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 2010 July 10Temperature dependence of radiative recombination in CdSe quantumdots with enhanced con�nementS.V. Zaitsev1), T.K�ummell�, G. Bacher�, D.Hommel+Institute of Solid State Physics RAS, 142432 Chernogolovka, Russia�Universit�at Duisburg-Essen, 47057 Duisburg, Germany+Institut f�ur Festk�orperphysik, Halbleiterepitaxie, Universit�at Bremen, 28359 Bremen, GermanySubmitted 11 May 2010Resubmitted 25 May 2010We studied in details the recombination dynamics and its temperature dependence in epitaxially grownneutral CdSe/ZnSSe quantum dots with additional wide-band gap MgS barriers. Such design allows to pre-serve a very high quantum yield and track the radiative recombination dynamics up to room temperature.A fast initial decay of � 0:6 ns followed by a slow decay with a time constant � 30 � 50 ns is observed atlow temperature T < 50K. The fast decay gradually disappears with increasing temperature while the slowdecay shortens and above 100K predominantly a single-exponential decay is observed with a time constant� 1:3 ns, which is weekly temperature dependent up to 300K. To explain the experimental �ndings, a two-levelmodel which includes bright and dark exciton states and a temperature dependent spin-
ip between them isconsidered. According to the model, it is a thermal activation of the dark exciton to the bright state and itsconsequent radiative recombination that results in the long decay tail at low temperature. The doubling of thedecay time at high temperatures manifests a thermal equilibrium between the dark and bright excitons.Self-assembled quantum dots (QDs) in semiconduc-tor heterostructures are of great fundamental interestbecause of their discrete atom-like energy levels andpromising optical properties both for QD lasers andquantum information applications [1, 2]. The discreteenergy level structure of QDs triggered a variety of in-novative optoelectronic applications like a single photonsource [3, 4]. For device operation at ambient conditionsa detailed understanding of the radiative recombinationdynamics and its evolution with temperature is required.However, non-radiative losses as well as thermal emis-sion to the barriers prevented the study of the radiativerecombination dynamics in self-assembled quantum dotsup to room temperature until now [5, 6].Theoretically, due to intrinsic disorder and/or a �nitelocalization of excitons, the exciton oscillator strength inquasi-two-dimentinal quantum well structures decreasessigni�cantly giving rise to the exciton lifetimes � of theorder of several hundreds picosecond (ps) [7] as observedexperimentally [8]. Further increase of exciton local-ization in self-organized QDs where a full spatial con-�nement takes place results in a growth of � up to 0.5nanosecond (ns) in self-organized CdSe QDs [9, 5] and1-2ns in InAs/GaAs [10, 11], which is consistent withcalculations [12, 13].1)e-mail: szaitsev@issp.ac.ru

An electron-hole exchange interaction, which isstrongly increased by the spatial con�nement in QDs,splits exciton states in neutral QDs [14]. The groundenergy state has a total angular momentum projectionm = �2 and thus it is optically inactive while the nextexcited state with m = �1 is electric-dipole allowedand, therefore, these levels are usually referred to as"dark" and "bright" exciton states [15]. An energy split-ting 4E between dark and bright states depends on theQD radius and typically amounts to 1.5-2meV in self-assembled CdSe QDs [16].In time-resolved studies of QDs, a fast, almost mono-exponential decay, with the decay time � 1ns or lessusually takes place at low temperature in InAs/GaAsor CdSe QDs [9, 11, 17]. Surprisingly, a long-decaycomponent within ns-time domain was observed, e.g.,in InP/GaInP QDs [18], InGaAs/GaAs [19] or in CdSeself-assembled QDs [20, 21]. This slow tale was at-tributed either to localized carriers in the tail states be-low band edges in the disordered GaInP matrix [18], tosome speci�c electronic states of the QDs [20] or to a lat-eral carrier migration within the complex CdxZn1�xSelandscape formed in a thin QDs layer with a nomi-nal CdSe composition [21]. Another explanation wasproposed by Smith et al. who suggested that thedark excitons contribute to the signal by undergoinga spin 
ip to the bright state and decaying radiatively[19].�¨±¼¬  ¢ ���� ²®¬ 92 ¢»¯. 1 { 2 2010 59



60 S.V. Zaitsev, T.K�ummell, G.Bacher, D.HommelHere we present investigations of the time-resolvedphotoluminescence (PL) emission and its dynamics inensemble of epitaxially grown neutral CdSe/Zn(S,Se)QDs, sandwiched between additional thin MgS barri-ers. This design allows to preserve a very high quan-tum yield and track the QDs recombination dynamicsup to room temperature. We �nd that the bright-darkexciton two-level model gives qualitative and quantita-tive description of the recombination dynamics and itstemperature dependence in the ps- and ns-time domains.The investigated self-assembled CdSe QDs with en-hanced con�nement (sample A) were grown by a mi-gration enhanced epitaxy on a i-GaAs substrate with a50-nm-thick ZnSe bu�er [22] and embedded into a spe-cially designed symmetric barriers. The barriers con-sist of 1.4 nm thick ZnS0:4Se0:6 layers for increasing thelateral carrier con�nement followed by MgS layers of� 1:0nm thickness (inset in Fig. 1), which provide ahigh con�nement for both electrons and holes in verti-cal (growth) direction. For investigated sample the MgSbarriers have been chosen since this material has oneof the highest bandgaps available in the II-VI system(Eg � 5:5 eV). Finally, this structure was capped by aZnSe layer of 25 nm. Such design allows to preservea very high quantum yield and study parameters of asingle QD emission up to 300K [23]. A reference struc-ture (sample B) with a typical design of CdSe QDs layerand ZnSe barriers was also grown in a similar way. AQDs density was � 5 � 1010 cm�2 as observed by a highresolution scanning electron microscopy which allows toexclude a direct inter-QDs coupling.The ps-time-resolution measurements were carriedout in a closed cycle helium cryostat providing a tem-perature range of 5-300 K with a sample �xed on thecooled �nger. Setup includes a Ti:Sa picosecond laserwith a frequency doubler (76MHz, �exc = 400�450nm),a monochromator with a spectral resolution better than1meV, and a streak camera with a time resolution of8 ps. The average power density of the exciting laserwas PL � 50W/cm2, which allowed to eliminate themany-particle e�ects and overheating of samples. In thens-time domain studies a pulsed diode laser (�exc == 405nm, PL � 0:5W/cm2) with a repetition rate of1{80MHz and a time-correlated single photon countingsystem using a microchannel plate multiplier was appliedfor detection. Overall time resolution in these measure-ments is � 80ps.The temporal decays of a spectrally integrated QDsPL intensity in the temperature range 5-296K, measuredwith the streak camera, are shown for both samples inFig.1. A rise time after the laser pulse is less than 20pswhich re
ects rather fast initial relaxation process into
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296 KFig.1. The PL decays vs temperature in the ps-time domainfor sample A (a) and sample B (b) at PL � 50W/cm2and �exc = 400 nm. Insets show corresponding QDs bandalignmentthe QD ground state. One can see that in sample Bthe decays shorten signi�cantly at T > 100K (Fig.1b)which re
ects increasing non-radiative losses at elevatedtemperatures partly by a straightforward recombinationwith a tunneling close non-radiative centers or due totemperature induced escape to the nearby barriers orwetting layer [24]. This conclusion is also supportedby the temperature dependence of time-integrated in-tensity which drops almost tree orders of magnitudeat T = 300K as compare to cryogenic temperatures(Fig.2). On the other hand, in sample A the intensitydecreases only 10-40 times, depending on the excitationps-laser �exc and PL. Thus, this result directly showsa suppression of the non-radiative recombination in thecase of enhanced spacial con�nement of QDs.In sample A the decay curves at low temperaturesT < 100K are not mono-exponential but rather havefast and slow components of � 0:65ns and � 30ns, re-spectively, which is clearly seen from the ns-time rangemeasurements (Fig.3a). We note that the low tempera-tures decays cannot be �tted well by a two-exponential�¨±¼¬  ¢ ���� ²®¬ 92 ¢»¯. 1 { 2 2010
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Fig.2. The dependencies of the time-integrated intensityvs temperature for both samples at PL � 50W/cm2 and�exc = 400 nm
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Fig.3. (a) The PL decays vs temperature in the ns-timedomain for sample A at P � 0:5W/cm2. (b) The exci-tation power dependence of decays for sample A at roomtemperature (P0 = 50W/cm2 and �exc = 455 nm)but rather by a stretched-exponential dependence, whichre
ects an inhomogeneous distribution of the slow re-combination times in the ensemble of QDs, as sup-

ported by a broad spectrum of the QDs ensemble of� 70� 80meV. The nature of the slow component willbe discussed in details later. In the ps-domain measure-ments the initial fast decay part disappears at T � 100 Kand a slower, nearly mono-exponential decay remains(Fig.1a). Simultaneously, a delay of � 0:5 ns betweenthe laser pulse and intensity maximum is formed, whichlooks like a plateau in the decay curve and is observed upto 200K. Such a plateau in decay correlates with someincrease of intensity (� 1:5 times) in sample A in thistemperature range (Fig.2). We suppose that both exper-imental �ndings can be explained by a thermal excita-tion to the wetting layer of electrons or holes, separatelycaptured into QDs, their redistribution in the QD en-semble and eventual radiative recombination at elevatedtemperatures, similar to results of Ref. [24].Above 250K, in the ps-time-domain studies only asingle-exponential decay dominates with the decay timeof � 1:2 � 1:3ns (Fig.1a), which is slightly dependenton the wavelength of excitation laser. Similar behav-ior is observed in the ns-studies only up to T � 150K(Fig.3a) while at higher temperature a gradual decreaseof the decay time and PL intensity takes place, as com-pare to ps-excitation. Such a di�erence is explained bya rather low excitation laser power density, available inthis studies (maximum P � 0:5W/cm2). This fact isdirectly con�rmed by the power dependence of decaysat ps-excitation laser, presented in Fig.3b. It is seenthat the fast initial non-radiative decay disappears withincreasing of P and a long tale with � � 1:3ns is estab-lished at high power density which is typical for satu-ration of the non-radiative recombination channel withincreasing carrier density.One should more clearly explain a physical picturebehind the experimental data for sample A. On one sidewe observed a decrease of the QDs intensity at highT > 150K (Fig.2). On the other side the lifetime inthis temperature range changes only slightly which lookslike a contradiction with the behavior of the QDs inten-sity. To understand such a di�erence, we need to recallthat at non-resonant photoexcitation of QDs, used inour studies, the electron-hole pairs are created mostlyin the nearby barrier or wetting layers and then carriersare captured into QDs [24]. Thus, the only possibility toexplain both experimental �ndings is to assume that themain non-radiative losses occur in the barrier or wettinglayers, before the carriers are captured to QDs. FromFig.2 one can conclude that the e�ective non-radiativerecombination in these layers starts above 150K. It isimportant to note that a radiative recombination of thebarrier or wetting layers has not been observed in in-vestigated samples which means that another processes�¨±¼¬  ¢ ���� ²®¬ 92 ¢»¯. 1 { 2 2010



62 S.V. Zaitsev, T.K�ummell, G.Bacher, D.Hommelare much faster. As to the carriers relaxed to QDs, thenon-radiative channels inside QDs are really very weakand can be saturated easily even at room temperatureand under photoexcitation below the ZnSSe barrier, i.e.,to the wetting layer only (Fig.3b).Generally, in self-assembled QDs an almost mono-exponential decay is observed with � = 0:3�1:2ns whichis considered as an exciton radiative recombination life-time �b of the bright exciton [9, 11, 17]. The spin-
ipof bright excitons to dark ones in such QDs is stronglyreduced at low temperature, with a typical values of aspin-
ip time �sf � 5� 10ns [25], much longer than �b.So, its in
uence on the PL decay should not be signi�-cant at low temperature. However, the detailed studiesof the single CdSe QDs revealed a substantial impactof the dark exciton state on the PL transients [5, 19].It was suggested that a thermally activated populationof the bright exciton state from the energetically low-est dark state gives rise to the slow component in thedecay of neutral QD. Interestingly, the decay dynamicsof the trion is strictly mono-exponential in accordancewith the absence of dark states for trion, thus con�rmingthe suggestion [5]. Theoretical analysis have shown thata thermal equilibrium between the bright and dark ex-citons signi�cantly changes the decay dynamics also athigh temperatures [13]. What is important, an apparentdecay time � tends to twice of �b (� ! 2�b) in conditionswhen �b � �sf , which is realized at high temperatures.These predictions have not been con�rmed up to nowbecause of the high non-radiative losses in self-organizedQDs [5, 6].The PL e�ciency at room temperature in the pre-sented QD system with enhanced con�nement is im-proved signi�cantly which allowed us to check the con-clusions of Ref. [13]. In our consideration we base on atwo-level energy scheme for bright-dark excitons system,i.e., assuming predominantly neutral QD in the stud-ied samples. This assumption is strongly supported, onone side, by a mono-exponential decay dynamics for thecharged excitons (trion) in single QDs [5]. On the otherside, in controlled growth conditions with increasing Clcontent in the ZnSSe layer a gradual change of the decaydynamics and its temperature dependence from the two-exponential to the mono-exponential decay takes placeat low temperatures. Cl is usually used as n-type dopantin ZnSSe [22] and would lead to increasing of the single-charged QDs, thus con�rming our assumption about ma-jor neutrality of QDs in our sample without intentionaldoping.The considered two-level model (inset in Fig.2a) cor-responds to the dark and bright exciton states with thelatter being higher in energy [14]. A system of cou-

pled di�erential equations for population probability ofdark (nd(t)) and a bright state (nb(t)) can be written as[5, 19]:dnb=dt = �nb(1=�b + 1=�sf + 1=�nr) + nd=� 0sf ; (1)dnd=dt = �nd(1=�d + 1=� 0sf + 1=�nr) + nb=�sf ; (2)where �sf and � 0sf are the spin-
ip time of bright exci-ton to dark and vice versa, �d { a radiative recombinationlifetime of dark exciton and �nr is a non-radiative recom-bination lifetime. Usually direct recombination of thedark exciton can be ruled out by symmetry considera-tions [26] due to absence of admixture between dark andbright states: �d ! 1. In the following calculations weput �d = 1ms. As to the �sf and � 0sf , we adopt the modelof acoustic phonons assisted spin-
ip which was recentlyshown to be the main mechanism in NCs [27]. In self-organized QDs there is a continuum of acoustic modesrelated to the host semiconductor with nearly similarelastic parameters as of the QDs, making this mecha-nism very feasible also. Indeed, theoretical considera-tion and calculations have con�rmed high e�ciency ofacoustic phonons for spin-
ip between bright and darkstates through the combined action of short-range ex-change interaction and Bir-Pikus deformation potentialterms which results in �sf comparable to �b already attemperatures of several tens kelvins [28]. This model as-sumes a strong temperature dependence of �sf and � 0sfdue to a Bose-factor nB(T ) = 1=(exp(4E=kT )� 1):1=�sf = [nB(T ) + 1]=�sf;o ; 1=� 0sf = nB(T )=�sf;o;(3)where 4E { is a dark-bright splitting.At non-resonant excitation of QDs with a randomspin distribution of photoexcited carriers the initial val-ues of the population probabilities for dark and brightstates are equal: nd(0) = nb(0) = 1=2. The resultsof calculations are shown in Fig.4 for 4E = 2 meV,�b = 0:65ns (fast decay time at low T ), �sf;o = 5ns(Ref. [25]), �d = 1ms and �nr ! 1. The last as-sumption means that we neglect the non-radiative losseswhich can be saturated even at room temperature atmoderate laser power in the studied QDs with enhancedcon�nement (Fig.3b).One can see that calculations reproduce very wellthe temperature change of the measured decay curves(Fig.1a). At low temperatures the calculated decaysshow fast and slow components of � 0:6ns and � 100nswhich correspond to decays of the bright and dark ex-citons, respectively. As follows from analysis of equa-�¨±¼¬  ¢ ���� ²®¬ 92 ¢»¯. 1 { 2 2010



Temperature dependence of radiative recombination : : : 63

0 2 4 6

Time (ns)

ln
( 

P
L

 i
n
te

n
si

ty
)

100 K

50 K

200 K

5 K

300 K

= 5 ns

= 1 ms

= 0.6 ns

= 2 meV

bright X

dark X

tsf

tsf O,

tb

tb

td

td

tsf‘

|Oñ

DE

DE

neutral QD

(a)

(b)

Fig.4. (a) The scheme of two-level model with correspond-ing transitions (see text). (b) Results of the model cal-culations: decays at di�erent T with a set of parametersdepicted in �gure. Decays are shifted for claritytions (1-2), the slow time roughly equals to � 0sf // exp(4E=kT ) at low T and this component describesthe decay of dark excitons by their thermal excitationto the bright states. Such a strong, exponential depen-dence of � 0sf vs 4E explains the mentioned above factthat the experimental decays cannot be �tted satisfac-torily by simple two-exponential curves in conditions ofinhomogeneous distribution of 4E in the QDs ensem-ble. Above 100K the fast component almost disappearswhile the slow component gradually gets stronger andfaster, �nally achieving � 1:45ns at T = 300K. This isin accordance with the analysis given in Ref. [13] andjust re
ects an establishing of the thermal equilibriumbetween the dark and bright excitons at high tempera-ture, thus giving rice to approaching of "apparent" decaytime � to the doubled �b.It is known from mathematics that a solution of thelinear system of ordinary di�erential equation like (1-

2) with constant coe�cients is a sum of two exponentswith the characteristic decay times �1;2 and amplitudesA1;2 which are determined by the coe�cients and ini-tial conditions, respectively [29]. We identify these twoexponents with the fast and slow characteristic decaysobserved in experiment. The results of calculated inthis way �1;2 and amplitudes A1;2 are shown in Fig.5together with the decay times � determined from experi-
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64 S.V. Zaitsev, T.K�ummell, G.Bacher, D.Hommelnates the fast component while at high T > 100K{ theslow one. In conditions of the mentioned above largeinhomogeneous distribution of the QDs parameters thereliable �t is not possible in intermediate T � 100Kwhere a "jump" from one branch to another takes place.Note that exactly this situation in decay dynamics waspredicted theoretically by Narvaez et al. [13].In conclusion we summarize the results of our stud-ies of temperature dependent recombination dynamicsin the high quality self-assembled CdSe/Zn(S,Se)/MgSQDs. The improved barrier design allowed to achieve avery high quantum yield and track the PL decay dynam-ics up to room temperature. Thus we were able to checkexperimentally the predictions of the two-level model forthe recombination dynamics in neutral QDs. We foundthat the two-level model satisfactorily describes the re-combination dynamics of the neutral QDs. The decaycurves at low temperatures (< 100K) contain both fastand slow parts with characteristic times, correspondingto the decays of bright and dark excitons, respectively.The slow component describes the decay of dark excitonsby their thermal activation to the bright states. Increas-ing of temperature gives rise to dominance of the slowcomponent with the simultaneous decrease of its decaytime value to that roughly twice of the fast decay timeat low T . The analysis of the rate equations in frames oftwo-level model shows that such an increase (� 2 times)of the apparent decay time corresponds to establishingof thermal equilibrium between the dark and bright ex-citons at high temperature.This work is partly supported by grant #09-02-00770 of Russian Foundation for Basic Research andgrant SFB #445.1. D. Bimberg, M. Grundmann, and N.N. Ledentsov,Quantum Dot Heterostructures, Wiley and Sons, NewYork, 1999.2. A. J. Shields, Nature Phot. 1, 215 (2007).3. Z. Yuan, B. E. Kardynal, R.M. Stevenson et al., Science295, 102 (2002).4. M. Scholz, S. B�uttner, O. Benson et al., Opt. Express15, 9107 (2007).5. B. Patton, W. Langbein, and U. Woggon, Phys. Rev. B68, 125316 (2003).
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