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Dynamics of double-peak photoluminescence in m-plane InGaN/GaN MQWs
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Dynamics of two distinct bands present in the photoluminescence spectra of non-polar mplane InGaN/GaN multiple quantum wells (MQWs) was studied by using photoluminescence (PL), cathodoluminescence (CL) and differential transmission (DT) spectroscopy. The competition between these bands caused the large shift of peak emission wavelength with increasing excitation. DT measurements allowed attributing the high-energy PL band to the optical transitions between the ground QW states, while the low-energy PL band was assigned to the recombination of localized carriers. CL measurements confirmed the wide spot-to-spot dispersion of deep localized states and suggested that this disorder occurs on a small spatial scale. PL measurements showed that the distribution of localized states is very sensitive both to indium content and to structure parameters. Temperature-dependent PL studies revealed strong carrier-phonon interaction.

Introduction

Wavelength stability is an important parameter of light-emitting diodes (LEDs) for applications in displays, pico-projectors, white LEDs, and color-tunable LEDs [1,2]. The strong blue shift of the emission band with increasing excitation in polar InGaN-based photonic devices has long been attributed to the influence of both internal electric fields and carrier localization. For the former, the blue shift is caused by the free carrier screening of the field, while filling of localized states is the main reason in the latter case [3,4]. Whereas the internal electric field along the growth direction can be diminished or completely eliminated by growing on semi-polar or non-polar crystal planes [5,6], carrier localization is always present in InGaN structures due to random alloy composition and/or quantum well (QW) width fluctuations.

Apart from the blue shift of the emission band, localization of carriers in potential minima affects the recombination rates [7,8], broadens the emission spectrum [9], and even results in the appearance of a double-peak emission spectra [10][11][12][13][14][15]. Initially, such double-peak spectrum in c-plane InGaN/GaN structures had been attributed to phase separation [10,11]. On the other hand, there were reports of double-peak emission from the m-plane InGaN multiple quantum wells (MQWs) samples without any apparent In-compositional separation [12]. The two peaks were also associated with the presence of dislocations in non-polar QWs [13], another paper linked the low-energy band to the semi-polar QWs across the step bunches produced by the miscut of the GaN substrate [14]. Then again, several reports attributed the double-peak emission to the peculiarities of localization potential: the slowly decreasing tail of the energy distribution of localized states [12], variations of the hole potential landscape due to different effective mass [15], and the strong carrier-phonon interaction [15,16].

Regardless of the origin, the presence of two emission bands has a strong impact on the 

Experimental

The studied m-plane LED structures were grown on m-plane GaN substrates miscut by -1° towards the [0001] direction. On the substrate, a homoepitaxially grown approximately 1.2-µm-thick Si-doped GaN buffer layer was followed by three periods of InGaN QWs separated by GaN barriers. On top, a 7.5 nm Al0.22Ga0.78N electron blocking layer and a 143 nm p-doped GaN cap layer were deposited.

The studied samples can be categorized into two groups: i) structures having the same QW and barrier thicknesses of 8 and 9 nm, respectively, but with different In content from 9% to 13%; and ii) structures with the same In content of 13% in the QWs, but having different QW and barrier thicknesses. An additional structure with thinner 4 nm-thick QWs and 14% In content in the QWs was also included for comparison.

The photoluminescence of the samples was measured using a CW He-Cd laser (325 nm) and 300 nm line of the tunable-wavelength nanosecond laser (Ekspla) for low-and highintensity excitation, respectively. The emitted light was passed through a polarization analyzer, dispersed by a double monochromator (Jobin Yvon HRD-1) and detected by a photomultiplier (Hamamatsu). The polarization analyzer angle was set to be perpendicular to the sample c axis. A closed-cycle helium cryostat ensured temperature variation and stabilization in the range from 8 to 300 K. The measurements were performed in a wide range of excitation power densities from 3 W/cm 2 to 13 MW/cm 2 .

Free carrier dynamics at room temperature was studied using time-resolved differential transmission (DT) spectroscopy. The experimental setup consisted of a PHAROS (Light Conversion) laser delivering 250 fs duration pulses at 1030 nm and an ORPHEUS (Light Conversion) optical parametric amplifier (OPA) operating within 630-2600 nm range.

The frequency-doubled OPA pulses at 392 nm were used for the selective excitation of QWs. White light continuum (360-530 nm) pulses generated in a sapphire crystal were used for probing. The evolution of DT spectra was observed using a spectrometer (Andor Shamrock 193) and an NMOS linear image sensor. A chopper was used to periodically close the pump pulse and ensure measuring the transmission with and without excitation at various probe delays to obtain the instantaneous DT spectra.

Spatially-resolved cathodoluminescence (CL) measurements were performed using a hybrid CL-scanning electron microscope (SEM) Attolight Chronos system. The electron beam was accelerated to 10 keV and scanned in 11.5 nm steps with a dwell time set to 5 ms. The collected light was dispersed using a spectrometer (Horiba iHR) and recorded using a CCD camera (Andor Newton). The measurements were performed at 300 K.

Results and discussion

Figure 1 presents the PL spectra of the m-plane InxGa1-xN MQWs (x ~ 13%) with the well thickness of 8 nm measured at 300 K under excitation power density varied from 3.6 W/cm 2 to 12.9 MW/cm 2 . At low excitations, the PL spectrum is dominated by the band peaked at 2.61 eV, however, an additional band can be distinguished at 2.92 eV. As the excitation is increased, the low-energy band demonstrates the standard blue shift [3,4].

Simultaneously, the high-energy PL band exhibits a faster growth without a noticeable shift of the peak position (pink dots in Fig. 1), and overtakes already at the excitation power density of 270 kW/cm 2 . Such competition between the two bands results in a jump in the excitation-dependence of the overall peak position (orange triangles in Fig. 1) as well as an extremely large PL spectrum width exceeding 300 meV. Once the high-energy PL band becomes dominant, the further increase in excitation results only in a small blue shift of 20 meV, while the PL band width reduces slightly to 266 meV.

Since the presence of two PL bands had previously been attributed to phase separation [10,11], extended defects [13], and step bunches [14], we checked whether the two bands indeed arise from different spatial sites using spatially-resolved CL. The image of the spatial distribution of integrated CL intensity is shown in Fig. 2

(a) for the same m-plane

InGaN MQWs sample as above. The usual inhomogeneous CL intensity distribution can be observed: a pattern of round-shaped areas of higher emission intensity on a background of lower emission intensity. Comparing the single-spot CL spectra [see Fig. 2(b)] collected from different intensity areas, as indicated in Fig. 2(a), the two CL bands appear in all cases. This eliminates phase separation as the origin of the double-peak emission, since it would cause distinct CL bands in different areas. Furthermore, the estimated dislocation density was below 10 7 cm -2 (see Supplementary materials for more details), which is approximately one dislocation per 3.0×3.0 µm 2 area, thus, confirming that the double-peak emission is not related to extended defects either.

Interestingly, while the high-energy band remains unaltered, the CL intensity, peak position and band width of the low-energy band all vary between different spots. For wide QWs under study, the peak position variations primarily originate from alloy composition fluctuations rather than that of the QW width. Thus, the large spot-to-spot variations of the low-energy CL band peak position and band width indicate large compositional disorder present in the structures. Although localization due to random compositional disorder in InGaN QWs occurs on the length scale below 5 nm [17,18], the diffusion of nonequilibrium carriers effectively blends adjacent potential minima and results in the bright area diameter of ~300 nm in the CL intensity image in Fig. 2(a). Large disorder in the studied m-plane InGaN MQWs was also indirectly recognized from the dependence of the hole diffusion coefficient on carrier density [19].

To establish the effect of In composition and structure parameters on the double-peak PL spectrum, we compared the PL spectra of different m-plane InGaN/GaN MQWs structures measured at 300 K temperature under low excitation conditions (see Fig. 3).

Remarkably, while a single PL band can be observed for the sample with 9% In content, the two bands emerge already for the In content of 10% with the distance between the two peaks of 220 meV. Increase of In content up to 13% results in the shift of both bands to lower energies, while the distance between the peaks remains nearly unchanged. The slight reduction of QW width to 7 nm at constant composition shifts both bands to higher energies. On the other hand, the increase of barrier width results in an unexpected strong shift of the low-energy band, which leads to an increase of separation between the two bands up to 310 meV.

The most straightforward explanation of the PL peaks is based on the transitions from the excited states in the QWs [20][21][22]. Even though there is no polarization-related electric field in m-plane InGaN QWs [5,6], there is a p-n junction electric field in the full LED structures. The band diagrams of the studied structures were simulated using a Schrodinger-Poisson drift diffusion solver [23] with the simulation details provided in the Supplementary materials. Simulations revealed that the transitions between the ground electron and hole states actually correspond to the high-energy PL band.

Moreover, the energy difference between ground state transitions and transitions involving excited states does not agree with the PL bands peaks separation. Finally, the two peaks are also present in the PL spectra of thinner QWs, as shown in Fig. To verify the position of the optical band gap, we also used the DT technique. The DT spectra of the studied m-plane InGaN MQWs measured under low excitation conditions are presented in Fig. 4. All the DT spectra exhibit the distinctive negative-positivenegative swing, which is characteristic of the screening of the internal electric field (or p-n junction field, in this case), and the positive peak can be used to approximately estimate the excitonic resonance (marked by arrows in Fig. 4) [24]. The estimated exciton positions are between 2.96 and 3.08 eV in all the samples, and shift to lower energies with increasing In content. Comparison of exciton positions with the peaks in PL spectra (see arrows in Fig. 3) reveals a fine agreement with the high-energy PL band, thus, confirming the assignment of high-energy PL band to the transitions.

Subsequently, it is logical to assume that the remaining low-energy PL band must originate from the recombination of carriers in deep localized states. Nevertheless, the nature of these states is not completely clear. The appearance of the two PL bands with increasing In content has been explained by the increasing degree of alloy composition fluctuations in the slowly decreasing tail of localized state distribution function [12]. The model nicely reproduces the emergence of the second peak for a minor increase of band gap fluctuations, which increase with In content. However, the origin of such slowly decreasing tail was not clarified [12]. On the other hand, the energy separation between the PL bands is very large, reaching 300 meV at low excitations. The recent numerical study of excitons in InGaN QWs demonstrated that random alloy fluctuations could result in exciton binding energy up to 75 meV for 2 nm non-polar QWs [25]. This binding energy would decrease for thicker QWs. Comparable values for hole localization were also obtained by the atomistic calculations of electronic structure in m-plane InGaN QWs [26]. This suggests that the deepest localized states in our structures cannot be caused solely by random alloy fluctuations, which also cannot be the source of the slowly decreasing tail invoked in [12], and additional structural disorder must be present. In our studied samples, the increasing disorder was evidenced by the large spatial variations of the low-energy CL band properties in the samples with higher In content (not shown of InGaN/GaN MQWs have been reported previously [28,31].

As the temperature is increased, the zero-phonon line in the sample with thin barriers shifts to lower energies [see points in Fig. 5(b)], while the phonon replicas seem to disappear gradually. The shift of the main band is much larger than the shift of GaN band gap (70 meV [32]), indicating that the peak shift is primarily determined by the carrier redistribution between the localized states. Furthermore, absence of the S-shape implies that the localized carrier distribution is still not fully thermalized, which, in turn, suggests very wide energy distribution of localized states. Meanwhile, a new PL band emerges on the high-energy slope of the main band at temperatures above 160 K. As discussed above, this band corresponds to the transitions between the ground electron and hole states in the QWs.

A slightly different situation is observed for the sample with 15 nm thick barriers: the zero-phonon line due to localized carriers and its phonon replicas have similar intensity at the lowest temperatures, and the phonon replicas persist up to room temperature.

Furthermore, the phonon replicas become dominant at temperatures above 90 K, while the zero-phonon line gradually vanishes [see points in Fig. 5(c)]. Similar behavior has been observed both for c-plane and m-plane InGaN/GaN MQWs [15,33]. At elevated temperatures above 180 K, a new PL band emerges on the high-energy slope of the main band, similarly to the sample with thin barriers, and due in a similar manner to the transitions.

To study the carrier-phonon interaction in more detail, we measured the excitation dependence of PL spectra at 8 K temperature. Figure 6 presents such dependence for the sample with 13% In content and 15 nm thick barriers. As mentioned above, at low excitations, the zero-phonon line due to localized carriers and its phonon replicas have similar intensity; however, they strongly overlap due to the strong inhomogeneous broadening. As the excitation is increased, the zero-phonon line exhibits a faster growth than its phonon replica, and becomes dominant. The decreasing strength of carrierphonon interaction is probably related to filling of localized states, which is evidenced by the blue shift of the PL bands (indicated by points in Fig. 6). As the carriers become weaker localized, their wavefunctions spread over a larger distance, and the coupling with phonons decreases [34].

The presented results may be summarized into the following interpretation of the observed PL dynamics. At room temperature, the high-energy PL band reflects radiative recombination of carriers in the delocalized extended states. Its spectral position coincides with the calculated energy of transitions between the lowest quantized QW levels, is sensitive to In content and QW width, and is weakly affected by the barrier width.

Meanwhile, the low-energy PL band is assigned to the recombination of localized carriers. This band strongly depends on local composition fluctuations. Similar interpretation of the PL bands has also been suggested for c-plane InGaN MQWs [35,36].

The temperature-dependent results revealed the considerable contribution from phonon replicas, especially at low temperatures. The phonon-assisted recombination is particularly significant in disordered systems where tightly localized carriers have a large spread in the k-domain, thus ensuring their coupling with phonons. Since increasing In content is generally accompanied by the broadening of localized state energy distribution [37,38], the carrier-phonon interaction increases as well, as evidenced by the higher intensity of phonon replicas in PL spectra. The carrier-phonon interaction is further amplified by the increase of barrier width. However, the origin of the carrier-phonon interaction enhancement in m-plane InGaN/GaN MQWs is not clear. Overall, the dynamics of the emission band in the studied m-plane samples resembles that observed in dual-wavelength c-plane InGaN LEDs [21,39] with the low-and high-energy peaks corresponding to cyan-and blue-emitting MQWs, respectively. Filling of deep localized states with increasing excitation determines the initial strong blue shift of the emission band, while thermal distribution of free carriers governs the minor PL band shift at elevated excitations.

Conclusions

The strong blue shift of the emission band as large as 300 meV was observed in m-plane 
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  photoluminescence (PL) dynamics: the gradual shift of the PL band with increasing excitation and/or temperature evolves into a competition between several recombination mechanisms. Here, we analyze the transformation of PL spectrum in m-plane InGaN/GaN MQWs with different In content and/or different structure. The excitation-and temperature-dependent dynamics allowed distinguishing different PL bands and attributing them to specific recombination mechanisms.

  3(b) by black dashed line. Despite the QW thickness being smaller by a factor of two, the energy separation between the two PL peaks remains very similar, which decisively excludes the possibility of optical transitions involving excited states.

  here), indicating compositional fluctuations beyond the random alloy fluctuations at large spatial scale.The disorder is most probably the main reason also behind the surprising increase of peak separation in the structure with thicker 15 nm barriers. Comparison of PL spectra in the samples with different barrier thickness (see Fig.3) reveals almost the same position of the high-energy PL band, while the low-energy PL band position differs by 90 meV. The value of the low-energy PL band shift is close to the longitudinal optical (LO) phonon energy of 92 meV[27], which suggests the influence of carrier-phonon interaction. To evaluate the degree of band gap fluctuations and to analyze the role of carrier-phonon interaction in more detail, we measured the temperature-dependent PL spectra under low excitation conditions. Figure5presents such dependences for several distinctive samples under study.The emission consists of a single dominant peak at low temperatures in the sample with 9% In content [see Fig.5(a)]. As the temperature is increased, a wide band develops on the low-energy slope. The distance between the two bands is approximately 90 meV, which allows assigning it to LO phonon replica of the zero-order peak[15,27,28]. The phonon replicas vanish at temperatures above 200 K, as evidenced by the increased steepness of the low-energy slope of the PL band. Meanwhile, the peak position of the main PL band follows the typical S-shaped dependence [marked by points in Fig.5(a)],which indicates hopping of carriers (excitons) through the localized states[29,30] with the estimated localization parameter σ equal to 26 meV.A more complicated temperature evolution of PL spectra is noticed in the samples with 13% In content [Figs. 5(b) and 5(c)]: multiple bands can be observed already at the lowest temperatures. However, due to the strong inhomogeneous broadening, all the bands overlap and, therefore, cannot be resolved. Assuming these are again LO phonon replicas, two phonon replicas can be marked in the sample with thin barriers of 9 nm, while the PL spectrum of the sample with thick barriers of 15 nm contains three or more phonon replicas (see Supplementary materials for the manifestation of phonon replica in PL spectra). A large number of phonon replicas is generally linked to the increasing carrier (exciton) localization, and up to four phonon replicas in the low-temperature PL spectrum

  /GaN MQWs with increasing excitation. Such large shift was caused by the competition between the different PL bands in the double-peak PL spectrum. The spectral position of the high-energy PL band coincides with the exciton resonance position, estimated using DT, as well as with the calculated energy of transitions between the lowest QW levels, thus, it is attributed to the recombination of carriers in the extended states. Meanwhile, based on the temperature-dependent results, the low-energy PL band is assigned to the recombination of localized carriers with some contribution from phonon replicas. The increase of indium content in m-plane InGaN MQWs not only affects the PL spectrum by causing the additional PL band, but results also in strong carrier-phonon interaction.
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 1 Fig. 1. PL spectra of m-plane InGaN/GaN MQWs measured at 300 K and different excitation power densities (indicated). Solid points mark the peak positions of the two bands (see text for more details).

Fig. 2 .

 2 Fig. 2. Typical CL intensity image of m-plane InGaN/GaN MQWs (a) and CL spectra taken along the line indicated on the image (b). The dashed spectrum presents the average CL spectrum of the whole 3.0×3.0 µm 2 area.
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 3 Fig. 3. PL spectra of the studied m-plane InGaN/GaN MQWs samples with different In content (a) and different structure parameters (b) measured at 300 K temperature under low excitation conditions. Arrows indicate the exciton resonance positions. The dashed line in (b) presents the PL spectrum of an additional sample with 4 nm-thick QWs and 14% In content.
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 45 Fig. 4. DT spectra of the studied m-plane InGaN/GaN MQWs samples with different In content and different structure parameters measured at 300 K under excitation power density of 15 µJ/cm 2 and a delay of 33 µs. Arrows indicate the exciton resonance positions.
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 6 Fig. 6. PL spectra of m-plane InGaN/GaN MQWs measured at 8 K and different excitation power densities (indicated). Solid points mark the peak position of the main band and its phonon replica (see text for more details).
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 1 Fig. 1. PL spectra of m-plane InGaN/GaN MQWs measured at 300 K and different excitation power densities (indicated). Solid points mark the peak positions of the two bands (see text for more details).
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 4 Fig. 4. DT spectra of the studied m-plane InGaN/GaN MQWs samples with different In content and different structure parameters measured at 300 K under excitation power density of 15 µJ/cm 2 and a delay of 33 µs. Arrows indicate the exciton resonance positions.

Fig. 5 .

 5 Fig. 5. Temperature evolution of normalized PL spectra of m-plane InGaN/GaN MQWs. Solid circles and triangles mark the peak position of the main band and its phonon replica, respectively (see text for more details).
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