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 2009 November 25Electron-phonon interaction in non-polar quantum dots induced by theamorphous polar environmentA.N.Poddubny1), S. V. Goupalov�, V. I. Kozub, I.N. YassievichA.F. Io�e Physico-Technical Institute, 194021 St. Petersburg, Russia�Department of Physics, Jackson State University, Jackson, Mississippi 39217, USASubmitted 22 October 2009We propose a Fr�ohlich-type electron-phonon interaction mechanism for carriers con�ned in a non-polarquantum dot surrounded by an amorphous polar environment. Carrier transitions under this mechanism aredue to their interaction with the oscillating electric �eld induced by the local vibrations in the surroundingamorphous medium. We estimate the corresponding energy relaxation rate for electrons in Si nanocrystalsembedded in a SiO2 matrix as an example. When the nanocrystal diameter is larger than 4 nm then the gapsbetween the electron energy levels of size quantization are narrow enough to allow for transitions accompaniedby emission of a single local phonon having the energy about 140 meV. In such Si/SiO2 nanocrystals therelaxation time is in nanosecond range.PACS: 73.21.La, 73.22.Dj, 78.67.Hc1. Introduction. The Fr�ohlich mechanism ofelectron-phonon coupling is of key importance for car-rier energy relaxation in bulk polar semiconductors aswell as in heterostructures formed by di�erent polar ma-terials [1 { 7]. One of the examples of such heterostruc-tures is provided by semiconductor quantum dots of po-lar material in a crystalline environment [4, 5]. In thispaper we analyze the Fr�ohlich-like interaction within anon-polar inclusion induced by a polar amorphous en-vironment. Amorphous media are characterized by acomplex vibrational dynamics [8]. In particular, theycan possess high-frequency vibrational modes of local(or rather quasi-local) character. These modes are notrestricted by any narrow frequency region and can befound with a signi�cant probability at practically anyfrequency. An extensive review of this problem can befound in Ref. [9]. In this work we will show that the lo-cal modes in a polar amorphous medium can induce analternating electric �eld even within a non-polar inclu-sion and thus provide an e�cient channel for relaxationof electronic excitations of the inclusion. The proposedmechanism will be discussed as applied to electrons con-�ned in Si nanocrystals in SiO2, which has recently at-tracted much attention [10 { 12].The energy relaxation of an electron con�ned in ananocrystal can be induced by high-frequency vibra-tions of silica glass in the spectral range of 120 meV� ~!ph � 160 meV. These vibrational modes have beenwidely studied by means of molecular dynamics simula-1)e-mail: poddubny@coherent.io�e.ru

tions [13 { 16]. In Ref. [16] they were found to be highlylocalized as their calculated participation ratio exhibitedthe 1=N scaling with the system size, N . 2)Although in other simulations substantially higherparticipation ratios were found, [14] subsequent stud-ies revealed [15] that, even for the high-frequency vi-brational modes with relatively large participation ratio,one can always select a small group of atoms oscillat-ing with amplitudes exceeding a certain cuto�. In ourmodel we assign dipole moments to such groups of atomsand introduce the distribution function of the dipole mo-ments in spatial and spectral domains. To demonstratethe proposed mechanism we will focus on the relativelylarge QDs, where the gaps between the electron energylevels allow the transitions with an emission of only onelocal phonon of SiO2.The rest of the paper is organized as follows. InSec. 2 we describe a simpli�ed model of a non-polarspherical quantum dot surrounded by a polar environ-ment and derive equations for the time of carrier relax-ation induced by local vibrations in the environment.In Sec. 3 we estimate the parameters characterizing lo-cal vibrations in a polar glass. In Sec. 4 we present acalculation using the values of parameters describing Sinanocrystals in a SiO2 matrix. Sec. 5 is reserved forconclusions. Some auxiliary derivations are given in theAppendix.2)The crosses and diamonds on Fig.7 of Ref. [16] should be in-terchanged, as we ascertained from private communication withDr. C. Oligschleger.756 �¨±¼¬  ¢ ���� ²®¬ 90 ¢»¯. 9 { 10 2009



Electron-phonon interaction in non-polar quantum dots : : : 7572. Interaction of con�ned electrons with lo-cal vibrations of a polar glass. Let us considera spherical semiconductor nanocrystal embedded into apolar glass matrix. We will characterize the jth localvibration mode in the glass by the oscillating dipole mo-ment p(j)0 (t) =Xi e(j)i u(j)i (t);where e(j)i and u(j)i (t) are the charge and the displace-ment of the i-th ion participating in the j-th local vi-bration. The system under study is sketched in Fig.1,where a random orientation of the dipoles is assumed.
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Fig.1. Schematic illustration of the Si QD surrounded byrandomly oriented dipoles in SiO2 matrix. The radius-vector r0 is shown for one of the dipoles p0According to electrostatic approximation (see Ap-pendix) the potential inside the nanocrystal of the radiusR and dielectric constant "in induced by a point dipolesource with polarization p(j)0 �(r�r(j)0 ), positioned in thematrix with dielectric constant "out, can be representedas e'(r < R; r(j)0 ;p(j)0 ) = eXJM �J rJhr(j)0 iJ+2 �� hp(j)0 �YJ+1JM �n(j)0 �i� ; (1)where �J = 4�p(J + 1)(2J + 1)"inJ + "out(J + 1) ; n(j)0 = r(j)0r(j)0 : (2)and YLJM (n) are the vector spherical harmonics intro-duced in Ref. [17].

We neglect retardation and assume that the di�er-ent vibration modes are uncorrelated. Thus, the rateof intraband transitions of the electron con�ned withinthe spherical nanocrystal under the in
uence of the qua-sistatic electric �eld induced by the local vibrations isgiven by the Fermi golden rule,1�loc = 2�~ Xj jhf je'(r(j)0 ;p(j)0 )jiij2 �(Ei �Ef � ~!(j)ph );(3)where summation runs over all the local modes of thematrix, Ei and Ef are, respectively, the energies of theinitial jii and the �nal jfi states of the con�ned elec-tron.The temperature dependence of the relaxation rateis absent as the energy of phonons emitted ~!(j)ph �� 140meV is much larger than kBT even at room tem-peratures (kB is the Boltzmann constant). The ratherbroad distribution of the frequencies of local vibrationsallow to satisfy the energy conservation law in Eq. (3).The interaction of electrons con�ned in a planar quan-tum layer, where the electron energy spectrum is con-tinuous, with surface phonons at the Si/SiO2 boundarywas considered in Refs. [1, 6, 7]. In case of Si nanocrys-tals both the electron spectrum and spectrum of sur-face phonons are discrete and thus the probability to�nd a granule where the energy conservation law for theprocess involving the surface phonon mode holds seemsto be vanishingly small. Neglecting electron tunnelingoutside the sphere, one can write the transition matrixelement ashf je'(r(j)0 ;p(j)0 )jii=eXJM �J 1hr(j)0 iJ+2 hf jrJYJM jii�� hp(j)0 �YJ+1JM �n(j)0 �i� : (4)The strength of interaction in (3) decays as a power ofr0. Consequently, the relaxation rate is determined bythe interaction not only with the near-surface dipolesp(j)0 , but with a lot of the dipoles located at the dis-tances r0 & R from the QD surface. This character ofthe interaction makes the relaxation rate insensitive tothe microscopic details of Si-SiO2 interface. It is thenreasonable to replace the summation over the di�erentmodes in (3) by an integration. We introduce the vibra-tion distribution function asP (r0;p0; !ph) � N �(r0 �R)� f(p0)4� � �(!ph): (5)The �rst factor N �(r0 � R) in (5) describes the uni-form distribution of the vibrations in the volume r0 > Routside the QD with the concentration N . The sec-ond factor stands for the isotropic orientation of the�¨±¼¬  ¢ ���� ²®¬ 90 ¢»¯. 9 { 10 2009



758 A.N.Poddubny, S.V.Goupalov, V. I. Kozub, I. N.Yassievichdipoles p0 in space with the distribution function ofthe dipole lengthes f(p0). The last factor �(!ph) in(5) is the distribution function of the vibrations overthe frequency. The vibration distribution function canbe rigorously obtained only by a sophisticated micro-scopic calculation. Eq. (5), implying the independenceof r0, p0 and !ph, presents the simplest model of thedistribution of the dipoles, su�cient for the estimationsof the relaxation time presented below. Using the ruleP(j) ! R d!ph R d3r0 R d3p0P (r0;p0; !ph) we reducethe summation over vibrational modes in Eq. (3) to1�loc = 2�~ ��Ei�Ef~ �N Z d3p04� f(p0)�� Z(r0>R) d3r0jhf je'(r0;p0)jiij2: (6)The angular integration can be done with the help of[17]14� Z d
p0 Z d
r0 [p0 �YJ+1JM (
r0)]�� [p0 �YJ0+1J0M 0(
r0)]� = p203 �JJ0�MM 0 : (7)Thus, after the averaging over p0, we get1�loc = 2�~ ��Ei�Ef~ �N Z 1R dr0r20 jhf je'(r0; �p0)jiij2;(8)where the matrix elementjhf je'(r0; �p0)jiij2 �� Z d3p04� f(p0) Z d
r0 jhf je'(r0;p0)jiij2 == e2hp20i3 XJM �2Jr2J+40 jhf jrJYJM jiij2 (9)depends only on the length of the vector r0 � jr0j andhp20i � Z dp0f(p0)p20: (10)Performing the integration over r0 we �nally obtain1�loc = 2�e2hp20i N3~ ��Ei�Ef~ ���XJM �2J2J + 1 1R2J+1 jhf jrJYJM jiij2: (11)3. Estimation of the introduced parameters.We need to estimate the mean value of the dipole mo-ment corresponding to a given local vibrational mode.Let us �rst introduce characteristic values, u and M0,

for the mean square displacement and atomicmass of theatoms participating in the vibration, respectively (we ne-glect the fact that we deal with di�erent sorts of atoms).This enables us to writeNXi=1Mihu(j) 2i i!(j) 2ph � NM0u2!2ph;where N is the number of atoms participating in thevibration, !ph � !(j)ph . At low temperaturesNM0u2!2ph � ~!ph;and, therefore, u �s ~NM0!ph : (12)The dipole moment characterizing this vibrational modeis related to u throughhp0i � eu
; (13)where the factor 
 depends on the relative orientationsof displacements for atoms participating in the localmode3). The other glass parameters entering Eq. (11)are the concentration of dipoles, N , and vibrational den-sity of states, �. The concentration of dipoles is of theorder of N � a�3N�1; (14)where a is the characteristic atomic scale. The roughestimation for the density of states is � � 1=(~!ph). Nu-merical simulations performed for silica glass [14 { 16]show that the actual phase volume of the high-frequencylocalized vibrations is at least by a factor of 5 less thanthe total phase volume. This factor decreases the den-sity of states by about an order of magnitude.4. Model calculation. In this Section we will per-form a model calculation of the relaxation time of elec-trons con�ned in relatively large quantum dots wheresingle-phonon transitions are possible. In the simplestcase the quantum dot can be treated as a spherical quan-tum well with the in�nite potential barrier. We consideran electron from a simple band with an isotropic e�ec-tive mass m� and use the e�ective mass approximation.In this case the electron states are characterized by theradial quantum number n, the orbital angular momen-tum l, its projection m onto an arbitrary axis, and a3)In the limiting case when the dipole characterizing a givenvibrational mode can be represented as � N elementary dipolesoscillating in phase, 
 � N . We expect that randomization ofphases would lead to 
 � pN .�¨±¼¬  ¢ ���� ²®¬ 90 ¢»¯. 9 { 10 2009



Electron-phonon interaction in non-polar quantum dots : : : 759projection of the electron spin. Neglecting for simplicitythe electron spin, within the e�ective mass approxima-tion one can characterize the electron states only by theenvelope wave function nlm(r) =r 2R3Ylm(�; ')jl('nlr=R)jl+1('nl) ; (15)where jl(x) is the spherical Bessel function, the numbers'nl are found from jl('nl) = 0;and the energy levelsEnl = ~22m�R2'2nl (16)are degenerate over m [18]. Fig.2 shows the dependenceof �rst six energy levels on the nanocrystal diameter,
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Fig.2. Transition time between the �rst six energy lev-els for di�erent diameters of the nanocrystal. The levelsare labelled by nr and l. The transition time values innanoseconds between the corresponding pairs of levels atgiven diameter are indicated near the vertical arrows2R, for 2R > 4nm, where the value m� = 0:33m0 wasused (m0 is the free electron mass), which correspondsto the density of states mass in Si.The conduction band of bulk Si has six equiva-lent minima at the � points, and the electron e�ec-tive mass is strongly anisotropic, mk = 0:92m0 andm? = 0:19m0 [19]. This anisotropy leads to the splittingof the energy spectrum (16) for a spherical band, so thatadditional levels appear in comparison with Fig. 2 [20].It is also demonstrated in Ref. [20], that the �nite barrierfor electron tunneling to SiO2, approximately equal to3.2 eV [21], shifts down electron levels, which is impor-tant for small nanocrystals with diameter 2R < 4nm,

but the electron density fraction outside the QDs is stillless than 0.1. However, for the dots with 2R > 4 nm theenergy levels (16) as a functions of the diameter moreaccurate calculations [20] for a ground electron state anda number of excited ones. Therefore it is reasonable toapply the simpli�ed model to relaxation time estimationin the considered Si/SiO2 nanocrystals. A transitionbetween two of the levels of size quantization with theenergies (16) is possible when their diameter-dependentdi�erence falls within the spectral range,120 meV . ~!ph . 160 meV; (17)corresponding to high-frequency local vibrations of thesilica glass [16]. Vertical arrows in Fig. 2 indicate theseallowed regions and the corresponding transition time isshown near each arrow. The calculation is carried outfor the set of QD parameters close to that of Si/SiO2system: "in = 12, "out = 3. Our model is too simpleto describe the spectral dependence of glass parameters.Thus, we take them at a �xed value in the middle of therange (17), ~!ph = 140meV. Other parameters used areas follows: N = 15, 
 = pN , N = (1=N)�1:5�1022 cm�3and �(~!) = 1=(5~!ph). The vibrating mass, M0, wastaken asM0 = (1=3)MSi+(2=3)MO whereMSi andMOare the silicon and oxygen atomic masses, respectively.Since the levels (16) are degenerate over angular mo-mentum projection m, we have summed the relaxationrate (11) over the �nal states and averaged over initialones.Fig. 2 demonstrates that typical value of the relax-ation time is of the order of 1 ns. The transition rate isproportional to 1=R, so it changes with the nanocrystaldiameter slower than the energy di�erence proportionalto 1=R2.5. Conclusions. We have shown that interac-tion of electrons con�ned in a non-polar quantum dotwith local vibrations of amorphous polar environmentprovides an e�cient energy relaxation channel for the\hot" electrons. We have studied as an example the in-terlevel transitions of electrons con�ned in Si nanocrys-tals in SiO2 matrix with diameters in the range of 4{8 nm, where the transitions proceed through emission ofa single local phonon. For such relatively large nanocrys-tals the values obtained for the transition times are innanosecond range. Energy relaxation in quantum dotswith smaller diameters should be controlled by multi-phonon [22] or Auger-like [23] processes.We are grateful to A.S. Moskalenko for useful discus-sions. This work was supported in part by the RussianFoundation for Basic Research and by the NSF underGrant #HRD-0833178. A.N.P. also acknowledges thesupport of the \Dynasty" Foundation-ICFPM.�¨±¼¬  ¢ ���� ²®¬ 90 ¢»¯. 9 { 10 2009



760 A.N.Poddubny, S.V.Goupalov, V. I. Kozub, I. N.YassievichAppendix.Let us calculate electric �eld induced by a point di-pole p0 positioned at the point r0 outside the sphereof radius R. Dielectric constants inside and outside thesphere are "in and "out, respectively. We are interestedin the �eld inside the sphere. Within electrostatic ap-proximation the electric �eld E can be expressed viathe scalar potential ' asE = � grad': (A1:1)The Poisson equation for the potential ' reads�' = 4�"out div[p0�(r� r0)] (r0 > R); (A1:2)and the boundary conditions at the sphere surface are'jr=R�0 = 'jr=R+0; "in @'@r ���r=R�0= "out @'@r ���r=R+0:(A1:3)In the case of a homogeneous medium ("in = "out) thesolution of (A1.2) is obvious,'0(r) = �1" out div p0jr� r0j : (A1:4)In what follows it is convenient to use the basis of vectorspherical harmonics YLJM (�; ') [17]. The identityp0jr� r0j = XJLM 4�2L+ 1 rL<rL+1> YLJM (n)[YL�JM (n0) � p0];where r> = max(r; r0); r< = min(r; r0);n = r=r;n0 == r0=r0, is useful to present (A1.4) as a sum of scalarspherical harmonics YJM . After calculating the deriva-tives we obtain'0(r) =8>>>><>>>>:PJM rJrJ+20 YJM (n)�JM ; r < r0PJM rJ�10rJ+1 YJM (n)�JM ; r > r0; (A1:5)with �JM = 4�"outr J + 12J + 1[p0 �YJ+1JM (n0)]�;�JM = 4�"outr J2J + 1[p0 �YJ�1JM (n0)]�: (A1:6)When "in 6= "out the scalar potential can be writtenas'(r) = 8>><>>:PJM rJMYJM (n) RJrJ+1 + '0(r); (r > R)PJM tJMYJM (n) rJRJ+1 ; (r < R) :(A1:7)
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