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Origins of the high-energy electroluminescence peaks in long-wavelength (~495-685 nm) InGaN light-emitting diodes

We investigate the unexpected high-energy electroluminescence (EL) peaks observed in long-wavelength InGaN light-emitting diodes (LEDs), with ground state emission peaks between ~495-685 nm, by studying the EL spectra of LEDs with varying quantum well (QW) thicknesses and indium compositions. In addition to the ground state emission, two high-energy emission peaks were observed in the LEDs with thick QWs and high indium compositions. The less energetic high-energy emission peak (2.4-2.6 eV) is attributed to the optical transitions involving excited states. Factors influencing the excited state transitions, such as the QW thickness and indium compositions were also examined by simulations to better understand the occurrence of these transitions. The more energetic high-energy emission peak (2.8-3.1 eV) originates from V-defect sidewalls and was verified through micro-photoluminescence measurements. The identification of the high-energy emission peaks is essential as it enables targeted epitaxial or growth optimizations to minimize or eliminate these undesirable emission peaks. This work demonstrates that for long-wavelength InGaN LEDs, the importance of using thin QWs to suppress the unwanted high-energy emissions due to excited state transitions and V-defect sidewalls.

The pursuit of next-generation displays using RGB micro-LEDs has sparked recent interest in the development of long-wavelength III-nitride LEDs, including green, yellow, and red LEDs. 1,2 Color purity is of primary importance for display applications, however, high-energy electroluminescence (EL) peaks have been observed in many long-wavelength InGaN emitters. 3- 6 Various explanations for these emission peaks have been proposed, such as phase separation of the InGaN quantum well (QW), V-defect sidewall emission, a combination of interwell and intrawell transitions, and different QW thicknesses in the multiple quantum well (MQW) active region. 3,[7][8][9][10][11] Besides those, excited state transitions have also been reported to contribute to the high-energy EL peaks. [12][13][14] These peaks have been observed in thick c-plane QW LEDs 12 and laser diodes. 13,14 It is known that there exist large polarization-induced electric fields in strained c-plane QWs, which lead to a reduction in the ground state <e1h1> wavefunction overlap. 15,16 (We label interband transitions as <enhn>, where en and hn are the nth eigenstates of electron and hole in the QW, respectively.) Conventional c-plane LEDs often incorporate thin QWs, typically in the range of 2-3 nm. There are some advantages to using thicker QWs to rely on the stronger quantum confined Stark effect (QCSE) to reach longer wavelengths at relatively lower In composition and higher QW growth temperatures. However, as the thickness of the QW increases, the <e1h1> overlap progressively decreases. The long recombination lifetimes, as a result of the low <e1h1> overlap, lead to the accumulation of carriers in the ground states (e1,h1), ultimately, resulting in substantial population in the excited states (e2, h2). It has been reported that in these thick QWs, the wavefunction overlap of the transitions involving excited states (<e2h1>, <e1h2>, and <e2h2>) can be higher than the <e1h1> overlap. [12][13][14] As a result, transitions via excited states can play a significant role in the emission spectrum. Additional emission peaks are often considered undesirable since they broaden the linewidth of the LEDs. Nonetheless, in properly designed thick This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
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While these excited state transitions were often observed in thick (5-9 nm) QW violet/blue LEDs and laser diodes, these transitions can be possible for long-wavelength thin QW (2-3 nm)

LEDs as the indium composition increases. With increasing indium composition, the polarizationinduced electric fields increase, leading to an even lower <e1h1> overlap. As such, the critical QW thickness for the excited state transitions to be relevant decreases. Therefore, excited state transitions can also be one of the possible explanations for the high energy peaks observed in longwavelength LEDs even when the thin QWs are used. Understanding the origin of these high-energy EL peaks is essential for the development of long-wavelength LEDs. By identifying their origin, targeted epitaxial or growth optimizations can be implemented to minimize or eliminate these undesirable additional emission peaks.

In this paper, we systematically studied these high-energy EL emission peaks by growing This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. peaks have also been reported in the literature. [3][4][5]10 As discussed in Refs. 5 and 10, the origin of P3 is related to the sidewall emission of the V-defects. V-defects are inverted hexagonal pyramids with six {101 ̅ 1} semipolar sidewalls. [17][18][START_REF] Wu | This is the author's peer reviewed[END_REF][20] The sidewall QWs have smaller polarization charges at the heterointerfaces. Furthermore, the sidewall QWs also are thinner and have lower indium This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. Previous work, through the scanning tunneling luminescence (STL) technique, a localized emission study of a red-emitting SQW structure observed such high-energy luminescence to be localized in the proximity of hexagonal defects. 23 However, in that study, the density of defects was too low to lead to an observable high energy peak in standard macro-photoluminescence (PL) measurements. To verify the P3 emission in our samples is from V-defects, micro-PL measurements were also performed using a confocal microscope with a 405 nm laser excitation source. By using a spatial pinhole to block out-of-focus light, a confocal microscope can image the location of PL with a resolution of ~200 nm. The PL data is collected into various channels with user-input energy detection ranges, allowing us to measure the local PL emission of our LEDs.
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The red, green, and blue regions in Figure 3 correspond to PL emissions detected in the 1.98-2.15 eV (P1), 2.32-2.52 eV (P2), and 2.56-3.02 eV (P3) ranges, respectively. As shown in Figure 3, the P1 (red) and P2 (green) emissions share the same regions while the P3 emissions (blue) are localized to regions where P1 and P2 emissions are not present. The density of P3 emission regions This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. PLEASE CITE THIS ARTICLE AS DOI: 10.1063/5.0167779

(2×10 8 cm -2 ) also matches the V-defect density in similar LEDs, 24 confirming the V-defect origin of P3 emissions.

FIG. 3. Micro-photoluminescence of LED-3B taken using a confocal microscope with a 405 nm laser excitation. The red, green, and blue regions correspond to PL emissions detected in channels set to measure 1.98-2.15 eV, 2.32-2.52 eV, and 2.56-3.02 eV ranges, respectively. (a) shows an overlay of the blue and green detection channels and (b) shows an overlay of the blue and red detection channels. Blue regions appear spot-like due to the resolution limit of the micro-PL setup.

Note that the confocal microscope optics are optimized for green wavelength detection. Therefore, the features are sharper for the green regions.

In addition to P1 and P3 emissions, P2, which has an emission energy of around 2.5 eV is also observed in Figure 2(a). For the LEDs in this study, the separation between P1 and P2 emissions is around 0.4-0.6 eV. We attribute the P2 emissions to transitions involving excited states. P2 emissions are less commonly observed in the literature, especially in earlier devices, 3,4,6 likely due to the higher nonradiative (NR) recombination in their active region. Increased nonradiative recombination mechanisms can include Shockley-Read-Hall recombination and Trap-Assisted Auger recombination. For the excited state transitions to be more prominent in the emission process, the population in the excited states must be substantial. In addition to the low <e1h1> overlap, having a low NR recombination rate is also important to lead to accumulation of carriers in excited states. With further improvement in growth techniques of long-wavelength LEDs to suppress defect densities in high indium QWs, these emissions could be more prevalent.
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To understand the dependence of P2 emission on the QW thickness and indium composition, a one-dimensional (1D) Schrödinger-Poisson drift-diffusion solver 25 was used to calculate the energy band profile, the energies of the confined states and the carrier wavefunctions in the QWs. In 1D simulations where the effects of alloy disorder cannot be included, the simulations predict higher turn-on voltages than the experimental results. 26 In general, ad-hoc reduced polarization charges (30 -70%) are used to minimize the discrepancy between simulation and experiment results. However, as the indium composition increases, such adjustments are not enough to fully address the disagreement between the two. For example, the 1D simulation predicted a very high diode bias of >5 V at 20 A/cm 2 for an In0.25Ga0.75N MQW LED. The energy band profile obtained using this high diode bias will lead to significant errors in the calculation of the energies of the confined states and the carrier wavefunctions.

To circumvent this issue, we first generate the energy band profile by using the solver at a diode bias near the photon voltage Vphot, defined as eVphot = hemission. Our calculations use full theoretical polarization values. Other simulation parameters can be found in Ref. 12. At these low applied biases, due to the higher predicted turn-on voltage from simulations, the simulated injected carriers are close to zero. To account for the effect of free-carrier screening in the QWs due to the injected carriers, we include a carrier generation term in the active region to obtain a carrier density of approximately 2×10 19 cm -3 , which corresponds to an injected current density of 20 A/cm 2 . The carrier density chosen here is based on the results of the differential carrier lifetime measurements performed on similar devices. 27 We thus obtain a realistic band structure for our devices. emissions, which is around 0.4 to 0.6 eV, is also comparable to the calculated energy separations between the ground state transition (<e1h1>) and excited state transitions (<e2h1> and <e2h2>).

However, the absence of <e1h2> which has a smaller energy separation (~0.2 eV) in the EL spectra seems to suggest an insufficient population in the h2. This can be expected from the efficient hole thermalization. As such, P2 emissions are likely originating from excited state transitions involving only h1, such as <e2h1> and potentially <e3h1>.

This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. PLEASE CITE THIS ARTICLE AS DOI: 10.1063/5.0167779

Based on previous studies of thicker QWs, 12,14 we initially suspected that longer recombination lifetimes of the ground state emission due to low <e1h1> overlap resulted in accumulation of carriers at the ground state. This eventually led to substantial population and then emission involving the excited state transitions, which have a much larger wavefunction overlap than that of the ground state transitions. However, the quasi-Fermi levels, as shown in Fig. 4(c), are too low to explain the band filling population of carriers in the excited state. Furthermore, we also observed in some samples that the excited state emissions can be quite strong even at low current densities (see supplementary material), suggesting that the excited states are not populated by band filling. We can also exclude that the population of the excited states is due to high electron temperature, as the high-energy slopes of the peaks do not change significantly with increasing carrier density. Further work must be performed to study the mechanism by which these excited states are populated.

In short, we found that there are two distinct origins for the high-energy EL peaks commonly observed in long-wavelength (~495-685 nm) LEDs: V-defect sidewall emission and excited state transition. Both emissions have higher energy than the intended main EL peak, but their underlying reasons are different. For the V-defect sidewall emission, it is due to the thinner and lower indium composition semipolar QW at the V-defect sidewalls, while for the excited state emission, it is due to the higher energy of the transition involving excited states. The excited state emission peaks are also found to be more prominent when the ground state wavefunction overlap is reduced in thick and high indium composition QWs. Therefore, for long-wavelength LEDs, the use of thin QWs is crucial to suppress undesired high-energy emissions. However, thinner QWs reduce the QCSE, requiring the QWs to have increased In content to achieve the same emission peaks. The increased required In content with thinner QWs may have detrimental effects but we This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. PLEASE CITE THIS ARTICLE AS DOI: 10.1063/5.0167779 believe it is still an overall benefit for LED color purity to suppress the undesired high-energy emissions. Understanding the origins of these high-energy emissions is important for the advancement of long-wavelength LEDs.
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  FIG. 1 (a). Indium composition and thickness variations of the InGaN quantum well relative to the position from the center of the 2-inch wafer across all samples. (b) HAADF-STEM image and xray fluorescence element maps of LED-3A5X. The 1D group III site atomic fraction profile is also shown.

Figure 2 (

 2 Figure 2(a) shows the room temperature EL spectrum of LED-3B at 20 A/cm 2 . Three peaks are labeled as P1, P2, and P3 respectively. The lowest energy peak, P1 can be easily assigned to the InGaN QW ground state <e1h1> emission as its energy is the closest to the bandgap energy of the InGaN QW. The highest energy peak, P3, has an emission energy of approximately 2.8 eV for LED-3B, and ranges between 2.8-3.1 eV for the different LEDs in this study. Similar high-energy

  FIG. 2. (a) The electroluminescence (EL) spectrum of LED-3B near the center of the wafer measured at 20 A/cm 2 . (b) Comparison between the EL spectra (20 A/cm 2 ) of SQW LEDs (3A, 2C) and MQW LEDs (3A5X, 2C5X).From our study, P3 peaks are only observed in two types of LEDs: (1) those with higher indium composition and/or thicker SQWs, such as LEDs-3B, 2C, and 3C, and (2) those with MQW active regions, such as LEDs-2A5X, 3A5X, and 2C5X. This is consistent with the claim that P3 originated from the sidewall emission of V-defects since higher indium composition and thicker
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 412455 Figure 4 illustrates the relationships between the calculated transition energies and the indium composition and the QW thickness under such conditions. Four types of transitions <e1h1>, <e2h1>, <e1h2>, and <e2h2> are shown in Figure 4(a)-(b). With increasing indium compositions,
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	temperature gradient across the susceptor, InGaN layers grown by the reactor have higher growth
	rate and higher indium incorporation at the center of the 2-inch wafer as shown in Figure 1(a). As
	such, for each sample in Table I, we listed the ranges of indium composition and thickness across
	the wafers. The QW indium composition and QW thickness decrease radially from center to of the
	wafers. The thickness and indium composition have been verified by x-ray diffraction (XRD), high
	angle annular dark field scanning transmission electron microscopy (HAADF-STEM), and energy
	dispersive x-ray spectroscopy (EDS) [Figure 1(b)]. These variations are important to point out as
	the EL spectra of long-wavelength LEDs are very sensitive to both the indium composition and
	QW thickness.			
	Sample Number of QWs Indium composition (%) QW thickness (nm)
	2A	1	21-22	2.2-2.6
	3A	1	21-22	3.1-3.8
	2B	1	23-25	2.2-2.6
	3B	1	23-25	3.1-3.8
	2C	1	26-27	2.2-2.6
	3C	1	26-27	3.1-3.8
	2A5X	5	21-22	2.2-2.6
	3A5X	5	21-22	3.1-3.8
	2C5X	5	26-27	2.2-2.6
				9N capping
	layer, and then 13 nm GaN barrier. Beneath the SQW/MQW structure, there was also a 2 µm thick
	unintentionally doped (UID) GaN template layer, a 2 µm n-GaN layer, and a 20-period 2.2 nm/4.5
	nm n-In0.04Ga0.96N/GaN superlattice, which was capped by a 30 nm n-GaN layer. The structures
	ended with a 26 nm p-Al0.10Ga0.90N electron blocking layer (EBL), a 100 nm p-GaN layer, and a
	10 nm p + -GaN contact layer. The thicknesses and the indium compositions of the InGaN QWs for
	different LEDs were listed in Table I. Due to the uneven boundary layer thickness and the

LEDs with varying QW thicknesses and indium compositions. The LEDs were grown by metalorganic chemical vapor deposition on 2-inch c-plane patterned sapphire substrates. The LEDs have either a single quantum well (SQW) structure or a 5-period MQW structure, which consisted of a 2-3 nm thick InGaN QW, followed immediately by a 2 nm Al0.1Ga0.

Table I .

 I The number of QWs, the range of indium composition and of QW thickness variations across the wafer of the different LED wafers.
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See supplementary materials for the EL data with varying current densities, and a video file of the micro-PL of LED-3B with the collection channel set to detect from 405 nm -620 nm in 5 nm increments.
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