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ABSTRACT

We present a pseudopotential calculation of the single particle and excitonic spectrum of CdSe nanocrystals. We find that in the excitonic
manifold derived from the ground state electron and the first 60 hole states there are two energy gaps much larger than the typical LO phonon
energy in bulk CdSe. Such gaps can effectively slow the hole relaxation process, as recently found experimentally. We show that they originate
from two gaps in the hole spectrum and are therefore a single-particle effect, as opposed to an excitonic effect. The calculated width of the
gaps increases with decreasing dot size, in agreement with the experimental trend of the energy loss rate that decreases with dot size. We
find that the presence of the gaps is not limited to CdSe nanocrystals with the wurtzite crystal structure but is also found in spherical InAs
zinc blende dots. Comparison with our results for quantum rods and cylinders of different aspect ratios, and with a single-band effective mass
model, shows the origin of the gaps to be interband coupling in spherical NCs. The gaps disappear above an aspect ratio of about 3—4, thus
predicting a fast hole relaxation for elongated nanostructures.

The single-particle energy levels in CdSe nanocrystals (NCs) —] - ] T - —
exhibit typical spacings between electron states of the order
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bottleneck” in the electron relaxation from an excited level
to the ground state, since the energy of a LO phonon in bulk
CdSe (26 meV) is much smaller than the interelectronic
level spacing (300 meV for a 1.9 nm CdSe NC). It was
therefore expected that the lifetime of an excited electron Figure 1. Schematics of the electron Auger thermalization (step
would be rather long. Surprisingly, experiments measure al) and subsequent hole relaxation (step I1).
very fast decay for an excited p electrdiy, with typical
lifetimes that decrease with size from 530 to 120 fs for dots relaxation with a nearly constant rate over a wide energy
with R=4.1to 1.7 nm, i.e., much faster than those relative range, followed by a slow relaxation, the spectral onset of
to phonon-assisted relaxation. This fast decay has beenwhich was size dependent. In contrast to electron relaxation
explained=> in terms of an Auger-like relaxatiér(Figure that becomes faster with decreasing dot size (strongly
1, step I), whereby the excited electron can relax to its ground suggesting a nonphonon mechanism, e.g., Auger-like ther-
state and the excess energy is transferred via Coulombmalization), HELRsdecreasewith decreasing dot size,
scattering to the hole (which, depending on the experimentalindicating a different process from Auger. This was folnd
setup, might also be excited in our “initial state”), that is to be independent of the NC surface passivation (both TOPO-
promoted deep into the valence band. Provided that thecapped CdSe NCs and TOPO-capped CdSe/ZnS core/shell
spacing between hole levels be of the order of phonon dots were considered) and type of solvent used (hexane and
energies, the hole can then relax very quickly to the top of toluene), which ruled out the possibility of invoking a
the valence band by emitting phonons (Figure 1, step Il). coupling to surface defects to explain slow hole thermaliza-
Recently, however, Xu et dlfound a dramatic reduction  tion. Coupling to phonons was therefore proposed as the
in the hole energy-loss rate (HELR) in the final stage of the underlying mechanism for hole relaxation, also due to the
hole relaxation in CdSe NCs: they observed an initial fast fact that the observed initial fast relaxation rates were close
to those estimated for hole-LO phonon interactions in bulk
* Corresponding author. CdSe. The reduction of the HELR in the final stage of the
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hole relaxation was then attributed by the authors to the 39
opening of a gap in the excitonic manifold between an
“absorbing” stateE;, and an “emitting” staté;,.# Analy-
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sis® shows thaEY, is a{h,, ey} (i.e., electron ground state 03
and second hole state) derived exciton, wherEasis a 20} 25
{hy, &} (i.e., electron and hole ground state) derived exciton. i )
Hence, according to Xu and co-workérthe gap is due to 07

many-body (exchange-related) fine structure associated with
(hy, &) vs (hy, €).

In this work we will use our semiempirical pseudopotential
method to show that (i) there are actually two gaps in the
excitonic spectrum of CdSe NCs; these gaps are indeed muct
larger than the typical LO phonon energy in bulk CdSe and 0 ! ! L L ! |
therefore both can effectively slow the hole relaxation 0 20 40 60 80 100 120 140 160 180 200

- (i ; - Energy spacing (meV)
process; (ii) consequently, the HELR is predicted to change
twice (as opposed to once); this is found to be in agreement
with the experimental data; (iii) the larger gap increases with
decreasing NC size in agreement with the experimental
findings of a HELR that decreases with decreasing dot size;
(iv) the gaps originate from deep states, (hs, not h, hy),
in the hole spectrum and are single-particleeffect, as
opposed to aexcitonic(i.e. many-body) effecas proposed
by Xu and co-workers; (v) their presence is not limited to
CdSe NCs with the wurtzite crystal structure but is also
predicted in spherical InAs zinc blende dots; their origin is
in the spherical shape of the NC. Elongated rod-like NCs Figure 2. Results for the “particle in a sphere” model, with infinite
are predicted to have no such gaps once the axial ratiopotential barrier. (a) Mainframe: energy spacing between consecu-

exceeds 34, and therefore are expected to exhibit fast hole tive hole levels in a spherical CdSe NC wih= 20 A. The
relaxation. sampling bin is 20 meV. Inset: hole spectrum for the same QD.

) ) ) (b) Wave functions squared for the (pure) s and p states. The yellow
Theoretical methods that were previously applied to shell represents (half) the dot surface. The plane on the bottom of

nanocrystal® provided information only on the first few  each panel shows a section through the dot center.
valence eigenvalues and did not detect any gap in them.
Furthermore, th&-p approach, when applied to small dots, the same diameted & 29.25 A) and aspect ratios of height
has been showhto miss many energy eigenvalues near the over diameter of 2, 3, and 4. The geometry of the rods is
top of the valence band on account of its overestimate of ellipsoidal with the long axis oriented along théc) wurtzite
the hole confinement. Nor are gaps found in simple models, axis. With the single-particle orbitals we construct a set of
like the one-band effective mass or particle-in-a-sphere (with 840 single-substitution Slater determinants. The exciton wave
infinite barrier potential). Figure 2a, shows the energies of functions are then expanded in this basis’satd the many-
the first 10 states below the top of the valence band, particle Hamiltonian is solved via Cl.
corresponding to an energy range-e®.7 eV, forR = 20 For CdSe spherical dots we computed the first 60 bound
A, calculated within the particle-in-a-sphere model. The hole states below the top of the valence band, corresponding
typical interlevel spacings obtained in this approach for a to an energy range 0f0.5 eV for the largest dot and of1
hole effective mass value of 11§ (CdSé?) are of the order gV for the smallest (see inset in Figure 3a). We found that
of 40-80 meV, forR = 20 A, and no proper “gaps” (i.e., the hole spectra of all dots considered exhibit similar
spacings much larger than the typical spacing) are found in characteristics. As shown in the histogram in Figure 3a for
the valence band. There is therefore a need for a morecgs,,Se;,, the typical interlevel spacings are of the order of
accurate theoretical treatment to explain the origins of these1—10 meV, (slightly larger, £20 meV, for the smallest dot,
gaps. due to increased confinement), with only a few energy levels
Here the single-particle energy levelswere computed  separated by more than 25 meV. We label the ground hole
with the empirical pseudopotential method described in ref state (HOMO) as, (E,, = E,) and the excited states hg
13, solved within a plane-wave basis, including spin-orbit with n increasing with decreasing hole energy. The LUMO
effects. The surface of the wurtzite dots is saturated by ligandis e;. The hole single-particle manifolds for all dots present
potentialst* We use the potential of ref 9. We consider three two gaps that are larger than the typical LO phonon energy
dots: CdsSey;, ChsSess, and CdssSes,7 of diameters 20.66,  in bulk CdSe: the largest gap gl (of the order aéudo or
29.25, and 38.46 A, respectively. We also performed more) is always found between the levilsandhs (i.e., at
calculations on three rods, with the same short &is= E, — 40 meV for the largest dot and Bt — 95 meV for the
29.25 A and aspect ratio® of long axis over short axis  smallest dot); the second gap g2 (of abdub) is deeper
R/Rs of about 2, 3, and 4, and on three CdSe cylinders with in the valence band and may have different positions in
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) ) . . Figure 4. Envelope functions squared for hole states above and
Figure 3. Pseudopotential calculation. Energy spacing between pe|ow the largest gap g1 in NCs wikh= 19 A: CdSe, left-hand
consecutive hole levels in NCs witt= 19 A: (a) Cda.Sesr, (b) side, InAs, right-hand side. The yellow shell represents (half) the
InaseAse1s. The sampling bin is 5 meV. Insets: hole spectrum for  qot surface. The plane on the bottom of each panel shows a section
the same QD. through the dot center.

different dots (it is located between levéis andhys, i.e., the largest gap again found between the lewglsandhs ¢
atE, — 180 meV, in CdzsSe;,7 betweerh;; andhyy, i.e., at (in this case doubly degenerate due to Thesymmetry of
E, — 270 meV, in CdsSess and between levelb;s and the system) akE, — 25 meV, and the second gap found
hie i.€., atE, — 420 meV, in Cd:Sey).'® Both gaps can  between the levelb4 andhys, at E, — 200 meV. Figure 4
effectively slow the hole relaxation process. It is important shows the envelope functions of the states below and above
to notice that the gaps originate from andhs and deeper  the largest gap g1 for both CdSe (left-hand side) and InAs
states and not fronn; and h,, as implied by Xu and co-  (right-hand side) NCs witlR = 19 A. For InAs we find, on
workers’ both sides of this gap, states with prevalent p character: on
Possible explanations of the origin of the gaps within the the high energy side, they also have considerable s (and little
valence band could be: (i) the wurtzite structure and the d and f) component, whereas on the low energy side they
resulting crystal field splitting; (ii) some special features have considerable d and f (and little s) component. Note that
specific to the CdSe material; (iii) an effect of the dot in the single-band approximation (Figure 2), the levels have
passivation, or, finally, (iv) the shape of the NC. To puresymmetries (i.e., either s, or p, or d, etc.), and no gaps
investigate these aspects further, we performed additionalwithin the valence band.he existence of the gaps therefore
calculations for a spherical InAs zinc blende, colloidal dot reflects inter-band mixing effects in spherical NCs
(IngseAss15), With the same dimensionR(= 19 A) as the The question now arises as to whether the shape of the
Cds34S65,7 dot. For this dot the single-particle problem was NC is relevant for the presence of the gaps in the hole
solved by expanding the dot wave functions as a linear manifold. We therefore performed calculations on CdSe (
combination of bulk Bloch states (LCBB).The dot was = 29.2 A) and InAs R; = 38 A) ellipsoidal quantum rods
passivated by embedding it in a lattice matched higher band-(QRs) with different aspect ratioQqr ranging from 1
gap material as it is done in core/shell structures. As shown (spherical dot) to 4. Figure 5 shows the energy of the first 9
in Figure 3b, the hole manifold for the InAs NC is similar hole states at the top of the valence band (out of the 20
to that obtained for the CdSe dot (Figure 3a). The averagecalculated), as a function of the aspect radgk, for CdSe
interlevel spacing is almost the same as that calculated forQRs withRs = 29.2 A. We find that already foQor = 2
the CdSe NC, and we find the same two gaps appearing inthe gap g1 is reduced to almost one-third (51 meV) of the
its hole spectrum. Both gaps have the same width (to within value it assumes fd@or = 1 (129 meV). On the other hand,
less than 1%) as the ones we found in the CdSe NC, with for Qor = 2 another gap (probably derived from g2) opens
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energy made available in tleg — e, decay process is larger
than the energy needed to promote a valence electron from
h, (above the valence gap) te,, but smaller than that
required to excite an electron frohg (below the valence
gap) toe;. This energy interval has the width of the valence
gap g1 ¢~100-180 meV) and depends on the dot size. When
this condition is satisfied there are no valence electrons
available to be promoted to the LUMO, while satisfying
energy conservation. Note that sineg — Ee, > 3Eg;, and

En, — En, < Eg/2, Ay is not enough to excite an electron
from h; to e,. The impact ionization efficiency, therefore,
drops in that energy interval. This is not the case in the bulk,
where the IIR is an increasing function Af.

1 2 3 4 The presence of valence band gaps might have important
Aspect ratio consequences on Augeleptronrelaxgtlon processes_(l_zlgure
1, step 1) as well. In a typical experimental setfp, visible

Figure 5. Energy of the first 9 hole states below the top of the pump pulse creates an excited electrbole pair, and a time-
valence band, as a function of the NC aspect ratio, for CdSe QRsdelayed infrared pulse is used to reexcite the electron within
W'tT1R5 = 28'2 Af Tr:je d'ffferﬁ”t hole ?tate_s arel Iabel;uag according the conduction band. If (i) the hole is generated in a state
to the number of nodes of the wave function aongzt ection . . . L
(long rod axisR). The shaded areas indicate the evolution W@th deeper Fhaﬂng,, and (ii) the el.(?ctron reexcitation within th?
of the two gaps larger thaifw,o. conduction band as well as (iii) the Auger electron relaxation

are both faster than the phonon-assisted hole relaxation across

between the states and hs (58 meV). ForQor ~ 3 there the gap g1, then the electron might relax fregto e; by

are three gaps of the order of about 30 meV between theexcmr_]g the hole _fromh_5 rather than fromh. I_n some
stateshs—h, (29 meV), hs—hs (34 meV), andhg—hs (29 experimental configuratiorfshowever, the hole is always _
meV). Gaps of this size should, however, not compromise allowgd to relax to the ground state before the electron is
the efficiency of the hole relaxatioi8 All these gaps reexcited frome; to & by a IR post-pump.

decrease to a value below the LO phonon energigr= We next examine whether many-body effects (accounted
4, for both CdSe and InAs rods. A previous pseudopotential for through Cl) alter the gaps seen in the single-particle
calculatiort® of electronic states versus aspect ratio for CdSe spectrum (Figure 3). In our ClI calculations we include (i)
quantum rods of similar sizes as those considered in thiselectror-hole Coulomb attraction, responsible for the cre-
work investigated the behavior as a functiorQe (starting ation of bound excitons, (ii) electrerhole exchange interac-
from Qor = 1) of only the first 4 hole states below the top tion, which splits excitons into spin manifolds. For exantple,
of the valence band and therefore did not include the the{es, hi} ground-state exciton is 4-fold (spin) degenerate
evolution of the gaps we are interested in. in the single-particle approach. The electrdiole exchange

To further investigate the shape dependence of the valencdnteraction splits it into two doublets: the lowest in energy
band gaps, we performed calculations on quantum cylindersis spin forbidden (dark), whereas the highest in energy is
(QCs) with the same dimensions as the rods (hF, R Spin allowed (brlght) We calculated the excitonic (Cl)
andd = R), and therefore the same aspect rat@s: = spectrum for all three CdSe NCs, including 30 hole and 7
Qor. We found that already foQoc = 2 there are no gaps ~ €lectron states. We find that the same two gaps that were
larger thanfiw o in the hole manifold. The gaps therefore found in the single-particle hole spectrum now appear in
originate from the spherical shape of the dots, and their width €ach exciton manifold. The origin of the gaps is therefore a
decreases with elongation. Note that the occurrence of thesingle-particle effect. The width of the gap decreases with
gaps is indeed shapeeffect, as opposed tomlumeeffect increasinge, (the electron level from which the exciton
(i_e" the gap decreases with increasing NC e|ongation, butmanif0|d is derived). Figure 6 shows the excitonic spectrum
not because of the volume increase). In fact, if the important for CdsssSe27z. we see that the first two gaps (91 and g2)
quantity were the volume, the CdSe rod with= 29.2 A are derived from the electron ground state (and from the same
and aspect ratiQqr = 2, having a smaller volume than the hole states{h, hs}, and{hi hi3} as in the single-particle
CdSe spherical NC with radit® = 19.2 A should have a  case), whereas progressively higher gaps (93, g4, etc.), are
larger gap. As seen in Figure 5, its gap g1 is instead half asderived from increasingly higher electron states (and the same
large as that of the spherical dot. hole states).

The presence of valence band gaps in spherical NCs is In Figure 7 we present a comparison between the energy
also expected to affect the impact ionization rates (IIRs) in gaps calculated in the single-particle (empty circles and solid
these systems. In an impact ionization process, a hot electrorlines) and CI (solid squares and dashed lines) approach,
in level e, decays to the LUMO¢d) and excites a valence plotted as a function of NC radius. Only the first three gaps
electron across the band gap. For a given electronic excesgsee Figure 6) are shown. We find that: E); increases
energyA, = Eq, — Eg,, impact ionization will not occurr if  with decreasing dot radius, consistently with the experimental
(Ee, — En) < Ax < (B¢, — En), or, in other words, if the  finding’ that the HELR decreases (i.e., the lifetime increases)

Hole energy (eV)
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time delayty of the “hot” PL maximum with respect to a pump
pulse [see inset], plotted as a function of the detection energy):
experimental data for a 1.8 nm dot (solid circles, solid line, and
HELR values) and theoretical predictions for a 1.9 nm dot (the red
and blue arrows mark the upper energy end of the gaps). The dotted,
dashed and dastdotted lines emphasize the different slopes in

Figure 6. CI excitonic spectrum for Gg,Se;,7. We denote the
single-particle origin of the excitons in terms of the levels with
high contributions to the CI states.
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the experimental energy-loss curve (HEERdE/dty). The green
arrows indicate the positions of the first experimental points that
determine a new slope in the curve. The black arrow indicates the
position of the measured 1S absorption, around which position Xu
and co-workersidentify the only change in slope in the HELR
they consider.

resonance, indicated by a vertical black arrow. This implies
the existence of a single gap within the valence band, located
around~E, — 70 meV for that specific dot size. Analysis
of their data, however, reveals three different slopes in the
energy-loss curve, indicated by the extrapolated lines in
Figure 8. These slopes correspond to the initial HELR (dotted
line), the HELR after g2 (dashed line), and the HELR after
g1 (dash-dotted line). Since the experimental configuration
consists of a hot holl, and a ground-state electreqn no

gap other than g1 and g2 is relevant in Figure 8 (higher gaps
involve different electron states). We see that our identifica-

tion of two gaps (Figures 3 and 6) is consistent with the
Figure 7. CdSe: excitonic energy gaps calculated in the single- appearance of three slopes in the measured energy-loss curve.
particle (SP, empty circles and solid lines) and CI (solid squares Fyrthermore, the calculated positions of the change in slope
and dashed lines) approach, plotted as a function of NC radius. (2.29 and 2.19 eV, indicated by blue and red arrows in Figure
8) are in good agreement with the experimental cétve,
with decreasing dot size; (ii) converselfy, is rather  considering that the calculations were performed for a slightly
independent oR; (iii) both Ey andEg, are almost unaffected  |arger dot than the experimental one, which yields energy
by many-body effects (the single-particle results almost values shifted slightly to the red, compared to those relative
coincide with the CI ones, excepted for tRe= 14 A dot); to the experimental dot. The presence of a gap (g2) between
(iv) many-body effects reduce higher gaps (the ones derivediwo sets of closely spaced energy levels, could, however,
from excited electron states) compared to their single-particle also generate a step-like jump in the delay time, where the
values, with larger effects the smaller the dot (see curve hole relaxation would be fast above the gap, slow across
relative to g3 in Figure 7). Therefore tlexistenceof the the gap, and then fast again below the gap, with the slope
gaps is a single-particle effect whereas theiidth is being approximately the same above and below the step. The
influenced by many-body effects. parallel dotted lines in Figure 8 show that this scenario is
Finally we compare our predictions with experiment. also supported by the experimental data: due to the large
Figure 8 shows the measured energy-loss cufvea 1.8 energy interval between two consecutive experimental points,
nm CdSe NC (solid circles and lines). Xu and co-workers such jump in the delay time could have occurred anywhere
have identified two slopes in that curve, with the change of between the two measurements at 2.38 and 2.65 eV and have
slope occurring close to the energy of about 2.22 eV, been therefore undetected. The (dotted) line through the
corresponding to the measured position of the 1S absorptionpoints at 2.27 and 2.38 eV is consistent with a parallel to
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the (dotted) line passing through the experimental points for single-band, particle in a sphere, description. An as yet
higher energies. It has to be mentioned, however, that theunobserved three-step hole relaxation in InAs NCs is also
first change of slope (the first reduction of the HELR) predicted.

might also be within the experimental error, whereas the
second is definitely not. In other words, the slopes of the
dotted and dashed lines in Figure 8 might be the same within
experimental error, whereas the daslotted line has an
indisputably different slope. That is probably the reason
Xu et al. in their worK only referred to the latter change of
slope (black arrow). It has to be pointed out, however, that
whereas Xu and co-workeérsituate the drop in the HELR

at energies judbelowthe first absorption peak 1S (located
at 2.2 eV, black arrow in Figure 8), according to our
calculations (see Figure 6), both gaps are found at energies
abave the 1S absorption (which is due to exciton levels
originating fromhy, h, andey). Judging from the experimental
curve alone, though, it cannot be excluded that the decrease
in the HELR occur just above 2.2 eV, the last experimental
point before the change of slope being at 2.27 eV and the
next at 2.16 eV.

Based on the similarities found between the hole manifolds
in CdSe and InAs NCs, and the fact that the LO phonon
energies in both bulk materials are also very similar
(hw 3%~ 26 meV hop° ~ 27 meV), we predict the same
pattern for the hole thermalization in InAs NCs, i.e., an as
yet unobserved three-step hole relaxation.

In summary, we have used our pseudopotential calcula-
tions to explain the experimental findings of a reduction in
the HELR in the final stages of the hole relaxation in CdSe
quantum dots, in terms of the presence of two gaps in the
excitonic spectrum. They have been shown to derive from
two gaps in the hole spectrum which appear unmodified in
the exciton manifold derived from the ground-state electron
and the first 60 hole states. By comparison with the results
obtained for quantum rods and cylinders with the small axis
equal to the NC diameter and different aspect ratios, the

origin of these gaps has been shown to be the spherical shape

of the NCs, as opposed to the crystal wurtzite structure of
CdSe. Furthermore it is shown that the existence of the gaps
reflects interband mixing effects, as they are absent in a
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