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Confocal spectroscopy of InGaN LED structures

Photoluminescence of InGaN structures for green light emitting diodes with multiple quantum wells as an active medium was studied with spatial and spectral resolution using confocal microscopy. Bright spots of ~200 nm in diameter were observed. Emission from these bright areas was up to 8 times more intense than from the rest of the sample surface and the band peak position in these areas was blueshifted in respect to the band position in the background surface of lower photoluminescence intensity. The data on emission properties in bright and dark areas and the dependence of these properties on the excitation power density are interpreted by assuming inhomogeneous distribution of defects acting as nonradiative recombination centers.

Introduction

Localization and inhomogeneous spatial distribution of nonequilibrium carriers (excitons) in InGaN in blue and white light emitting diodes (LEDs) and blue laser diodes play a crucial role in the light emission of InGaN epilayers and heterostructures [1] but peculiarities of these processes are still not fully understood.

Cathodoluminescence (CL) [2,3,4,5], µ-PL [6,7,8], confocal spectroscopy [9,10,11], and scanning near field optical microscopy (SNOM) [16,12,13,14] all reveal inhomogeneous photoluminescence intensity distribution in InGaN epilayers and QWs. Many publications [15,16,17,18] point out to the Confidential: not for distribution. Submitted to IOP Publishing for peer review 19 January 2011 well width fluctuations as the main origin of inhomogeneous spatial PL distribution in InGaN QWs, and dislocations are claimed to have a significant effect on the local emission efficiency [14,19].

Localization of excitons on a nanometer scale might be also caused by the localization of the hole wave functions around indium in randomly formed In-Ga-In chains, as was theoretically predicted for cubic InGaN [20].

In InGaN quantum wells (QWs), optical transitions and carrier dynamics are affected by the quantum-confined Stark effect (QCSE) due to the built-in electric field, which can be screened by nonequilibrium carriers [11,21], and by filling-in of the localized states that often have a similar effect on the InGaN QW characteristics.

The present paper reports on the study of spatial distribution of photoluminescence (PL) in LED structures with InGaN multiple quantum wells (MQWs) as an active region. PL spectroscopy in the confocal mode was employed and revealed unusual features of the inhomogeneous PL spatial distribution. For our sample, the strongly pronounced PL features cannot be interpreted as caused by localization and field-induced effects.

Experimental

The green LED structure under study was grown on the c-plane sapphire by metal-organic chemical vapor deposition. Trimethyl indium (TMI), trimethyl gallium (TMGa) and ammonia (NH 3 ) were used as In, Ga and N sources, respectively. The structure consisted of a 0.3 µm thick AlN buffer layer, 3 µm thick Si-doped n-GaN layer, InGaN compliance layer, 5-period InGaN/GaN MQW active layer, 20 nm thick p-AlGaN electron block, and 0.2 µm thick p-type contact layer. The active layer contained 2 nm wide In 0.27 Ga 0.73 N wells and 5 nm wide GaN barriers.

The PL intensity mapping and study of spatial variations in PL spectra on submicrometer scale have been performed using WITec confocal microscope Alpha 300 S. Objective with numerical aperture NA = 0.9 was used ensuring in-plane spatial resolution of ~200 nm. For spectral resolution, the microscope was coupled by an optical fiber with a Cromex spectrometer followed by a thermoelectrically cooled CCD camera. A CW He-Cd laser emitting at 442 nm was employed for the excitation. All the experiments have been carried out at room temperature.

Excitation power density dependence of the relative quantum efficiency of spatially-integrated PL in a wide dynamic range have been carried out under quasi-steady-state excitation by the third harmonic of Q-switched YAG:Nd laser radiation (3.49 eV).

Results

The mapping images of spectrally integrated PL intensity are presented in figure 1(a). The figure reveals a strongly inhomogeneous spatial distribution of emission intensity in the MQW plane: regions of stronger emission are evident on the field of lower emission intensity. The bright spots in the mapping image typically have a round shape of ~200 nm in diameter (close to the spatial resolution of the confocal microscope used). The PL intensity in the bright spots exceeds the background intensity by a factor of up to 8.

The spectral PL distribution in the MQW plane was studied by comparing the emission spectra in small spots (50×50 nm, 5×5 pixels) picked up from the regions of low and high emission intensity (dark and bright areas, as referred to further in this paper). Several of these PL spectra are presented for bright and dark areas in figure 1(b) and (c), respectively. The spots, from which the corresponding spectra were acquired, are marked and labeled in the mapping images [figure 1 The spatially-integrated dark area band peak is redshifted by 10 nm in respect to the band position in the bright areas. The comparison of the PL bands recorded from different spots shows that this redshift and broadening of the spatially-integrated PL band in the dark areas is caused by a lower intensity of PL emitted from spots corresponding to shorter wavelengths, while the emission intensities in the long wavelength region are similar in the dark and bright areas (see figure 2).

To gain more data on possible mechanisms of the inhomogeneous PL intensity distribution, we studied the PL properties of our sample at different nonequilibrium carrier densities. Figure 3 presents the PL spectra measured in a dark area at different excitation power densities. The spectrum is basically dominated by the single band, which is peaked at ~500 nm and shows a considerable band shift with increasing excitation. In addition to the prevailing band, another PL band [peaked at considerably longer wavelengths (~560 nm)] was observed in the dark areas, but its intensity saturated with increasing excitation. This PL band probably involves defect-related states. No long-wavelength band was observed in the bright areas.

The excitation power density dependences of the peak position of the main PL band for the bright and dark areas are compared in figure 4(a). The band peak in the dark areas gradually blueshifts by ~25 nm when the excitation power density is increased from 4×10 -3 to 2.4 MW/cm 2 . A striking feature is that the band peak in the bright areas at low excitation power densities is at a shorter wavelength than that in the dark areas. With increasing excitation intensity, the PL band in bright areas first blueshifts slower than that in dark areas but the shift rate becomes similar in both areas at high excitation intensities.

The excitation power density dependences of the spectrally integrated PL intensity in bright and dark areas are presented in figure 4(b). The dependence is linear at low excitation, but becomes superlinear at elevated excitation power densities. To study the PL efficiency dependence on excitation power density in a wider dynamic range, experiments have been performed under quasisteady-state pulsed (pulse duration 4.4 ns) [figure 4(c)]. Note that the photon energy in quasi-steadystate pulsed excitation (3.49 eV) was high enough to excite the 5 nm wide barriers, while in CW excitation (photon energy 2.81 eV) only the 2 nm-wide quantum wells were excited. Thus, at the same excitation power density, the expected carrier density under the pulsed excitation is larger than that under selective excitation approximately by a factor of 3. Moreover, the small excess energy of the photoexcited carriers might also diminish the spillover effect, which probably is one of the mechanisms causing the efficiency droop effect [22]. Comparison of figure 4(b) and figure 4(c) shows that the droop is observed at a higher carrier density than that achieved in our spatially-resolved experiments.

Discussion

The PL band shift with increasing excitation intensity in InGaN QWs is usually explained by two effects: gradual population of the lowest localized states and screening of the built-in electric field.

Both effects result in a blue shift of the PL band and their contributions are difficult to distinguish.

We calculated the energy levels in quantum well with a built-in electric field by simultaneously solving the stationary Schrödinger equation and the Poisson equation describing the asymmetric space-charge distribution in the well. Using material parameters taken from Ref. [23] and approach suggested in Ref. [24] results in the built-in field at GaN/In 0.27 Ga 0.73 N of 3.4 MV/cm. Such a field shifts the energy of the lowest optical transition by ~200 meV. The built-in field of 1.5 MV/cm, which is a typical low-bound value estimated for similar GaN/InGaN interfaces [25], results in a shift of ~60 meV. Carrier densities sufficient to cause a significant blue shift of the lowest optical transition due to screening of the built-in field are lower in wider QWs. In the 2 nm-wide well under study, a blue shift of 10% from the entire QCSE shift occurs at densities of ~2×10 12 cm -2 . The estimation of the carrier density in our PL experiments is obscured by uncertainty in the carrier lifetime, which locally depends on the carrier localization depth and on the carrier density. Assuming the lifetime to be 1 ns, the excitation power densities in our experiments (from 4 kW/cm 2 to 2.4 MW/cm 2 ) correspond to the carrier densities ranging from 2×10 10 cm -2 to 10 13 cm -2 . Thus, the faster blue shift of the PL band at the highest excitation power densities in our experiments should be influenced by the screening effect but the lowest excitation intensities used hardly influence screening. This conclusion is supported by the excitation power density dependence of the PL intensity [see figure 4(b)], which is linear at a low excitation but becomes superlinear at the excitation power densities exceeding approximately 0.1 MW/cm 2 . There is no return of the linear dependence, which is expected after the built-in field is completely screened. This might be an indication that the built-in field is not completely screened even at the highest excitation power densities used in our experiments. On the other hand, the superlinear growth of PL intensity at increasing excitation power density might also be expected due to the saturation of nonradiative recombination centers.

Localization and inhomogeneous spatial carrier distribution due to the fluctuations in indium content and/or well width definitely plays an important role in the samples under study. It is usually assumed that the deeper carrier (exciton) localization (corresponding to a lower energy of the photon emitted via radiative recombination in the localized states) results in a higher PL intensity due to decreased probabilities of carrier hopping and reaching nonradiative recombination centers. Thus, the inhomogeneous PL intensity distribution could be explained by inhomogeneous distribution of deep 6 localized states. Contrary to this assumption, the PL peak position in the bright areas of the sample under study is higher in energy than in the dark areas.

The difference in In x Ga 1-x N content with x ≈ 0.27 corresponding to the PL band shift observed (~10 nm) would be rather small (of the order of x = 0.01) and hardly could cause the observed increase in PL intensity by a factor of 8 due to possibly higher structural quality in the areas with lower In content.

The bright spots could have been interpreted as regions with narrower well width, where the blue shift of the PL band is stronger and the PL intensity is higher due to stronger overlap of the electron and hole wavefunctions. Though qualitatively consistent with experimental results, this effect is expected to be considerably weaker than observed. At low carrier density, the square of the wavefunction overlap for 1.75 nm wide well exceeds that for 2.25 nm well by a factor of two. This difference will be even lower due to stronger screening in the thicker regions, where a higher carrier density should be expected. Such difference is insufficient to explain the observed intensity difference of up to the factor of 8.

The lower PL intensity in areas where emission occurs at longer wavelength might have been explained by an inhomogeneous spatial distribution of the built-in field: a higher field causes a larger PL band redshift due to QCSE and, hence, a smaller overlap of the electron and hole wavefunctions and, consequently, a smaller rate of radiative recombination and a lower emission intensity. However, according to our calculations discussed above, this effect cannot explain such a big difference in the observed PL intensity in the bright and dark areas. The difference of ~25 nm observed for PL band peak positions in bright and dark areas at low excitation power density [see figure 4(a)] corresponds to variation of the built-in field by ~30%. The built-in field of 3.4 MV/cm causes a decrease of the squared electron and hole wavefunction overlap in a 2 nm QW down to 25% of the value for a rectangle QW (with zero built-in field). Variation of the field by 30% results in 1.5 times change, in the PL intensity due to the overlap change, which is much smaller than the observed factor of 8.

We suggest that the inhomogeneous PL intensity distribution observed in the structure under study can be explained by an inhomogeneous distribution of nonradiative recombination centers, as previously reported in [26]. The probability of nonradiative recombination is higher for the carriers (excitons) occupying the states with smaller localization energy. These excitons, which are responsible for the short-wavelength side of the PL band, have a higher probability to reach nonradiative recombination centers by hopping. Thus, the nonradiative recombination suppresses emission mainly on the high energy side of the PL band resulting in a redshift. The higher is the density of nonradiative recombination centers, the stronger is the redshift. Thus, the PL band in the dark areas is at longer wavelength than that in the bright ones. This interpretation is strongly supported by the data presented in figure 2. As seen, the intensity is equal both in bright and dark areas at the long-wavelength tail of the PL band, but the intensity in bright areas is progressively higher at the shorter wavelengths.

As the carrier density increases, more localized states get occupied. This effect results in a blue shift, which compensates the red shift caused by the nonradiative recombination centers. The blue shift due to the state filling is stronger in the spectral region corresponding to the tail of the density of the localized states and becomes less pronounced in the spectral region corresponding to a higher density of states. The results presented in figure 4(a) are consistent with this interpretation: the PL band blue shift at increasing excitation power density is more pronounced in the dark areas. As discussed above, the overall blue shift, which is observed in the bright areas, should be influenced by screening of the built-in field.

The conclusion that the inhomogeneous PL spatial distribution is strongly affected by an inhomogeneous distribution of the nonradiative recombination centers is indirectly supported by observation that the additional long-wavelength emission band is present in the dark but not in the bright areas. As shown in Ref. [27] for GaN, the densities of nonradiative recombination centers and the centers of radiative defect-related recombination (causing yellow luminescence) are correlated.

Provided that a similar conclusion is valid also for InGaN, the presence of the long-wavelength PL band in dark areas is an indication that these areas contain also a higher density of nonradiative recombination centers. The unusual PL characteristics and their dynamics under increasing excitation power density are consistent with the assumption that this sample has inhomogeneous distribution of nonradiative recombination centers. This feature can be favorable for higher emission efficiency. In the areas with a lower density of nonradiative recombination centers, the carrier density is higher and screens the built-in field more effectively.

Spectrally-integrated PL intensity dependence on carrier density [see figure 4(b)] is the same in bright and dark areas but a higher excitation power density is necessary to reach the same carrier density in the dark areas due to a higher density of nonradiative recombination centers.

The origin of inhomogeneous distribution of nonradiative recombination centers is unclear. It is worth noting, however, that the structure under study contains 5 QWs. The spatial resolution in the Z direction (perpendicular to the layers) is 0.75 µm, i.e. includes all the QWs. Hence, the bright areas vertically coincide within ~200 nm in all five QWs. Otherwise, the image would be washed out, and no distinct bright areas of ~200 nm in diameter would be observed. Such a vertical alignment implies possible involvement of dislocations propagating vertically though the QWs. At dislocation density of 10 9 cm -2 , the 2×2 µm sample area depicted in figure 1(a) should contain 40 dislocations on average. It can be expected that these dislocations concentrate in the dark areas and are absent in the bright areas.

To prove the model of inhomogeneous distribution of nonradiative recombination centers and to reveal the origin of the centers, results on microstructural analysis could be helpful and will be published elsewhere.

Conclusions

Confocal microscopy reveals spots of a more intense photoluminescence (~200 nm in diameter) in green LED structures with In 0.27 Ga 0.73 N MQWs as an active region. The spectral features in the dark and bright areas and dynamics of the photoluminescence characteristics under increasing excitation power density point out to an inhomogeneous distribution of nonradiative recombination centers affecting the carrier density distribution and screening of the built-in field in the QWs leading to nonuniform emission intensity.
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  (a)]. A considerable scattering in intensities and peak wavelengths of the PL bands acquired from different spots in the bright and dark areas is quite evident. The resulting FWHM of the spatially-integrated PL band (measured at high excitation intensities when a single band prevails) is 38 nm in bright and 51 nm in dark areas.
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 4 Figure 4. PL band peak position (a) and spectrally integrated PL intensity (b) in dark and bright areas
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