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where V4 and VW are the valence and conduction band
potentials, respectively, and V. indicates an external po-

tential due to an applied electric field. which is initially set
to zero.

The wave functions are solved iteratively
using a finite element method with a
sequential optimization of V, , following the
Hartree self-consistent potential approach

Muller et al Nano Letters Vol. 5, No. 10 2044-2049
Kraus et al Phys. Rev. Lett. 98, 017401
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When using more than one image, use images that are roughly the same size and proportions. You can scale the images to make the sizes appear more even. Avoid stretching images - hold down the shift key when you drag to resize to avoid altering the proportions. 
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When using more than one image, use images that are roughly the same size and proportions. You can scale the images to make the sizes appear more even. Avoid stretching images - hold down the shift key when you drag to resize to avoid altering the proportions. 
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Whispery gallery mode (WGM) resonators consist of a dielectric material such as silicon dioxide and have spheroidal shape [54,88,89]. The high refractive index difference between the dielectric material and the surrounding material (e.g. air) creates an interface where light rays intersect repeatedly with the critical angle, undergoing total internal reflection [22]. In the case that this ray propagates near the surface of the spheres (with radius R) and one round trip is equal to an integer number of wavelength, the constructive interference occurs with resonance condition x=2πR/λ. Therefore, WGM resonators enable optical amplifications and select specific frequencies of light that can be coupled into the optical guides. This type of resonators exhibits high wavelength selectivity and small mode volume that is critical for the development of photonic circuits.
 
Whispery gallery modes are characterized by three mode number n, l, m that corresponds to radial, polar and azimuthal components of the electromagnetic field distribution [90]. More specifically the n mode takes values 1, 2, 3... and describes the field intensity distribution in the radial direction. The mode number l takes values l=n-1 and describes the field intensity distribution in the polar direction. Finally, the mode number m can take values from –l to l and indicates the number of maxima in the sinusoidal variation of the field intensity in the equatorial or azimuthal variation. 
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Whispering gallery mode fluorescence
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Resonant pumping of the fundamental WGM led to a single mode laser emission at 628.32 nm with a full-width-half-maximum (FWHM), Δλ = 0.06 nm from the deposited CdSe/CdS QRs on the microsphere. Figure 4.6 shows the laser spectrum for the single-WGM operation at 628.32 nm of a microsphere with a diameter of 9.2 µm. The linewidth obtained suggests a Q factor value around ~105 for the coated microsphere. This value is significantly reduced compared to the measured Q factor before the microsphere coating (Qo ~108). This reduction can be explained considering the coating of the microsphere with the gain medium, which introduces roughness on the surface of the sphere and consequently induces scattering loss at the boundaries between the silica microsphere and the surrounding air. 
 
The absorbed pump power threshold for single mode operation was 67.5 µW. Single-mode operation can be achieved by establishing phase matching conditions between the fundamental mode of the fiber and WGM.  The pump laser spectral band also needs to encompass only one resonance frequency to ensure pumping of a single WGM. Other critical factors for single laser operation are the size of the microsphere template, the pump wavelength and bandwidth, the laser pump power and the gain bandwidth of the active medium. 

The maximum output power was 5.5 μW and observed for 155 μW of absorbed power, which corresponds to a slope efficiency of 6.4%. The absorbed pump power was estimated from the difference between the coupled power into the taper and the transmitted power after the taper. The power of the laser emission signal was measured at the end of the taper using a 530 nm long-pass filter in order for the pump laser to be removed.
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The conduction and valence band offsets, between CdSe core and CdS shell, are assumed to be equal to -0.06 eV and 0.78 eV, respectively and Eg=1.67 is the bandgap of CdSe at room temperature. Following the same equations, we also estimate the wavefunctions and energy eigenvalues of two excited electron-hole pairs (biexcitons), while the electric potential generated by all other carriers is also included into the Schrödinger equation.
 
The energy eigenvalues Ee=0.151 eV and Eh=0.140 eV of the electron and the hole, respectively, results to single exciton energy EX=Ee+Eh+Eg=0.152+0.140+1.68=1.972 eV. Radiative recombinations of the single excitons produce photons at λ=hcE=629 nm, a value very close to single mode laser emission (628.32 nm) shown in Figure 4.6. Therefore, the theoretical calculations give strong evidence that the laser emission observed is originated by the stimulated emission of single exciton. 

The energy eigenvalues of the two excited electron-hole pairs (biexciton) was also estimated to be Ee1=0.149 eV, Eh1=0.199 eV, Ee2=0.155 eV and Eh2=0.199 eV where Ee1, Eh1 are the energy eigenvalues of the first excited electron and hole pair and Ee2, Eh2 are the energy eigenvalues of the second one. Figure 4.9 illustrates the spatial separation of the electron and hole wavefunctions for the single exciton and biexciton. We observe that the repulsive Coulomb interaction between the two excited electrons separates their wavefunctions, localizing the wavefunction of the first excited electron in the CdSe core and the wavefunction of the second excited electron in the CdS shell and leading to different exciton energies. The Coulomb interaction between the two generated excitons results in a transient Stark shift that leads to an exciton/biexciton energy difference of ΔXX=EXX-2EX where EXX and EX are the biexciton and single exciton energies, respectively. The Stark shift is then calculated to be ΔXX=0.702-2*0.292=0.118 eV where the biexciton energy is equal to EXX=Ee1+Eh1+Ee2+Eh2=0.702 eV. Photons produced by the biexciton radiative recombinations are spectrally shifted with respect to the photons from the single exciton recombinations and their emission wavelength is calculated to be 593.217 nm. This result identifies that the laser emission at 592.5 nm shown in Figure 4.7, corresponds to 1Se-1Sh biexciton transitions while the laser emission at 585.76 nm is a high order mode within the biexciton gain bandwidth. The spacing between these lines with adjacent l indices was 6.74-nm at λL~592.5 nm, and corresponds to the free spectral range (FSR) ∆λFSR=6.75 nm of the hybrid resonator, which is approximately given by the equation (2.30).
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Laser-emission can be tuned by applying pressure or strain [108,109], using heating sources [110] or modulating the pump power [109]. The application of strain to a silica microsphere deforms the cavity, changes the refractive index of the glass and thereby tunes the resonant frequencies of the cavity modes [109]. Heating the microsphere is another alternative method for tuning the resonance modes due to alterations of the refractive index and cavity size. Although the tuning ranges achieved by temperature variation are shorter compared to those obtained with the strain method, this approach can accurate control the tuning of the laser wavelength. An increase in pump power also results in a shift of the WGM laser emission wavelength, which is associated with the induced heating of the microsphere from the pump laser. 
 
In this work the wavelength of the laser (λL) was tuned by heating the 9.2 μm large hybrid microsphere with 3.5-µm femtosecond laser.  The beam of the infrared laser was focused to the microsphere by a microscope objective with five times magnification. The power of the laser pulses was raised in successive steps. For each step the wavelength of the pump laser was modulated in order to excite resonant WGMs that were gradually shifted in wavelength due to the temperature elevation. The laser spectrum was recorded for each pump power indicating a maximum red-shift of the wavelength of 2.1 nm within the available power range of 60 mW (Figure 4.11), which corresponds to 30% of the FSR at laser-wavelength. 

We examined if the tuning range obtained experimentally is consistent with the theoretical predicted value for a given temperature variation. So, first of all, the temperature variation induced by the laser irradiation needs to be determined. Then, the spectral shift is estimated through the variation of the refractive index, the size and the energy gap of the QRs and the size of the microsphere, for a given temperature change. The effect of these factors on the tuning range of the lasing wavelength is described by the following equation:
∆λ=λ*anc*∆T+λ*as*∆T+λ*1nnc*dnncdT*∆T+∆λbg                     (4.10)
where as=5.5*10-7K-1 and anc=4.5*10-6K-1 are the thermal expansion coefficient of silica microsphere and the CdSe/CdS QRs, respectively, nnc=2.5 is the effective refractive index of the QRs and dnncdT=10-4 K-1 is the thermo-optic coefficient of the bulk CdS and ∆T is the variation of the temperature due to the irradiation with the laser at 3.5 μm. The first and second terms in the equation (4.10) correspond to the shift of the laser emission due to the size change of the QDs and the microsphere due to the altered temperature. The third factor is related to the thermo-optic coefficient and shows the change in the refractive index due to the heat conduction from the microsphere to the QRs coating. Finally, ∆λbg is the shift in the emission wavelength of the QRs due to the bandgap ∆Egvariation with the increase of the temperature.
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Evanescent coupling of the pump beam into the resonator away from its equatorial zone results in multimode laser emission which is shown in Figure 4.8. A second set of laser-emissions can be observed at lower wavelengths, 592.5 nm and 585.76 nm, with respect to the peak observed in the single mode operation. The spectra difference between the first laser peak at 628.32 nm and the second set of laser peaks 585.76 nm and 593.5 nm cannot be explained by excitation of higher order modes.

The dependency of the intensity of the pump power in the pre lasing (linear) regime which corresponds to the data point below thresholdis displayed in a log-log plot. The slope efficiencies are equal to 1 and 2 and suggest a linear and a quadratic dependence for the transitions in the high and low energy spectral area which are typical of single –excitonic and biexcitonic gain mechanism
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Заметки для презентации
Evanescent coupling of the pump beam into the resonator away from its equatorial zone results in multimode laser emission which is shown in Figure 4.8. A second set of laser-emissions can be observed at lower wavelengths, 592.5 nm and 585.76 nm, with respect to the peak observed in the single mode operation. The spectra difference between the first laser peak at 628.32 nm and the second set of laser peaks 585.76 nm and 593.5 nm cannot be explained by excitation of higher order modes.

The dependency of the intensity of the pump power in the pre lasing (linear) regime which corresponds to the data point below thresholdis displayed in a log-log plot. The slope efficiencies are equal to 1 and 2 and suggest a linear and a quadratic dependence for the transitions in the high and low energy spectral area which are typical of single –excitonic and biexcitonic gain mechanism
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Заметки для презентации
In order to interpret the experimental results, we calculate the wavefunctions of the first excited state of the electron and the hole in the QRs using effective mass approximation method and considering the Coulomb interaction. In the case of single exciton, the Schrödinger equation is used to calculate the wave function of the electron (ψe) and the hole (ψh) while the electric potential of the electron (Φe) and the hole (Φh) is calculated by the Poisson equation as follows: 
where me*, mh* are the effective masses of the electron and the hole respectively which are material dependent (me*=0.13*me, mh*=0.45*mh for CdSe core and me*=0.2*me, mh*=0.7*mh for CdS shell), ℏ is the reduced Plank constant, Vcb and Vvb are the potential of the conduction and valence band, respectively, qe and qh are charges of electron and hole. εo is vacuum permittivity, ε is relative permittivity and Ee and Eh are the energy eigenvalues of the electron and the hole, respectively. The charge distributions of the electron (ρe) and the hole (ρh) are calculated by the equations:
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Заметки для презентации
The conduction and valence band offsets, between CdSe core and CdS shell, are assumed to be equal to -0.06 eV and 0.78 eV, respectively and Eg=1.67 is the bandgap of CdSe at room temperature. Following the same equations, we also estimate the wavefunctions and energy eigenvalues of two excited electron-hole pairs (biexcitons), while the electric potential generated by all other carriers is also included into the Schrödinger equation.
 
The energy eigenvalues Ee=0.151 eV and Eh=0.140 eV of the electron and the hole, respectively, results to single exciton energy EX=Ee+Eh+Eg=0.152+0.140+1.68=1.972 eV. Radiative recombinations of the single excitons produce photons at λ=hcE=629 nm, a value very close to single mode laser emission (628.32 nm) shown in Figure 4.6. Therefore, the theoretical calculations give strong evidence that the laser emission observed is originated by the stimulated emission of single exciton. 

The energy eigenvalues of the two excited electron-hole pairs (biexciton) was also estimated to be Ee1=0.149 eV, Eh1=0.199 eV, Ee2=0.155 eV and Eh2=0.199 eV where Ee1, Eh1 are the energy eigenvalues of the first excited electron and hole pair and Ee2, Eh2 are the energy eigenvalues of the second one. Figure 4.9 illustrates the spatial separation of the electron and hole wavefunctions for the single exciton and biexciton. We observe that the repulsive Coulomb interaction between the two excited electrons separates their wavefunctions, localizing the wavefunction of the first excited electron in the CdSe core and the wavefunction of the second excited electron in the CdS shell and leading to different exciton energies. The Coulomb interaction between the two generated excitons results in a transient Stark shift that leads to an exciton/biexciton energy difference of ΔXX=EXX-2EX where EXX and EX are the biexciton and single exciton energies, respectively. The Stark shift is then calculated to be ΔXX=0.702-2*0.292=0.118 eV where the biexciton energy is equal to EXX=Ee1+Eh1+Ee2+Eh2=0.702 eV. Photons produced by the biexciton radiative recombinations are spectrally shifted with respect to the photons from the single exciton recombinations and their emission wavelength is calculated to be 593.217 nm. This result identifies that the laser emission at 592.5 nm shown in Figure 4.7, corresponds to 1Se-1Sh biexciton transitions while the laser emission at 585.76 nm is a high order mode within the biexciton gain bandwidth. The spacing between these lines with adjacent l indices was 6.74-nm at λL~592.5 nm, and corresponds to the free spectral range (FSR) ∆λFSR=6.75 nm of the hybrid resonator, which is approximately given by the equation (2.30).
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Optical gain on Southampton
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Length: 27.742.2 nm
Width: 4.1+0.6 nm
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Выступающий
Заметки для презентации
Optical gain corresponds to a light–matter interaction regime for which generation of photons by stimulated emission dominates over
photon absorption. As in other lasing media, optical gain in nanocrystals requires population inversion Excitation of a single electron (single exciton) across the energy gap (Eg) in this system does not produce optical gain but rather results in optical transparency, for which stimulated emission by a conduction-band electron is exactly compensated by absorption due to the electron
remaining in the valence band (Fig. 1a). Stimulated emission dominates over absorption only if the second electron is also excited
across the energy gap, indicating that optical gain requires doubly excited nanocrystals, that is, biexcitons.

The condition for optical gain however changes if one accounts for a local electric field associated with an excited electron–hole pair.
This field can alter the absorption energy of the electron remaining in the valence band by the carrier-induced Stark effect.
If the magnitude of the Stark shift is comparable to or greater than the transition line width (C), it can completely eliminate
absorption losses at the emission wavelength in excited nanocrystals, which should allow optical gain using single-exciton states.

In this description, the transient Stark shift is determined by the X–X Coulomb interaction energy (DXX5DS) defined as DXX~EXX{2EX, where EX and EXX are single- and biexciton energies, respectively.

The energy DXX depends on the local electrical charge density rX(r) associated with a single-exciton state and, hence, on the
sum of the hole (rh) and the electron (re) charge densities: rX(r)~rh(r)zre(r) (r is the spatial coordinate). Because of almost
identical spatial distributions of electron (ye) and hole (yh) wavefunctions, rX(r) is nearly zero in homogeneous nanocrystals
(rX(r)~e jyh(r)j2{jye(r)j2  <0, e is the electron charge) (Fig. 2a), which leads to relatively small X–X interaction energies of ,10 to ,
30 meV (refs 14, 15). These values are smaller than typical transition line widths in existing nanocrystal samples (ensemble broadening of
,100 meV or greater) and, therefore, do not allow significant suppression of absorption at the emission wavelength.
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