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Abstract  

 

            Photoluminescence (PL) and time-resolved photoluminescence (TRPL) measurement 

techniques are used to characterize the size and the density of In1-xAl xAs/Ga0.67Al0.33As 

quantum dots (QDs) for different QD aluminium compositions. The integrated 

photoluminescence intensity (IPL) depends on an excitation light power, decreases with 

increasing the aluminium proportion emphasizing the QDs surface density decreasing. In 

TRPL experiments, the influence of QD lateral coupling is evidence in high QD density 

sample, the radiative lifetime increases with increasing temperatures for sample with a low 

aluminium proportion, instead, the observed radiative lifetime keep constant for samples with 

a high aluminium proportions in agreement with the QD zero-dimensional confinement. 
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1. Introduction 

Charge carriers can be confined in more than one dimension, if different semiconductor 

heterostructures are grown. If the dimension is smaller than the deBroglie wavelength in two 

directions, the resulting object is called a nanowire. When charge carriers are confined in all 

three dimensions, the structure was originally called quantum box and is nowadays called a 

quantum dot (QD). 

The unique properties of quantum dots (QDs) in terms of carrier confinement and delta 

function like density of states are very appealing for a large number of applications. 

Improvements of existing devices are possible as well as the realization of completely new 

designs. 

The discrete energy levels lead to a significantly lower threshold current density in laser 

diodes, which in turn results in reduced power consumption and an increase in the dynamic 

response essential for direct modulation [1]. Optical memories based on QDs, for example, 

promise to yield ultra-high density storage media [2]. Another concept that uses large spread 

of optical transitions is a QD spectrometer proposed by Jimenez et al [3]. The spin states of 

coupled single-electron QDs can be used for quantum computation [4-6]. Due to the discrete 

nature of the QD levels, carrier dynamics in QD structures are considerably more complex 

than in bulk materials. One of the most important experimental tools to study carrier dynamics 

in QD structures is photoluminescence (PL). Carriers are either excited nonresonantly into the 

barrier (from the valence band of the bulk material into the conduction band) or resonantly in 

the QDs (from a valence band QD level to a conduction band level). Under nonresonant 

excitation conditions, electrons and holes, are created throughout a certain volume determined 

by focal spot diameter and absorption length, need to be transported to the QD layer before 

they can be captured. After being captured and confined to QDs, the carriers, which are 

typically in higher energy states, will start to relax and recombine. It has been long debated, 

and still not completely qualified, whether the capture and escape of the carriers in QDs occur 

via single carrier [7-9].  

This work will focus on self-assembled InAlAs QDs, produced by Stranski-Krastanov growth 

either in molecular-beam epitaxy (MBE). In the critical step of this procedure, In1-xAl xAs is 

grown on Al0.67Ga0.33As in a thin layer. As InAlAs and AlGaAs have a lattice mismatch, this 

leads to a highly stressed surface.  Afterwards, these QDs are overgrown with another layer of 

GaAlAs, the sizes and shapes of the QDs are distributed. Their emission spectrum is 

broadened by their different sizes and compositions, and only a part of the QD ensemble is 

able to participate in the lasing process [10-12]. 
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In these structures, the increases of excitation power density modify the electronic properties 

and fill the excited state, involving exciton-exciton interactions. Despite the large 

experimental and theoretical effort devoted to clarify the carrier thermodynamics in QDs, a 

few aspects still need a better understanding.  

There have not been many studies of the excitation dependence on aluminium concentration. 

In the following, we present energy emission, full width at half maximum (FWHM) and 

integrated PL intensity (IPL) of such samples using variable temperature and excitation power 

density. 

 

2. Material and methods 

 

The QD samples of the present study were prepared by molecular-beam epitaxy, and is 

similar to previously samples [13, 14]: the growths of the In1-xAl xAs were performed on a 

100nm-thick Ga0.67Al0.33As epilayer, and were monitoring by reflection high-energy electron 

diffraction (RHEED). The QDs were covered by a Ga0.67Al0.33As epilayer of same 

composition and same thickness.  

 

Fig. 1 presents a sketch of the sample structure: it contains a single plane of QDs. Table I 

summarizes the growth characteristics of the studied samples. The aluminium proportion x in 

the deposited In1-xAl xAs alloy ranges from 0.20 to 0.38 (nominal values). The growth 

temperature is around 550 °C for all samples. The growth rate is different from sample to 

sample, and ranges from 0.92 monolayer per second (ML/s) to 1.77 ML/s. The critical 

thickness, at which the growth turns from two-dimensional (deposition of In1-xAl xAs layers) 

to three-dimensional (appearance of In1-xAl xAs QDs), is detected on the RHEED pattern and 

measured during the growth process. For each sample, the total amount of deposited In1-

xAl xAs alloy is measured as an equivalent thickness.  

Fig. 2 shows the critical thickness as a function of the aluminium proportion x; the symbols 

are the experimental data, and the continuous line is only a guide for the eyes. The increasing 

behaviour observed in Fig. 2 is quantitatively consistent with other growths depositing In1-

xAl xAs on Ga0.65Al 0.35As [15] or on AlAs [16], in spite of the different temperatures of 

deposition used here; this can be understood by the fact that the critical thickness appears to 

be independent of growth temperature at high growth rates [15]. 
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3. Results and Discussion 

 

A first overview of the three samples of Table I is the following. Sample A has the lowest 

aluminium proportion (nominal x = 0.20); the deposited In1-xAl xAs amount is only 0.7 ML 

above the critical thickness of 2.7 ML. Sample B has aluminium proportion x = 0.29, with 

critical thickness and deposited In1-xAl xAs amount very similar to the ones of the preceding 

sample. Finally, sample C has the highest nominal x = 0.38; its critical thickness turns out to 

be 3.7 ML, and the deposited In1-xAl xAs (large) amount is 2.7 ML above it. The PL 

measurements were performed in a variable-temperature (10-250K) closed cycle He cryostat 

and excited by a laser beam at 532nm focused on the sample in a 100µm diameter spot. The 

PL signals are recorded by a silicon avalanche photodiode. 

In order to have deeper insight into the optical properties of our QDs, the ground state 

emission energy of the QD structure as a function of temperature is studied in Fig. 3. The 

same behavior have been observed for x=0.20 (Fig. 3 (a)), x=0.29 (Fig. 3 (b)), x=0.38 (Fig. 3 

(c)), a monotonous redshift of the PL peak position was observed with increasing temperature 

[17]. The photogenerated carriers in the barrier material are captured by the QDs states prior 

to their recombination. The captured carriers are localized in the QDs states at low 

temperature. However, as the temperature increases, the carriers can be thermally activated 

from shallow states to a mediator channel before being recaptured by the deeper states (larger 

QDs) [18]. The temperature dependence can be well reproduced by the following Bose–

Einstein [19] equation: 

 

����� = ���0� −
	

exp  ℏ����� − 1
 

 

Where ���0� is the band gap at	0Κ, λ is the constant of the electron–phonon coupling 

strength, and ℏ���	refers to the phonon energy. Estimating ℏ��� to be	13.7 ± 1.5	���, 

16.3 ± 0.6	��� and 4.7 ± 0.7	��� respectively for x=0.20, 0.29 and 0.38. Phonon energies 

values corresponding to transverse acoustic mode (TA) in the dot and are associated with one 

InAs and one AlAs TA(L) energies [20]. 

Fig. 4 shows full width at half maximum (FWHM) obtained at different temperatures for the 

different aluminium proportions. The FWHM can be attributed in part to the finite intrinsic 

emission linewidth of each single QD, which produces a collective emission background. The 
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graph shows clearly that the FWHM decreases at low temperature, then increases at higher 

temperature for x=0.20, 0.29 and 0.38.   

 

This behavior has been previously observed for InAs and InGaAs QDs [21-24]. At low 

temperature (T=10 K), the thermal escape of the carriers from the QDs into the WL cannot 

occur, because the radiative rate in the QDs is large as compared to the thermal activation 

rate. So, after a random carrier capture in the QDs, the electron–hole pairs recombine and the 

PL spectrum is directly related to the QDs emission energy distribution, caused by size 

fluctuations. When the temperature increases, the carriers in the smallest QDs (and in the 

confined states with the lowest confinement energies) are thermally activated into the WL or 

barrier states, where they recombine or are captured by QDs with larger confinement energies. 

This leads to a decrease of the emission by small QDs, to a narrowing of the PL spectra on the 

high-energy side, and to a reduction of the FWHM. At high temperatures (above 60K, 80K 

and 100 K respectively for x=0.20, 0.29 and 0.38), most of the QDs are concerned by the 

thermal activation: the excitons are again redistributed among the QDs, hence the PL spectra 

tend to the QD emission distribution, and the FWHM increases, as observed. 

The optical excitation of self-assembled QD systems yields bright luminescence and 

generally, reveals a Gaussian line shape distribution. Fig. 5 a, b and c show the low-

temperature (T=10K) pump density-dependent PL spectra of samples A (x=0.20), B (x=0.29) 

and C (x=0.38) respectively.  

For sample B (x=0.29), it can be observed a single peak above 0.15W, indicating carrier 

confined in QDs. When the excitation power is further increased for 0.18W to 0.35W, the 

intensity of the QD PL-peak decreases, accompanied by an increase in the intensity of the PL 

peak of the WL as shown in Fig. 5(b). The increase in PL from the WL and the subsequent 

decrease in PL from QDs indicate carrier re-emission out the QDs, followed by carrier 

diffusion and finally capture into WL.  For sample C (x=0.38) (Fig. 5 (c)), one peak is 

present.  

PL displays a red shift with increasing excitation arises from the thermionic emission and a 

saturation above 6.68 W/cm2 proved the low luminescence emitting for bigger QDs. Heitz et 

al. observed a similar behavior for the InAs/GaAs QDs [25], was related to the band-gap 

shrinkage of the dot and/or barriers due to the Coulomb interaction between carriers [25, 26] 

band-gap renormalisation (BGR). The peak of the PL signal observed for energies below 

1600 meV, is due to the luminescence of the GaAs substrate.  
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Finally, similar sharp spectral features and no significant shift of the PL peak energy has been 

observed for x=0.20 (sample A), were unambiguously proved to the high QD confinement. 

 

 

 

The extract of the PL peak energy measurement for the studied samples was performed as a 

function of the excitation density at 10K, is shown in Fig. 6. For sample A (x=0.20), the PL 

energy seems to be independent of the excitation density with a value of 1674meV, may 

attributed to the deepest confinement. Samples B (x=0.29) and C (x=0.38) show a similar 

behavior, the PL peak energy decreases with increasing excitation density. The redshift is 

attribute to the decrease of the carrier diffusion between QDs due to the low QDs density. 

 

We have also analyzed the FWHM of the QD PL spectra as a function of excitation density 

(see Fig. 7) at low temperature (T=10K). A significant difference can be seen for the samples. 

The FWHM keeps constant for x=0.20 (black square), increases for x=0.29 (green circles) and 

decreases for x=0.38 (blue triangles) with increasing the aluminium proportion in the In1-

xAl xAs QDs. For sample C (x=0.38), the FWHM is reduced, due to the carriers escape from 

the smallest QDs (and in the confined states with the lowest confinement energy) to the WL. 

This leads to a decrease of the emission by small QDs, to a narrowing of the PL spectra on the 

high-energy side, and to reduction of the FWHM. Some articles [27, 28] informed that there 

are several approaches to obtain larger sized QDs such as the ultra-low-growth rate. Indeed, 

the band-gap renormalisation (BGR) can significantly modify the optical transitions [27] and 

especially in the larger sized QDs. The size, uniformity and density of InAlAs QDs can be 

controlled by varying the total flux of InAlAs and InAs [29]. For sample A (x=0.20), the 

FWHM keeps constant with increasing excitation density, this is may be due to the further 

strong interaction between a larger population of e-h pairs in QDs since there is no loss of 

carriers by radiative recombination from GS. Finally, for sample B (x=0.29), with increasing 

excitation density, most of the deepest QDs are concerned, the excitons are strongly localized, 

the PL spectra tend to the QD emission distribution [30], and the FWHM increases, as 

observed. 

 
Fig. 8 shows the analysis of the integrated PL intensity (IPL) on excitation density of samples 

A (x=0.20) (black squares), B (x=0.29) (green circles) and C (x=0.38) (blue triangles). The 

integrated PL intensity measurement is attributed to the emission from the GS QD samples. 
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Remarkably, a saturation of the integrated PL is observable on sample C (x=0.38), around 

power 150 µW; such a saturation also appears to exist on sample B (x=0.29), at a slightly 

higher optical power, but no saturation at all is demonstrated on sample A (x=0.20). We 

interpret these results by a high surface density of QDs in sample A (x=0.20) and a lower QD 

density in sample C (x=0.38), the one in sample B (x=0.29) being intermediate. 

 

Because the QDs were covered by a GaAlAs epilayer, we couldn’t have AFM or TEM 

images. 

In the absence of TEM and AFM images, this point of view can be sustained by the fact that 

the QD density is known to be very high when the deposited amount of alloy, of which the 

QDs are made, is near the critical thickness; for greater amounts of deposited alloy, the QDs 

coalesce and the QD density diminishes [2]. 

 

It should be noted that the radiative lifetime τrad on temperature dependence has been studied 

in order to permit the difference density on the QDs. The radiative lifetime τrad of the 

fundamental QD exciton has been measured on samples A (x = 0.20), B (x = 0.29) and C (x = 

0.38), using a time-resolved photoluminescence (TRPL) experiment. The photoexcitation is 

performed by a picosecond pulsed laser beam, tuned at 425nm (doubled 80-MHz titanium-

sapphire laser) and of typical mean power 5 µW; this beam is focused on the sample surface 

in a 1µm-diameter spot. The sample is fixed on the cold finger of a variable-temperature 

helium-flow cryostat. The TRPL signals are recorded by a streak camera; the spectral 

bandwidth was about 0.5 meV; they show mono-exponential decays. In the selected spectral 

window, we measure the TRPL of QDs with a fixed size (and confinement energy).  

Fig. 9 shows the temporal profiles of the PL signal at the peak energy, for different 

temperatures for the sample A (x=0.20).  The decay traces of Fig. 9 are single exponential 

�"#$ = %& exp − '
()
� + %+� over two orders of magnitude, and the observed decay times 

obtained by single exponential fits at different detection energies are summarized in Fig. 10. 

The corresponding characteristics times τrad are found in the nanosecond range. They are 

plotted in Fig. 10, for the three aforementioned samples, as a function of the temperature; the 

detection energy is chosen at the maximum of the PL signal. At low temperature in sample A 

(x=0.20), the exciton radiative lifetime is nearly constant, as one expects for confining QDs 

[31,32], owing to the nominally zero-dimensional (0D) character of the density of states [33]. 
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For high QD density, a lateral coupling may lead to a 2D-regime with a linear excitation 

lifetime increase at high temperature. We have to correlate measurements of the exciton 

lifetime with measurements of the oscillator strength. Using Andreani and al [34] theory, the 

decay time ,- = 60./ at �∥ = 0 and the oscillator strength, which is on the same order of 

magnitude as those found in typical QWs. For the samples B (x=0.29) and C (x=0.38), one 

observed a nearly constant decay time, in agreement with the process moderate QD density 

[35]. 

 

 

4. Conclusions 

 

We have studied the optical properties of self-assembled In1-xAl xAs QDs system for different 

aluminium compositions. The density of InAlAs QDs decreases as the aluminium proportions 

increases from 0.20 to 0.38. With increasing excitation power, the QD emission energy was 

red-shifted for the highest aluminium proportion, this behavior being attributed to the carrier 

trapping, while there is no significant shift for the lowest aluminium proportion, attributed to 

the high QD density. With increasing the aluminium proportion, our study shows a saturation, 

a decrease and an increase of the FWHM versus excitation density due to a larger population 

of e-h pairs in QDs, deepest QDs states and carrier transfer process respectively. 
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CAPTIONS 

 

TABLE I. Main characteristics of the presented In1-xAl xAs/Ga0.67Al 0.33As samples. x is the Al 

proportion in the deposited In1-xAl xAs alloy; the temperatures of the depositions and the 

growth rates are mentioned; the growth turns from 2D to 3D at the critical thickness, as 

observed from the RHEED monitoring; the total amount of deposition is measured as an 

equivalent thickness. 

 

FIG. 1. Structure of the studied samples. The amount of deposited In1-xAl xAs alloy and the Al 

proportion x differ from sample to sample (see Table I). 

 

FIG. 2. Critical thickness as a function of the Al nominal proportion x in the deposited In1-

xAlxAs alloy on Ga0.67Al0.33As. The dots are the experimental data; different symbols are for 

different temperatures of deposition (see Table I). The (parabolic) curve is only a guide for 

the eyes. 

 

FIG. 3. GS PL peak energies measured at various temperatures for different aluminium 

proportion. (a) Sample A (x=0.20), (b) Sample B (x=0.29) and (c) Sample C (x=0.38). 

Symbols are the experimental data, and the lines are calculated using Bose–Einstein (dashed 

red line) law. 
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FIG. 4. FWHM of the PL spectra of the studied QDs, as a function of temperature for sample 

A (x=0.20) (black square), (b) Sample B (x=0.29) (green square) and (c) Sample C (x=0.38) 

(blue triangle). 

 

FIG. 5. 10K-PL spectra taken at different excitation densities. (a) Sample A (x=0.20), (b) 

Sample B (x=0.29) and (c) Sample C (x=0.38). 

 

FIG. 6. The excitation density dependence of the PL peak energy of the fundamental 

transition of the studied samples at T=10K: A (x=0.20) (black square), (b) Sample B (x=0.29) 

(green square) and (c) Sample C (x=0.38) (blue triangle). 

FIG. 7. Evolution of the FWHM as a function of the excitation density in the studied samples 

at T=10K: A (x=0.20) (black square), (b) Sample B (x=0.29) (green square) and (c) Sample C 

(x=0.38) (blue triangle). 

 

FIG. 8. Log-log plot of the integrated PL versus the excitation power of the studied samples at 

T=10K. 

 

FIG. 9. (Color online) Time evolution of the PL intensity at the peak energy for sample A 

(x=0.20), at temperatures 10 K (blue line), 40 K (black line), and 80 K (red line). 

 

FIG. 10. Exciton lifetime τrad of the fundamental QD exciton in samples A (x = 0.20, black 

squares), B (x = 0.29, green circles) and C (x = 0.38, blue triangles), as a function of the 

temperature.  
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Highlights 

 

 
 

 

* Photoluminescence (PL) and time-resolved photoluminescence (TRPL) studies have been 

performed on a visible-emitting InAlAs/GaAlAs quantum dot (QD) sample. 

 

* The density of InAlAs QDs decreases as the aluminium proportions increases from 0.20 to 0.38. 

 

* In TRPL experiments, the influence of QD lateral coupling is evidence in high QD density 

sample. 

 

* Signatures of the escape process are also evidenced in FWHM and emission energy dependence 

on excitation density. 
 


