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 2009 December 25Direct bandgap optical transitions in Si nanocrystalsA.A.Proko�ev+1), A. S.Moskalenko+�, I. N.Yassievich+, W.D.A.M. de Boerr, D. Timmermanr, H. Zhang�,W. J. Buma�, T.Gregorkiewiczr+Io�e Physico-Technical Institute, 194021 Saint-Petersburg, Russia�Institut f�ur Physik, Martin-Luther-Universit�at, Halle-Wittenberg, GermanyrVan der Waals-Zeeman Institute, University of Amsterdam, NL-1018 XE Amsterdam, The Netherlands�Van 't Ho� Institute for Molecular Sciences, University of Amsterdam, NL-1018 WS Amsterdam, The NetherlandsSubmitted 9 November 2009The e�ect of quantum con�nement on the direct bandgap of spherical Si nanocrystals has been modelledtheoretically. We conclude that the energy of the direct bandgap at the �-point decreases with size reduction:quantum con�nement enhances radiative recombination across the direct bandgap and introduces its \red"shift for smaller grains. We postulate to identify the frequently reported e�cient blue emission (F -band) fromSi nanocrystals with this zero-phonon recombination. In a dedicated experiment, we con�rm the \red" shift ofthe F -band, supporting the proposed identi�cation.PACS: 73.22.Dj, 78.67.�nCrystalline silicon, which dominates electronic andphotovoltaic industry, has notoriously inferior opticalproperties for light emission. This follows from its en-ergy structure which features an indirect bandgap, withthe absolute minimum of the conduction band being verymuch displaced { �k = 0:85 � (2�=a) along the [100]-direction { from the �-point, where the maximum of thevalence band is positioned. The direct bandgap energyat the �-point amounts to Edirg = 3:32 eV in bulk Si.On the way towards photonic and opto-electronic ap-plications of silicon, possibly the most promising routeis o�ered by space-con�nement-induced changes of en-ergy structure. Following the pioneering paper of Can-ham on porous Si [1], investigations of various forms ofnanostructured Si have been undertaken. In particular,very interesting results were obtained for Si nanocrystals(NCs) where strong e�ects of quantum con�nement havebeen observed for grain sizes comparable to or smallerthan the e�ective Bohr radius of 4.3 nm { e.g. see Ref. [2]for an extensive review. It has been shown that whilethe energy structure in Si NCs retains its indirect char-acter, quantum con�nement leads to relaxation of themomentum conservation requirement, thus making zero-phonon optical interband transitions possible. Neverthe-less, phonon-assisted radiative transitions dominate fornanocrystal sizes down to 2nm [3]. Therefore, the emis-sion from Si-NCs has two characteristic features: forsmaller grains, the spectrum shifts to the blue and itsintensity increases. In the literature, this widely tune-1)e-mail: alexei.proko�ev@gmail.com

able and rather e�cient emission due to ground stateelectron-hole recombination is usually referred to as the\slow" band (S -band). It has attracted a lot of atten-tion and prospects of Si-NCs-based laser have been dis-cussed [4].In addition to the S-band whose origin is well es-tablished, optical investigations of Si-NCs revealed alsoanother emission band at higher energies. This \blue"band is characterized by much faster decay dynam-ics (hence the name F -band), ranging from pico- tonanoseconds. A similar emission band has also beenreported for porous Si [5]. Its origin is currently de-bated both experimentally and theoretically [6 { 8]. Usu-ally, it is postulated to arise due to radiative recombi-nation of electrons localized at oxygen-related states atSi/SiO2 interface [9, 10]. This interpretation has beenrecently challenged by Valenta [11], who presented evi-dence that the F -band should rather be identi�ed withtransitions related to the NCs themselves. Emissionbands in the visible have also been reported in colloidalSi-NCs [12, 13] and postulated to arise due to directtransitions in view of their short lifetime.In this paper, we consider e�ect of quantum con�ne-ment on the conduction band at the �-point in spher-ically symmetric Si-NCs. According to the presentedtheoretical model, quantum con�nement applied to theconduction band states in the vicinity of the �-point, cre-ates two series of states with energies higher and lowerthan the energy of the conduction band at the �-pointin bulk Si (3.32 eV), forming a gap between them. Weattribute the lower series of states as the origin of direct856 �¨±¼¬  ¢ ���� ²®¬ 90 ¢»¯. 11 { 12 2009



Direct bandgap optical transitions in Si nanocrystals 857optical transitions responsible for the F -band. In thatinterpretation, the F -band is microscopically identi�edas arising due to zero-phonon recombination of \hot"electrons from the �-point of the conduction band. Wediscuss that as the con�nement gets stronger with de-creasing the NC size and the direct band gap shrinks, the\red" shift of the F -band appears. We con�rm this the-oretical conclusion by dedicated experimental evidenceconcerning spectral dependence and dynamics of the F -band in a dense solid state dispersion of Si-NCs in aSiO2 matrix. We demonstrate that the proposed micro-scopic identi�cation of the F -band is consistent with thisexperimental data as well as with the available literature.The scheme of the lowest conduction band in bulksilicon (based on detailed calculations from Ref. [14])is shown in the right panel of Fig.1. In the center of
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Fig.1. Right panel: schematical representation of the dis-persion relations for the conduction and the valence bandsof bulk silicon along the [001] direction [14]. Left panel:quantum potentials in real space and con�nement energylevels for electrons and holes. Our model attributes thelower quantum levels (solid lines) of electrons to the statesoriginating from �-valley of the conduction band, and thehigher excited ones (dotted lines) to the states of the �-pointBrillouin zone its states are of �15 symmetry, thus be-ing 3-fold degenerate (without spin taken into account),and they are related to two subbands, one of which(the \heavy" one) has negative e�ective mass. It is thenegative e�ective mass that leads to emerging of space-con�nement levels below the band edge and therefore todecrease of the threshold of direct optical transitions.

Counting energy of electrons from the �15-point, onecan write a generalization of the Luttinger Hamiltonianin spherical approximation:Ĥ = (A+ 2B) p̂2m0 � 3B (p̂ � Ĵ)2m0 ; (1)where m0 is the free electron mass, p̂ is the momentumoperator, and Ĵ is the unitary angular momentum oper-ator acting in the space of Bloch amplitudes. The coe�-cients A and B, related to the e�ective mass values, areextracted from the results of Ref. [14] by weighteningthe band parameters obtained for di�erent directions:A = 0:4A001+0:6A111 = 0:58, B = 0:4B001+0:6B111 == �0:85. Such values correspond to positive energyand \light" e�ective mass of mel = 0:35m0 for doublydegenerate subband and negative energy and \heavy"e�ective mass of meh = �0:45m0 for the other nonde-generate subband. In a spherical quantum dot Hamil-tonian (1) results in three types of states [15], which arethe eigenfunctions of the square F̂ 2 of the full angularmomentum operator F̂ = Ĵ+ L̂ (operator L̂ = �ir�racts on the envelope parts of the wave functions only)and its projection F̂z . They arei) \heavy" states Neh0 with F = 0,ii) \light" states NelF (F � 1),iii) \mixed" states �NemF (F � 1),where N is the main quantum number and the subscriptshows the value of F .To investigate qualitatively the e�ect of con�ne-ment on the energy spectrum, we calculated the space-quantization levels of electrons in the vicinity of the �15-point assuming for them in�nitely high energy barriersat the NC boundary. The resulting energy spectrum asa function of NC size is shown in Fig.2. One can seethat the spectrum is split: \light" states have positiveenergy, \heavy" { negative, and \mixed" ones have bothpositive and negative energy levels. The most importantfeature of the resulting spectrum is that the energy gap isformed and the absolute values of negative energy levelsare rising with decreasing diameter of NCs. We shouldremark that the appearance of such a gap was predictedin Ref. [16] with help of rudimentary pseudopotentialcalculations. The quantization energies of holes are ris-ing as well [15], but it does not change the trend, andthe transition energy does decrease for given transitionwith decreasing the size.The rate of direct spontaneous optical recombinationis given by [17]:��1rad = 43�3!noutjM j2F2; (2)where � = ~=m0a0c � 1=137 is the �ne structure con-stant, a0 is Bohr radius, c is the speed of light, ~! is�¨±¼¬  ¢ ���� ²®¬ 90 ¢»¯. 11 { 12 2009
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Fig.2. Energy levels of electrons at the �-point in sphericalSi-NC as a function of its diameter. According to Fig. 1,zero energy corresponds to the energy of bulk Si conduc-tion band at the �-point.the transition energy, F = 3n2out=(n2in +2n2out) is the lo-cal �eld factor [17], with nin and nout being refractionindexes of media inside and outside the NC respectively(for the NCs under consideration F � 0:42). The di-mensionless matrix element M in (2) is de�ned by:jM j2 = a20~2 1Ne 1Nh XMe;Mh�� X�=x;y;z �����Xv;c Z � Mhv ��  Mec d3rhuv jp̂�juci�����2 ; (3)where Ne = 2Fe + 1 and Nh = 2Fh + 1 are the degener-acy factors of the electron and hole states respectively,and  Mec ( Mhv ) are the envelope parts of the electron(hole) wave function 	FeMe = Pc  Mec uc (	FhMh =Pv  Mhv uv). The Bloch amplitudes basis uc is cho-sen in the form of spherical components u0 = Zc,u� = �p1=2(Xc � iYc), where Xc = x, Yc = y, andZc = z are the functions of the �15 representation. Itshould be noted that the consideration of hole statesin [15] has also been produced with the Bloch ampli-tude basis uv in the form of spherical components butusing functions Xv = yz, Yv = xz, and Zv = xy of the�250 representation. The di�erence in the Bloch ampli-tude bases makes the direct optical transitions betweenelectron and hole states permitted.The value of the matrix element of momentum be-tween the Bloch amplitudes of the valence and theconduction bands pcv allowed by the selection rulescan be written in the form: p2cv = jhXcjp̂yjZvij2 == jhYcjp̂zjXvij2 = jhZcjp̂xjYvij2 = Q2~2=a20, where Q == 1:07 [14]. And the total matrix element (3) is jM j2 == Q2I2R, where IR is a combination of overlap integrals

of the envelope functions. There are also selection rulesfor overlap integrals of envelope functions in Eq. (3) aris-ing due to the spherical symmetry of both electron andhole states. E.g., in our consideration, radiative tran-sitions from \heavy" electron states Neh0 can only gointo the valence band states of \mixed" type, charac-terized by F = 2: Nhm2. These rules should not bestrict for real NCs, which are not perfectly spherical,and transitions disabled by our model are still possible,but we expect them to be much weaker.Factors I2R for several interband transitions, as well astheir energies for two NC sizes: 3 and 7 nmd = 3 nm d = 7 nmTransition I2R ~! I2R ~!1eh0 ! 1hm2 1.185 2.95 eV 1.277 3.28 eV�1em1 ! 1hh2 0.099 2.53 eV 0.130 3.23 eV�1em1 ! 1hm1 0.016 2.17 eV 0.002 3.13 eV2eh0 ! 1hm2 0.077 1.45 eV 0.047 3.01 eVFinally, for the estimation of radiative recombinationrate one can use:��1rad = 1:0 � 108� ~!3 eV� I2R; s�1: (4)The values of I2R for the radiative transitions with thesmallest energies are listed in Table. For the most e�ec-tive transition Neh0 ! Nhm2 the radiative life time isof the order of 10 ns. We propose that the emissions ob-served as the F -band arise due to transitions in Table.Table also illustrates that the energy range of possibletransitions increases with decrease of NC diameter.The radiative emission under consideration can beproduced only by \hot" con�ned electrons. Thus therate of nonradiative relaxation of these electrons is akey issue for the observation of this emission. We havestudied transitions between levels in the vicinity of the�15-point taking place due to multiple emission of opti-cal phonons and emission/absorption of one promotingacoustic longitudinal phonon. The probability of sucha transition is given by W = ��1ac Jp(T; S), where �ac isthe time determined by the interaction with an acousticphonon, T is temperature, S is the Huang-Rhys fac-tor, and Jp(T; S) is the factor speci�c for multiphonontransitions which for S � 1 and kT less than the opti-cal phonon energy ~! � 60 meV can be well approxi-mated by Sp=p!, where p is the number of emitted opticalphonons [18]. We have calculated the Huang-Rhys fac-tor following Ref. [18] and using Bir-Pikus HamiltonianHopte�ph(uopt) == 2p3 d0a �uoptx fJyJzg+ uopty fJzJxg+ uoptz fJxJyg��¨±¼¬  ¢ ���� ²®¬ 90 ¢»¯. 11 { 12 2009



Direct bandgap optical transitions in Si nanocrystals 859for the interaction with optical phonons, where2fJ�J�g � J�J� + J�J�, a is the lattice constant,d0 = �16:9 eV [19] is the interaction constant, anduopt is the relative atomic displacement induced by theoptical phonon mode. In result we have S = 0:13=d3for 1eh0 ! �1em1 transition, S = 0:04=d3 for�1em1!�1em2, and S = 0:22=d3 for �1em2! 2eh0,where the NC diameter d should be taken in nm.Further we have calculated ��1ac and then W taking intoaccount the energy di�erence which is not compen-sated by the optical phonons and using the interactionHamiltonian Hace�ph = acruac, where ac = �10 eV[19] and uac is the atomic displacement induced by theacoustic phonon mode. The highest transition rates areof the order of 109 s�1 for the largest NCs consideredhere. They decrease rapidly with the NC size. Onecan notice that for transitions 1eh0 ! �1em1 and�1em1 ! �1em2 several optical phonons are neededeven for large NCs with extremely small Huang-Rhysfactors (see Fig.2). In case of small NCs more phononsare required and Huang-Rhys factors are still small sothat the phonon-induced relaxation is suppressed. Thestate �1em2 can decay quicker than the other states dueto smaller energy spacing to the lower neighboring statebut it anyway does not contribute to the consideredradiative transitions (see Table).The proposed theoretical identi�cation of the F -bandis directly supported by photoluminescence (PL) experi-ments performed on Si-NCs embedded in a SiO2 matrix.Two di�erent samples were used, both prepared by ra-dio frequency co-sputtering and subsequent annealing,resulting in an average NC diameter of 3 nm (sample A)and 5.5 nm (sample B), with a small size distribution {see, e.g. Refs. [20, 21] for more details on sample prepa-ration and measuring techniques. Fig.3 shows the resultsobtained for both samples in two di�erently conductedPL experiments. With the steady-state technique, theslow (microsecond range) time-integrated PL signal wasmonitored. This is dominated by the low-energy S -band(indicated in Fig.3a with e) and, as a result of quantumcon�nement, shows the well-known shift towards higherphoton energies for smaller NCs. The spectral pro�le ofthe F -band has been obtained by taking the initial am-plitude of the ps-resolved dynamics and is illustrated inFig.3a ({). As can be seen, the F -band shows a red shiftupon size decrease { an e�ect opposite to the blue shiftcharacteristic for the S -band. This behavior is in agree-ment with the presently calculated shift towards lowerenergies of the electron energy levels at the �-point {see Fig.2 { and the consequent reduction of the directbandgap value. We note that the linewidth of the F -bandclearly increases for smaller NCs, as indeed expected due
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Fig.3. (a) S (scattered symbols) and F (solid line + sym-bols) PL bands for sample A (circles) and sample B(squares). Dashed arrow indicates the position of directbandgap recombination as experimentally measured forbulk Si [24]. (b), (c) PL dynamics for sample A (�gure(b)) and sample B (�gure (c)): S -band decay is displayedin main panels. The kinetics were �tted with a stretchedexponential: IPL = I0e�(t=�)� , with � = 0:8 [25]. Therelevant time constants are �SA � 20 �s for sample A and�SB � 510 �s for sample B. The inset shows dynamics of theF -band in a time window of 50 ns taken at the maximumintensity values of 2.5 eV and 3 eV for samples A and B,respectivelyto quantum con�nement. The time-resolved PL mea-surements have been obtained in a time-correlated sin-gle photon counting experiment. Figs.3b and c illustratedynamics of S and F PL bands for both samples. The�¨±¼¬  ¢ ���� ²®¬ 90 ¢»¯. 11 { 12 2009



860 A.A.Proko�ev, A. S.Moskalenko, I. N.Yassievich et al.decay time of the S -band (main panels, nanosecond res-olution) is of an order of � 102 �s, i.e. similar to theestimated radiative recombination time of excitons in Si-NCs [15, 22]. It is somewhat faster for smaller NCs (sam-ple A in respect to B), re
ecting the increased radiativerecombination rate [23]. The decay dynamics of the F -band (insets, picosecond resolution) is characterized bya time constant of �F � 500ps, similar for both samples.Finally, we point out that the fact that the F -band canbe monitored using (ps-resolution) time-resolved PL ex-periments, implies that an upper limit can be set to theratio of the non-radiative transition rate to the radia-tive recombination rate of (�Fnonrad)�1 � (�Frad)�1 � 102.On that basis, the radiative recombination time for theF -band can be estimated as �Frad � 50 ns.We conclude that the characteristic features follow-ing from the proposed theoretical model for the direct�-point phonon-less recombinations { (i) decrease of theenergy and (ii) linewidth broadening for smaller NC sizesare experimentally con�rmed for the F -band emissionfrom Si-NCs. Also the radiative lifetime of the F -bandestimated from the measured PL dynamics agrees withthe calculated values. These additional new experimen-tal evidence taken together with the information on F -band available in the literature, agree very well withthe proposed identi�cation of this fast emission with ra-diative recombination across the direct bandgap of Si,whose energy has been lowered in Si-NCs due to quan-tum con�nement.Further research, currently on the way, will elucidatedetails of the direct bandgap tuning in Si-NCs.This work has been supported by Stichting voorde Technologische Wetenschappen (STW), NederlandseOrganisatie voor Wetenschappelijk Onderzoek (NWO),and Russian Foundation for Basic Research (RFBR) aswell as grants of the Russian President. The sampleson which the experimental results were conducted, havebeen developed in cooperation with Dr. M. Fujii fromKobe University.1. L. Canham, Appl. Phys. Lett. 57, 1046 (1990).
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