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An explanation of the non-monotonic temperature dependence of the photoluminescence spectral parameters of self-organized InAs QDs

Temperature-dependent photoluminescence (PL) measurements under different excitation densities were performed on self-assembled InAs quantum dots (QDs) grown by molecular beam epitaxy. Non-monotonic evolutions in the curves of the PL spectral parameters as a function of the sample temperature were observed in the low-temperature regime. In fact, the PL peak energy of the QDs shows a sigmoidal variation with increasing temperature. This component is accompanied by an anomalous increase in the integrated intensity over the temperature range of 8 to 50K. These optical behaviors have been attributed to the emission from deep states that exist in the potential of the dots. A very simple rate equation model, which describes the thermally activated emission and trapping of photoinjected carriers, is proposed to illustrate the interpretations made regarding the evolution of the integrated PL intensity with increasing temperature. A good agreement between the model simulation of the integrated PL intensity and the experimental results was obtained for temperatures ranging from 8 to 300K. It was found that the thermally activated process of the intra-dot redistribution of carriers provides a good description of the anomalous behaviors encountered in the PL investigations depending on the temperature of the QD sample.

I. Introduction:

Over the past decade, QD semiconductor materials have attracted considerable attention due to their prominent applications in the design of memory devices and singlephoton emitters [1][2][3]. The main physical property of these materials is to have all the photocarriers distributed among discrete levels, which drastically ameliorates the electronic and optical efficiencies of the optoelectronic devices and intermediate band solar cells [4][5][6]. On the other hand, in order to attain high power conversion efficiency in QD-based photovoltaic systems, the photo-excitation inside the solar cell structures must be extended [7,8].

However, the efficiency of solar cells is found to be reduced due to some unanticipated thermal effects of the photo-carriers inside the QDs (such as the relaxation and non-radiative recombination paths related to the carriers trapped in deep levels). Understanding the thermal carrier dynamics inside the self-organized QD structures is thus crucial for improving the performance of QD-based photovoltaic systems [9].

It is commonly stated that the anomalous blue-shift of the PL peak energy of the QDs with increasing temperature is assigned to the presence of deep localized states (LS) within the QD structure [10]. For the self-organized InAs/GaAs QDs system, this blue-shift of the dot-luminescence energy generally occurs at temperatures below 70K [11,12], which is much smaller than the characteristic temperature (~ 120 K) of the onset of the thermal quenching of the PL intensity of the dots [13]. Due to the presence of such trap levels in the QD semiconductor materials, the conventional semi-empirical models of Varshni [14] and Fan [START_REF] Fan | Photon-Electron Interaction, Crystals Without Fields[END_REF] are unable to reproduce the sigmoidal variations (S-shape feature) that may appear in the temperature dependence of the PL peak energy, and therefore they cannot provide satisfactory values of the fitting parameters [11]. In the literature, several semi-empirical models have been proposed to account for the blue-shift of the PL peak energy with increasing temperature [START_REF] Eliseev | [END_REF][17][18]. Eliseev et al. [START_REF] Eliseev | [END_REF] have proposed the band-tail model which can replicate, at high temperatures, the "S-shaped" temperature dependence of the PL peak position for nitrogenbased semiconductor heterostructures. More recently, Li et al. [17] have proposed the localized-state ensemble model which has been widely employed in several III-V semiconductor nanostructures to explain the anomalous deviation from Varshni's equation of the bandgap shrinkage depending on the temperature [12,19]. Very recently, by including the contribution of localized states, Dixit et al. [18] have proposed a modified Varshni expression, which was adapted to reproduce the anomalous temperature dependency of the PL peak energy and also to provide an accurate determination of the exciton localization energy in bulk and quantum well structures. However, possible explanations based on the study of the temperature dependence of the PL intensity of the dots and which consider the contribution of the LS are rarely encountered in the literature, especially for self-assembled InAs/GaAs QD systems. In this work, the carrier dynamics inside the investigated QD structure are discussed qualitatively and quantitatively in order to explain the observed sigmoidal variation of the dotluminescence intensity as a function of the temperature.

II. Experimental details:

The structure studied in this work contains a single layer of InAs QDs (wetting layer) sandwiched in a GaAs matrix [20]. The Stranski-Krastanov QDs were grown by molecular beam epitaxy (MBE) on (001)-oriented GaAs substrates. Gallium and indium fluxes were supplied from thermal effusion cells, As 2 species from a cracking source. The growth procedure for the QDs deposition is the following. First, a 0.3 μm thick GaAs buffer was grown at 600 °C with a rate of 0.2 nm/s. Subsequently, the substrate temperature was decreased to 490°C in order to allow deposition of the wetting layer (WL). The thickness of the deposited InAs was fixed to 2.4 monolayers with a growth rate of 0.04 nm/s. A 100 nm thick GaAs cap was immediately grown after, while the growth temperature was increased to 600 °C. Photoluminescence measurements were carried out using a closed-cycle He cryostat and a 514.5-nm line of an Ar + laser. Optical spectra were collected with a 𝑓 = 0.25 m spectrometer with a 1200 l/mm grating and focused onto a cooled GaInAs photodiode detector.

III) Results and discussion:

Figure 1 depicts the PL spectra of the QD sample recorded in the 8-300K temperature range under several excitation densities. Using a Gaussian fitting analysis, the evolutions of the integrated PL intensity and the PL peak energy as a function of the temperature are determined from the fitting results and are shown in figures 2a and 2b, respectively. It can be clearly seen from Fig. 2 that the PL peak energy (PLPE) of the QDs exhibits an anomalous blue-shift when the temperature grows up from 8K to T S (temperature of turning out to redshift of the PLPE). At the same time, the integrated PL intensity (IPLI) of the dots exhibits an abnormal enhancement in the low-temperature region (see Fig. 2b). As was stated in our previous study, this abnormal dependence on the temperature of the PL spectral parameters has been assigned to the coexistence of deep LS with the intrinsic electronic levels of the dots [20]. It should be emphasized that the existence of spatially localized deep trap levels in MBE-grown In(Ga)As/GaAs QDs has been clarified to be caused by point defects (such as chemical impurities, interstitials, and vacancy defects), which are introduced by the lattice mismatch strain during the growth process of In(Ga)As on GaAs [21][22][23]. Such deep trap levels may lie energetically below or above the ground states (GS) of the dots [21,24]. Their density of states has been shown to be one or more orders of magnitude smaller than the total density of the dot ground states [22,23]. The absolute value of the energy spacing (∆𝜀) between the LS and the GS is often defined as the localization energy of the deep-trap levels.

Like the Fermi level in the Fermi-Dirac distribution, ∆𝜀 constitutes a specific energy below which the LS will be occupied by carriers at 0K [17,19]. Note that the value of ∆𝜀 is generally different from that of the energy separation between the maximum and the minimum of the PLPE recorded in the [8K, T S ] temperature range (see Fig. 2a) [18]. In the following, a study of the thermal dynamics of carriers involved in the investigated QD structure is presented to explain the anomalous tendencies in the spectral parameters that are observed in the temperature-dependent PL measurements. Fig. 2 shows that the temperature dependence of the PL intensity and the bandgap energy of the dots exhibit practically the same increasing and decreasing trend with increasing temperature. Moreover, the quenching behavior of the PL intensity practically starts at a temperature very close to the 𝑇 value (~50K). The temperature dependence of the PL spectral parameters is therefore governed by two regimes. The first one occurs for temperatures below 𝑇 and marks a gradual improvement of the IPLI accompanied by an anomalous blue-shit of the PL peak energy. The second regime occurs for temperatures above 𝑇 and marks a typical reduction of the gap energy of the dots and a typical quenching behavior of their PL signal.

As can be seen in Fig. 2, the dots' bandgap energy shifts immediately to the blue with the small temperature rise from 8K. According to this, the photo-generated carriers are trapped in deep localized states at very low temperatures (around 8K) [19,22]. In addition, these trapped carriers are thermally activated towards the upper states [19,22]. However, the 𝑇 temperature, which characterizes the turning out to red-shift of the PLPE, remains almost unchanged with the increase in the excitation density (see Fig. 2a). This implies that the 𝑇 temperature is essentially independent of the concentration of carriers injected into the QDs.

Therefore, the activation energy (∆𝜀), for which the majority of carriers trapped in the LS are transferred to the GS, is suggested to be close to k B T S [10]. Similar activation energy values to k B T S have been reported for self-organized In(Ga)As QD systems (4 meV) by Ezidini et al. [12] and (7 meV) by Yeo et al. [11]. In these reported works, the LS have been demonstrated to be located in the close vicinity of the QD states.

In the first regime, the re-populating of the ground states by the thermally activated carriers from the localized states can explain the anomalous blue-shift of the dotluminescence energy seen in Fig. 2a. However, due to carrier-phonon coupling mechanisms, a rise in temperature should aggravate the non-radiative recombination channels. Even though it is believed that all the carriers trapped in the LS are transferred to the GS, the PL signal from the dots should exhibit a quenching behavior with increasing temperature. However, Fig. 2b shows that when the temperature grows from 8K to T S , the IPLI of the dots enhances.

Moreover, this improvement in the IPLI becomes considerably more significant with increasing excitation density. Similar optical observations have been reported in the literature for other QD materials [10], and it is convincing to assume that the GS should have a higher radiative recombination efficiency than that of the LS.

Taking into account of the above assumptions, a possible picture of the thermal exchange of carriers between the LS and the GS of the dots could be described as follows (see Fig. 3). Due to the coexistence of the deep trap levels with the intrinsic states of the dots, the PL signals obtained from the investigated sample correspond to the combination of the radiative emission from the LS and that from the GS [10,19]. At a very low temperature (~ 8K), the lowest energies are preferred, so most of the photo-generated carriers are relaxed into the LS (see Fig. 3a). In the 1 st regime, the gradual increase in temperature provides thermal energy to these trapped carriers, which causes them to begin populating the GS of the dots (see Fig. 3b). This intra-dot redistribution of carriers leads to the blue-shifting behavior of the PLPE seen in Fig. 2a since the LS lie below the GS. At the same time, this aspect induces a gradual enhancement of the PL intensity of the QDs since the GS are assumed to have much higher radiative recombination efficiency than that of the LS. At temperatures close to the T S value (end of the 1 st regime), the thermal activation energy ∆𝜀 ≈ 𝑘 𝑇 is given for the localized carriers (see Fig. 3c). Then, most of the carriers trapped in the LS are thermally reemitted towards the GS. In the recorded PL measurements, this aspect marks the end of the blue-shifting behavior of the PLPE seen in Fig. 2b. With a further increase in the temperature (2 nd regime), the LS become a transient level that provides carriers to the GS without consumption. So, the recorded optical signals of the QD sample will only result from the GS of the dots. Then, typical evolutions of the PL spectral parameters of the QDs as a function of the temperature should be evident (such as bandgap reduction and thermal quenching of the PL intensity).

In order to verify qualitatively the assumptions cited above, a simple coupled rateequation model is proposed to describe the carrier relaxation dynamics involved in the studied structure. The model should explain both the anomalous enhancement and the thermal quenching of the QD PL intensity seen in the first and second regimes, respectively (see Fig. 2b). The charge carrier movements considered in the rate equation model are schematically described in Fig. 3. In continuous excitation mode, G 0 carriers per QD per second are generated in the bulk GaAs and then rapidly diffuse into the wetting layer barrier. Once in the wetting layer, the carriers are randomly captured either in the in the deep localized states (with a capture rate of T L ) or in the GS of the dots (with a capture rate of T G ). In the present PL investigations, the bulk GaAs and the barrier InAs act as intermediate levels which provide carriers to the dots without consumption since the PL spectra of the QD sample did not reveal any characteristic band of radiative emissions from the bulk and wetting layer materials. Furthermore, the absence of PL emissions from the excited states of the QDs under the low excitation levels used in our experiments suggests that the dots are occupied by a single charge carrier located in the lowest states of the QDs [25,26]. The correlation between carriers involved in the capture and in the thermal emission processes was neglected. This hypothesis is in some respects consistent with the one-particle model proposed by E. C. LE RU et al., which strongly suggests independent mechanisms of escape and recapture of charge carriers for self-assembled InAs/GaAs quantum dots [25]. The carriers captured by the LS and the GS can spontaneously recombine with radiative recombination rates of R L and R G , respectively. With the increase in temperature, the carriers injected into the localized states can be thermally re-emitted towards the GS with a recombination rate of 𝐵(𝑇) (characterized by the activation energy ∆𝜀 ≈ 𝑘 𝑇 ). Similarly, the carriers injected into the ground states can get lost by non-radiative paths with a recombination rate of 𝑁 (𝑇) (characterized by an activation energy of 𝐸 ). The terms describing the thermal emission of carriers from the LS and GS are 𝐵(𝑇) = 𝑏 𝑒𝑥𝑝(-∆𝜀/𝑘𝑇) and 𝑁 (𝑇) = 𝑛 𝑒𝑥𝑝(-𝐸 /𝑘𝑇), respectively. ∆𝜀 and 𝐸 are the needed activation energies for carriers to escape from the LS and GS, respectively.

The charge carrier movements under steady-state conditions are as follows (see Fig. 3):

WL Barrier: 𝐺 -𝑇 𝑛 -𝑇 𝑛 = = 0 (1) 
𝑇 ). This assumption is supported by the commonly used random capture processes of carriers by the QD states for an average occupancy in the dots much smaller than one e-h pair [25,26]. So given that = ≈ 1 and with the assumption that 𝐼 (8𝐾) ≈ 𝐼 (0𝐾) = 𝐺 , the IPLI data of the dots could be fitted with the following law:

𝐼 (𝑇) ∝ ( ) { × ( / )} × 1 + × ( / ) (I) 
Where 𝐴 = , 𝐵 = 𝐸 and 𝐶 = are the fitting parameters. . ⁄ . ⁄ × { ( ) ⁄ } , where 𝐿 , 𝐿 and 𝐸 are the fitting parameters) is also added to this figure. As shown in Fig. 4, the temperature dependence of the integrated PL intensity of the dots cannot be replicated using the Arrhenius formula. However, the Eq. (I) significantly reproduces the experimental data and therefore validates all of the above assumptions. Thus, the thermally activated process of the intra-dot redistribution of carriers provides a good description of the anomalous behaviors encountered in the PL investigations depending on the temperature of the QD sample. In fact, with the increase in temperature from 8K to T S , the carriers trapped in the deep localized states are thermally activated towards the ground states of the dots. This results in an improvement of the PL signals and a blueshift of their peak energies. As the temperature rises from T S , the thermal activation energy ∆ε is given to the localized carriers and will remote them to the GS. Then, only the radiative emissions from the GS must be taken into consideration. Subsequently (second regime), standard evolutions of the PL spectral parameters as a function of the temperature (such as the band gap reduction and the quenching of the integrated intensity) should be observable. For the InAs/GaAs QDs system, it is worth noting that the small values of the activation energy (30-60 meV) that could be obtained by fitting the PL experimental data with appropriated formulas are most likely attributed to the thermally activated capture of the photogenerated carriers (before being captured by the QDs) by nonradiative centers located at the InAs/GaAs interface and/or attributed to the thermal escape of carriers towards nonradiative centers located nearby the QDs [28]. However, much higher activation energies (around 100 meV), such as those obtained in the present experimental results, probably correspond to the thermal escape of carriers outside the QDs towards the WL barrier [28]. Note that increasing the excitation density weakens the activation energies (see Tab. 1). This is probably in good agreement with the band-filling effect, which gives rise to shallower confinement states [10].

IV) Conclusion:

In conclusion, temperature-dependent PL measurements of self-assembled InAs/GaAs QDs grown by MBE were studied. Two characteristics of the dot photoluminescence spectra, such as the PLPE and the IPLI, have marked anomalous trends when the temperature goes from 8 to 50K. A qualitative discussion was made to explain these anomalous trends using different excitation densities in the temperature-dependent PL investigation. It is found that the blueshift of the QD emission and the enhancement of the QD photoluminescence are caused by the thermal transfer of excitons from the localized states towards the ground states of the dots. In order to verify this assumption, a simple rate-equation model was proposed to describe the carrier movements in the QD states. A good agreement between the model simulation and the experimental data is obtained and thus confirms the assumptions made on the carrier exchange between the localized states and the ground states of the dots. 
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 2a Fig. 2a. Temperature dependence of the PL peak energy of the dots under different excitation densities. For clarity of the figure, the PL peak energy of the dots is shifted along the energy axis of 10 meV, 30 meV, and 100 meV for the excitation densities of 2.5 × 𝑃 , 7.5 × 𝑃 , and 15 × 𝑃 , respectively.
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 2b Fig. 2b. Temperature dependence of the integrated PL intensity of the dots under different excitation densities. For clarity of the figure, the integrated PL intensity of the dots corresponding to the excitation density of 15 × 𝑃 is shifted along the intensity axis by 0.002 (u.a.).
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 3 Fig. 3. Schematic representation of the energy band diagram of the studied sample. The diagram includes the energetic location of the local states with respect to the QDs. (a): At very low temperatures (around 8K). (b): For temperatures between 8K and T S . (c): For temperatures above T S .
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 4 Fig. 4. Evolution of the IPLI of the dots as a function of the temperature accompanied by the adjustment to the model described in the text and also the adjustment to the Arrhenius' law. (a) 𝑃 = 𝑃 , (b) 𝑃 = 7.5 × 𝑃 , (c) 𝑃 = 15 × 𝑃 , and (d) 𝑃 = 25 × 𝑃 .
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LS:

𝑇 𝑛 -𝑅 𝑛 (𝑇) -𝐵(𝑇)𝑛 (𝑇) = = 0 (2)

GS:

𝑇 𝑛 -𝑅 𝑛 (𝑇) -𝑁 (𝑇)𝑛 (𝑇) + 𝐵(𝑇)𝑛 (𝑇) = = 0

Where 𝑛 , 𝑛 and 𝑛 are the concentrations of carriers in the WL barrier, LS, and GS, respectively.

Eq. ( 1) can be transformed into:

Where 𝐺 , 𝐺 and 𝐺 are the generation rates of carriers in the WL barrier, LS, and GS, respectively.

Eq. ( 2) transforms into:

Eq. ( 3) transforms into:

By combining Eqs. ( 4), ( 5) and (7), the IPLI can be written as:

Considering that: 𝑁 (𝑇) = 𝑛 𝑒𝑥𝑝(-𝐸 /𝑘𝑇) and 𝐵(𝑇) = 𝑏 𝑒𝑥𝑝(-∆𝜀/𝑘𝑇)

From these expressions and with the assumption that ∆𝜀 ≈ 𝑘 𝑇 , Eq. ( 8) can be transformed into:

To simplify the rate equations, a considerable approximation is made. The luminescent states