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Figure 2-1: (a) Calculated polariton dispersions for the 1s heavy hole bulk exciton resonance
in GaAs. For better visibility the Rabi splitting is enhanced by a factor of 20 and indicated by
a black arrow. (b) Corresponding squared Hop eld coe cients.



16

Eis = 1515

E(ko) =0

1s

20

n
(n+1) (n+1)

1s



M=03m, P5=355 ~l,=1515

2.3.1 Semiconductor microcavities
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Figure 2-2: Scanning electron microscope (SEM) image of the cross section of a typical mi-
crocavity structure investigated in this thesis. The central cavity layer, consisting of AlAs, is
surrounded on both sides by DBR structures consisting of 32 and 36, alternating pairs of AlAs
and Alp,Gap gAs layers, respectively, which provide high re ectivities larger than 99% SEM
image has been provided by the institute of Technical Physics of Wirzburg University.
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2.3.2 Interaction of the con ned cavity mode with con ned excitonic
states
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Figure 2-3: Schematic drawing of a typical GaAs-based microcavity design with three stacks
of four GaAs quantum wells embedded within the three central antinodes of the EM-cavity eld.
The black solid line represents the eld distribution of the cavity mode. Adapted from Ref. [55].
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Figure 2-4: Calculated polariton dispersions for = 10meV (a), =0 meV (b) and =

10 meV (c), respectlvely The panels (d), (e) and (f) show the corresponding squared Hop eld
coe cients jCk”j and jX kjij .
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2.4.1 Einsteins proposal: The ideal Bose gas
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2.4.4 Bogoliubov theory
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Table 3-1:

Relative oscillator strength for di erent polarizer and analyzer con gurations and

Raye = [111]. Ty (fie) denote the relative oscillator strength for TP (LE).

Ey (k)
1s

P WEV;O

QA = €ye Kaye
Siye Raye k
+
5
+
6
SFA A
SFA =[tye Kayel &
Br
kdye
Raye = [111]
0:13
Eph(k)
1s En(K) 1s Ev(k)
0 fyEy: P e
IJE&h(k) y2 y;0 b2 b;0
fyE
piz = 0 Eb(k)
fva;O O 0

N

2
0

0
Ev(k)



1s fy=1:3 109  Eyyp = 2:032775

k = [111]
k=[001] f,=1:22 102 fy,=2:1 10 2 Epp = 2:576 Evo =
2:703
m = 3mg Me D
212 212 22 —
p__ Al
beb;O fVEV;O
Eph(k) = ~ck=ny np,=3
1s
26 E —
il ittt
S / '
L 24l /
5 i /
o / A
w 22+ /7 _ =
/«SFGN T AE=0.45 eV\.
_' 4
2o F — E.=2.17 eV
SFG, I~/ 0
- E.=0.13 eV}
18 | , fﬁg
1 1 I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 'l 1 1 1

Wavenumber [1 07m'1]

Figure 3-1: Polariton diagram of a three-oscillator model. Three-step process of the experimen-
tal approach is indicated by arrows. Black solid line, TP dispersion according to Eq. (3.3); dashed
horizontal lines, resonances of blue and violet LEs; red dash-dotted arrow, quadrupole excita-
tion (¢ -symmetry) of 1s yellow orthoexciton; black arrows, dipole transition ( , -symmetry) to
the middle polariton branch from 1s yellow orthoexciton for parallel/antiparallel beam propaga-
tion; blue dashed arrows, SFG ( , -symmetry) for parallel/antiparallel beam propagation. Inset:
Schematic band structure of Cu,O close to the -Point.
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4.1.2 Experimental details
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Figure 4-2: Schematic diagram of the experimental setup. CCD, charge coupled device camera;
fx, lens with xx mm focal length; FM, ipmirror; LC lter, tunable liquid crystal lter; MO,
microscope objective (numerical aperture0:26); S, sample.
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Figure 4-3: Far eld emission for dierent excitation power levels at = 7:0 meV. The

solid lines are calculated dispersion curves. C, cavity dispersion; LP, lower polariton disper-
sion. (a) Below threshold power the main emission originates from the calculated LP dispersion.
(b) and (c): Slightly above threshold power polariton lasing, blueshifted in energy by1:9 meV
with respect to the minimum of the LP branch, is observed. (d) For high excitation powers two
di erent modes can be seen.
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Figure 4-4: Far eld emission for di erent excitation power levels at = 7:7 meV. The solid

lines are calculated dispersion curves. C, cavity dispersion; LP, lower polariton dispersion; UP,
upper polariton dispersion; X, exciton dispersion. (a) Below threshold power the main emission
originates from the calculated LP dispersion. (b) At threshold power polariton lasing, blueshifted
in energy by 13:8 meV with respect to the minimum of the LP branch, is observed. (c) Slightly
above threshold power two di erent modes can be identi ed. (d) For high excitation powers only
one mode can be seen.
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Figure 4-9: Principle of operation for a THz lasing device according to the proposal of Ref. [31].
(a) Schematic illustration of the dispersions of the involved states. The2p exciton states (dashed
line, frequency! ,) are populated by a two-photon excitation process with a pump frequency of
I'a = 1 p=2. The 2p state can decay radiatively to the LP ground state (frequency! s) under
emission of THz radiation with frequency ! = !, ! (b) Considered structure for a THz
lasing device: A standard semiconductor microcavity consisting of an active layer containing
quantum wells sandwiched between two DBRs. THz emission is expected to occur perpendicular
to the microcavity plane. Image is taken from Ref. [31].
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is proportional to the radial distance from the center. The two-photon energy lies at1653meV,
the pulse energy is42 J.
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Figure 4-12: Dependence of the observed resonance energies below the subbandgap. Full
squares are taken from TPE spectra. Open dots and solid lines are taken from Fig. 4-8 (a).
Black solid line (dotted line) is the calculated cavity (1s exciton) energy.
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Figure 4-13: Far eld emission for excitation with dierent two-photon energies at

= 154 meV. The excitation pulse energy is about50 J. (a) Emission of polaritons exhibit-
ing a broad distribution of in-plane momenta can be observed under non-resonant excitation.
(b)-(d): For the case of resonant excitation only emission of polaritons corresponding to the
two-photon energy of the OPO can be seen. The solid line corresponds to the calculated LP
dispersion.
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Figure 4-14: SHG spectrum for = 0:7meV. LP and UP resonances can be clearly identi ed.

Left inset: Dependence of signal intensity of the LP resonance on the pulse energy of the OPO.
Black squares, data; red line, power law ty = a xP with p = 2:11 0:09. Right inset:
Polarization dependence of the SHG emission at the LP energy for an incoming polarization
of the OPO in [011] direction. Signal intensity is proportional to the radial distance from the

center.
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Figure 4-15: Dependence of the resonance energies in the SHG spectrum on detuning. Green
and black dashed lines indicate the calculated energies of the rst and second re ection minima
of the DBR, respectively.

Figure 4-16: Ratio of the SHG intensity of LP and UP depending on the Hop eld coe cient
iCx; -0 j2, which determines the photonic fraction of the LP.
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5.1.2 Coherence of a light source
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5.1.3 Experimental details
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Figure 5-1: Schematic setup for real-space imaging, Fourier-space spectroscopy and Young's
double-slit experiment: BS, beam splitter; CCD, charge coupled device camera; DS, doubleslit;
fu, lens with xx mm focal length; FM, ip mirror; GT, Glan-Taylor prism; MO, microscope

objective (focal length 4 mm, NA 0.42); P, polarizer; S, sample.
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Figure 5-2: Schematic setup for the second-order correlation measurement: BP, bandpass Iter
(FWHM 1 nm); BS1, BS2, beam splitters; fiog, lens with 100 mm focal length; GT, Glan-Taylor
prism; MO, microscope objective (focal length 4 mm); S, sample; SP, shortpass lter (cut-o
wavelength 800 nm); P, polarizer. Note: Emission path indicated by the dashed line is delayed
by 72.5 ps due to optical path length di erence.
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Figure 5-3: (a) Typical image integrated over 100 000frames when probing a3 m section of
the photonic wire using a horizontal de ection time of 300 ns. (b) Normalized g( 9-function.
Due to the arti cial time delay between both pro les, °=72:5ps correspondsto =0 ps. Inset:
Red line, calculatedg,( 9-function when correlating photons within the same streak; black line,

average of the correlation functions when correlating photons between di erent streaks.
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Figure 5-4: Real-space images [(a), (c) and (e)] and Fourier-space images [(b), (d) and (f)] of the
photonic wire at di erent excitation power levels. (a) Even below threshold propagation e ects of
the LPs, located in the energy range betweerd527 1537meV, are observed. The strong emission
centered at 1544 meV arises from the QWE. (b) Dispersions of several LP subbranches can be
distinguished. Black lines correspond to calculated curves. (c) and (d): Slightly above threshold
the main emission originates from thei = 3-, and i = 4-subbranches. (e) and (f): For further
increased excitation power levels the main emission is shifted towards lower LP subbranches.
The most intense emission arises agkyj 2 m 1.
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Figure 5-5: Power dependent spectra of the emission from the photonic wire. Three di erent
excitation regimes are indicated by the labels A, B and C. Note: Emission was integrated over
the full real-space image and divided by the maximum signal intensity for each excitation power

separately.
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Figure 5-6: Second-order cross-correlation between two polariton condensate modes at energies
of 15326 meV and 15347 meV. Excitation power amounts to P = 1:8Py,, .
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Figure 5-7: Visibility V(d) of the measured interference pattern as function of the locatiord
of the double slit center for di erent slit separations a. The energy of the emission is centered
at 1532 meV, the excitation power is P = 14:3Py,, . d = 0 corresponds to the situation of the
double slit placed symmetrically with respect to the excitation laser spot.
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Figure 5-8: (a) Time-resolved spatial distribution of the emission of the condensate centered
at 1530 meV. Both pro les arise from the same excitation pulse, but are delayed in time by
725 ps due to dierent optical path lengths (see Sec. 5.1.3 for explanation). The excitation
power amounts to P = 30:4Py, . (b) Measured g,( = 0) with respect to the position on the

photonic wire.
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Figure 5-9: Time evolution of the second-order photon-correlation functiong(t; =0) (black

squares) compared to the normalized output intensity (blue solid line) of the polariton condensate
forx =0 m (a) and x = 16:3 m (b). The red dashed line indicate the time averaged value
o2( =0) presented in Fig. 5-8, the black dashed line the limiting case for coherent light. Note:
Only times t with a su cient signal-to-noise ratio have been considered for the evaluation of

QR(t =0).
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Figure 5-10: Schematic setup for real-space and Fourier-space spectroscopy under excitation
with two laser beams: BP, bandpass lter (FWHM 1 nm); BS, beam splitter; CCD, charge
coupled device camera; &, lens with xx mm focal length; FM, ip mirror; GT, Glan-Taylor
prism; = 2, half-wave plate; MO, microscope objective (focal length 4 mm, NA 0.42); P, polarizer;
S, sample; SLM, spatial light modulator.
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5.2.3 Results and discussion
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Figure 5-11: (a) Fourier-space image for an excitation power leveP = 8 Py, under excitation
with the Gaussian laser spot only. The red rectangle indicates the selected spectral region for
the experiments operating the monochromator in zeroth order. (b) Corresponding real-space
image for P = 8Py, . (c) Real-space image of the condensate emission for the excitation pro le
presented in Fig. 5-12 (a). The excitation power levels for the Gaussian spot and for the circle
shaped pattern are P = 18Py, and P = 6:5Py,, respectively. Threshold power levels are
determined by exciting either with the Gaussian spot or the circle shaped pattern only.
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Figure 5-12: (a) Laser excitation pattern for the trapping geometry. The excitation power levels
are P = 18Py, for the Gaussian spot andP = 6:5Py,, for the circle shaped pattern. (b) Two-
dimensional real-space image of the trapped condensate. (c) Corresponding Fourier-space image
of the trapped condensate. (d) Laser excitation pattern for the source of directed condensate
ow. The excitation power levels are P = 18Py, for the Gaussian spot andP = 11:3Py, for the
semicircle shaped pattern. (e) Two-dimensional real-space image of the trapped condensate and
the directed condensate ow escaping from the trap. (f) Corresponding Fourier-space image for
the situation of panel (e).
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Figure 5-13: Applied potential landscape for the simulation of the trapping geometry (a) and
of the source of the directed condensate ow (d). Corresponding time-integrated calculated
condensate distribution in real-space [(b) and (e)] and in k-space [(c) and (f)]. Numerical data
have been provided by Przemyslaw Lewandowski.
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Figure 5-14: (a) Laser excitation pattern for the collector geometry. The excitation power
levels areP = 18Py, for the Gaussian spot andP = 5:9Py,, for the SLM generated pattern.
(b) Two-dimensional real-space image of the recollected condensate. (c) Laser excitation pattern
for bending the condensate ow. The excitation power levels areP = 18Py, for the Gaussian
spot and P = 6:2Py,, for the SLM generated pattern. (d) Two-dimensional real-space image of
the curve-shaped condensate.



Figure 5-15: Applied potential landscape for the simulation of the collector geometry (a) and
of the bending of the condensate ow (c). Corresponding time-integrated calculated condensate
distribution in real-space [(c) and (d)]. Numerical data have been provided by Przemyslaw

Lewandowski.
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