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Abstract

:

Optical properties of wurtzite violet InGaN/GaN quantum well (QW) structures, with the same well-plus-barrier thickness, grown by metal-organic chemical vapor deposition (MOCVD) on c-plane sapphire substrates, were investigated using temperature-dependent photoluminescence (TDPL) and excitation-power-dependent photoluminescence (PDPL). Two samples were compared: one had a thicker well (InGaN/GaN 3/5 nm); the other had a thicker barrier (InGaN/GaN 2/6 nm). It was found that the GaN barrier thickness in the InGaN/GaN MQWs plays an important role in determining the optical characteristics of the MQWs. The peak energy of the two samples varied with temperature in an S-shape. The thicker-barrier sample had a higher turning point from blueshift to redshift, indicating a stronger localization effect. From the Arrhenius plot of the normalized integrated PL intensity, it was found that the activation energy of the nonradiative process also increased with a thicker barrier thickness. The radiation recombination process was dominated in the sample of the thicker barrier, while the non-radiation process cannot be negligible in the sample of the thicker well.
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1. Introduction


During the past decades, group III nitride materials have attracted great attention. InGaN/GaN multiple quantum well (MQW) structures are currently utilized as the active layers for most optoelectronic devices due to their excellent performance, such as ultraviolet-visible tunable emission band [1], thermal stability, and high quantum efficiency [2]. The energy bandgap tunability of InGaN makes it possible to manufacture red-, green-, and blue (RGB)-light-emitting diodes (LEDs) using the same material system, which can help to develop the monolithic integration technology for high-performance micro-LED displays. The optical properties of the MQW active regions are influenced by the material quality and structures of InGaN well layers, such as the thickness [3], shape [4], and well number [5]. GaN quantum barriers (QBs) also affect the optical properties of the active layer. This is because that QBs have a higher optimum growth temperature than that of InGaN well layers. Thermal degradation and decomposing in InGaN QWs are promoted by the elevated temperature, which degrades the optical quality of the well layer [6]. Moreover, the barrier thickness can affect the piezoelectric field and the distribution of injected carriers [7] and exciton localization in the well [8]. Therefore, analyzing how well and how barriers affect the optical properties is of great significance for both theoretical researches and practical applications.



At present, a lot of work has been completed on the effect of InGaN well thickness or barrier thickness on the optical properties of InGaN/GaN MQWs. Li et al. [9] proved that a thinner well results in higher internal quantum efficiency (IQE) due to the greater overlap of electron and hole wave functions in space. Huang et al. [10] found that larger well thickness can induce a stronger carrier localization effect by investigating the effect of well thickness on the properties of InGaN/GaN active layers. Jia et al. [11] proved that increasing the GaN barrier thickness can improve the IQE of QD/QW hybrid structures. The results of Liang et al. [12] indicated that the localization effect formed by Indium clusters is stronger for a sample with a thicker barrier. However, these studies keep the thickness of the well (barrier) constant and change the thickness of the barrier (well), leading to different well-plus-barrier thicknesses. This can cause undesirable effects that will influence the optical properties of the MQWs and the final conclusion [13]. For instance, the change in total thickness will lead to a different strain accumulation and relaxation [14]; enhancement of the inhomogeneous of carrier distribution among different wells, especially holes; and variation in cavity lengths in the case of resonant-cavity light-emitting diodes and vertical-cavity surface-emitting lasers. Based on the above, the change of optical properties cannot be simply attributed to the change of well or barrier thickness.



In this paper, two samples with the same well-plus-barrier thickness were grown under the same conditions. The well/barrier layer thickness in the MQW was 3 nm/5 nm for Sample 1 and 2 nm/6 nm for Sample 2, respectively. The optical properties of these two samples were studied by the temperature-dependent photoluminescence (TDPL) and excitation-power-dependent photoluminescence (PDPL) measurements. An S-shaped shift (redshift–blueshift–redshift) of luminescence peak energy is well known for InGaN/GaN quantum wells and usually originates from the existence of potential fluctuations and carrier localization–delocalization process [14,15] was observed. The temperature of the turning point from blueshift to redshift of the S-shaped curve and the activation energy of the nonradiative recombination process is increased in Sample 2. In addition, the band-tail model was employed to evaluate the localization effect. The results suggest weaker localization effects in Sample 1, indicating that the barrier thickness (longer growth time) may play a more important role than the well thickness.




2. Materials and Methods


InGaN/GaN MQW heterostructures Sample 1 and Sample 2 were grown on c-plane sapphire substrates via a low-pressure metalorganic chemical vapor deposition (MOCVD) cold wall system. Ammonia (NH3), trimethylgallium (TMGa), trimethylindium (TMIn), biscyclopentadienylMagnesium (Cp2Mg), and silane (SiH4) were used as the precursors and dopants, and hydrogen and nitrogen as carrier gas. Figure 1 shows the structure of these two samples. The epitaxial structure for both samples includes a 2 μm undoped GaN layer, a 2 μm thick n-type GaN layer, five periods of In0.1Ga0.9N/GaN MQWs, a 20 nm thick Al0.2Ga0.8N electron blocking layer, and a 97-nm thick p-type GaN layer in turn. For better comparison, the growth conditions and structure were identical for both samples, except the active layer. The growth temperatures were 780 °C for the InGaN wells and 880 °C for GaN barriers, respectively. Five periods of In0.1Ga0.9N (3 nm)/GaN (5 nm) quantum wells (QWs) served as the active region for Sample 1, while five periods of In0.1Ga0.9N (2 nm)/GaN (6 nm) QWs for Sample 2.



A continuous-wave He–Cd laser (325 nm) served as excitation source for the TDPL and PDPL. A closed-cycle He-cryostat system was used to control the temperature ranging from 10 to room temperature(RT). The luminescent signal was dispersed by using a Princeton instruments ACTON Spectrapro-3000i monochromator (Princeton Instruments, New Jersey, America) and detected with a Synapse CCD detector (HORIBA, Kyoto, Japan), which is cooled by thermoelectric units.




3. Results and Discussion


The PL spectra of (a) Sample 1 and (b) Sample 2 recorded at different temperatures at an 0.02-mW excitation power using the 325 nm He–Cd laser are shown in Figure 2a,b, respectively. These spectra with different temperatures were shifted in the vertical axis to compare their shapes and peak positions. In order to eliminate the influence of Fabry–Perot interference fringe and acquire the accurate peak energy and half-peak full width (FWHM), the Gaussian functions were used to fit all the PL spectra. The peak energy was determined to be 2.901 eV for Sample 1 and 2.935 eV for Sample 2 at room temperature. The bandgap for the InxGa1-xN ternary system without an electric field can be calculated by the following formula [11]:
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When the Indium composition is about 10%, the bandgap is calculated to be 2.939 eV. This is very close to the emission energy of the two samples in this study. So the Indium composition is around 10%. Since there are nearly identical growth conditions for the two samples, the Indium content is considered to be similar for Sample 1 and Sample 2 [12]. Considering that the emission energy is decreased with an increasing well thickness owing to the quantum-confinement effect [13], this result is in accordance with the experimental data. That is, Sample 2 exhibits a higher carrier transition energy because of its thinner well thickness. In addition, the electric field in QWs leads to a strong quantum-confined Stark effect (QCSE), which can result in bandgap shrinkage. However, the QCSE in Sample 1 and Sample 2 is negligible, which is supported by the PDPL measurement and will be discussed later. Fluctuation of Indium composition in the active layer is beneficial to localize carriers and hinders their migration toward nonradiative recombination centers. There are several mechanisms that can explain the formation, such as the surface-segregation effect [14], spinodal decomposition [15], and composition-pulling effect [16]. Yen-Sheng Lin et al. [15] showed that it is a spinodal decomposition mechanism rather than a composition pulling effect that dominated the formation of the compositional fluctuations in InGaN/GaN multiple quantum wells with indium content in the range of 15–25%. Given that the composition-pulling effect is strengthened with the increase of Indium composition in the InGaN film, the composition-pulling effect is weak for the 10% low-Indium InGaN layer studied here.



Figure 3 shows the temperature dependence of peak energy and FWHM for the two samples. As the signature of the exciton localization [17], an S-shaped (red–blue–red) shift of luminescence peak energy and a V-shaped (declining-then-rising) FWHM were observed. This phenomenon is well known for InGaN/GaN quantum wells and usually originates from the presence of potential fluctuations and the carrier-transition process between localization and delocalization [18,19]. We named the transition temperature of red–blueshift as Tmin. The valve of Tmin is related to the transition of carriers between shallow and deep localized states. The higher Tmin in Sample 2 implies a severe indium composition fluctuation, which is consistent with the broader FWHM of Sample 2 [20]. The decline in FWHM is mainly related to the migration process of thermally activated carriers from shallow to deep localized states. Additionally, the deep localized states have a higher density of carrier states, resulting in a narrower linewidth and redshifts. The difference between the peak energy and FWHM reveals that the concentration of deep localized centers is lower in Sample 1. The reason for this will be further discussed in a later section. We named the transition temperature of blue–redshift as Tmax, which is related to the depth of localization potential [21]. The values of Tmax are 180 K and 200 K for Sample 1 and Sample 2, respectively. This means that Sample 2 has the comparatively stronger confinement energy than those of localization states in Sample 1 on average. Larger thermal energy is needed for carriers to exit the localization potential.



In order to further investigate the temperature dependence of the PL peak energy, the band-tail model is employed. The model considers the energy levels lower than the nominal band edge, which provides the localized carriers confinement effect [22]. In the band-tail model, the peak energy at various temperatures can be expressed in the following equation [23,24].


  E ( T ) = E ( 0 ) −   α  T 2    β + T   −    σ 2     k B  T    



(2)




where E(0), T, and kB is the band-gap energy at 0 K, temperature, and the Boltzmann constant, respectively.  α ,  β  are Varshni’s fitting parameters. The parameters  σ  reflects the degree of localization effect [25]. The model presented in Equation (2) is in good agreement with the experimental data. The fitting parameters α (0.75 meV/K) and β (1300 K) are similar to those used in the literature [26]. The values of σ were fitted to be 18.41 meV and 23.01 meV for Sample 1 and Sample 2, respectively. It is well known that the excellent performance of InGaN-based LEDs is widely ascribed to the carrier localization effect [27]. It is the indium-rich regions in the InGaN well layer with deeper potential levels that serve as localized centers, limiting the outflow of carriers to the surrounding nonradiative recombination centers(NRCs) [28], thus improving the emission efficiency of the quantum well structure. The smaller value of σ indicates weaker localization effects and poor optical performance in Sample 1, which has a thicker well thickness.



However, the decrease in σ with larger well thickness seems to be in conflict with previous publications [10,25,29]. The previous literature pointed out that InGaN/GaN MQW LEDs with thicker well structures have stronger exciton localization effects. The discrepancy between our experimental results and those of the previous reports is that our samples have different barrier thicknesses at the same time, while their samples kept the barrier layer thickness constant. Sample 1 has a thicker well thickness, while Sample 2 has a thicker barrier thickness. Such stronger localization effects in Sample 2 can be attributed to the larger potential fluctuations promoted by larger barrier thickness. The barrier is also essential to the crystal quality and structural properties of InGaN well layers. The thicker barrier needs a longer growth time. Because the optimum growth temperature of GaN barriers is much higher than that of InGaN layers [30], InGaN is thermally annealed during the growth of the barrier, leading to indium desorption and indium segregation [30]. In the case of a thicker barrier where a longer growth time is necessary, this phenomenon will be enhanced, resulting in stronger composition fluctuation and then stronger localization effects in the MQWs.



Figure 4 shows the Arrhenius plots of the integral PL intensity for Sample 1 and Sample 2. The results show that the PL intensities decrease significantly with the increasing temperature, which is attributed to defect-related nonradiative recombination [31,32]. However, a strong localization effect can hinder carriers from diffusion towards NRCs [33]. To further verify the carrier localization effects in two samples, the dependence of the integrated PL intensity on different temperatures was fitted by the following one-channel Arrhenius model [34]:


  I ( T ) =  1  1 + N · e x p  (  −  E a  / K T  )     



(3)




where parameters N and Ea represent the quantity and activation energy of the nonradiative process, respectively. kB is the Boltzmann constant and T represents temperature. Ea is related to the nonradiative channels introduced by the dislocations [35]. The solid lines in Figure 4 are the best fitting of experimental data of Samples 1 and 2 by Equation (3), and the fitted values are shown in Figure 4. The Ea value for Sample 2 is larger than that for Sample 1, suggesting that the former is less sensitive to NRC. This is consistent with our Varshini fitting results. The strong carrier localization effect in Sample 2 suppresses the possibility of carriers being captured by the NRCs due to the deep localized potential restricting carrier movability, while the photogenerated carriers in Sample 1 will be more easily affected by the defect-related nonradiative centers because of the relatively weaker localization effect.



The explanation is also supported by PDPL. Figure 5 shows the integrated PL intensities (I) for (a) Sample 1 and (b) Sample 2 as functions of excitation power (E). It is known that the relationship between I and E is expressed as I ∝ Ep, where parameter P describes the rate between radiative and nonradiative recombination in the QWs [36]. The PL intensity of Sample 2 increases linearly throughout the excitation range. The slope of ~1.03 was obtained by linear fitting, indicating that the radiation recombination process is dominant, while the slope is ~1.39 for Sample 1, suggesting a larger inclusion of the nonradiation process. The longer growth time of the barriers for Sample 2 leads to indium segregation, causing the Indium compositional fluctuation or localized states. These localized states, working as quantum dots, can limit the movement of carriers and make them avoid nonradiative recombination centers caused by dislocations. The strong carrier localization effect in Sample 2 can effectively reduce the possibility of carrier migration into NRCs and thus increase the chance of radiation recombination, which is consistent with the conclusion discussed above.



In addition, the quantum-confined Stark effect (QCSE) in InGaN QWs, which causes a decreasing overlap between electron and hole wave functions and lowers radiative recombination, is investigated. Figure 6 shows the emission energy as a function of excitation power for Sample 1 and Sample 2, respectively. Sample 1 shows a slight redshift (1.47 meV) of emission energy with increasing the excitation power, while the emission energy of Sample 2 is almost independent of the excitation power. It is known that the piezoelectric fields which determine the QCSE in the strained InGaN well layer will be screened by photon-generated carriers, and the transition energy will increase (blueshift). This phenomenon, however, was not observed in our study. These results indicate that the QCSE (or the piezoelectric internal field) in Sample 1 and Sample 2 is negligible. In addition, different from the case of InGaN quantum wells, the QCSE, which causes a decreasing overlap between electron and hole wave functions and lowers the radiative recombination, is expected to be significantly weakened in the localized states. The Indium compositional fluctuation in Sample 2 is considered to be responsible for the better optical properties.




4. Conclusions


In general, the optical properties of the violet-light-emitting InGaN/GaN MQWs with different active region structures were investigated by TDPL and PDPL measurements. The two samples had the same thickness of well-plus-barrier, but one had a thicker well thickness, and the other had a thicker barrier thickness. It was found that the carrier-localization effect was enhanced for the sample with the thicker barrier thickness. By comparing the activation energy of the nonradiative process and the ratio between radiative and nonradiative recombination of the PL peak, the MQW with a thicker barrier thickness was demonstrated to exhibit better optical performance. This is because a thicker barrier means a longer growth time at an elevated temperature, inducing the aggregating of Indium-rich microstructures in the InGaN layers, which improves the sample quality. In conclusion, given the fact that the thicknesses of the barrier and well both strongly affect the optical properties of InGaN/GaN MQWs structures, a moderate barrier and well width are quite necessary.
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Figure 1. Schematic structure of Sample 1 and Sample 2. 
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Figure 2. PL spectra of (a) Sample 1 and (b) Sample 2 recorded in a temperature range of 10 K to RT. 
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Figure 3. Temperature dependence of (a) peak energies of Sample 1, (b) peak energies of Sample 2, (c) FWHM of Sample 1, and (d) FWHM of Sample 2. Error bar is calculated standard error. 
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Figure 4. Arrhenius plots of the integral PL intensity dependence on temperature for Sample 1 and Sample 2. Error bar is calculated standard error. 
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Figure 5. Integrated PL intensities for the (a) Sample 1 and (b) Sample 2 as functions of excitation power. Error bar is calculated standard error. 
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Figure 6. Emission energy as a function of excitation power for (a) Sample 1 and (b) Sample 2, measured at RT. 
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