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ABSTRACT A complete and detailed theoretical investigation of the main processes involved in the
controversial detection and quantification of carrier multiplication (CM) is presented, providing a coherent and
comprehensive picture of excited state relaxation in InAs nanocrystals (NCs). The observed rise and decay times
of the 1S transient bleach are reproduced, in the framework of the Auger model, using an atomistic semiempirical
pseudopotential method, achieving excellent agreement with experiment. The CM time constants for small core-
only and core/shell nanocrystals are obtained as a function of the excitation energy, assuming an impact-
ionization-like process. The resulting lifetimes at energies close to the observed (M onset are consistent with the
upper limits deduced experimentally from PbSe and CdSe samples. Most interestingly, as the Auger recombination
lifetimes calculated for charged excitons are found to be of a similar order of magnitude to those computed for
biexcitons, both species are expected to exhibit the fast decay component in NC population dynamics so far
attributed exclusively to the presence of biexcitons and therefore identified as the signature of CM occurrence in
high-energy low-pump-fluence spectroscopic studies. However, the ratio between trions and biexcitons time
constants is found to be larger than the typical experimental accuracy. It is therefore concluded that, in InAs NCs,
it should be experimentally possible to discriminate between the two species and that the origin of the observed
discrepancies in CM yields is unlikely to lay in the presence of charged excitons.
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he most promising single mecha-

nism that, if fully exploited, could

greatly enhance the performance of
next generation photovoltaic devices, with
potentially revolutionary consequences for
the efficiency with which solar power can
be harnessed, is carrier multiplication (CM)."
In this process multiple electron—hole
(e—h) pairs are generated in semiconduc-
tor nanocrystals (NCs) by the absorption of
single photons, owing to an efficient utiliza-
tion of the photon energy in excess of the
NC band gap. CM therefore would allow the
conversion of solar energy of a broader
spectrum and at the same time reduce the
detrimental heat generation associated
with conventional conversion, where each
absorbed photon generates a single e—h
pair, regardless of its energy.
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Efficient CM has been observed in NCs
of different materials (PbSe,>* CdSe,>°
PbS,>*” PbTe,® Si,° and InAs);"®"" however,
subsequent reports on the absence of de-
tectable CM in CdSe, CdTe,"? and InAs
(where some authors'>'* even refuted
their own earlier results),’® have cast seri-
ous doubts on the very existence of such ef-
fect, at least in those materials. Although
most recent measurements in PbSe'> "7
and PbsS,"” confirmed the occurrence of CM
in the lead salts, albeit with significantly
lower efficiencies than previously esti-
mated, the whole issue has remained highly
controversial. The inherent complexity of
the detection and quantification of CM in
NCs, whose subtleties have been recently
discussed in refs.13 and 16, is to blame for
that. Regardless of the technique used for
the investigation (time-resolved transient
absorption,? time-correlated single photon
counting,'?'® and terahertz time-domain
spectroscopy'® are the main tools em-
ployed to this end), the feature that allows
CM to be observed is the fundamental dif-
ference in decay between single and mul-
tiple excitons where slow radiative decay
(=ns) of the former is contrasted by ul-
trafast (~ps) Auger recombination (AR, Fig-
ure 1a) of the latter. AR is however a three
particle process in which the recombina-
tion energy of an e—h pair is not emitted
as a photon but, due to a confinement-
enhanced Coulomb interaction, is efficiently
transferred nonradiatively to an additional
carrier (a hole in Figure 1a) which is pro-
moted to a highly excited state. As a conse-
quence, the detection of a fast decay com-
ponent does not necessarily imply the
presence of a multiexciton, but could also
be consistent with the presence of a
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charged exciton or trion (i.e., two electrons and a hole
or two holes and an electron, see Figure 1¢,d). In the lat-
ter case no CM would have taken place, despite the pres-
ence of a fast decay component. This scenario was sug-
gested by some authors'” as a possible explanation for
the discrepancies observed between CM yields estimated
in different experiments and could be the result of NC
photoionization, which could be caused by the high en-
ergy (usually of the order of several times the NC band
gap) of the pump photon required to initiate CM. Another
closely related aspect that could play an important role
to explain the discrepancies in the measured CM efficien-
cies is the surface passivation chemistry'® (and its inter-
play with charged states),?® whose effects on carrier dy-
namics are still poorly understood. It follows that the first
steps toward understanding whether CM is a real phe-
nomenon or a detection artifact are to investigate (i)
whether the fast decay observed in the band-edge exci-
ton bleach is indeed due to AR and (ii) what excitonic
states can be associated with it. This investigation is also
crucial in the light of possible photovoltaic applications,
as AR represents the main (i.e., most efficient) carrier loss
channel that competes with charge separation in a solar
cell. In other words, in order for the CM potentiality to be
exploited in any energy conversion device, the carriers
need to be separated in time scales that are small com-
pared to the AR lifetime, otherwise they will recombine
and the CM benefit will be lost. For similar reasons any ef-
ficient nonradiative decay also represents a major ob-
stacle for the application of NCs in lasing, as radiative re-
combination is several orders of magnitude slower than
both Auger electron cooling (AC, Figure 1e) and AR.

The next aspect of CM one may wish to consider is
its time constant. The current experimental estimates
are based on the 1S transient-absorption signal buildup
dynamics.® As electron Auger intraband relaxation
(where an excited electron relaxes to its ground state
by transferring its excess energy nonradiatively to a
hole and exciting it to deep valence band states, see
Figure 1e), is the mechanism that controls the signal
buildup in the absence of CM, a theoretical investiga-
tion of this process may prove insightful.

Another important aspect related to CM, which cru-
cially contributes to the determination of the solar cell
efficiency, is the threshold for CM onset, experimentally
defined? as the lowest pump photon energy associ-
ated with the detection of a biexciton (in CM the car-
rier distribution is in fact characteristically nonpoisso-
nian?' and depends on the excitation energy rather
than its intensity). As the energy conversion efficiency
for a single absorber with a single energy gap is in-
versely proportional to the CM threshold, the natural
question to ask is what material will exhibit the lowest
threshold. On the basis of simple effective-mass consid-
erations applied to a two-band model,?? Schaller et
al.>"" showed the photon energy in excess of the NC
band gap AE = fiw — E4 to be unequally divided be-
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(a) Auger bi—exciton recombination

(b) Auger recombination with surf trap

(d) Positive

Figure 1. Schematics of the Auger processes considered in this work: (a) Auger
biexciton recombination with hole excitation, (b) Auger biexciton recombina-
tion with electron excitation in the presence of a surface hole trap state, (c)

Auger negative trion recombination, (d) Auger positive trion recombination,
(e) Auger electron cooling, (f) hot-electron-initiated direct carrier multiplica-

tion (DCM).

tween the photogenerated electron and hole accord-
ing to
AE, m,

€ [ J—
AE,  m, )

(where AE, and AEj, are the excess energies in the con-
duction and valence band, respectively, and AE, + AE,
= AE), giving an inverse dependence on the carrier ef-
fective mass. Because of the large difference between
electron and hole effective masses in InAs, where m,/m.
= 17,22 eq 1 would predict over 94% of the excess en-
ergy to be transferred to the electron in NCs made of
this material. InAs NCs are therefore expected to exhibit
some of the lowest attainable threshold energies com-
patible with energy conservation, and recent experi-
mental data'®"" seem to confirm this expectation.

From energy conservation considerations, the mini-
mum photon energy required for CM to take place (the
CM threshold energy fiwcy) can be expressed within
this simple model'" as

m,
h(,l)CM = (2 + m—h)Eg (2)

Equation 2 therefore provides a simple explanation for
the observed material dependence of the normalized
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Auger recombination times (

Figure 2. Auger recombination lifetimes (in ps) as a function of the NC confinement energy E.
= E(1S) — E54."" The theoretical results obtained here for (a) 7xx (red symbols), and (b) 7x- (blue
symbols) and 7x+ (green symbols), in core-only spherical (empty squares) and elongated (empty
red diamonds) NCs and core/shell spherical dots (solid squares) are compared with the experi-
mental data of ref 11 (black symbols, empty squares for core-only and solid squares for core/
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energies; (iv) most importantly, while as
a consequence of the optical selection
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E(er,h;2) = E(1S) — Al,; this feature
could explain part of the puzzling size-
dependence observed in fiwcy in terms
of the size dependence of Ai‘p; (v) the
CM time constant calculated fora R =

-3/2
E

c

14.6 A NC is of the order of a few tens of
femtoseconds for the CM onset ener-
gies observed experimentally, consis-
tent with the experimental upper
bound estimated for PbSe and CdSe,?
and with previous theoretical esti-
mates.>°

shell structures). Inset: the ratio 7x-, x+/7xx quantifies the degree of similarity between the de-

cay times of trions and biexcitons.*® The dashed line marks the lower limit of experimental

RESULTS AND DISCUSSION

accuracy in ref 11, obtained for small core-only samples, whereas the magenta sector indi-

cates the typical accuracy reached for core/shell structures in the experiments (see text for de-
tails). The error bars in the theoretical data in all panels account for a 10% size distribution in

the experimental samples.

CM threshold energy fiwcw/Eg, which decreases from
PbS and PbSe (~3),” to CdSe (~2.5),° to InAs (~2 for
large NC sizes)."" However, unlike in the case of PbSe,
PbS, and CdSe NCs where, according to eq 2, a fixed CM
onset was observed, the normalized CM threshold in
InAs NCs shows a strong size dependence’’ which is
not accounted for in eq 2 and has remained so far
unexplained.

We will concentrate here on excited state decay dy-
namics in InAs NCs, trying to shed light on some of the
above-mentioned issues. The results of a detailed theo-
retical investigation based on the pseudopotential
method, presented here, show that (i) the observed
rise times of the 1S exciton bleach'" and the biexciton
lifetimes extracted from pump-intensity-dependent
transient absorption dynamics'' can be reproduced by
assuming Auger-like carrier relaxation processes in anal-
ogy to the case of CdSe NCs;**?* (ii) although a fast de-
cay in the 1S exciton bleach at early times can also be
consistent with the presence of charged excitons and
not only multiple excitons, the decays of the two spe-
cies should be easily distinguishable within the experi-
mental accuracy, due to a difference of a factor of 3 or
more between their time constants; (iii) due to the
prevalent p symmetry of the envelope functions of the
degenerate valence band maximum (VBM) and VBM-1
states in InAs NCs,%?” the band edge (1S) absorption
occurs from the (mainly) s degenerate states VBM-2 and
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Auger Processes in Core-Only and Core/Shell
Structures. Electron intraband relaxation
times were measured in InAs/CdSe
core/shell structures, whereas biexciton
recombination rates were also measured in InAs core-
only samples.”’ As AR is supposed to receive large con-
tributions from the NC surface,®2>>2 very different life-
times would be expected for the two sets (core-only
and core/shell) of experimental samples.

Despite exhibiting large quantitative and qualita-
tive differences in single-exciton excited-state decay
(single-exponential vs biexponential relaxation with PL
lifetimes differing by nearly 3 orders of magnitude),"’
and large differences in quantum yield, all suggestive of
a different passivation quality and of the different in-
volvement of the surface in the two cases (with carrier
trapping'' presumably playing a substantial role in
core-only NCs), remarkably the measured biexciton re-
combination times in core/shell and core-only samples
were indistinguishable, within experimental error, as it
was the case for CdSe NCs, where TOPO- and ZnSe-
capped?? samples, in one case, and TOPO- and ZnS-
capped?* NCs, in another case, exhibited identical biex-
citon decay times. The reasons behind this effect are
still controversial®?*33 and a quantitative interpreta-
tion had not been attempted since very recently, when
it was found** that in CdSe when a hole is trapped at
the NC surface (Figure 1b), due to the reduced overlap
between the carriers’ wave functions, the hole contribu-
tion to the AR rate (t,”') becomes much smaller than
the electron contribution 7.7 (see Method section for
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a detailed definition of these rates), so that Tyx ~ Te.
The results presented in Figure 2, where the values of
Te calculated for core-only samples (empty red squares
in panel a) are in excellent agreement with the mea-
sured decay times,'" seem to suggest that this may be
the case for InAs NCs as well.

It has been recently suggested,® based on a de-
tailed theoretical analysis of the observed optical
spectra,®® 32 that slightly elongated NCs (quantum
rods, QRs) with aspect ratios between the two main di-
ameters of the order of about 1.2 may be present in the
experimental (core-only) samples synthesized accord-
ing to the procedure, detailed by Guzelian et al.*® fol-
lowed by Schaller et al.'" for the synthesis of their core-
only NCs. Interestingly the values of 7. calculated for
such structures (empty red diamonds in Figure 2a) are
also in good agreement with experiment.

The growth of a CdSe shell leads to a ~100-fold in-
crease in the quantum yield'" suggesting the achieve-
ment of a better passivation and the removal of most
surface trap states. Because of the bulk band alignment
at the InAs/CdSe interface,*? yielding a small conduc-
tion band offset (0.46 eV) contrasted by a substantial
offset for the valence band (0.92 eV), the presence of a
CdSe shell is believed*® to have opposite effects on
electrons and holes, allowing penetration into the shell
region by the former while confining the latter to the
core. This hypothesis is supported by the
observation'"** of a red shift in the lowest-energy ab-
sorption feature (usually referred to as the 1S exciton
feature) after the growth of the CdSe shell, inter-
preted*® as an indication of an increase in the effective
radius of the NCs, due to the reduction of the electron
confinement.

To simulate the effect of the presence of a ~2 ML""
electron-deconfining, hole-confining CdSe shell in InAs
NCs of core radius R, the Auger decay rates were calcu-
lated using the conduction band states relative to struc-
tures with radius R + SR, (where 3R ~ 5 A is the shell
thickness) and the valence band states obtained for NCs
with radius R. To assess how realistic this choice may
be, the red shift calculated within this model for a 14.6
A core with a 5.4 A shell (176 meV) was compared with
the experimental value®® relative to the growth of a 5
R shell (~180 meV), yielding excellent agreement. Fur-
ther support for the model comes from the observation
that the measured Stokes shift between the 1S absorp-
tion feature and the PL band remains approximately
constant upon growth of the CdSe shell.'" According
to our calculations,?”*' due to optical selection rules,
such a shift is mainly due to the energy separation Af,
between the degenerate (VBM,VBM-1) states, having
prevalent p symmetry, and the next degenerate (VBM-
2,VBM-3) states having main s symmetry.** In our model
this separation remains unchanged upon growth of
the shell, in agreement with experiment.
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The AR times calculated for core/shell structures are
in good agreement with the biexciton lifetimes mea-
sured in InAs/CdSe"" structures for all sizes considered
(see Figure 2a), indicating once more that our core/shell
model is suitable to describe the electronic properties
of InAs/CdSe NCs. Most importantly, however, the cal-
culated AR lifetimes of positively (Figure 1d) and nega-
tively (Figure 1¢) charged excitons are found to be of a
similar order of magnitude to those relative to biexci-
tons (Figure 2b), implying that similar signatures are to
be expected in the early times population dynamics of
the two species. To make the comparison more quanti-
tative, the inset of Figure 2b displays the ratios Tx-/Txx
and Tx+/7xx, showing that, in core/shell NCs, the trion
lifetime is at least four times that of the biexciton for the
sizes considered here (large ratios between the life-
times of negative trions and biexcitons were also re-
cently found by Jha and Guyot-Sionnest in CdSe/CdS
core/shell NCs.)*> This ratio reduces to three for nega-
tive trions in core-only NCs in which case, however, due
to the substantial presence of surface states,’’ the rela-
tionship Txx =~ T. was assumed to hold.

The question is now whether this difference can be
detectable experimentally. According to the data pre-
sented in Figure 2f of ref 11, the worst experimental ac-
curacy is 54% (i.e., 5.5 = 3 ps) and was found for the
smallest (core-only) NC. This means that its lifetime,
ranging from 2.5 to 8.5 ps, exhibits a difference of a fac-
tor of 3.4 between its extreme values (dashed line in
the inset of Figure 2b). Such difference is of a factor of
2.3 for the other core-only NC, but is always less than a
factor of 2 (typically of the order of 1.1—1.2, as shown
by the magenta area in the inset of Figure 2b) for all the
other (core/shell) nanostructures investigated in ref 11,
suggesting that the factor of 4 (or more) difference
found between the decay time constants calculated
for trions and biexcitons in the case of core/shell
samples should be easily detectable experimentally. In
the case of core-only samples, however, the experimen-
tal accuracy could be insufficient to discriminate be-
tween the presence of charged and neutral NCs, at least
for small dots. This result therefore suggests that the
CM yields deduced in ref 11 for core/shell NCs are not
likely to have been affected by the presence of trions.
Although the same may be true for other experiments,
this conclusion cannot be easily generalized to the large
variations in CM yields observed in different experimen-
tal settings and different structures/materials, as the cal-
culations presented here are specific for InAs core-only
and core/shell NCs.

Size Dependence of the CM Onset in InAs NCs. Interestingly,
it was found that by considering initial states where
the hole occupied its degenerate ground state h;,
(VBM,VBM-1) it was not possible to reproduce the ob-
served AR lifetimes. As a consequence of the prevalent
p symmetry?®?” of this state, mentioned above, when
the NCs are photoexcited, the band edge 1S optical ab-
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Figure 3. Comparison between calculated (red circles) and ob-
served (black squares) Auger cooling times in InAs/CdSe core/
shell NCs as a function of the emission energy E(1S). The dotted
line is a guide to the eye.

sorption occurs from the degenerate, mainly s states,
hs4 (VBM-2,VBM-3), and therefore when AR takes place
the hole may still occupy such excited states, especially
if the sp energy separation Al in the valence band
does not match available phonon energies. The col-
ored squares in Figure 2 were obtained precisely by se-
lecting initial configurations with the hole in one of
the s states.

This feature of the VB in InAs NCs has important im-
plications for CM and could explain part of the puz-
zling size dependence of the CM threshold observed re-
cently."” For a qualitative understanding of the reasons
behind this effect, we shall employ the very same
simple and intuitive effective mass arguments that
Schaller et al. used to explain the material dependence
of the CM threshold. Let us start by defining the ob-
served optical gap E(1S) = E(e;,hq2) + A?p and conse-
quently the photon excess energy AE = fiw — E(1S).
From eq 1 we can derive

my,
AE, = AEm (3)
The CM threshold in ref 11 was derived from the
condition

max(AE,, AE,) = Eg 4

However, in eq 4 E; = E(CBM,VBM), which for InAs NCs
yields Eq = E(e1,h,) = E(1S) — Al In fact in CM the ex-
citation of a VB electron (or, to be more general, the
coupling between single-exciton and multiexciton
states) occurs via Coulomb interaction, which is not
constrained by the optical selection rules that deter-
mine E(1S). Combining eqgs 3 and 4 we get

m, h m,

h(DCM = (2 + m—h)E(1S) - Asp(1 + m—h) (5)
which contains the desired size dependence through
the sp splitting in the VB [note that the CM threshold
is usually expressed in units of E(1S)]. According to the
values calculated here for E£(1S) and A?p, this simple
model would predict a nonmonotonic trend with size
for fiwcw: the highest value for the CM threshold energy
is obtained for the smallest NC considered; the lowest
for the medium size NC, and an intermediate value for
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the largest NC, in agreement with what was observed
in ref 11. It should be emphasized here once again that
this is only a simple model, that completely neglects
the complexity of the band structure of real NCs and
any interactions between charge carriers. As such it can
only yield a qualitative explanation of the observed
trends for size and material dependence of the CM
threshold energy.

Another implication of eq 5 is that it should be pos-
sible to achieve a CM threshold closer to the apparent
energy conservation limit of 2E5 = 2E(1S), although, if
E(1S) is expressed in terms of the energy gap relevant to
CM, E(e,h; 5), the threshold is

m, N
hoey = (2 + m—h Ele, hin) + Ay, (6)

farther away from the real energy conservation limit of
2E4 = 2E(eq,hy ).

(M Time Constant and 15 Population Buildup. One of the
most controversial issues related to CM is the determi-
nation of its time constant: according to the different
models proposed in the literature to date, it can range
anywhere from 0 (i.e., an instantaneous process, as pro-
posed by Schaller et al.)® to a few hundreds of
femtoseconds.**®*” Experiments® have set an upper
limit for it at about 400 fs in CdSe and PbSe (with the ex-
perimentalists speculating CM to occur on time scales
that are even shorter than their wavelength-dependent
time resolution of 50—200 fs),®> based on the compari-
son of the buildup dynamics of the lowest 1S electron
state in transient absorption measurements obtained
for different excitation energies, above and below the
CM threshold. No equivalent study has been carried out
so far for InAs NCs, for which electron intraband relax-
ation times are available only for excitation energies be-
low fiwcy."”

To gain further credibility for our method, we there-
fore assessed its capability to also reproduce the ob-
served electron lifetimes for low excitation energies.
The electron 1P-to-1S state relaxation times calculated,
as explained in the Methods section, assuming a
Coulomb-mediated decay (i.e., Auger cooling, Figure
1e) in core/shell structures are in good agreement with
the experimental data'" (see Figure 3) and confirm
once more?>*8° the suitability of the semiempirical
pseudopotential method for the study of excited state
relaxation dynamics in semiconductor NCs.

In light of the above results we proceeded to the
evaluation of the CM time constant. To date there is
no general consensus regarding the underlying mecha-
nism responsible for CM, and different hypotheses
have been proposed so far in the literature 34647,°052.33
In this work we will follow our original proposition
of an impact-ionization-like process, which we termed
direct carrier multiplication or DCM. According to the
DCM model, the absorption of a high-energy photon

52,53
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with fiw > 2E4 creates a highly excited e—h pair. If the
excess energy of one of the carriers (due to its lighter ef-
fective mass, usually the electron) exceeds Eg then,
upon relaxation of the carrier to its band edge, such en-
ergy can be transferred efficiently, via a Coulomb-
mediated transition, to a valence electron, promoting
it across the band gap and creating an additional e—h
pair (Figure 1f). As pointed out by many
authors,>#%%7-°% in the impact ionization model the ma-
trix elements involved in the calculation of the CM life-
time are the same as those used for calculating the AR
time, the only crucial difference being the inversion be-
tween initial and final states in the two processes

= 2N IWPOPE — B)  (72)
Toem h 7

_ 2% Z I(XXiIWIXf>|26(Ei —E) (7b)
TAR ;

Indeed DCM is the inverse process of AR (see Figure
1a,f).

Given the excellent agreement with experiment
achieved for the AR lifetimes, the pseudopotential
method is therefore ideally suited for the evaluation of
the CM time constant. An interesting property of these
matrix elements is their energy independence, that is,
the fact that, as shown by Delerue et al.,*® they are al-
most constant over a wide range of energies of the ini-
tial DCM states. This property was used by Franceschetti
et al.*’” to deduce the DCM rates in PbSe NCs as a func-
tion of energy starting from the experimentally mea-
sured AR lifetime. We will exploit it here to calculate the
DCM time constant as a function of the photon energy
for an InAs NC with R = 14.6 A, (the size for which the
agreement with experiment was best and which was
small enough to allow the direct calculation of all
bound states) starting from our calculated matrix ele-
ment for AR. To do that we calculated the Te—1h and
2e—2h density of states (DOS) px(E) = 8(E — Ef) and
pxx(E) = S(E — Ef¥), only including states that can be
connected by Coulomb interaction,”’ that is, those
states that differ by no more than three single particle
states, as pointed out by Luo et al.>* (although they
found the ratio pyx/px calculated using density of states
that account for the correct Coulomb coupling to be
generally similar, in a wide range of materials, to that
obtained using density of states that consider all pos-
sible states). Finally, using eq 7, the DCM time constant
could be simply obtained as

T pX(ZEg)
AR Pxx(E)

Toem(E) (8)
When applied to CdSe NCs this procedure yielded?>
results consistent with those obtained using the DCM
matrix elements directly calculated according to refs 52
and 53. The resulting DCM time constant, displayed as
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Figure 4. Calculated DCM time constant as a function of the ex-

citation energy for InAs core-only (blue line) and InAs/CdSe
core/shell NCs (red line). The value of Tpcy at the CM threshold
observed for such small NCs (E/Ey = 2.5)"" can be <50 fs for

core-only samples and <180 fs for core/shell NCs. The large os-
cillations near the energy conservation threshold E/E; = 2, also
found in previous theoretical studies,*® are due to the low den-
sity of biexcitonic states at that energy. This effect is particularly

pronounced in InAs, compared, for example, with PbSe, as the
CBM is nondegenerate in this semiconductor.

a function of the excitation energy (normalized by E),
is presented in Figure 4, showing that DCM can be as
fast as few tens of femtoseconds already for excitation
energies just above the observed CM onset (E/E; =
2.5"" for a NC with similar size), consistent with previ-
ous predictions based on tight-binding calculations>°
and with the shortest estimates of the CM time constant
deduced from measurements in CdSe and PbSe NCs.?
Recent detailed pseudopotential calculations of the dis-
tribution of the CM rates following photon absorption,
performed by Rabani and Baer,>® estimate instead an
average lifetime for the exciton to biexciton transition
of about 17 ps at £ = 2.5E4 in InAs NCs with D = 31 A.
If this decay time is used to estimate the AR lifetime by
inserting it (together with the excitonic and biexcitonic
DOS calculated in ref 56) into eq 8, however, a value of
about 50 ps is found, which is about an order of magni-
tude larger than both the lifetime calculated here and
that observed experimentally for similar sizes (see Fig-
ure 2). Rabani and Baer found>® a broad distribution of
exciton-to-biexciton transition rates, spanning 4—6 or-
ders of magnitude at a given exciton energy, depend-
ing on the specific exciton considered, therefore several
of the rates included in such a large range would yield
good agreement with the observed AR rates, when sub-
stituted in eq 8. Nevertheless, given the large number
of excitons included in Rabani and Baer’s calculations it
is surprising that the simple estimate based on eq 8
may yield shorter DCM lifetimes.

The possible sources of error in our derivation (eq
8) which would have led to an underestimate of Tpcu
are three: (i) variable, as opposed to constant, matrix el-
ements; (i) an underestimate of px(2Ey); (iii) an overesti-
mate of pyx(E). Even assuming an unlikely large varia-
tion of 1 order of magnitude (not found in ref 50, but
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found for the effective coupling in ref 56), in the matrix
elements (i), our DCM lifetimes would still be more than
1 order of magnitude shorter than those calculated in
ref 56. (i) px(2E,) was obtained from the very same
states included in the calculation of the AR lifetime
and is therefore not likely to have been underestimated.
Finally, given that in ref 56 the authors emphasize the
necessity of including all states in order to obtain reli-
able estimates of the CM rates, the value of pyx(E) calcu-
lated here (iii) could only have been underestimated
(but not overestimated), compared with their calcula-
tion. We conclude that it is unlikely that errors in our es-
timate of Tpcm could explain the large discrepancy be-
tween the lifetimes reported in ref 56 and those
estimated here and in ref 50.

The origin of this discrepancy may lay in the differ-
ent screening assumed in the two calculations. As dis-
cussed in the Method section below, conforming to the
results of recent LDA3® and tight-binding®® calcula-
tions, the interactions at the NC surface are assumed
to be unscreened in the present work, and screened by
the bulk dielectric constant in the dot interior,?®
whereas the effect of this screening was captured on
average in ref 56 by employing a size-dependent dielec-
tric constant (g(R)). As the wave functions of the highly
excited initial states involved in the DCM process are ex-
pected, due to the large kinetic energy associated with
them, to be more localized on the NC surface than in its
core, this may yield to differences in the calculated

COMPUTATIONAL METHODS

The electronic structure of spherical InAs NCs with radii of
14.6, 20.0, and 25.0 A was calculated according to the semiem-
pirical pseudopotential method?® following the procedure de-
tailed in ref 27. AC and AR rates were calculated within the stan-
dard time-dependent perturbation theory according to*®

2 .
1/ = 2 Z, KIWIDIPS(E, — E) ©)

where |i) and |f) are the initial and final Auger electronic states,
with energies E; and E;, and W is the screened Coulomb interac-
tion. The delta function was broadened using a Lorentzian line
shape

1@

SE — E) =
€& T(E — E) + ([/2)

(10)

where #/I" is the lifetime of the final states (the value used in
this work is I' = 10 meV but it was found here that Auger life-
times are almost unaffected by variations in I' of over 1 order of
magnitude from 5 to 100 meV. Such variations only affect the re-
sults accounting for size-inhomogeneities in the experimental
samples by increasing the length of the error bars in Figures 2
and 3).

As in ref 25 the AR rates Txx ' were evaluated combining
two contributions 7.~ and 7, ", deriving, respectively, from the
excitation of an electron, (as displayed schematically in Figure 1b
for a case in which the excitation occurs in the presence of a sur-
face hole trap state), and from the excitation of a hole (see Fig-
ure 1a), as Txx ' !

=7 "+
&) VOL.3 = NO.9 = CALIFANO

rates of the order of £(R)? (i.e., about 2 orders of magni-
tude, for large dots). This, together with some variabil-
ity of the matrix elements with energy, could account
for the discrepancy in the calculated DCM lifetimes.

CONCLUSIONS

The biexciton decay time constants and the 1P-
to-1S electron relaxation lifetimes in InAs NCs of differ-
ent sizes have been calculated using the atomistic
semiempirical pseudopotential method and the results
were found in very good agreement with recent experi-
mental data. The calculated CM time constant reaches
values of tens of fs at energies close to the observed CM
onset, consistent with the upper limits experimentally
estimated for CdSe and PbSe, and indicating a fast and
efficient process. Finally, the large values found for the
ratio between the Auger recombination times calcu-
lated for trions and biexcitons suggest that, although
the observation of a fast component in the band edge
exciton bleach decay at high excitation energies cannot
be considered alone as a reliable indicator of the pres-
ence of biexcitons, it should be possible to experimen-
tally determine the presence of charged NCs based on
the magnitude of such component. This result, al-
though not straightforwardly generalizable to other
material systems, seems to suggest that the explana-
tion for the observed large variability in CM yields may
lay elsewhere: surface chemistry effects are the most
likely candidates.

Electron and hole contributions can, in turn, be expressed
in terms of the decay of a negative (1/7x-) and a positive (1/
T¢+) trion as 7. = 3/7¢- and 7,”' = 2/7x+, where the different
values of the constants are due to the different configurations
available in the two cases when the valence band maximum is
2-fold degenerate (without spin). The AR rates were obtained in-
cluding (as final states) up to 32 electron (for 7.') and up to 37
hole levels (for 7, ") centered around the energies &, + &qap and
€n, — Egap respectively (where gqop = ge, — &), Whereas in the
calculation of AC lifetimes 40 hole final states centered around
en, — A, (Aes, = ge, — &) were employed. In all cases a win-
dow of at least 160 meV (i.e., at least 80 meV either side of the ref-
erence energy) was covered by the final states. Since the experi-
ments were performed at room temperature a Boltzmann
average over the initial states was considered.

Screening in Semiconductor NCs. Recent tight-binding?® and LDA3°
calculations found that the dielectric constant of a semiconduc-
tor NC is bulk-like in the core up to a small (ca. 1—2 A) distance
from the surface where it decreases to 1. Accordingly, in the cal-
culation of the Auger integrals,®' the regional screening devel-
oped in ref 25 was adopted, where the microscopic dielectric
function of the dot is expressed in terms of a core and a surface
term as

e ) = e, ) + (g, (5 1) — ey (r 1) m(n) m(r)

(1)

In eq 11 m(r) changes smoothly from 1, when r is inside the dot
(r < Rgot — d), to 0, when ris outside (r > Ryo + d), yielding &(r,r’)
= g, inside the dot, while &(r,r') = £, When r, or r’, or both
are outside the dot (here d is chosen = 1 A, but the choice d =
2 was found in the past® to give similar results). &;, was there-
fore assumed to be equal to the bulk screening, whereas g,,: Was
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chosen equal to 1, consistently with refs 29 and 30, for core-
only structures, and equal to the dielectric constant of the shell
(ecdse = 6) for InAs/CdSe core/shell NCs.
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