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Abstract

:

The effects of post-growth thermal annealing of InAs QD with the high in-content strain reducing layer (SRL) on the temperature dependent PL properties have been investigated. The as-grown QD have shown an atypical behavior manifested by a sigmoidal emission energy and V-shaped linewidth evolution with temperature. These behaviors have been progressively glossed by subjecting the structure to post growth annealing at 650 °C and 750 °C for 50 s. The results are discussed in the frame of the localized states ensemble model, which reveals that carriers transfer take place by thermal activation to the continuum states of the strain-reducing layer and subsequent redistribution.
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1. Introduction


The intensive research activity performed on the InAs/GaAs QD system during the past decade has proven the potentiality of these self-assembled QD for improving the performance of various optoelectronic [1,2,3,4] and photovoltaic devices [5,6]. Several structures including capping [7,8], underlying [9], or embedding [10] the QD into the InGaAs-strain reducing layer (SRL) have been proposed to increase the QD-emission wavelength and improve their morphological and structural properties by extending their application field towards the telecom O-band [11]. Additionally, ex-situ [12] and in-situ [6,7] thermal treatments have been employed by aiming to tune the material and device quality [13]. Furthermore, the improvement of the QD-based devices’ performance rely on the best understanding of the temperature-induced carriers, which capture and transfer mechanisms [14]. The unavoidable size dispersion of the self-organized QD has been shown to amend the temperature-dependent PL properties [15]. Accordingly, faster emission energy decrease in the intermediate temperature range and the atypical PL line shape variation has been widely reported [16,17]. However, most of the available reports investigated the as-grown QD and fewer concerns have been attributed to the dependence of the thermally-activated carriers’ processes on the post-growth thermal treatments [9].



In this context, the thermally-enhanced carriers’ transfer within InAs QD capped by high in-content SRL and its dependence on the post-growth thermal annealing are reported and discussed with the aid of a theoretical model.




2. Materials and Methods


The studied sample consists of InAs QD formed upon the deposition of 2.4 monolayers InAs followed by a growth interruption of 30 s under As4flux prior to the growth of 3 nm of InGaAs layer with 40% of in composition. This structure has been grown on 0.5 µm GaAs buffer and capped with 50 nm GaAs. All the layers are deposited at 500 °C except the buffer layer, which has been grown at 580 °C. The whole structure, which is schematically presented by Figure 1, has been grown by MBE on SI (001) GaAs substrate. The QD density is estimated by atomic force microscopy to be around 2 × 1010 cm−2.



Sample pieces taken from the fabricated structure have been subjected to thermal treatment in N2 ambient at 650 °C and 750 °C for 50 s. The samples were capped with 200 nm thick SiO2 to protect the surface from excess evaporation and enhance the intermixing process. For PL characterization, the samples were mounted in a closed-cycle Helium cryostat, whichallowed fortuning the temperature from 10 K to 300 K. The 514.5 nm line of an Ar+ laser has been used as an excitation source with an excitation power density of 802 W/cm2. The PL was detected by theInGaAs photodetector using a standard lock-in technique.




3. Low Temperature PL Properties


As revealed by the Figure 2, the 10 K PL spectra from the as-grown sample shows a dominant emission peak at 1.05 eV with a FWHM around 47 meV, which attributed to the QD ground states transition energy.



A detailed investigation of the higher energy side emission bands have been previously conducted by excitation power dependent PL and PLE, which shows the presence of the excited state emission peak at 1.1 eV as well as a broad (FWHM = 90 meV) emission band around 1.2 eV attributed to the luminescence from the strain-reducing layer [8].



To estimate the buried as-grown QD size, we have numerically solved the single band Schrodinger equation in three dimensions using a finite elements method by taking the strain effects into account for an ellipsoidal-shaped QD. The adequate fitting of the experimental emission energies by changing the QD height and base diameter allows for estimating the buried QD size. The calculation details and fitting procedure can be found in Reference [18]. The best fit has yielded a QD height and base diameter around 2.8 nm and 24 nm, respectively.



After an annealing temperature of 650 °C, the QD emission energy unusually experiences a red shift around 20 meV in addition to a small FWHM decrease by 5 meV. The strain enhanced alloy phase separation during the InGaAs capping layer deposition could alter both the QD size and its environing material’s composition by generating small potential barriers in the vicinity of the QD [19]. During the post-growth annealing process, it is likely that the intermixing tendency to repair the composition fluctuation induces further strain by reducing around the QD and, most likely, a slight size increase [19] leads to the observed PL emission red shift. This interpretation is approved by the strike increase of the InGaAs alloy emission band’s intensity and lowering of its FWHM down to 70 meV.



When the annealing temperature increases to 750 °C, the intermixing seems to overcome the alloy inhomogeneity compensation towards the activation of the intermixing process. This is particularly perceptible through the observed QD PL blue shift up to 1.07 eV with an improved size dispersion (FWHM = 39 meV) in addition to the enhancement of the InGaAs emission peak’s intensity and shrinkage of its linewidth (65 meV).




4. Temperature Dependent PL


The evolution of the PL spectra as a function of temperature is shown by Figure 3 for the as-grown and the annealed QD structures. The PL emission band arising from the interband transition in the QW-like SRL quenches for temperature higher than 180 K. This behavior can be interpreted in terms of the lack of confinement in addition to the altered structural properties due to the presence of the QD inside.



Further details on the temperature dependency of the PL properties can be evaluated through the evolution of the QD GS mission energy and PL peak’s FWHM. Accordingly, Figure 4 shows the emission energy from the as-grown QD ground state and those annealed at 650 °C and 750 °C. The emission energy (see Figure 4a) follows the predicted band gap shrinkage by the Varshni law up to 100 K. However, a faster red shift takes place for higher temperature, which leads to a digression from the expected bulk material’s band gap variation.



The sigmoid variation of the emission energy is characteristic of carriers transferring from smaller to larger QD by thermal activation and recapture processes. However, the overall deviation from the bulk InAs material’s band gap shrinkage seems to be reduced by increasing the annealing temperature. This phenomenon can be clearly observed in the PL FWHM dependence on temperature due to the high sensitivity of this parameter to the QD size dispersion. This variation is shown by Figure 4b where the PL FWHM is plotted against temperatures for all samples. Accordingly, the PL linewidth from the as-grown sample first remains constant up to 70 K and then decreases to reach a minimum around 160 K followed by a monotonic increase with an increasing temperature. This atypical variation is found to be progressively flattened out by increasing the annealing temperature.



To gain quantitative information on the carriers’ redistribution processes leading to the observed atypical variation, the LSE model [20] was adopted. It allows for extracting useful parameters such as the carrier transfer channel’s activation energy. The localized states broadening parameter depends on the annealing temperature. It considers that the captured carriers in the QDs states remain localized in the low temperature range. At higher temperature, the carriers get delocalized by thermal activation towards a mediator channel by assisting their recapture and by bigger dots having deeper states.



The LSE model adds a correction term, which contains the broadening parameter and the activation energy towards the carriers’ mediator’s channel to describe the discrepancy with the Varshni relation [21]. The employed InAs constants’ values and details on the model can be found in Reference [9].



As shown by the solid lines in Figure 4, the LSE succeeds in reproducing the unusual temperature-dependent experimental PL emission energy and linewidth. The small discrepancy between the model and the experimental results arising for the PL FWHM is most likely due to extra phenomena, which affects the PL linewidth increase that the model doesn’t take into account such as carriers hopping relaxation.



The expected broadening parameter and carriers activation energies yielding the best fit are listed in Table 1.



The broadening parameter (σ) is found to follow the 10 K-PL linewidth variation. Additionally, σ decreases by raising the annealing temperature describing the improved QD size dispersion (localized states distribution). The carriers get thermally delocalized with increasing temperature from smaller QD and are recaptured by larger ones. The quenching of the luminescence arising from a larger number of small size QD induces shrinkage of the PL linewidth and induces faster emission energies red shift. This process ends at a given temperature where the electron-phonon scattering becomes the PL dominating factor. This induces an increase of the PL linewidth and slows down the emission energy reduction. Obviously, the effect of carriers’ redistribution on both emission energy and PL linewidth is more perceptible for larger QD size distribution [9]. Additionally, the required energy for carrier delocalization from shallower, localized states in smaller QD sizes in a given sample depends on the QD size and composition [22] and could be strongly dependent on the intermixing degree.



At the same time, the extracted activation energy (Ec) depends on the annealing temperature and is found to evolve inversely and proportionally to the variation of the ground state emission energy. Ec reflects the energy barrier height that the carriers need to overcome to reach the transfer channel, which allows for their redistribution by the recapture process. Obviously, deeper localized states require higher activation energy. For this reason, the activation energy is found to increase for an annealing temperature of 650 °C following the observed GS emission red shift and found to decrease for an annealing temperature of 750 °C following the observed GS emission blue shift.



Considering that the delocalization occurs mainly for shallower QD states (smaller sizes), which contributes to the high energy side of the PL emission band, the carriers transfer channel (Ech) can be estimated by adding the activation energy to the smaller size QD emission energy. This is described by the sum of the GS emission peak’s maximum and half of its FWHM, which is shown in the equation below.


    E  ch   =  E  PL   +  E c  +   FWHM  2    











Accordingly, we have plotted (see Figure 5) the estimated values for Ech as a function of the annealing temperature together with the emission energy from the SRL.



Ech lays between 20 meV and 35 meV below the maximum of the broad PL emission band from the quantum well like SRL. Furthermore, the SRL emission band is very broad (FWHM ≥ 70 meV), which ensures the overlap with the estimated values of Ech for all the investigated samples. It is, therefore, plausible to consider the SRL continuum states as a possible channel for the transfer of thermally activated carriers from QD with shallow states to larger ones, which leads to the observed behavior as a function of temperature. The minimization of the atypical temperature-dependent emission energy and PL linewidth behavior is likely to be induced by the overall reduction of the QD-size dispersion.




5. Conclusions


The impact of post-growth thermal treatment on InAs QD with high In content InGaAs SRL has been studied by temperature-dependent PL spectroscopy. The atypical PL linewidth and emission energy variation found to occur for the as-grown sample are interpreted in terms of the carriers thermal activation and transfer between QD with different sizes. The uncommon evolutions are found to be progressively evened out by increasing the thermal annealing temperature. The observed behaviors have been discussed in the frame of the LSE model, which allows for identifying the continuum states of the QW-like SRL as a channel for inter-dots carrier transfer.







Author Contributions


B.I. and L.S. designed and performed the experiments. B.I. did the calculation and wrote the paper and N.A.M. analyzed the data. H.M. supervised the work. All the authors have contributed to manuscript revision.




Funding


This research received no external funding.




Acknowledgments


The authors would like to thank the Deanship of Scientific Research at King Saud University for funding this work through the Research Group No: RG-1436-014.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations




	QD
	Quantum Dots



	QW
	Quantum Well



	MBE
	Molecular Beam Epitaxy



	PL
	Photoluminescence



	FWHM
	Full Width at Half Maximum



	PLE
	Photoluminescence of Excitation



	SRL
	Strain Reducing Layer



	LSE
	Localized States Ensemble
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Figure 1. Schematic presentation of the InAs QDs with In0.4Ga0.6As capping layer. 
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Figure 2. 10 K PL spectra taken with an excitation density of 80 W/cm2 from the InAs QDs with In0.4Ga0.6As capping layer: as-grown (black line), annealed at 650 °C (red line), and annealed at 750 °C (blue line). The dotted lines are a Gaussian fit of the as-grown sample’s PL spectra, which shows the emission peaks arising from the ground states (GS), the first excited states (1ES), and the SRL. 
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Figure 3. Temperature-dependent PL spectra from the InAs/In0.4Ga0.6As QDs: as-grown (a) annealed at 650 °C (b) and annealed at 750 °C (c). 
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Figure 4. PL emission energy (a) and linewidth (b) as a function of temperature from the as-grown sample (red circles) and samples subjected to annealing at 650 °C (blue circles) and 750 °C (green circles). The solid lines indicate the fitting curves by the LSE model and the dotted lines in (a) refer to the band gap shrinkage by using the Varshni law. 
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Figure 5. Estimated Ech (filled circles) and the SRL emission energy as a function of the annealing temperature. 
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Table 1. Parameters yielding the best fit of the experimental emission energies and PL FWHM by the LSE model.
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	Parameters
	As Grown
	650 °C
	750 °C





	Ec (meV)
	112
	125
	96



	σ (meV)
	27
	24
	21
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