
Pseudopotential theory of Auger proesses in CdSe quantum dotsLin-Wang WangNERSC, Lawrene Berkeley National Laboratory, Berkeley, CA, 94720Maro Califano, Alex ZungerNational Renewable Energy Laboratory, Golden, CO, 80401Alberto FraneshettiOak Ridge National Laboratory, Oak Ridge, TN 37831Auger rates are alulated for CdSe olloidal quantum dots using atomisti pseudopotential wave-funtions. We predit the dependene of Auger eletron ooling on size and on orrelation e�ets(inluded via on�guration interation). Auger multi-exiton reombination rates are predited forbi-exitons as well as for tri-exitons. The results agree with reent measurements and shed lighton the signi�ane of the dot surfae on Auger multi-exiton deay.PACS numbers: 71.15.-m, 71.55.-iAuger e�ets are expeted to play a entral role inarrier relaxation in nanostrutures [1℄-[10℄. Two typesof Auger e�ets, ilustrated in Fig. 1, are prominent:(i) Eletron ooling (Figs. 1a,b: In the 3D bulk, or a2D quantum well, the relaxation of an exited eletronto its ground state usually ours by phonon emission.The disrete nature of the eletroni states of 0D dotsis expeted [2℄ to prevent phonon-assisted eletron re-laxation (phonon bottlenek). Multi-phonon (ombinedLO � LA) e�ets [3℄, or polaroni e�ets [4, 5℄, mayallow eletroni relaxation to our within a limited en-ergy range around the phonon energy �h!0. However,this may not be suÆient to remove the phonon bottle-nek in small, strongly on�ned quantum dots. On theother hand, eletron relaxation rates in CdSe quantumdots were observed to be fast (� � 0:3 ps in 2.3 nm ra-dius nanorystals [6℄, � = 0:9� 1:2 ps for samples of size4.3 nm [7℄). It was proposed [8℄ that in a photoexitedquantum dot the "hot" eletron an transfer its energyto the hole via an Auger proess involving eletron-holesattering (Fig. 1a,b).(ii) Auger multi-exiton reombination (Fig. 1,d): Aground-state biexiton an deay into an exited-statemonoexiton. Due to a large number of �nal mono-exiton exited states, the eÆieny of this proess om-petes with radiative reombination (i.e. �2!1e�h < �rad),and e�etively quenhes the PL intensity [9℄. Theseevents an lead to photoionization (when one of the �naleletron or hole states is unbound), whih was invoked toexplain PL intermitteny e�ets [10℄. The inverse Augerproess (reation of two e-h pairs from a single exited ex-iton) has been advoated [11℄ as a mehanism of enhan-ing solar ell eÆieny. A similar Auger proess involvesthe deay of a ground state tri-exiton into an exitedbi-exiton; this 3! 2 Auger deay (Fig. 1d) an be evenfaster than the 2! 1 deay (Fig. 1). Yet another typeof Auger proess involves the deay of a ground state

trion into a hot eletron (�e in Fig. 1e) or a hot hole (�hin Fig. 1f).All Auger e�ets illustrated in Fig. 1 are at theheart of quantum dot arrier dynamis, and produephenomena distint from bulk physis. Reently, fem-toseond arrier dynamis studies (see [1, 6, 9℄ and refer-enes therein) have been performed on olloidal quantumdots. These experiments have revealed various arrier re-laxation times, whih have been attributed to di�erentAuger relaxation proesses. Sine, however, the interpre-tation of the results in terms of spei� deay mehanismsis unertain, there is a need for aurate theoretial alu-lations for spei� Auger deay proesses. Auger e�etsin quantum dots have been previously modeled using k�p[8, 13℄ and tight-binding [14℄ Hamiltonians. However, theonventional k�p desription for the highly exited statesinvolved in Auger transitions might not be suÆiently a-urate [15℄. Furthermore, the hoie of the boundary on-ditions for the k�p wavefuntions near the surfae ouldbe problemati [16℄, and as we will see later, suh regionplays a ritial role in some of the Auger proesses. Thereare also problems due to the lak of atomisti desrip-tion of the wavefuntions for multi-exiton Auger e�etswhih involve exhange- and Coulomb-like integrals. Thesame problems exist in the tight-binding method whihlak expliit basis funtions [14℄. Thus, there is a need forrealisti and quantitatively reliable methods to alulatethe Auger e�ets in quantum dots.We have applied our pseudopotential many-body ap-proah [17℄ to alulate di�erent Auger proesses in CdSequantum dots. We will show that suh alulations pro-due quantitative agreement with experiments, reveal thedependene of ooling rates on exitation energy, preditthe ratios between �3!2e�h and �2!1e�h , the hidden relationsbetween �2!1e�h and �e and �h, and the role of the dotsurfae in Auger multi-exiton reombination.Method of alulation: although there is no momentum


