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 2012 May 25Novel self-assembled quantum dots in the GaSb/AlAs heterosystemT.S. Shamirzaev1), D. S. Abramkin, A.K.Gutakovskii, M.A. PutyatoRzhanov Institute of Semiconductor Physics, Siberian Branch of RAS, 630090 Novosibirsk, RussiaSubmitted 9 April 2012Novel self-assembled quantum dots (QDs) in the GaSb/AlAs heterosystem were obtained and studied bymeans of transmission electron microscopy, steady-state and transient photoluminescence. A strong intermix-ing of both III and V group materials results in the fabrication of quaternary alloy QDs in the AlAs matrix. TheQDs have atypical energy structure: band alignment of type I with the lowest electronic state at the indirectX minimum of the conduction band.Self-assembled semiconductor quantum dots (QDs)have currently attracted much attention for their po-tential applications and a variety of new interestingphysical properties [1]. Among manifold of di�erentQDs systems, the GaSb/AlAs heterosystem is consid-ered as a promising one for the development of memoryunits. Marent et al. predict that the unit based onGaSb/AlAs QDs should have a storage time of morethan 106 years [2]. On the other hand, our recent cal-culation predicted that the QDs have very interestingenergy structure: band alignment of type I (both elec-tron an hole are located inside QDs) with the lowestelectron states at the indirect minimum of the conduc-tion band [3]. Such energy structure provides long ex-citon lifetime [4], which make the QDs promising forexperimental investigation long-time exciton spin relax-ation processes that impossible in direct band gap QDs(InAs/GaAs) where exciton spin is frozen during theshort radiative lifetime of the exciton [5]. However, tothe best of our knowledge, fabrication and experimentalstudy of QDs self-assembled in the GaSb/AlAs systemhas not been performed yet.In this letter, we for the �rst time demonstrate for-mation of self-assembled GaSb QDs in AlAs matrix.Investigation of the structure and energy spectrum ofthe QDs by means of transmission electron microscopy(TEM) and photoluminescence (PL) together with com-putational work reveal that due to strong intermixingof the Al, Ga and As, Sb sublattices such QDs consistof GaxAl1�xSbyAs1�y alloy. It is demonstrated that de-pending on the alloy composition the QDs can have bandalignment of type II or type I with lower electronic statebelonging to the indirect XXY minimum of the conduc-tion band. The QDs fabricated in this study have bandalignment of type I.The studied self-assembled QDs were grown bymolecular-beam epitaxy on semi-insulating (001)-1)e-mail: tim@isp.nsc.ru

oriented GaAs substrates. The structures have oneQDs sheet sandwiched between 50-nm-thick AlAslayers grown on top of a 200-nm-thick GaAs bu�erlayer. Lower AlAs layer was grown at the substratetemperature of 600 �C. Then the temperature wasreduced down to 450 �C and the QDs were formed. Thenominal amount of deposited GaSb was equal to 1.15monolayer. In order to reduce Sb segregation the upperAlAs layer was grown at the same temperature as theGaSb QDs. A 12-nm-thick GaAs cap layer protectsAlAs against oxidation. The atomic structure of theQDs was studied by means of transmission electronmicroscopy employing a JEM-4000EX operated at400 keV. Steady-state PL was excited by a He-Cd laser(h� = 3:81 eV) with power densities within the range of0.5{25W/cm2. Transient PL was excited by a pulsedN2 laser (h� = 3:68 eV) with a pulse duration of 7 nsand a peak energy density of 5 �J/cm2. The PL wasdetected with a double di�raction grating spectrometerequipped with a cooled photomultiplier operated in thephoton counting mode.Fig. 1a demonstrates a TEM plane view image of aGaSb/AlAs structure with the QDs. One can see coher-ently strained QDs in the image. The number and diam-eters of the QDs were estimated within an area of 4mm2.The density of the QDs is about 1:5�109 cm�2, which ismuch less than typical values obtained at similar growthcondition for QDs in heterosystems InAs/AlAs (1:2�1011cm�2) and GaSb/GaAs (1:4 � 1010 cm�2) with similarlattice mismatch (7%) [6{9]. The size dispersion of theQDs is shown in Fig. 1b as a histogram. The QDs havea typical diameter of about 36nm, which is also largerthan that for QDs in the similar lattice mismatch het-erosystems InAs/AlAs (5.5 nm) and GaSb/GaAs (22{28 nm) [6{8].The low density and relatively large size of theGaSb/AlAs QDs suggest a high value of adatoms dif-fusion length. As a rule, these growth conditions favourmaterials intermixing, therefore, the QDs can contain an�¨±¼¬  ¢ ���� ²®¬ 95 ¢»¯. 9 { 10 2012 601
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Fig. 1. (a) { TEM plane view image of the QDs self-assembled in GaSb/AlAs heterosystem. (b) { The sizedistribution of the QDsalloy instead of pure GaSb. PL data con�rm intermix-ing. The PL spectra of the structure with the QDs areshown in Fig. 2. The spectra contain a band connectedwith recombination in GaAs bu�er, marked in the �g-ure as GaAs, and additional wide band related to exci-ton recombination in the QDs, marked in the �gure asQD. The QD band has the energy of about 1.65{1.7 eV,while calculation predicts 0.7 eV for electron-hole opti-cal transition energy in QDs consisting of pure GaSb inAlAs matrix [3].Band structure parameters of quaternary alloyGaxAl1�xSbyAs1�y are not de�ned. Using the bandstructure parameters of GaSb, AlSb, GaAs, and AlAstaken from Ref. [10] we use a linear approximationbetween the parameters GaSb, GaAs (AlSb, AlAs)to estimate parameters of ternary alloy GaAsySb1�y

Fig. 2. Low temperature (5 K) PL spectra of the structurewith QDs self-assembled in GaSb/AlAs heterosystem asa function of excitation power density, from top to bot-tom, W/cm2: 25, 9, 3, 0.5. The insert shows transient PLmeasured at the maximum of the QD band(AlAsySb1�y). The parameters of quaternary alloyGaxAl1�xSbyAs1�y were constructed via a linearapproximation between the ternary alloy parameters.Then energy structure of GaxAl1�xSbyAs1�y/AlAsheterostructures was calculated as a function ofcompositions x and y.Comparison of the calculated energy of electron {heavy hole optical transition in the heterostructures withexperimental data (energy position of the QD band) al-lows us to estimate the composition of the alloy insidethe QDs. The best agreement between calculation andexperimental data was obtained for alloy composition(x; y) values shown in Fig. 3. One can see that in con-trast to GaSb/GaAs QDs, which de�nitely have bandalignment of type II [7], QDs self-assembled in the het-erosystem of GaSb/AlSb can have band alignment oftype II or type I with the lowest conduction band statesbelonging to the indirect X minimum of the conductionband (see the insert to Fig. 3) depending on composi-tion. The boundary between the composition related toband alignment of type II and type I is shown in the�gure by a dash-dot line.A method for the determination of the band lineupof heterostructures based on the PL technique has beenproposed by Ledentsov et al. [11]. They theoretically�¨±¼¬  ¢ ���� ²®¬ 95 ¢»¯. 9 { 10 2012
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Fig. 3. Filled area marks compositions (x; y) cor-responding to electron-hole optical transition inGaxAl1�xSbyAs1�y/AlAs QDs lying in the range of1.65{1.70 eV. The insert presents energy spectrumcalculated for Ga0:5Al0:5Sb0:4As0:6/AlAs QDscalculated and experimentally demonstrated that the en-ergy position of the PL band should blue-shift propor-tionally with the cube root of the excitation power den-sity (P) for any structures with type II alignment. Theblue shift is characteristic to all type-II heterostructures(both quantum wells (QWs) and QDs) and re
ects thedipole layer formation caused by a spatial separation ofnon-equilibrium holes con�ned in the QW or QD andelectrons con�ned in the nearby matrix region. This PLtechnique was successfully used for many type II sys-tems such as GaSb/GaAs QWs and QDs [7, 11], andGaAs/AlAs QWs [12].In order to check the energy structure of the QDs,we measured transient PL and steady-state PL spectraas a function of excitation power density. The indirectstructure of the QD conduction band gap is evidencedby long PL decay time [13], which lies in microsecondrange as one can see in insert to Fig. 2. The QD PLband does not demonstrate any blue shift with an in-crease in the excitation power density within the rangeof 0.5{25W/cm2 (see. Fig. 2), thus we can conclude thatthe QDs have band alignment of type I.Note that calculation does not describe the experi-mental data (the composition of the GaxAl1�xSbyAs1�yalloy) at y = 1 with any x value. Therefore the QDs inany case contain arsenic. One can also see in Fig. 3 thatthe band alignment of type I can be realized only forx � 0:8. Thus segregation of Sb during the growth
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