) and subtrating the emission aused by the CW pump only. In this way onlythe polaritons populated by parametri proesses triggered by the pulsed idler are reorded.The white lines are a linear and paraboli �t as in (b). (b) Blak dots: PL-peak positionsextrated from (a). Open points: dispersion under just CW-pump exitation (no idlerpulse). Red dots: LPB dispersion obtained under low-power, non-resonant exitation in thesame spot as that depited by the blak dots. The orange arrow indiates the energy of theCW-pump, while the green arrow depits the position of the signal state. The blue line is alinear �t to the blak dots with kx < −0.45 µm−1, while the grey line is a paraboli �t tothe emission at kx > −0.45 µm−1.



CHAPTER 10. POLARITON QUANTUM HYDRODYNAMICS 205states where the pump is being injeted. In the same graph, the open points depit themeasured dispersion in the absene of the idler pulse. In this ase the emission does notshow an intensity peak at the energy of the signal states (not shown here), as no TOPO hasbeen initialized, but the dispersion relation is very similar to that depited in blak soliddots. This fat indiates that both the overall blueshift and the linearization of the polaritonband, observable through the PL emission, arise from the renormalization indued by thehigh density of injeted polaritons in the pump state. In fat, onsidering the pump spotsize, the size of the traveling signal and the power of the emitted PL intensity we estimatethat the density of signal polaritons is at maximum one tenth of that of the pump polaritons.The dispersion relation shown in Fig. 10.4(b) is very similar to that alulated byCiuti and Carusotto[49℄ and displayed as a solid line in Fig. 8.6(a). This alulated dispersionatually depits the spetrum of exitations (δφ, Eq. 8.18) of a polariton �uid oherentlyinjeted by a laser at the pump state, with no pulsed idler. The most important type ofexitations onsidered by Ciuti and Carusotto when alulating suh a spetrum are pair-polariton sattering events from the pump �uid.[49℄ This is preisely the kind of exitationsthat give rise to the oupation of LPB states in the onditions of Fig. 10.4. In fat, thesignal state in the TOPO regime an be onsidered a pair-polariton sattering exitation ofthe pump state, as depited in Fig. 10.1(a). For this reason the dispersion obtained fromthe PL (Fig. 10.4) and that alulated and shown in Fig. 8.6(a) orrespond to the samephysial situation. However, Ciuti and Carusotto treat the pair-polariton exitations asa �rst-order perturbation to the polariton system, while the signal state triggered by thepulsed idler may require a full non-perturbative treatment in order to fully understand itsproperties.[41℄ Thus, omparisons between the theory developed by Ciuti and Carusotto andthe experimental results presented here must be done with aution.With these premises, we an onsider the signal state as a polariton �uid moving ina dispersion mainly renormalized by the large pump population. This situation may explainthe aforementioned disrepany in the alulation of the veloity of the �uid depited inFig. 10.3. In order to alulate the veloity assoiated to the signal wavevetor shown inFig. 10.3(b) we used Eq. 10.1 and the polariton mass obtained from the LPB paraboliapproximation under non-resonant exitation. We have just seen that the signal polariton�uid �lives� on top of the renormalized dispersion. The signal polariton veloity an thenbe diretly alulated from the dispersion shown in Fig. 10.4(b):
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vg =

1

~

∂E

∂kp
(10.2)For kp = −0.75 µm−1 (where the dispersion is linear) we obtain a veloity of vg = (2.6 ±

0.3)µm/ps, very lose to the value of (1.7±0.4) µm/ps diretly obtained from the real spae�lm in Fig. 10.3(b) under similar (but not idential) onditions to those of Fig. 10.4.10.3.2 Polariton di�usionA diret onsequene of the signal polaritons moving on top of a linearized setionof the dispersion as that shown in Fig. 10.4 is that the signal polariton wavepaket does notspread. A wavepaket of non-interating partiles on a paraboli dispersion is subjet toreal- and momentum-spae expansion due to the e�ets of the unertainty priniple (non-ommutability of spae and momentum operators).[52℄ Under suh irumstanes, if theonsidered wavepaket has a size (FWHM) of ∆0 at t = 0, the time evolution of its Gaussianwidth ∆ is given by:[171, 52℄
∆ =

√

∆2
0 +

(

2~t

mp∆0

)2 (10.3)However if the wavepaket lives on a linear dispersion, as is the ase of the signal polariton�uid, no expansion at all is expeted,7 neither in real or momentum spae.[80℄ Figure 10.5depits in solid dots the Gaussian width, in the y diretion, of the signal polariton �uidshown in Fig. 10.3(a) as it traverses the exitation spot. No apparent di�usion of thepolariton paket is observed. The red solid line displays the time evolution of the widthof the wavepaket, if the polariton �uid would be haraterized by a paraboli dispersion(Eq. 10.3).A similar behavior is expeted in reiproal (momentum) spae. Indeed, Fig. 10.3(b)shows no apparent di�usion of the well de�ned momentum of the polariton wavepaket.It is interesting to ompare the behavior of a harateristi polariton quantum�uid as that depited in Figs. 10.3-10.5, with a polariton paket in the inoherent regime.
7If we take into aount the polariton-polariton repulsive interations, even in a linearized dispersion thepolariton wavepaket should spread in time. However, these interations are not expeted to be apparentin the time sales onsidered here. In atomi ondensates on the other hand, atoms move in a parabolidispersion but present a very large mass. In this ase the broadening of the wavepaket given by Eq. 10.3 isnegligible, and the observed expansion of the atomi louds in milliseond timesales is aused by repulsiveinter-atomi interation.[103, 97℄
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Figure 10.6: Real-spae (a) and momentum-spae (b) images, of an inoherent polariton�uid, at a detetion energy above the bottom of the LPB at di�erent times. The olor salesvary from panel to panel. The images are obtained at low pump power (7 mW, 10◦). Theidler is set at 16◦ at 130 µW. In real spae the �uid slowly moves diagonally to the rightand upwards. The white irle at 43 ps depits the position of the �uid at t = 14 ps. A
t & 45 ps the �uid gets loalized in a shallow potential.



CHAPTER 10. POLARITON QUANTUM HYDRODYNAMICS 209loalized, the momentum fully randomizes resulting in the observed homogeneous ring.10.3.3 The pump and signal polariton quantum �uidsFrom the disussion in the previous paragraphs it is important to emphasize that inthe TOPO experimental on�guration we must onsider that at least two polariton quantum�uids oexist in the system. The most largely populated is the polariton �uid in the pumpstate. This �uid is oherently driven by the CW laser and, therefore, the phase of itswavefuntion, is externally imposed. Additionally, the large population of this state resultsin the renormalization of the of the whole lower polariton band.The seond oexisting quantum polariton �uid is that at the signal state that resultsfrom the TOPO proess desribed above, and lives on the renormalized polariton dispersionestablished by the large pump population. One of the most important harateristis ofthe signal state is that its phase is not neessarily set by the oherently driven pump state.As disussed in Se. 8.4 [Eq. 8.14℄, one the signal emission is initialized by the pulsedidler and the OPO regime sets on, the phase of the signal state is unrelated to that of thepump. This implies that the spetrum of exitations of the signal polariton �uid may be ofa Goldstone-mode nature, and it may show super�uid behavior.[298℄Finally, a polariton �uid at the idler state should also be present as a onsequeneof the parametri proess assoiated with the OPO. However, this �uid is subjet to veryfast dephasing as it is very lose in energy to the reservoir (see Se. 8.4). Therefore, it willnot be onsidered here.In order to explore in detail the nature of the signal (and pump) polariton �uids,in the next setions we will present results on the interation of these �uids with potentialbarriers of di�erent sizes and shapes. Loalized potential barriers are present in the miro-avity in the form of photoni or exitoni defets. In the sample under study, whih is ofa very high rystalline quality, sattering enters are present with an approximate densityof 0.01 µm−2. In the alulations of Ciuti and Carusotto reported in Refs. [42, 49℄ (alsointrodued in Se. 8.5) it's shown that the interation of a polariton �uid with suh defetson the sample may reveal its quantum nature and super�uidi properties, if any. For in-stane, Figs. 8.6(b)-() and 8.7(b)-() show alulations of the near- and far-�eld emissionsof a polariton quantum �uid at the pump state interating with a defet in two di�erentpump on�gurations.[49℄



21010.4. INTERACTION OF THE POLARITON FLUIDS WITH LOCALIZED DEFECTS10.4 Interation of the polariton �uids with loalized defetsThis setion shows a menagerie of interation e�ets between polariton �uids andpotential barriers of di�erent shape and size. Even though the three ases treated herere�et quite di�erent situations, the understanding of the behavior of the �uids in eah aseprovides insights into its quantum nature and properties.10.4.1 Sattering with a small point-like defetFigure 10.7(a) shows images obtained in the near �eld of a TOPO polariton-�uidolliding against a defet positioned in the middle of its trajetory. It is important to realizethat the images re�et the addition of two di�erent ontributions: a) the pump polaritons(extended in an area of ∼ 8×103 µm2) whih onstantly feed the signal polariton, and b) themotion of the signal polaritons by themselves, whih pass through the defet. Figure 10.8illustrates how these two ontributions are deteted at the signal polariton energy. Thefringes observed around the defet appear due to the loal hange in density of the pumppolaritons, whih is re�eted in the struture of the signal.The pump polaritons are injeted in a oherent state, at high energies, high densityand with high k-vetor. In the onditions of Fig. 10.7 the pump polariton state, whose phaseis determined by the CW pump, is well desribed by the situation depited in Fig. 8.6,whih shows the alulations of Ciuti and Carusotto for a polariton �uid in the so alledČerenkov regime.[49℄ In the onditions of Fig. 10.7 the pump polaritons must have a groupveloity higher than the veloity of sound (vs) (i. e., a Mah number > 1), giving rise, inthe presene of a defet, to very harateristi quantum interferenes resembling Čerenkovwaves, observable through the emission of the signal polaritons as depited in Fig. 10.8.8The veloity of sound is given by Eq. 8.21, and its value an be estimated from the blueshiftof the polariton dispersion, whih is equal to ~g |Ψss
LP |

2, and from the measured mass of theunperturbed polaritons. In this ase we �nd vs = 3 µm/ps. Similar shokwaves have beenreported reently for an atomi BEC �owing against a potential barrier at Mah numbersgreater than one,[43℄It is important to note that the visibility of these waves does not imply that thesignal polaritons are also in the Čerenkov regime. On the ontrary, the signal polaritons
8The observation of the Čerenkov shokwaves in the pump state does atually reveal the position of thedefet on the sample.
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Figure 10.7: (a) Signal polariton movement in real spae at di�erent times in the preseneof a small defet (marked with a white dot in the �rst panel). The observed Čerenkov wavesre�et the loal hange in density of the pump polaritons, whih are traveling at a supersoniveloity (see text and Fig. 10.8). (b) Corresponding momentum spae images. The olorsales vary from panel to panel. The pump (idler) power is 54 mW (315 µW) and the angleof inidene is 10◦(16◦).
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Signal polaritons

Pump polaritons

Figure 10.8: Sketh of the TOPO in real spae. The observation of the signal polariton-�uidis represented by the irles running from left to right on the blak bakground. We are ableto detet this motion thanks to the ontinuous feeding from the pump polaritons whih arerepresented by the gray plane. The supersoni regime of the pump polaritons is evidenedby the presene of Čerenkov waves around the defet. The hange in density of the pumppolaritons is projeted into the signal polaritons whih, instead, move through the defet.The red point shows the position of the defet.



CHAPTER 10. POLARITON QUANTUM HYDRODYNAMICS 213(whih are at lower energy and wavevetor) seem to �ow unperturbed when passing throughthe defet. In fat, Fig. 10.7(b) shows that the signal polaritons present a very narrow andwell de�ned momentum (evidening its quantum-state nature) that hardly hanges whenpassing through the defet (note that the olor sale hanges for the di�erent images).The group veloity of the signal polaritons extrated from the �lm depited inFig. 10.7(a) is vg = 0.9 µm/ps.9 This value is lower than the sound veloity alulatedabove, vs = 3 µm/ps (i. e. Mah < 1). This is atually one of the Landau riteriafor super�uidity de�ned in Se. 8.5. Additionally, the fat that both the momentum- andthe real-spae shape of the signal polariton �uid do not hange signi�antly when passingthrough the defet indiates that the polariton wavepaket does not satter with the defet(while the pump polaritons do, as evidened by the Čerenkov waves). All this evidene ouldindiate that the signal state is in fat in the super�uid regime expeted for a marosopiallyoupied bosoni state under partiular onditions (Fig. 8.7).[42, 49℄The demonstration of the super�uid harater of the signal polaritons is not aneasy task. For instane, in the system we are studying, the sound veloity is not learlyde�ned. In Se. 8.5 and in Refs. [42, 49℄ the system is only oupied by pump polaritons.In this ase vs is given by Eq. 8.21 and the �rst Landau riterion for super�uidity is learlyestablished (see end of Se. 8.5) In our ase at least two polariton �uids oexist in thesystem, with di�erent density, energy and momentum. Moreover, it seems that, to a �rstapproximation, the signal polaritons live on top of a LPB dispersion renormalized by thepump polaritons. It is not lear then if vs for the signal polaritons would also be given byEq. 8.21. Additionally, a areful measurement of the LPB dispersion is required in order tohek if the signal polaritons satisfy the seond Landau riterion [ωLP (k) > ωS for every
k 6= kS, as depited in Fig. 8.7(a)℄. The diret measurement of the exitation spetrum ofthe signal state would reveal important information on the olletive behavior assoiated tosuper�uidity. Wouters and Carusotto[298℄ predit for a non-triggered OPO,the appearane of di�usive Goldstone modes in the spetrum of exitation of thesignal state that spontaneously forms lose to k = 0. The appearane of Goldstone modeswith a non-zero sound veloity are lear indiations of the super�uidity of the signal state. Inorder to measure the spetrum of exitation of the signal �uid, an absorption measurementshould be performed in the states lose to the signal, as proposed in Ref. [298℄. This

9The group veloity of the pump polaritons annot be diretly measured due to the presene of the strongsattered light from the pump beam, and its CW harater, at the energy of those states.



214 10.4. INTERACTION OF THE FLUIDS WITH DEFECTSrequires an intriate experimental set up, in partiular onsidering that in our ase thesignal polaritons have a non-zero momentum and are onstantly moving aross the sample.Apart from these important onsiderations, the absene of sattering of the signalpolariton quantum �uid when traversing the defet, as observed in Fig. 10.7, and the mea-sured vg < vs, onstitute evidene ompatible with the super�uid harater of the signalpolaritons.10.4.2 Sattering with a large defetIn Fig. 10.9(a), a more striking ollision is observed as the size of the defet is nowomparable with the dimension of the polariton �uid. The �nite-size traveling polariton-�uidsatters oherently and elastially on the potential and it is split into two after the ollision.Fig. 10.9(b) shows that before the ollision the polariton �uid presents a well de�ned narrowmomentum distribution. The ollision splits the momentum distribution into two narrowand well de�ned states, orresponding to eah of the the observed polariton �uids in realspae. In this ase, the splitting of the signal polariton quantum �uid into two, when en-ountering the defet, an be interpreted as onsequene of the fat that not enough partilesan ompensate for the loal redution of the �uid momentum and allow an unperturbedmotion. Note that the proess is dissipationless. This behavior is again ompatible withthe super�uid harater of the signal state. A normal polariton �uid[90, 169℄ would dif-fuse both in real and reiproal spae in this on�guration due to polariton-polariton andpolariton-defet inoherent sattering.10.4.3 Re�exion on a line defetFigure 10.10 depits the real spae image of the interation of a polariton �uid witha line defet on the sample. The line defet [skethed with a white line in (a)℄ is loatedalong one of the rystallographi axis of the sample. In this ase the �uid is reated witha higher in-plane momentum (TOPO signal at 5◦), pointing in at t = 0 in a (x, y) = (1, 1)diretion on the plane of the sample.When the �uid reahes the potential barrier it is partially re�eted and partiallytransmitted [frame (d)℄. The trajetory of eah omponent is skethed with purple arrows inframe (a). Let us stress that the observation of a partial re�etion is a diret manifestation
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Figure 10.9: Images of a signal polariton quantum-�uid at di�erent times faing a defetof size omparable with its own dimension. Under these onditions the polariton �uid isfored to �feel� the defet whih is now breaking the polariton trajetory in real spae (a)and showing the appearane of two independent polariton states with di�erent k -vetors(b). The pump (idler) power is 39 mW (70 µW) and the angle of inidene is 10◦(16◦).
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Figure 10.10: Real-spae images at the energy of the signal polaritons at di�erent times.The polariton �uid enounters a line defet in its path, skethed in (a) as a white line. Theinitial momentum points in the (x, y) = (1, 1) diretion. When the polariton �uid enountersthe line defet its partially re�eted and partially transmitted as indiated by the purplearrows in (a). In this ase TOPO is on�gured with a pulsed idler angle of inidene of 15◦(80 µW), a pump angle of 10◦ (100 mW), giving rise to a signal at 10◦. The white linesdepit the line defet.



CHAPTER 10. POLARITON QUANTUM HYDRODYNAMICS 217of the quantum nature of the signal polariton �uid. A lassial objet with a well de�nedveloity faing a potential barrier will either overome it or not, depending on the kinetienergy of the objet and the height of the barrier. However, a quantum objet will alwayshave a �nite tunnel probability of passing through and a �nite probability of being re�eted.In our experiment in whih millions of pulsed events are reorded, this partial probabilitiesare manifested in the observation of both a transmission and a re�etion.The re�eted beam is stronger than the transmitted one, and it does not seemto show any internal struture. However the transmitted �uid does show standing densitywaves similar to those observed in Fig. 10.7. In this ase, the waves do not present a roundshape, but have a straight appearane perpendiular to the diretion of motion of the signal�uid. The waves are standing, that is, the maxima remain at the same point at all times,as long as they are visible.The origin of the waves observed in the diretion of the transmitted �uid is notlear. They ould still be a manifestation of the pump state whih is probably in theonditions of Čerenkov behavior. Additionally, frames (b) and () show that the waves arepresent already before the �uid has ompletely reahed the defet, appearing both aboveand below the line defet (loated at y = 0).Standing waves are in fat expeted in the region of spae below the line defet.Figure 10.11 shows several snapshots of the alulation of Martin, Sott and Fromhold forthe dynamis of a BEC of Na atoms aelerated against a tunnel barrier.[184℄ In theiralulation the tunnel barrier has a Gaussian pro�le and is formed by a foused laser beamalong a plane (y diretion, dashed vertial lines), and the ondensate is inident normalto the barrier at a veloity of 6.3 mm/s−1. For the partiular width and height of thebarrier shown in Fig. 10.11, a strong re�etion and a partial transmission of the ondensateis observed. Standing waves form on the �uid in the inoming side (to the left of the barrier)due to the self interferene of the ondensate wavefuntion. This situation resembles verymuh the standing waves observed below the defet line in Fig. 10.10(b)-(). On the otherhand no standing waves are observed in the alulated transmitted �uid, while they seemto be present in the polariton ase. More experimental work is needed to further larify thephysis behind this partially transmitted situations, in partiular for sattering angles loseto the normal of the defet line where lear self interferene of the oherent polariton �uidsshould be observed.Let us �nally point out that partial re�etions of atomi BECs against surfaes
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Figure 10.11: Simulation of the time evolution of an atomi Na BEC with a lentil shapeolliding against a tunnel barrier at a veloity of 6.3 mm/s−1in the x diretion. The �gureshows real spae snapshots at t = 3 ms (a), 4 ms (), 5 ms (d), 6 ms (e), 7 ms (f). Thetunnel barrier is reated by the optial �eld of a laser. From Ref. [184℄.have already been observed. The group of Ketterle at the MIT have reported suh kind ofquantum re�etions on Si surfaes under di�erent onditions.[198, 197℄ The physis behindthe quantum re�etions of atoms on surfaes lies on the Casimir-Polder potential formedlose to the surfae. This potential drags the atoms so violently towards the surfae thatthe result is the re�etion of the atoms away from it.A deeper understanding of the mirosopi shape and origin of the polariton po-tential barriers found in the miroavities would be required to further extend the analogybetween the atomi and polaritoni ase. Nonetheless, very exoti behavior is expeted dur-ing suh re�etions, at least in the atomi ase. Various �uid exitations, suh as solitonsand vorties, are predited to form depending on the partiular onditions of the phase,shape and veloity of the inoming �uid.[249, 184, 248, 247℄10.5 Summary and future perspetivesIn this hapter we have presented an experimental on�guration that allows forthe reation and detetion of polariton quantum �uids with a non-zero momentum. Thehigh pump-polariton density renormalizes the LPB and hanges its shape, due to the strong



CHAPTER 10. POLARITON QUANTUM HYDRODYNAMICS 219polariton interations in suh a oherently driven state. The seletion of the phase mathingonditions that rule the TOPO allow for the ontrol of the initial momentum of the �owingsignal polaritons.In the absene of defets, the signal polaritons move with an unperturbed �owaross the sample, with a well de�ned and �xed momentum. When defets are present,di�erent phenomena an be observed. The pump polariton quantum-�uid satters with thedefet giving rise to Čerenkov-like waves, as the veloity of sound of the pump state is lowerthan its group veloity. The observation of these interferene waves is a diret indiationof the quantum nature of the polariton �uid. On the other hand, the group veloity of thesignal polaritons might in general be smaller than the sound veloity. If the defet is small insize, the signal polaritons traverse it without sattering. These observations are ompatiblewith the desription of the signal �uid as a super�uid.With larger defet sizes, a splitting of the signal quantum �uid, or hints of quantumre�etions an be observed.The phenomenology assoiated to bosoni quantum �uids has just been reently un-overed in atomi ondensates. For instane, in the regime of quantum re�etions, very rihe�ets have been reently observed[198, 197℄ and theoretially haraterized[184, 249, 246℄in atomi BEC interating with surfaes. There is plenty of room for the exploration of thesee�ets in semiondutor miroavities, with the advantage of the simple implementation ofbarriers and defets of on-demand shapes and sizes by use of lithographi tehniques. Forinstane, the group of Yamamoto has reently demonstrated that the deposition of thinmetalli strips on top of the upper Bragg mirror reates shallow photoni traps of up toabout 100 µeV in a mirometer sale.[144, 161℄ However, other high preision lithographitehniques, like eletron beam lithography, might prove to be useful in the manufatureof deeper barriers. Suh experiments, as well as those presented here, probe the quantumnature of the polariton �uids inside the avity. All the observed and expeted interfer-ene phenomena, like the Čerenkov waves of Fig. 10.7, take plae inside the avity, and arediretly related to the quantum nature of the polariton �uids.Other phenomena predited to appear in atomi ondensates, suh as the exotire�etion of a bosoni vortex with a potential barrier,[184℄ have not yet been observed butould be implemented in a semiondutor miroavity. In fat, the reation of vorties inpolariton ondensates is not far from realization and should o�er some advantages overthe atomi system. The dynami (rather than thermal) equilibrium in a semiondutor



220 10.5. SUMMARY AND FUTURE PERSPECTIVESmiroavity aused by the onstant introdution and sape of polaritons in the system, liftsthe partile-number onservation onstrition harateristi of atomi BECs. In this way,phase-squeezed states (high spatial oherene), or vorties of ontrolled and well de�nedphase ould be reated. Moreover, due to the strong polariton-photon oupling, the phaseand position of the vorties ould be ontrolled by the position on the sample of a lightvortex. Faraday waves[83℄ and Josephson osillations[4, 177, 212℄ already observed inatomi ondensates are some of the phenomena diretly implementable in semiondutormiroavities, for instane by use of surfae aousti waves[66, 68, 67℄ or by reating twonearby-onneted polariton ondensates. Nonetheless, the �eld of polariton quantum hydro-dynamis should not restrit itself to follow the ahievements of atomi ondensates. Theexperiments presented here, and the reent publiation of landmark experiments on BECof polaritons, show that the gap between the two realizations is narrowing. The great ad-vantage of the polariton system is that it does not require the very sophistiated methodsthat inlude ultrahigh vauum, very well ontrolled magneti traps, and optial tweezerstehnology just to reate the ondensate (at mirokelvin temperatures).[172, 103℄ In semi-ondutor miroavities, ondensates and �uids are easily manipulated with the exitationlaser-beams, and are urrently reated with standard liquid-He ryogeni tehniques, at 5-20 K. Furthermore, wide bandgap systems, suh as those based on GaN have already shownvery promising results[46℄ on the prospetive reation of Bose-Einstein polariton ondensatesat room temperature.
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Chapter 11
General onlusionsWe have presented a ross-study, through di�erent material and optial on�ne-ments, of the arrier dynamis and many-body physis in bulk and two-dimensional semi-ondutor systems by means of time-resolved spetrosopy. We will now summarize themain results.Bulk AlGaAs arrier dynamis

• At low exitation density, the dynamis of the free exitons in AlGaAs epilayers isstrongly dependent on the density of loalization enters. A non-monotonous depen-dene of the rise time on exitation density has been lari�ed.
• A detailed phase diagram of the origin of the PL (exiton vs eletron-hole pair reom-bination), in bulk GaAs has been determined. The Mott transition between the insu-lating (exitoni) and onduting (plasma) phases is very abrupt, with a well de�nedritial temperature (49 K) and exitation density (in the range 120−180×1015 m−3).Bulk GaAs spin dynamis
• The eletron-momentum dependene of the spin �ip-time has been experimentallydetermined in a diret-gap semiondutor for the �rst time.
• Under high-density optial pumping, the eletron spin-�ip in GaAs is governed bythe Bir-Aronov-Pikus mehanism, and the spin dynamis are strongly a�eted byPauli blokade e�ets: the high oupany of the �nal states frustrates the spin-�ip



222 sattering events, resulting in very long spin-�ip times. In fat, for the best of ourknowledge, we have found the longest reported spin �ip times in undoped GaAs.Tailoring of the arrier distributions in QWs
• In QWs, we have presented an experimental on�guration that allows for the ultrafastand ontrolled tailoring of the arrier distributions in a two, delayed pulses experiment.A �rst pulse exites arriers in the system, while a seond pulse indues an ultrafastwarming of the eletrons, holes and exitons. The diret onsequene of the warmingis the observation of an abrupt quenh of the exitoni PL at the arrival of the seondpulse.
• We have presented a model that quantitatively aounts for the measured dip depthsin the two pulses experiment. The magnitude of the dip, is determined by the tem-perature hange of the arriers indued by the seond pulse, and an be ontrolled byvarying its power and delay.Semiondutor miroavities under non-resonant exitation
• In semiondutor GaAs based miroavities, under non-resonant exitation and lowtemperature, the light-emission properties are greatly determined by the exitationdensity. At low exitation density, the system is haraterized by the polariton res-onanes (strong oupling). However, the PL dynamis are mainly determined bythe slow formation and reombination times of the exitons populating the reservoir.When the exitation density is inreased above a ertain threshold, arrier sreeningdestroys the polaritons driving the system into VCSEL operation (weak oupling). Inthis regime the PL dynamis is very fast due to the photon-stimulated reombina-tion. A detailed map of the strong- to weak-oupling transition density at di�erentexiton-avity detunings has been presented.
• Under non-resonant exitation of the miroavity, the polarization dynamis are de-termined by the rystalline anisotropies of the sample. While the degree of irularpolarization is almost negligible at all investigated exitation densities, a strong linearpolarization dominates the emission even at low power. At high power, when the sys-tem enters into the photon-lasing regime, the stimulation proess drives the emission



CHAPTER 11. GENERAL CONCLUSIONS 223into almost 100% linear polarization.
• The diretion of linear polarization is pinned to one of the rystallographi axis of thesample, and it is independent of the polarization harateristis of the exitation. Thedegree of linear polarization of the luminesene has been investigated at di�erentemission angles and sample detunings. When the emission is angular resolved, thepolarization shows strong osillations, going from positive to negative values within afew degrees from the sample normal. The angle-dependent e�ets and the polarizationpinning arise from the rystallographi indued anisotropies of the avity modes.Quantum polariton hydrodynamis
• We have presented a novel experimental on�guration that allows for the reationand detetion of quantum polariton �uids with a non-vanishing momentum, underresonant exitation of the lower polariton branh.. The exitation is performed in atriggered optial parametri osillator on�guration, in whih a CW pump fuels thesignal polariton state after a pulsed idler has indued the oupation of the signal.
• The quantum �uids move on top of a linearized dispersion showing no di�usion andat onstant veloity. The linearization is aused by the strong polariton-polaritoninteration at the pump state, and resembles the spetrum of exitations of a quantumbosoni �uid.
• We have presented data on the interation of polariton �uids with di�erent types ofdefets on the sample. The pump polaritons show Čerenkov waves, harateristisof a bosoni �uid whose group veloity is higher than the veloity of sound. Thesignal polaritons present di�erent phenomenology depending on the size and shapeof the defet: splitting into two daughter ondensates, partial quantum re�etions orunperturbed �ow through the defet. All of these observations are ompatible withsuper�uid behavior.



224Conlusiones generalesSe ha presentado un estudio transversal, a través de diferentes materiales y on�-namientos óptios, de la dinámia de portadores y de la físia de muhos uerpos en sistemassemiondutores volúmios y dos-dimensionales, mediante espetrosopia resuelta en tiempo.Aquí se resumen las onlusiones prinipales.Dinámia de portadores en AlGaAs volúmio
• A densidad de exitaión baja, la dinámia de los exitones libres en láminas de AlGaAsdepende fuertemente de la densidad de entros de loalizaión. Se han lari�ado losmeanismos que dan lugar a la observada dependenia no monotónia del tiempo desubida de los exitones libres on la densidad de exitaión.
• Se ha obtenido un detallado diagrama de fases del origen de la fotoluminisenia(reombinaión de exitones frente a la originada en pares eletrón-hueo) en GaAsvolúmio. La transiión de Mott entre las fases aislante (exitónia) y ondutora(plasma) es muy abrupta, on una temperatura (49 K) y densidad de exitaión (enel rango 120 − 180 × 1015 m−3) rítias bien de�nidas.Dinámia de espín en GaAs volúmio
• La relaión entre el tiempo de volteo de espín y el momento del eletrón ha sidodeterminada experimentalmente por primera vez en un semiondutor de gap direto.
• A alta densidad de bombeo óptio, el meanismo de volteo de espín en GaAs es elBir-Aronov-Pikus, y la dinámia de espín se ve determinada fuertemente por efetosde bloqueo de Pauli: la alta oupaión de los estados �nales frusta los eventos de volteode espín, dando lugar a tiempos de volteo muy grandes. De heho, se ha enontradoel tiempo de volteo de espín en GaAs no dopado más largo publiado hasta la feha.Manipulaión de las distribuiones de portadores en pozos uántios
• En pozos uántios se ha mostrado una on�guraión experimental basada en dospulsos láser retrasados, que permite el ontrol ultrarrápido de las distribuiones deportadores. En esta on�guraion un primer pulso exita portadores en el sistema,



CHAPTER 11. GENERAL CONCLUSIONS 225mientras que un segundo pulso retrasado indue un alentamiento ultrarrápido delos eletrones, hueos y exitones. La onseuenia direta del alentamiento es laobservaión de un abrupto desenso de la intensidad de luz emitida por los exitonesuando llega el segundo pulso.
• Hemos mostrado un modelo que explia uantitativamente las aídas de luminiseniaen el experimento de dos pulsos. La magnitud de la aída está determinada por elambio de temperatura de los portadores induido por el segundo pulso, y puede serontrolado variando la potenia y retraso de diho pulso.Miroavidades semiondutoras bajo exitaión no resonante
• En miroavidades semiondutoras basadas en GaAs, bajo exitaión no resonante y abaja temperatura, las propeiedades de emisión de luz están fuertemente determinadaspor la densidad de exitaión. A densidad de exitaión baja, el sistema está arateri-zado por las resonanias polaritónias (aoplamiento fuerte). Sin embargo, la dinámiade fotoluminisenia está prinipalmente determinada por los lentos tiempos de forma-ión y reombinaión de los exitones que pueblan el reservorio. Cuando la densidadde exitaión es inrementada por enima de ierto umbral, el apantallamiento pro-duido por los portadores destruye los polaritones, llevando el sistema al régimen deoperaión VCSEL (aoplamiento débil). En este régimen la dinámia de fotoluminis-enia es muy rápida debido a la reombinaión fotoestimulada. Se ha presentado unmapa detallado de la densidad de exitaión para la transiión desde la situaión deaoplamiento fuerte a débil, para diferentes energías relativas de exiton y avidad(detunings).
• Bajo exitaión no resonante de la miroavidad, la diámia de polarizaión está de-terminada por las anisotropías ristalinas de la muestra. Mientras que el grado depolarizaión irular de la emisión es prátiamente inapreiable en todas las densi-dades de exitaión estudiadas, una fuerte polarizaión lineal domina la emisión inlusoa potenia baja. A potenia alta, uando el sistema entra en el régimen de láser defotones, el proeso de estimulaión indue polarizaiónes lineales en la emisión de asiel 100%.
• La direión de la polarizaión lineal está �jada por uno de los ejes ristalográ�os de



la muestra, y es independiente de las araterístias de la polarizaión de exitaión.El grado de polarizaión lineal de la luminisenia ha sido investigado para diferentesdetunings. La polarizaión muestra fuertes osilaiones en su valor, pasando de valorespositivos a negativos uando la direión de emisión es analizada en un rango de unospoos grados respeto a la normal a la super�ie. Los efetos dependientes del ánguloy el �jado de la direión de polarizaión se originan en las anisotropías ristalinasasoiadas a los modos de avidad.Hidrodinámia uántia de polaritones
• Se ha presentado una on�guraión experimental novedosa que permite la reaión ydeteión de �uidos uántios polaritónios on un valor del momento distinto de ero,bajo exitaión resonante de la rama polaritónia inferior. La exitaión se lleva aabo en una on�guraión de osilador paramétrio óptio desenadenado, en el queun bombeo de onda ontinua alimenta los polaritones de la señal después de que unpulso láser haya induido la oupaión de los estados de la señal.
• Los �uidos uántios se mueven sobre una dispersión linearizada, sin mostrar difusión,y a una veloidad onstante. La linearizaión está ausada por la fuerte interaiónpolaritón-polaritón en el estado del bombeo, y muestra grandes similaridades on elespetro de exitaión de un �uido uántio bosónio.
• Se han presentado datos sobre la interaión de �uidos de polaritones on diferentestipos de defetos nativos existentes en la muestra. Los polaritones del bombeo mues-tran ondas de tipo Čerenkov, araterístias de los �uidos bosónios uya veloidad degrupo es mayor que la veloidad del sonido. La señal de polaritones muestra diferentesefetos dependiendo del tamaño y forma del defeto: división en dos ondensados,re�exiones uántias pariales, o movimiento del �uido a través del defeto sin inter-aión. Todas estas observaiones son ompatibles on omportamiento super�uido.
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