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On chip simultaneous determination of source and cavity parameters

and the extraction eÂ±ciency is limited to only 2% into air. ...... E-beam lithography and reactive ion etching processes[97] are used to define â‰ˆ800nm-deep,. 
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On chip simultaneous determination of source and cavity parameters of a Microcavity Light Emitting Diode Published in J. Appl. Phys. volume 85, pp 2994-2996 (1999) Authors : D. Ochoa, R. Houdr¶e, R. P.Stanley, C. Dill, U. Oesterle and M. Ilegems. Institut de Micro et OptoElectronique, Ecole Polytechnique F¶ed¶erale de Lausanne,1015 Lausanne, Switzerland Abstract : The detuning between emission line and Fabry-P¶erot wavelength is a critical parameter for MCLED design, regarding e±ciency and emission directionality. We present here a method to measure simultaneously the detuning and the linewidth of the source emitter on the device itself. This method uses numerical simulations and a ¯tting procedure with the angular emission pattern measured on the MCLED. It is accurate, non destructive and easy to implement. Light Emitting Diodes (LED's) have many advantages compared to laser diodes for a number of ¯ber coupling and telecommunications applications : higher reliability, lower temperature sensitivity, easier fabrication process and no threshold behavior. They however have a much lower brightness and e±ciency. Several years ago, a new type of LED appeared, the Microcavity Light Emitting Diode (MCLED). The purpose of this device is to overcome the inherent limitation of the planar LED due to total internal re°ection [117, 197, 198]. Because of the refractive index di®erence between the semiconductor material (n) and the outside medium (nout ), only light which is emitted into the escape cone given by the critical angle of the total internal re°ection (sin µc = nout =n) can be extracted. The extraction e±ciency of surface emitting LED's is thus given by the percentage of light emitted into this escape cone. In the case of standard planar GaAs LED's (n= 3.5), the spontaneous emission is isotropic and the extraction e±ciency is limited to only 2% into air. In an MCLED the cavity is de¯ned by a Distributed Bragg Re°ector (DBR) with a low re°ectivity (R1 · 0:8) on one side and a DBR with a high re°ectivity (R2 ¸ 0:99) or a hybrid metallic mirror on the other side and its optical thickness is close to the wavelength of the emitter. In such a microcavity the spontaneous emission pattern is redistributed [121][185][109]. The structure is designed so that the mode that is enhanced ¯ts into the escape cone. This leads to much higher extraction e±ciencies, the best present experimental value being 22.8% into air [118]. The ¯rst part of this letter describes an approximate model on the dependence of the e±ciency of an MCLED 309
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with source and cavity parameters. In the second part we present a method to measure these parameters on chip. This ¯rst part uses the approximation of an ideal Fabry P¶erot cavity for the MCLED, as explained in detail in ref [121]. The detuning is de¯ned by : ± = ¸s ¡ ¸F P



(E.1)



where ¸s is the central wavelength of the light emitting source (quantum wells) and ¸F P the Fabry P¶erot wavelength of the cavity, which is related to the cavity thickness Lc and its order mc by : ¸FP =



2nLc mc



(E.2)



The round trip phase © of a mode in the cavity is : ©(µ) =



4¼nLc cos µ ¸s



(E.3)



where µ is the angle from the normal of the surface. The extracted mode (closest to normal incidence) is given by an Airy function of this round trip phase, which is maximum at an angle µ0 given by : ©(µ0) = 2¼mc



(E.4)



The broadening of this Airy function is due to : i) the ¯nesse of the cavity ¢¸=¸s = 1=Fmc, ii) the spectral spread of the source with a Full Width at Half Maximum (FWHM) called ¾. For a standard GaAs MCLED, F¼ 100 and thus, the spectral spread of the source is the dominant broadening process of the mode : ¢¸ ¢© ¼ ©(µ0) ¼ ©(µ0) ¸s



µ



1 ¾ + Fmc ¸s



¶



¼ ©(µ0 )



¾ ¸s



(E.5)



If the mode is completely extracted, the e±ciency of the MCLED is [121] : ´max ¼



1 mc



(E.6)



Because of the broadening, only part of the mode between normal incidence and the critical angle will be extracted (¯gure E.1 a). The e±ciency is optimum when the mode is in the middle of the escape window, corresponding to : ¸F P (E.7) 4n2 and to an emission lobe at 45± from the surface. It is important to note that the e±ciency is always maximum for a negative detuning, for which the emission will produce a conical emission pattern. For a Gaussian source emission, the theoretical e±ciency is : ±opt = ¡



p Z 2 ln 2 ¡±=¾ 2 ´(±; ¾) = ´max p e¡4 ln(2)t dt ¼ (2±opt¡±)=¾ ½ µ ¶ µ ¶¾ p p ´max ± (2±opt ¡ ±) = Erf ¡2 ln 2 ¡ Erf 2 ln 2 2 ¾ ¾



(E.8)
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where Erf is the error function. It appears that the e±ciency of an MCLED will mainly depend on ±=¸F P and ¾=¸F P but not on the values of ¸s or ¸F P themselves. The inclusion of Distributed Bragg Re°ector (DBR) mirrors in this Fabry P¶erot model can be easily made by replacing the cavity thickness Lc and the cavity order mc by their e®ective counterparts.



Fig. E.1: Fabry P¶erot cavity with a Gaussian source emitter, analytical model. a) ¢© is the broadening of the extracted mode, the main contribution is the Gaussian spectral spread of the source. Only part of this mode between normal incidence and critical angle (escape window) will be extracted. b) Theoretical e±ciency v.s. reduced linewidth ¾=j±opt j at a detuning ± = ±opt = ¡¸F P =4n2 . c) Theoretical e±ciency v.s. reduced detuning ±=j±opt j and for di®erent reduced linewidths. d) Contour lines of theoretical e±ciency vs reduced detuning and the reduced linewidth.



The main results of the model are illustrated in ¯gure E.1 (b), (c) and (d). They are in good agreement with an exact numerical simulation based on a transfer matrix method and a model of dipole emission described in detail in Ref [190]. The MCLED that is used as an example is a GaAs/AlGaAs substrate emitting MCLED [119]. The back Bragg mirror is composed of 7 12 pairs of AlAs/GaAs, the front mirror has one Al0:6Ga0:4As/GaAs Bragg pair and a gold layer. The light is emitted by three (In,Ga)As QWs at the nominal wavelength ¸s =940 nm in the middle of a ¸-cavity with nominal ¸FP =960 nm. Assuming an internal quantum e±ciency ´ int = 100%, the simulated e±ciency v.s. (±; ¾) is showed on ¯gure E.2. Its maximum is around 17%. This plot is very similar to that of ¯gure E.1 (d), given for this MCLED : ±opt =-20 nm and ´max ¼ 1=mc ¼ 1=(2 + n=2¢n) ¼ 19% (see ref.[121]). The analytical model and simulations show that the detuning is a critical parameter of an MCLED. Its experimental measurement is however not straightforward. ¸s can be measured by three methods : The ¯rst one is to measure the photoluminescence from a cleaved edge of the sample. The second one is to etch the front DBR and measure the photoluminescence of the etched structure. The shape of the luminescence peak is not much altered by the presence of the back mirror. The third method, which is less valid, is to look at the electron-hole absorption peak in the re°ectivity spectrum. All these methods are performed under optical injection and do not take into account di®erences due to carrier density and the Stark e®ect due to the built-in electric ¯eld in p-i-n junction of the LED. Moreover the reabsorption of the guided light causes a blue shift of the PL line in the ¯rst method which is the most commonly used.
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Fig. E.2: GaAs substrate emitting MCLED structure, Gaussian source emitter, numerical simulation. Contour lines of the e±ciency in percent vs detuning and source linewidth. Contour lines of the ¯t function between simulated and measured angular emission patterns (as explained in text).



A method using angular emission patterns and a simulation program has none of these disadvantages and can be performed on chip, non-destructively. The ¯rst step consists in measuring the angular emission pattern of the MCLED under current injection Pmes (µ). An example of such a measured emission pattern is given in ¯gure E.3 for the MCLED described previously (bold line). In the second step the angular emission patterns are calculated for di®erent detunings and FWHM's. The light source is assumed to be Gaussian, centered at the wavelength ¸s with a FWHM ¾. When necessary the actual emission lineshape may be used, if known. The light power seen by a detector at the angle µ from the normal of the surface of the MCLED is :



P±;¾ /



Z



p¸(µ)g¾(¸ ¡ ¸FP ¡ ±)d¸



(E.9)



where p¸ (µ) is the optical power emitted at the angle µ and the wavelength ¸ per unit solid angle, numericaly computed as explained in Ref [190], and g¾ is the Gaussian factor. Examples of curves P±;¾ are shown in ¯gure E.3 for ¾ =40 nm and for di®erent detunings (thin lines). The third step is to determine which pair (±; ¾) gives the simulated angular emission pattern P±;¾(µ) that ¯ts best the measured one Pmes (µ). The ¯tting function is : µ Z ¶¡1 2 I(±; ¾) = min (K ¤ P±;¾ (µ) ¡ Pmes (µ)) dµ K



(E.10)



It is represented in ¯gure E.2 for our example. The minimisation on K is a way to avoid any calibration between model and experiment. The best ¯t is found at ±f it =-26.7 nm and ¾fit = 30:3nm at the maximum of the ¯t function. These values are given with a good precision as shown by the small separation between the contour lines and are in agreement with other measurements : a front photoluminescence spectrum on the same structure as the MCLED presented here, grown consecutively, but
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Fig. E.3: Example of measured angular emission pattern (thick line) and examples of simulated patterns for a source linewidth of ¾ =40 nm and for di®erent detunings ± (thin line).



without the back DBR, combined with the MCLED re°ectivity spectrum give ± =-30 nm and ¾ =36 nm. The e±ciency was measured to be 9% compared to a simulated e±ciency of 14% for ´int = 100%. From ¯gure E.2 it appears that the detuning is not optimal. The simulated optimum detuning is about -17 nm for ¾ =36 nm leading to an e±ciency of 15%. By optimising the detuning, the extraction e±ciency of the MCLED could be about 1% higher. This method of determination of the detuning has been validated by similar measurement techniques on a range of di®erent MCLEDs. It does not work well however for positive detunings where the angular emission pattern has no lobe (the emission is maximum at zero angle). In conclusion, we showed that the e±ciency of a MCLED is directly related to its detuning. Under usual current injection conditions, the e±ciency is peaked at an optimum detuning and decreases rapidly away from this value. In order to consistantly achieve high emission e±ciency MCLED's and to perform device studies, it is very important to be able to directly extract the detuning on the MCLED device itself. The method presented here gives a measure of the detuning and the source FWHM simultaneously, in a non destructive way and with good accuracy. Acknowledgements : This work was carried out under the European contract ESPRIT SMILED.
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Spontaneous emission model of lateral light extraction from heterostructures Light Emitting Diodes Published in Appl. Phys. Lett. volume 76, pp 3179-3181 (2000) Authors : { D. Ochoa, R. Houdr¶e, R. P. Stanley, M. Ilegems Institut de Micro et OptoElectronique, Ecole Polytechnique F¶ed¶erale de Lausanne,1015 Lausanne, Switzerland { H. Benisty PMC Ecole Polytechnique 91128 Palaiseau France { C. Hanke and B. Borchert Siemens AG Corporate Technology MÄunich Germany



Abstract : We investigate the extraction of light from semiconductor light-emitting diodes (LEDs) made of dielectric multilayer stacks with quantum well sources. The model is a combination of a rigorous vertical model of dipole emission and an in-plane ray tracing model. The vertical model is shown to conveniently provide the relevant horizontal decay length of the various kinds of in-plane propagating modes. The proposed combination of the two models accounts for the lateral extraction as well as light recycling in the active layers. In commercial heterostructure Light Emitting Diodes (LEDs) [38], a large part of light is emitted from the sides of the chip. To correctly design high e±ciency devices, the lateral extraction e±ciency must therefore be calculated. Full 3-D electromagnetic codes are untractable for structures where the lateral dimensions are hundreds of microns. On the other hand, existing spontaneous emission models in dielectrics [111, 185, 186, 123] are usually planar and more concerned by surface than lateral light extraction. In this letter we present a 3-D model, combining a rigorous vertical model of dipole emission [190], and an in-plane lateral model using geometric ray propagation. The connection between both models is as follows : resonance broadening in the vertical model is used to deduce the decay lengths of the various kinds of propagating modes either through genuine absorption or through evanescent leakage 315



ANNEXE F. Spontaneous emission model of lateral light extraction from heterostructures 316 Light Emitting Diodes into the substrate. In calculating the fate of in-plane light and lateral extraction, we point out that the relevant factors not only include the ratio of decay length to chip dimension, but also the shape of the chip itself, with possible advantages of triangular and circular shapes over a square. The recycling e®ect is ¯nally discussed. We recall ¯rst some results of the vertical model. The source emitter is modeled by a uniform density of radiating horizontal and vertical dipoles on the plane (Oxy). All calculations are performed in the monochromatic case with a vacuum wavevector k0 = 2¼=¸. Polychromatic calculations are then done by averaging the results over the source emission spectrum. The heterostructure consists of in¯nite dielectric layers parallel to (Oxy) and sandwiched between an upper outside medium (air or epoxy) and the substrate. The refractive indices of the structure can be complex, thus allowing absorption calculations. An additional layer corresponding to the source has a real refractive index ns that can be arbitrarily large in order to include evanescent waves [123]. Under these conditions, the following quantities can be calculated [190] : the power extracted upwards (dPu =d! u(µu)), downwards in the substrate (dPsub=d!sub (µsub)) and the power emitted at the source (dPs =d!s (µs )) per unit solid angle. The angles µ correspond to the polar coordinates of the light propagating in the di®erent media. The total power °ux extracted in the upper medium (Pu), in the substrate (Psub ), and emitted at the source (Ps ) are obtained by integrating over the solid angles. The quantum extraction e±ciencies up and down are the ratios ´ u = Pu=Pem and ´sub = Psub =Pem, where Pem = Ps + PNR is the total emitted power including non-radiative recombinations. For usual LEDs structures, the spontaneous emission enhancement factor is small [139] and the emission is about the same as if the source was placed in a bulk medium : Ps ' Ps;b. Then, assuming that the non-radiative emission is not modi¯ed by the presence of the structure, Pem scales like the inverse of the internal quantum e±ciency of the source (´int) : Pem = Ps + Ps;b (1 ¡ ´int)=´int ' Ps;b=´int . ´ int is kept here as a free scaling parameter in all comparisons between experiment and theory. Unlike surface extraction, a large amount of light becomes guided in some high index layers acting as a waveguide. Decay coe±cients of this in-plane propagating light can be calculated by studying the broadening of the guided mode peaks due to losses in the structure. A mode indexed m emitted at the abscissa x = 0 can be written, for x ¸ 0 [142] : Em (x; z) = Em(z)e¡i¯mxe¡(® m=2)x



(F.1)



where ¯m = ns k0 sin µm is the propagation constant of the mode and ®m a power damping coe±cient with a corresponding decay length Lm = 1=®m. The ¯eld component in the basis of non-damped plane waves is : Z1 1 g Em(¯; z) = E (x; z)ei¯xdx (F.2) 2¼ ¡1 m 1 = Em(z) 2¼ (®m =2 ¡ i (¯ ¡ ¯m )) It can be shown that this implies a direct proportionality between the power emitted at the source dPs =d!s (¯) and the Lorentzian function L(®m ; ¯ ¡¯m ) centered at ¯m and with a Full Width at Half Maximum (FWHM) ®m . This result is important : in a lossless waveguide, guided modes appear as Dirac functions ; but, due to the inherent absorption in the structure, they acquire a Lorentzian line shape. Calling ¢¯ the FWHM of the function dPs =d!s (¯) close to the resonance ¯ = ¯m , one can write : Lm =



1 1 = ®m ¢¯



(F.3)
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Fig. F.1: Guided modes of an infra-red LED structure : calculation results in TE polarization at ¸=880nm vs. the internal angle at the source. (a) Power emitted per unit solid angle at the source (bold line) and power leaking into the substrate (thin dashed line). (b) Fraction of light going into the di®erent guided modes (´ m ) and leaking into the substrate (´ ec m ). (c) Decay length of guided modes due to absorption in the QWs and in the rest of the waveguide ec (Labs m ), due to leaking into the substrate by evanescent coupling (Lm ), total decay length of guided modes Lm . (d) Geometrical extraction factor of the guided modes into air (Â m ) and modal facet re°ectivity correction factor (Fm ). The continuous lines in (b), (c) and (d) are just guides to the eye. The angular scale is limited to the range 55-75 ± which contains all the guided modes. In (a) the power °ux drops rapidly to zero above 75 ± .



The total power Pm of the mode is given by the integral of the Lorentzian-square function dPs =d!s (¯ = ns k0 sin µs ) over the solid angles corresponding to the µ-extent of the function around ¯m. For usual LED structures with waveguide thicknesses on the order of 5¹m, it can be easily checked that the broadened mode peaks do not overlap. The fraction of light going into the mode m is then ´m = Pm =Pem . Since the planar geometry of the vertical model is in¯nite, this fraction end up by being absorbed, either in the QWs or in the rest of the waveguide, or by being lost in the substrate by evanescent coupling. The decay coe±cients wg ec of these three loss mechanisms for the mode m are called ®qw m , ® m and ®m respectively qw wg qw qw with ®m = ®m + ®m + ®ec m . They are given by the relations : P m = ®m =®m Pm and qw ec Pm = ®ec m=®m Pm where the power °ux of the mode respectively absorbed in the QWs (P m ) or ec lost in the substrate (Pm ) is calculated in a similar way as Pm . An example of this calculation is given below on an actual device : a high power 880 nm infra-red LED (IR-LED) with a 400£400¹m square lateral shape. The heterostructure, grown on a GaAs substrate, consists



ANNEXE F. Spontaneous emission model of lateral light extraction from heterostructures 318 Light Emitting Diodes of a thick waveguide on top of a 20 pairs AlGaAs/GaAs distributed Bragg re°ector. All the calculations assume an internal quantum e±ciency of ´int=90% giving the best agreement with measurements. Figure F.1 shows the various quantities calculated at 880nm, for TE polarization. The power emitted at the source dPs =d!s (µs) has a succession of sharp peaks between 60 and 75± representing guided modes. Guided modes close to the GaAs/AlGaAs ec ec critical angle cut-o® (' 60± ) mostly leak into the substrate (´ ec m is signi¯cant, Lm = 1=® m is small), while the others are mainly absorbed by the QWs.



Fig. F.2: Geometrical extraction factors Âm for a guided mode m=0 vs. the relative decay length Lm =d (TE polarization). Lm is the decay length of the mode. d is respectively the lateral dimension, the height and the radius of a square, resp. equilateral triangular and circular LED. For a circular LED the curves correspond to three di®erent injection areas : Rinj is the radius of the circle inside which current injection occurs.



In the second part of this letter, LED's lateral dimensions and shape are taken into account. The guided modes side extraction e±ciency is given by : X ´side = ´m Âm (F.4) m



where Âm is the extraction coe±cient of mode m. Âm is calculated by considering a light ray of unit power emitted at the position (x; y) in the plane (Oxy) and with an angle ° relative to the x axis. This light ray will undergo multiple beam re°ections on the lateral interfaces of the LED, with an in-plane decay length equals to Lm . As a ¯rst approximation, the facet re°ectivity Rm (transmission Tm = 1 ¡Rm ) is the product of two terms. The ¯rst term is the Fresnel re°ection coe±cient between the medium of the waveguide and the outside medium, for an incidence corresponding to the angle between the light ray and the normal of the facet. The second term (Fm ) gives a correction to this simple ray tracing Fresnel factor, and takes into account rigorously the vertical mode pro¯le of the guided mode. This term is crucial for high order modes in large waveguides whose extraction is strongly reduced compared to the extraction of the fundamental mode [144]. It is calculated [144][132] by decomposing the re°ected ¯eld into backward propagating guided modes and by matching the kz Fourier components of the tangential electric and magnetic ¯elds on both sides of the facet. Âm is ¯nally given by the sum of all the successive extractions averaged on the position of the emitting point and on the direction of emission. For a square LED of size a the result is : ¡ ¢ Z 4 2¼ cos ° 1 ¡ e¡® ma= cos ° Tm (°) sq ¡ ¢ d° Âm (a) = (F.5) ¼ 0 ®m a 1 ¡ Rm (°) e¡®m a= cos °
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sq For an equilateral triangular LED of height h it can be shown that Âtr m (h) = 3=2Âm (h). The extraction coe±cient of circular LEDs can be calculated as well but the expressions are more complex and not given here. It appears in ¯gure F.2 that the largest extraction coe±cients are found for circular shapes injected in the center when the guided modes losses are low. For large losses, the best extraction corresponds to the equilateral triangular shape. Figure F.1 (d) shows the extraction and re°ectivity correction factors for our IR-LED example. Higher order guided modes with angles below 67 ± face strong re°ection at the side interface with air and are poorly extracted : their correction transmission factors Fm fall below 10%. This is a limitation of LEDs with thick waveguides that can be overcome by encapsulating the chip in epoxy. Figure F.3 summarizes the di®erent extraction and loss mechanisms in the 3-D geometry.



Fig. F.3: Tridimensional model : guided modes are either absorbed in the quantum wells, absorbed in the rest of the waveguide, lost in the substrate by evanescent coupling or extracted by the sides.



Recycling e®ect is now investigated. The fraction of guided light that is not extracted by the sides and is absorbed in the QWs is : ´abs =



X



´ m(1 ¡ Âm )



®qw m ®m



(F.6)



This quantity accounts for the majority of light that is absorbed in the QWs. Some non-guided light can be absorbed as well, but is generally extracted up or down much faster. If all the light absorbed in the QWs is assumed to create electron-hole pairs, ´abs will correspond to a new source term leading to additional extraction e±ciencies ´abs ´u and ´abs ´side: The process of absorption-emission is repeated an in¯nite number of times. Extraction e±ciencies will ¯nally be increased by the recycling factor : frecy =



1 1 ¡ ´ abs



(F.7)



Remembering that ´ abs is roughly proportional to the internal quantum e±ciency ´int , this factor is non linear in relation to ´int : recycling is signi¯cant when ´ int is close to unity, thus for QWs of high quality. Finally, with (F.4), (F.6) and (F.7), the total extraction e±ciency of the IR-LED with recycling is : frecy(´u + ´ side)=1.1*(2.4+5.3)=8.5% into air and 1.1*(5.7+12)=19.5% into epoxy. This is in good agreement with experimental measurements : inserting the bonded chip into an integration sphere gives total extraction e±ciencies equal to



ANNEXE F. Spontaneous emission model of lateral light extraction from heterostructures 320 Light Emitting Diodes 8.6% into air and 20% through a liquid droplet immersion with refractive index 1.5 simulating an epoxy encapsulation. The model has been further validated with other devices. In conclusion, the model presented here introduces the third dimension in the usually planar spontaneous emission models. Guided mode lateral extraction, absorption, leaking losses and recycling are calculated, giving a numerical tool for a better physical understanding and designing of LEDs. Acknowledgements :This work was supported by the European Commission within the framework of the ESPRIT SMILED program.
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Di®raction of cylindrical Bragg re°ectors surrounding an in-plane semiconductor microcavity Published in Phys. Rev. B volume 61, pp 4806-4812 (2000) Authors : { D. Ochoa, R. Houdr¶e, M. Ilegems Institut de Micro et OptoElectronique, Ecole Polytechnique F¶ed¶erale de Lausanne,1015 Lausanne, Switzerland { H. Benisty Laboratoire de Physique de la Matiµere Condens¶ee, Ecole Polytechnique, 91128 Palaiseau, France { T. F. Krauss, C. J. M. Smith Department of Electronics and Electrical Engineering, Glasgow University, Glasgow, United Kingdom Abstract : In-plane microresonators consisting of an AlGaAs heterostructure waveguide and deep etched cylindrical trenches give both out of plane and lateral light con¯nement. The air trenches, acting as a Bragg re°ector also allow di®raction into air, so that the far ¯eld pattern reveals interesting informations on the resonant cavity modes. By the use of a 2D cylindrical model and a transfer matrix method based on Hankel functions, the energy and angular dependences of the di®racted ¯eld are calculated and successfully compared to measurements.



G.1



Introduction



Spontaneous emission (SE) modi¯cation in microcavities[127] has been widely studied in semiconductor physics due to its promise for application in optoelectronics[199], especially in the ¯elds of optical interconnects. Microcavity lasers can potentially achieve ultrafast modulation (>10GHz), low threshold current and high e±ciency[200]. For low speed, low power applications, e±cient microcavity light emitting diodes[118] could be used in printers, displays and light sources[38]. There are many ways to realize tridimensional (3D) semiconductor microcavity resonators. Some rely on a single dielectric interface (micropillars[201, 202, 140] and 321
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whispering gallery modes[203, 204, 205]) but do not privilege full use of in-plane light con¯nement, which seems a requirement for integrated devices. On the other hand, based on the photonic band gap approach[76], cavities of a few micrometers de¯ned in a planar waveguide were realized[206, 207]. However, their modal structure in this size domain is complex. The structure studied here consists of circular concentric deep etched trenches that act as a Bragg mirror ("Bragg leek"[208]). Similar structures termed "¯ngerprint"[209] with shallow trenches and modest light con¯nement have already produced interesting distributed feedback (DFB) lasers with broad area surface emission (diameter Á » 100¹m), low divergence and narrow linewidth[210, 211]. They were regarded as future candidates for integrated waveband ¯lters, lowloss sharp bends or optical couplers. Compared to such "¯ngerprint" structures, the Bragg leek has the advantage of con¯ning light in much smaller volumes (Á » 3¹m), due to the comparatively large etch depth of its air trenches and the resulting important in-plane e®ective index modulation. However, for this reason, previous DFB theories[209, 212, 213] based on weakly coupled modes cannot be used here. Therefore, we develop in section G.2 a 2D cylindrical model based on a transfer matrix method with Hankel function that allows the calculation of all the relevant information : the re°ectivity of the cylindrical Bragg mirror [214, 215, 216], the energy of the resonant modes, the ¯eld inside the structure with optical pumping and the angular resolved air di®raction patterns. Far ¯eld spectral measurements performed under optical pumping are compared to calculations in section G.3. The results con¯rm that this system is a good candidate for in-plane light con¯nement.



G.2



Model



Our aim in this section is to ¯nd the resonant modes of a microcavity bound by a circular Bragg re°ector and the di®raction patterns generated normal to the cavity. We make use of a 2D model restrained to the in-plane aspect of the problem. This model consists of N in¯nite cylindrical concentric layers of dielectric materials. The layers have outer radii called r1; :::; rN¡1 and refractive indices n1,...,nN alternatively equal to neff and 1, with n1 =nN =neff where nef f is an e®ective refractive index that will be discussed later. The usual cylindrical coordinates (z; r; ') are used where ' is the azimuthal angle and r the distance to the (Oz) axis. The angular pulsation of the electromagnetic ¯eld ! corresponds to a wavevector in vacuum k0 = !=c: Since the system is invariant along the z coordinate, electric and induction ¯elds can be written : E(r; ')ei!t and H(r; ')ei!t with E = Ez ez + Er er + E'e' and H = Hz ez + Hr er + H'e': These ¯elds must satisfy the Maxwell equations in each layer j: r:E = r:H = 0 r £ E = ¡¹0i!H



r £ H = "0 n2j i!E



(G.1) (G.2) (G.3)



and their tangential components must be continuous at all layer interfaces. Because of the invariance of the problem with the z ! ¡z inversion [76], the ¯eld solutions can be decomposed into two distinct polarizations : TE and TM for which the only non zero components are respectively (Hz ; Er ; E') and (Ez ; Hr ; H'). In our case, the QD photoluminescence coupled to the guided mode is much larger for TE than for TM polarization[217], and only TE light will be considered hereafter. The present cylindrical geometry suggests the introduction of Bessel functions instead of the traditional plane waves. A function of particular interest is the Hankel function Hm = Jm + iNm where Jm and Nm are the Bessel and Neumann functions and m the azimuthal
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¤ number. For a given wavevector k, the function Hm(kr) and its complex conjugate Hm (kr) are linearly independent and represent respectively outgoing and incoming waves[218]. Their correspondence to plane waves would be the propagative waves eikr and e¡ikr : In comparison, ¤ (kr))=2 would correspond to a standing wave the Bessel function Jm (kr) = (Hm (kr) + Hm cos kr: A TE solution of Maxwell equations (G.1)-(G.3) in a medium of refractive index n is Hz (r; ') = H m(kr)ªm (') if k = nk0 and if ªm (') is of the form e§im' , which gives a "rotating" wave in the §e' direction. The two di®erent signs lead to twofold degenerate modes that give symmetric solutions for the di®raction into air. For the sake of clarity, only the + sign is kept in the following calculations. Note that the mode degeneracy is a consequence of the perfect circularity of the model. It can be lifted by using elliptical cross sections, as was demonstrated on pillar microcavities[219]. The general solution of the Maxwell equations can then be written as a linear combination of the independent solutions ¤ (H m(njk0r)eim'; Hm (nj k0r)eim'; m = 0::::1) in each layer j :



Hjz (r; ') =



1 X



m=0



im' Hj;m z (r)e



(G.4)



with j j ¤ Hj;m z (r) = ®m Hm (nj k0r) + ¯m Hm (nj k0r)



(G.5)



and is a 1D problem for a given m. By expressing the continuity of the tangential ¯elds E' and Hz at each layer's interface, it is shown in the appendix that the ¯eld coe±cients in the central cavity are related to those outside the structure by a transfer matrix : µ N¶ µ ¶µ 1 ¶ ®m p m qm ®m (G.6) N = ¤ 1 ¯m qm p¤m ¯m The coe±cients p m and qm depend on nj ,dj j=1...N and on the light wavelength ¸. Bragg transmission Before going any further, the transmission of the circular Bragg can be derived easily with (G.6) and with the assumption : ®1m = 1 N ¯m =0



(G.7)



For each m, (G.7) represents the standard transmission problem : an outgoing wave of unity amplitude impinges on the Bragg re°ector from the central cavity, is re°ected with the coef1 ¯cient rm = ¯m , transmitted with the coe±cient t m = ®N m and no incoming wave impinges N from outside (¯m = 0). The ¯eld transmission coe±cient is found to be : tm =



jp mj2 ¡ jqm j2 p ¤m



(G.8)



Mode calculation without sources In the hypothesis (G.7) there was no continuity relation between outgoing and incoming waves in the central cavity. In order to ¯nd resonant modes, such a continuity relation has to be imposed. The equation : 1 ®1m = ¯m



(G.9)



expresses the fact that the incoming waves instantly become outgoing waves after crossing the (Oz) axis. Without this assumption the ¯eld diverges at the origin, due to the presence
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¯ ¯2 ¯ ¯2 ¯ ¯ ¯ j¯ of the Neumann function in Hm. The power in each layer j can be de¯ned by ¯®jm ¯ + ¯¯m ¯ . Then, using (G.6) and (G.9), the ratio of the electromagnetic power con¯ned in the cavity to that in the outermost layer (the external vacuum ¯eld) is : fm =



¯ 1 ¯2 ¯ 1 ¯2 ¯® ¯ + ¯¯ ¯ m m 2 j®N mj



N j2 + j¯m



=



1 jpm + qm j2



(G.10)



This "resonance function" f m(¸) gives the spectral information on the cavity modes in the absence of any source. Field calculation with sources Optical injection and non power-conservation are now being investigated. Since only TE polarized light is considered, the pumped QDs emit like horizontal dipoles having random phases (incoherence between the QDs) and random dipole orientations in the (Oxy) plane. By generalizing the approach of Lukosz[123], it can be shown that the total time averaged emission of many QDs in the central cavity is modeled by introducing a source term for outgoing waves. This source term is found to be approximatively constant with m and ¸. By normalizing it to unity, the assumptions for the ¯eld calculations become : 1 ®1m = ¯m +1 N ¯m = 0



(G.11)



N in (G.11) corresponds again to the absence of incoming waves from outside. The choice of ¯m j j With (G.6), (G.11), (G.18) and (G.4), ®m ¯m and Hz (r; ') are calculated in each layer of the structure, for each wavelength and at each location (r; ') in the (Oxy) plane.



Di®raction The far ¯eld amplitude H(µ) is simply given by the Fourier decomposition of the near ¯eld Hz (r; ') in the air trenches : ZZ H(µ) = Hz (r; ')e¡ik:rrdrd' (G.12) trenches



where k = k0(sin µey + cos µez ) is the wavevector of the light di®racted into air at an angle µ. Since the trenches are much thinner than the wavelength in air, the ¯eld is almost constant within them, leading to : Z 2¼ X j;m H(µ) ' rj Hz (rj ) ei(m'¡k0rj sin µ sin ') d' (G.13) m; trenches j



0



Finally, the di®racted power can be de¯ned by I(µ) = jH(µ)j2 : Because of the ¯nite numerical aperture of the collecting lens in the experiment, I(µ) has to be averaged in a certain angular range that smooths its angular dependence. Physically, the eim' ¯eld rotating component in (G.4) is responsible for the angular di®raction behavior of the di®erent modes. It can be rewritten eik' s where s = 'r is the curvilinear abscissa along the circle of radius r, and k' = (m=r)e' the pseudo wavevector in the azimuthal direction. Since the modes are resonant in the 4th order Bragg stopband, the phase di®erence of the ¯eld in the successive trenches is approximately 4¼ and gives a di®raction q 2 2 in the normal direction with a wavevector k? = k0 ¡ k'ez . In each trench j, the ¯eld corresponding to a particular resonant mode has a rotating wavevector kj' = (m=rj )e' that
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j vectorially adds to the corresponding kj?, giving a di®raction angle µj = arctan(k'j =k? ). The observed di®raction angle corresponds to an average of the di®erent µj taking into account the ¯eld intensity in each trench. Only m=0 modes can di®ract at normal incidence. Modes corresponding to larger m numbers appear at larger angles.



G.3



Description of the structure, experiment and discussion



The structure used here is that of ref[208]. On a GaAs substrate, the following layers are deposited by MBE (see ¯gure G.1(a)) : a 300nm thick Al0:2Ga0:8 As layer, a 240 nm thick GaAs waveguide in which an InAs QDs layer is embedded and a 400nm thick Al0:8Ga 0:2 As layer. The bene¯ts of QDs over quantum wells (QWs) are manyfold : (i) they reduce non-radiative recombination at the etched walls[220], (ii) they provides a broadband PL spectrum (between 880 and above 1050nm) in order to easily scan the resonance modes and (iii) their PL light is allowed to couple to all modal symmetries in the structure. E-beam lithography and reactive ion etching processes[97] are used to de¯ne ¼800nm-deep, 70nm-wide, concentric trenches in the waveguide. The central cavity (de¯ned by the inner diameter of the ¯rst trench) is D cav =3¹m, and the period (de¯ned by the radius di®erence between two successive trenches) is ¤=580, 600, 620 or 640nm. Along a radius, successive trenches act as a 4th order Bragg mirror, with a central Bragg wavelength between 960 and 1060nm, well inside the QD PL spectral range. The use of 4th order Bragg periods and thin trenches minimizes scattering losses, while still giving high re°ectivities within a limited number of rows. Finally, the choice of Dcav =3¹m allows relatively easy optical excitation in the central cavity and good interpretation of the spectral mode features.



Fig. G.1: (a) A Bragg leek is based on a 4t h order circular Bragg re°ector made of concentric air trenches. Part of the photoluminescence (PL) guided mode becomes resonant in the central microcavity, is di®racted into air by the trenches and collected into a ¯ber at di®erent angles µ. (b) Scanning electron micrograph (SEM) of the structure showing 8 air trenches (black circles).



After proper spatial expansion, a 5mW He-Ne laser beam with a 1 cm diameter is focused on the Bragg leek with a lens (NA=0.17, f=38.1mm), giving a spot of about 5¹m. Photoexcitation of QDs mainly occurs in the central cavity, giving a guided PL signal that interacts with the trenches, producing resonant modes. Part of this guided PL is coherently di®racted
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Fig. G.2: (a) Top : measured spectra corresponding to light di®racted at di®erent angles µ. Bottom : sum of the resonance functions corresponding to the main guided mode (solid line) and the second guided mode (dashed line). The thick horizontal bar below the curves shows the calculated stopband of the cylindrical Bragg mirror. The structure has 8 trenches with ¤=620nm. (b) : As for (a) except ¤=640nm. For the sake of clarity, the spectra of (a) have been normalized to the bulk PL spectrum.



into air by the Bragg trenches. By the use of a lens (NA=0.25, diameter d=12.7mm) placed at a distance D=12cm from the leek, the di®raction signal is collected from all over the leek at a variable angle µ from the normal of the sample surface and injected into a ¯ber towards a spectrometer. The angular resolution ¢µ = d=(2D) = 3± is su±cient for the present measurements. Measured spectra at di®erent angles (from 0 to 24± ) of the PL emitted by a Bragg leek with 8 trenches, ¤=620nm and 640nm are shown at the top of ¯gure G.2 (a) and (b). The link between the 2D model of section G.2 and the real 3D structure is done by regarding 3D guided light propagation in the multistack heterostructure as 2D planar propagation in a medium of e®ective refractive index neff [142]. Two guided modes can propagate in the heterostructure considered here : a main guided mode which is con¯ned in the GaAs waveguide with an e®ective index nef f and a second guided mode which is con¯ned in the Al0:2Ga 0:8 As top layer with an e®ective index n0eff . This second guided mode is less coupled to the QDs but may be subject to larger di®raction into air due to its strong interaction with the air-dielectric interface. With standard refractive indices for the AlGaAs materials[133] the e®ective indices are cal-
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culated with the matrix method described in ref[190] : nef f;theory = 3:4¡4:10 ¡4 (¸(nm)¡1000), n0eff;theory = 3:2 ¡4:10¡4(¸(nm) ¡ 1000). In this paper we use nef f = 3:308 ¡6:10¡4(¸(nm) ¡ 1000) and n0eff = 3:15 ¡ 7:10 ¡4 (¸(nm) ¡ 1000). The di®erence with theoretical values is attributed to uncertainties in the actual refractive indices, growth compositions, layer thicknesses and processing. With these two refractive indices, the sum of the resonance functions fm (¸) of eq. (G.10) for m=0 to 7 is plotted in ¯gure G.2 below the measured spectra. Solid lines correspond to the main guided mode, dashed lines to the second guided mode. The calculated mode distribution in each cluster departs from the ever increasing red shift (in 4m2 ¡1) in the perfect disk model of ref[208]. A clear example appears on the two even clusters m=0,2,4 at 932 and 998nm for ¤=620nm. The Bragg stopband calculated with (G.8) for m=0 is shown as a thick bar at the bottom of the graphs. The measured peaks correspond well with the calculated modes. They are larger due to absorption losses in the waveguide and to di®raction losses that are not included in the model. The particularly large linewidth of the mode measured at (¤=620nm, ¸=957nm, µ=0± ) is explained by the stronger di®raction losses of the second guided mode[105]. As predicted, the modes di®ract at angles increasing with m. In order to further validate the model, the same measurements and calculations were made for the other two periods ¤ =600 and 580nm. Table G.1 shows a comparison between the wavelengths of the measured spectral peaks and the corresponding calculated modes with their azimuthal numbers. A star indicates that the e®ective refractive index n0ef f of the second guided mode has been used instead of neff . The reason why only low-order (mainly m < 3) modes appear for ¤ =600 and 580nm is that, for these periods, the PL intensity of the QDs is lower in the Bragg stopband spectral range, and that the high-order modes are not intense enough to be detected. Measurements and calculations are in good agreement for the main guided mode (¢¸=¸ < 0:3%) proving that our 2D model is correct for describing light propagation in a GaAs waveguide. The agreement is not as good for the second guided mode (¢¸=¸ < 1%) since the di®erence between 3D and 2D light propagation is stronger in the Al0:2Ga0:8As layer due to the presence of the close air-dielectric interface. Another consequence of this limitation is that our 2D model cannot explain the reason why di®raction of the second guided mode is so important for short periods of ¤. 3D calculations are required in this case. Regarding di®raction calculations, the plot in ¯gure G.3 combines wavelength and angular dependences of the modes, via the product f m(¸)I(µ), for ¤=620nm. Only the main guided mode has been taken into account in the plot. There is also an additional m=0 mode at 958.8nm, di®racting around µ = 0 ± and corresponding to the second guided mode. Moreover, the angular dependence of I(µ) has to be averaged within §¢µ = 3 ± because of the ¯nite numerical aperture of the collecting lens. With these two additional considerations, energy and angular behaviors of the calculations are in good agreement with the measurements of ¯gure G.2(a). The same study has been done for the other three periods and the conclusions are similar. Only di®raction intensities vary between simulation and measurement. Again, a complete understanding of the di®raction properties of the structure, in particular of the di®raction intensities, would require extensive 3D calculations. Finally, the linewidth of the measured peaks gives access to the Bragg mirror re°ectivity and to the spontaneous emission enhancement factor. (i) The ¯nesse of a cavity mode is given by F=¢¸/±¸ where ±¸ is the full width at half maximum of the mode peak and ¢¸ is the free spectral range between two modes of the same parity. We have ±¸=0.7nm for the mode at 963nm as shown in ¯gure G.2(a) and ¢¸=65nm between the modes m=0 at 932nm and 999nm, thus leading to F=93. The approximation F ' ¼=(1 ¡ R) for a planar Fabry-P¶erot mode at the limit of R ' 1 is still valid in our case
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Fig. G.3: Di®raction spectra calculated at di®erent angles µ for the Bragg leek corresponding to ¯gure 2(a), for the main guided mode only. Angular averaging due to the ¯nite numerical aperture of the light collection has not been taken into account. For the sake of clarity the curves corresponding to µ=0± , 4 ± and 8 ± have been multiplied by a factor 0.4.



for a large circular mirror of radius Rcav À ¸=(2¼n), where Hankel functions Hm (kr) can be approximated by plane waves[218] eikr . The re°ectivity of the Bragg mirror is therefore R ' 1 ¡ ¼=F ' 97%. (ii) By using the Fermi golden rule, the QD spontaneous emission enhancement (Purcell factor) can be calculated[136] : sp °cav 3Q¸30 sp = F p = °bulk 4¼2n3ef f Vef f



(G.14)



sp sp where °cav and °bulk are the averaged SEs of QDs respectively at resonance in the cavity of the structure and in the bulk. Q is the quality factor of the resonant mode at wavelength ¸0 and Vef f is the e®ective mode volume calculated by adequately averaging the ¯eld in the central cavity. With a well con¯ned mode, Vef f is found to be approximately equal to 2 £ the surface area of the central cavity (¼1.5¹m2) £ the vertical extent of the guided mode (300nm). For the mode m=1, ¸0=963nm, Q = ¸0=±¸=963/0.7=1375. Taking into account the twofold degeneracy[203] due to the e§im' component in (G.4) (for m 6= 0), the spontaneous emission enhancement factor is ¯nally found to be close to unity, in agreement with temporal decay time measurements. A larger Purcell factor would require smaller cavities[202] : with the reasonable assumption that the re°ectivity does not change with the disk diameter Dcav, Q should scale like Dcav whereas the mode volume scales like D2cav and hence decreases faster than Q.



G.4



Conclusion



Tridimensional light con¯nement is reported in an in-plane microcavity surrounded by a circular Bragg re°ector. The structure consists of deep concentric trenches etched in a
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Tab. G.1: Measured and calculated positions of the cavity modes for the four periods ¤ and for di®erent azimuthal numbers m. Calculations corresponding to the second guided mode are indicated by a star.



¤=640nm meas. calc. 970 968.5 971 970.4 973 974 978 978.3 1002 1002.7 1003 1003.7 1005 1006 1009 1008 1040 1037.3



¤=620nm m meas. calc. m 1 932 932.4 0 3 957 958.8¤ 0 5 963 963.8 1 7 965 965.6 3 0 968 968.7 5 2 972 970.9 7 4 998.8 998 0 6 999.4 998.5 2 1 1001 999.2 4



¤=600nm meas. calc. m 898 898 1 922.4 923¤ 1 929 926.9 0 929 927.8 2 949.5 949.7¤ 0 959.4 959.8 1 960.6 961.1 3 963.3 962.4 5 991.5 988.3 0



¤=580nm meas. calc. 892.9 892.8 896.2 894.4 916.9 915.6¤ 923.9 923.3 939.8 930¤ 955.4 953.2



m 1 3 1 0 0 1



GaAs/AlGaAs waveguiding heterostructure. Measurements are performed under optical excitation by collecting the far ¯eld pattern di®racted at the successive trenches. Based on a transfer matrix method with Hankel functions, the 2D cylindrical model described in this paper gives a good insight into the mode resonances of the microresonator. Calculated modal features and di®raction behaviors are in good agreement with experimental results. Expectations for future 3D in-plane microcavities based on 2D omnidirectional photonic crystals[221, 222, 207] are high. Such photonic crystals have already achieved high re°ectivities [100] and are a good candidate for in-plane light con¯nement mirrors. The physical understanding of the resonance and di®raction properties is however more delicate in this case due to the complex symmetry (generally hexagonal) of the resulting cavities. The advantage of the cylindrical Bragg structure is that it can be analyzed almost completely. With quality factors reaching Q=1375 and mirror re°ectivities approaching 97%, the Bragg leek microcavity proves its ability to e®ectively con¯ne light. Among the future applications are : multimode ¯ber coupling, waveband ¯ltering and in-plane optical coupling.



Appendix : Transfer matrix method Using (G.3) and (G.4) in each layer j, the azimuthal electric ¯eld is found to be : E'j (r; ') =



1 i X j 0 j 0¤ (® H (nj k0 r) + ¯m Hm (nj k0 r))eim' nj "0c m=0 m m



(G.15)



0 is the derivative of the Hankel function. The continuity of the tangential ¯elds at where Hm the di®erent layers interfaces[214, 215] is given by : For j=1..N-1 :



Hjz (rj ; ') = Hj+1 z (rj ; ') E'j (rj ; ')



=



E'j+1 (rj ; ')



(G.16) (G.17)



or, since the Hankel functions are linearly independent for di®erent m azimuthal numbers : Ã ! Ã !Ã ! j+1 j j j ®m am bm ®m = (G.18) j¤ j ¯ jm+1 bj¤ ¯m m am



330



ANNEXE G. Di®raction of cylindrical Bragg re°ectors surrounding an in-plane semiconductor microcavity



with 1 ³ 0 Hm(nj k0rj )H m¤ (nj+1k0rj ) j Dm ¶ nj+1 ¤ 0 ¡ H (nj+1k0rj)Hm (nj k0rj ) nj m 1 ³ ¤ 0 b jm = j Hm (nj k0rj )H m¤ (nj+1k0rj ) Dm ¶ nj+1 ¤ 0 ¡ Hm(nj+1k0rj)Hm¤(njk0rj ) nj



ajm =



(G.19)



(G.20)



0



D jm = Hm(nj+1k0rj )Hm¤(nj +1 k0 rj ) 0



¤ ¡ Hm (nj+1k0rj )Hm (nj +1 k0 rj )



(G.21)



All these quantities depend on the geometry of the system and on the wavelength of light (through k0 ). Note however that the determinant of the transfer matrix is constant and equal to (nj+1 =nj)2. For TM polarized light, the relation between the coe±cients of the electric ¯eld Ezj (r; ') is the same as (G.18) if the factor nj =nj+1 is replaced by nj+1=nj in (G.19) and (G.20). The transfer matrix of the whole Bragg re°ector is obtained by putting together the relations (G.18) for j = 1::N ¡ 1 : µ N ¶ µ 1 ¶ ®m ®m = Mm (G.22) N 1 ¯m ¯m with Mm =



µ



pm qm q¤m p¤m



¶



=



µ



aN¡1 bN¡1 m m N¡1¤ bm aN¡1¤ m



¶



detMm = (nN =n1)2 = 1 since in our case n1 = nN = neff .



:::



µ



a1m b1m 1¤ b1¤ m am



¶



(G.23)
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