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~Received 19 August 1998; accepted for publication 17 November 1998! Detuning between the emission line and the Fabry-Pe´rot wavelength is a critical parameter for microcavity light-emitting diode ~MCLED! design with regard to the efficiency 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 fitting procedure with the angular emission pattern measured on the MCLED. It is accurate, nondestructive and easy to implement. © 1999 American Institute of Physics. @S0021-8979~99!06504-4#



Light-emitting diodes ~LEDs! have many advantages compared to laser diodes for a number of fiber coupling and telecommunications applications: higher reliability, lower temperature sensitivity, easier fabrication process and no threshold behavior. They however have much lower brightness and efficiency. Several years ago, a new type of LED appeared, the microcavity LED ~MCLED!. The purpose of this device is to overcome the inherent limitation of the planar LED due to total internal reflection.1–3 Because of the difference in refractive index between the semiconductor material ~n! and the outside medium (n out), only light which is emitted into the escape cone given by the critical angle of the total internal reflection (sin uc5nout /n) can be extracted. The extraction efficiency of surface emitting LEDs is thus given by the percentage of light emitted into this escape cone. In the case of standard planar GaAs LEDs ~n53.5!, the spontaneous emission is isotropic and the extraction efficiency is limited to only 2% into the air. In a MCLED the cavity is defined by a distributed Bragg reflector ~DBR! with low reflectivity (R 1 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.4–6 The structure is designed so that the mode that is enhanced fits into the escape cone. This leads to much higher extraction efficiencies, the best present experimental value being 22.8% into the air.7 The first part of this communication describes an approximate model on the dependence of the efficiency of a MCLED with source and cavity parameters. In the second part we present a method to measure these parameters on chip. This first part uses the approximation of an ideal FabryPe´rot ~FP! cavity for the MCLED, explained in detail in Ref. 4. The detuning is defined by
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source ~quantum wells! and l FP the Fabry-Pe´rot wavelength of the cavity, which is related to the cavity thickness L c and its order m c by l FP5
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The roundtrip phase F of a mode in the cavity is F~ u !5
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where u is the angle from the normal of the surface. The extracted mode ~closest to normal incidence! is given by an Airy function of this roundtrip phase, which is maximum at an angle u 0 given by F ~ u 0 ! 52 p m c .
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The broadening of this Airy function is due to ~i! the finesse of the cavity Dl/l s 51/Fm c , and ~ii! the spectral spread of the source with a full width at half maximum ~FWHM! called s. For a standard GaAs MCLED, F'100 and, thus, the spectral spread of the source is the dominant broadening process of the mode: DF'F ~ u 0 !
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If the mode is completely extracted, the efficiency of the MCLED is4
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1 . mc
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Because of the broadening, only part of the mode between normal incidence and the critical angle will be extracted @Fig. 1~a!#. The efficiency is optimum when the mode is in the middle of the escape window, corresponding to



~1!



d opt52



where l s is the central wavelength of the light emitting
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and to an emission lobe at 45° from the surface. It is important to note that the efficiency is always maximum for nega-
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FIG. 2. GaAs substrate emitting MCLED structure, Gaussian source emitter, and numerical simulation. Contour lines of the efficiency in percent vs detuning and source linewidth. Contour lines of the square mean root fit function between simulated and measured angular emission patterns. FIG. 1. Fabry-Pe´rot cavity with a Gaussian source emitter ~analytical model!. ~a! DF is the broadening of the extracted mode, and the main contribution is the Gaussian spectral spread of the source. Only part of this mode between normal incidence and the critical angle ~escape window! will be extracted. ~b! Theoretical efficiency vs reduced linewidth s / u d optu at detuning d 5 d opt52l FP /4n 2 . ~c! Theoretical efficiency vs reduced detuning d / u d optu for different reduced linewidths. ~d! Contour lines of theoretical efficiency vs reduced detuning and the reduced linewidth.



tive detuning, for which the emission will produce a conical emission pattern. For a Gaussian source emission, the theoretical efficiency is 2 Aln 2
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where erf is the error function. It appears that the efficiency of a MCLED will mainly depend on d /l FP and s /l FP but not on the values of l s or l FP themselves. The inclusion of DBR mirrors in this Fabry-Pe´rot model can easily be made by replacing the cavity thickness L c and the cavity order m c by their effective counterparts. The main results of the model are illustrated in Figs. 1~b!–1~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. 8. The MCLED that is used as an example is a GaAs/AlGaAs substrate emitting MCLED.9 The back Bragg mirror is composed of 7 21 pairs of AlAs/GaAs, and the front mirror has one Al0.6Ga0.4As/GaAs Bragg pair and a gold layer. The light is emitted by three ~In, Ga!As quantum wells ~QWs! at a nominal wavelength of l s 5940 nm in the middle of a l cavity with a nominal l FP5960 nm. Assuming an internal quantum efficiency h int5100%, the simulated efficiency versus ~d,s! is shown in Fig. 2. Its maximum is around 17%. This plot is very similar to that of Fig. 1~d! for this MCLED: d opt5220 nm and h max'1/m c '1/(2 1n/2Dn)'19% ~see Ref. 4!.



The analytical model and simulations show that detuning is a critical parameter of a MCLED. Its experimental measurement is, however, not straightforward. l s can be measured by three methods. The first 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 ~PL! of the etched structure. The shape of the luminescence peak is not altered much 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 reflectivity spectrum. All these methods are performed under optical injection and do not take into account differences due to carrier density and the Stark effect due to the built-in electric field in the p-i-n junction of the LED. Moreover, the reabsorption of the guided light causes a blueshift of the PL line in the first method which is the most commonly used. A method using angular emission patterns and a simulation program has none of these disadvantages and can be performed on chip, nondestructively. The first step consists in measuring the angular emission pattern of the MCLED under current injection P meas( u ). An example of such a measured emission pattern ~shown by the thick line! is given in Fig. 3 for the MCLED described previously. In the second step the angular emission patterns are calculated for different detunings and FWHMs. The light source is assumed to be Gaussian, centered at wavelength l s with a FWHM s. When necessary the actual emission line shape may be used, if known. The light power seen by a detector at angle u from the normal of the surface of the MCLED is P d , s }cos u
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where p l ( u ) is the optical power emitted at angle u and wavelength l per unit solid angle, numerically computed as explained in Ref. 8, cos u is the angular dependence of the solid angle with which the MCLED is seen by the detector and g s is the Gaussian factor. Examples of curves P d , s are shown in Fig. 3 for s540 nm and for different detunings ~thin lines!.
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FIG. 3. Example of a measured angular emission pattern ~thick line! and examples of simulated patterns for a source linewidth of s540 nm for different detunings d ~thin lines!.



The third step is to determine which pair ~d,s! gives the simulated angular emission pattern P d , s ( u ) that best fits the measured one P meas( u ). The fitting function is
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It is shown in Fig. 2 for our example. The minimization of K is a way to avoid any calibration between the model and the experiment. The best fit is found at d fit5226.7 nm and s fit 530.3 nm at the maximum of the fit function. These values are given with 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 without the back DBR, combined with the MCLED reflectivity spectrum gives d5230 nm and s536 nm. The efficiency was measured to be 9% compared to a simulated efficiency of 14% or h int5100%. From Fig. 2 it



appears that the detuning is not optimal. The simulated optimum detuning is about 217 nm for s536 nm leading to an efficiency of 15%. By optimizing the detuning, the extraction efficiency of the MCLED could be about 1% higher. This method of determining the detuning has been validated by similar measurement techniques on a range of different 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 efficiency of a MCLED is directly related to its detuning. Under usual current injection conditions, the efficiency is peaked at an optimum detuning and decreases rapidly from this value. In order to consistently achieve high emission efficiency of MCLEDs 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 nondestructive way and with good accuracy. This work was carried out under the European contract ESPRIT SMILED.
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