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We present calculations predicting that defects at the surface of semiconductor nanocrystals have a strong
influence on the dynamics of hot carriers after photoexcitation. The relaxation of excited carriers by impact
ionization of carriers trapped on deep levels is efficient, in particular in the presence of a band of defect states
in the gap. Impact ionization of defects can also induce single-carrier multiplication but carriers generated in
this way have a 1–100 ps lifetime due to multiphonon capture by the defects. These results are used to discuss
recent experimental studies on carrier relaxation and multiplication in nanocrystals.
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I. INTRODUCTION

Semiconductor nanocrystals receive a great deal of atten-
tion due to their properties, which can be tuned via their
shape and their size, which make them attractive for various
applications, including optoelectronic devices,1 solar cells,2

or biological detection.3 Recently, intense research has fo-
cused on the dynamics of electrons and holes after optical
excitation at energies well above the nanocrystal band gap.
In that case, interesting phenomena are expected due to sig-
nificant enhancement in carrier-carrier Coulomb interactions
induced by the strong confinement.4 In particular, many ex-
periments reveal that excited carriers quickly relax to lower-
energy states in spite of a discrete energy spectrum.5–9 Effi-
cient relaxation of hot carriers in nanocrystals is often
explained by the electron-hole scattering mechanism in
which the electron transfers its excess energy to the hole and
the hole can relax via phonon emission due to the high den-
sity of hole states.7,10–12 But this interpretation is largely
debated,8,9,13 in particular because fast relaxation of the elec-
tron is observed in the absence of hole.6,7,13 In addition, sev-
eral works have revealed that the relaxation rate of excited
carriers strongly depends on the passivation and on the cap-
ping of the nanocrystals.13,14

Another dynamical effect that presently receives consid-
erable attention is carrier multiplication �CM� and conse-
quently multiexciton generation which consists in the gen-
eration of multiple electron-hole pairs by a single photon.
Since the first report on efficient CM in nanocrystals by
Schaller et al.,15 a number of experimental studies confirmed
the occurrence of CM in PbSe,15–19 PbS,16 CdSe,19,20

InAs,21,22 and Si �Ref. 23� nanocrystals. CM is usually
monitored in pump-probe experiments by its effect on
transient absorption,15,16 luminescence,20,24 and terahertz
conductivity.21 It is also revealed in photoconductivity.18 But
the existence of efficient CM in nanocrystals remains largely
discussed.21,24–29 Recent works on PbSe,26,27 CdSe, CdTe,24

and InAs �Refs. 21 and 25� nanocrystals concluded that the
CM efficiency is either negligible or much smaller than in
early reports. In addition, recent theoretical works have
shown that relaxation of excited carriers by impact ionization
may be at the origin of some CM in nanocrystals at high
photon energy28–31 but cannot explain the highest yields re-
ported experimentally.28,29

From these results, it is clear that the current knowledge
of the dynamics of hot carriers in nanocrystals is far from
being complete and that it is important to identify all the
mechanisms at the origin of fast relaxation and CM in nano-
crystals. In this paper, we show that surface defects can have
an important effect on these processes due to the strong
electron-electron interactions. Surface states are expected in
nanocrystals due to high surface-to-volume ratio; they are
studied in a large number of works32–37 and are invoked to
explain nanocrystal blinking.38 It is well known that defects
can capture carriers from the bands but their effect on the
carrier relaxation has not been evaluated so far. Therefore we
present calculations of the impact ionization rates in the pres-
ence of deep defect levels.

II. METHODOLOGY

We consider an electron or a hole excited in a nanocrystal
and its relaxation by impact ionization: the excited carrier
decays to a lower-energy state and excites an electron from
an occupied state to an unoccupied one �Fig. 1�. In the usual
impact ionization mechanism �Fig. 1�a��, the electron is ex-
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FIG. 1. �a� Schematics of the impact ionization process for the
relaxation of a hot electron and the subsequent excitation of an
electron from the valence band to the conduction band. The process
for the relaxation of an excited hole is symmetric. �b� Same process
but involving an electron on a deep level instead of a valence-band
electron. �c� Generation of an exciton via a deep level following the
relaxation of an electron and a hole in cascade.
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cited from a valence state to a conduction one; the relaxation
generates an electron-hole pair.15,16 The main objective of
our work is to consider, in addition to this process, other
mechanisms in which, for example, the relaxation of the car-
rier excites an electron from a deep level to the conduction
band �Fig. 1�b�� or, symmetrically, excites a valence electron
to an empty deep level. For all these processes corresponding
to transitions between initial states �i� and final states �f� of
the electronic system, we calculate the relaxation lifetime �
using the Fermi golden rule,

1/� = 2��Vif�2� f�E�/� , �1�

where � f�E� is the density of final states at the energy E and
Vif is the transition matrix element of the screened Coulomb
interaction. This procedure is justified in Refs. 28 and 29.

We consider the case of Si nanocrystals because their sur-
face can be passivated by hydrogen atoms and, consequently,
surface dangling bond defects are created in a well-
controlled manner just by removing some of these hydrogen
atoms. We calculate the electronic structure of the nanocrys-
tals in tight binding as described in Ref. 39. This method is
very efficient to simulate the electronic structure of semicon-
ductor nanocrystals40 and gives the possibility to apply an
intra-atomic potential U on each surface atom with a dan-
gling bond to adjust the deep level position in the gap.

Details on the calculation method are given in Refs. 28
and 29. For each initial state �i� corresponding to an excited
carrier, either a hole in the valence band �with negative en-
ergy E and with the zero energy corresponding to the top of
the bulk valence band� or an electron in the conduction band
�E�0�, we compute the relaxation lifetime from Eq. �1�. In
principle, � f�E� is a sum of Dirac functions but we have
broadened each peak by a Gaussian with a width of 5 meV to
simulate the coupling of the electronic states to their envi-
ronment. This broadening can be easily justified by the elec-
tron vibration coupling which is enhanced in nanocrystals
and which is even stronger on defects.40 Therefore the value
of 5 meV can be safely considered as a lower bound for the
broadening.40,41

III. RESULTS

The lifetimes calculated with U=−0.8 eV are presented
for two nanocrystal sizes in Fig. 2 as a function of the energy
E of the excited carrier. In each case, we compare two situ-
ations corresponding to the perfectly passivated nanocrystal
and to the nanocrystal with two dangling bonds, respectively.
Due to the proximity of the two dangling bonds in a nano-
crystal, there is always a small coupling between the two
surface states leading to two deep levels in the gap �at 0.64
and 1.08 eV for a diameter of 2.2 nm and at 0.66 and 0.94 eV
for a diameter of 2.7 nm�. The lowest state is fully occupied;
the highest one is unoccupied.

Figure 2 shows that there is an energy region �around E
�0� where the impact ionization is energetically impossible,
i.e., when the carrier excess energy is too small to induce an
electronic transition. At high excess energy �E�6 eV or E
�−4 eV�, the results obtained with and without surface
states cannot be distinguished, meaning that the relaxation

occurs by usual impact ionization leading to the generation
of an electron-hole pair. But, at lower excess energy, the
lifetime is much shorter in the presence of dangling bonds
because the main relaxation mechanism is the impact ioniza-
tion via the deep levels.

There is also a range of energy �between the two vertical
bars in Fig. 2� where impact ionization is allowed in the
presence of defects whereas it is forbidden in their absence.
The reason is that less energy is required to excite a carrier
from/to a deep state than through the gap, and therefore the
density of final states presents thresholds at lower excess
energy as shown in Fig. 3. Obviously, these thresholds for
impact ionization via surface defects depend on the position
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FIG. 2. �Color online� Relaxation lifetime ��� versus the energy
of the excited carrier in �a� 2.2 and �b� 2.7 nm Si nanocrystals, in
the presence �solid red line� or in the absence �dashed blue line� of
two dangling bond states. The zero of energy corresponds to the top
of the bulk valence band: positive �negative� energies correspond to
excited electron �hole� states. The vertical bars indicate the thresh-
olds for impact ionization in the absence of surface states.
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FIG. 3. �Color online� Density of final states � f�E� as a function
of the energy E of the excited carrier in a 2.7 nm Si nanocrystal, in
the presence �solid red line� or in the absence �dashed blue line� of
two dangling bond states. The zero of energy corresponds to the top
of the bulk valence band: positive �negative� energies correspond to
excited electron �hole� states. The vertical bars indicate the thresh-
olds for impact ionization in the absence of surface states.
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of the deep levels in the gap but we have checked that the
curves remain quite similar when we vary the value of U.
For example, a variation of 1 eV of U leads to a �0.5 eV
shift of the deep level, the thresholds are shifted accordingly,
but the lifetime versus energy remains almost unchanged in
average.

The impact ionization of the electrons on the deep levels
is a very efficient process as shown by comparing ��E� �Fig.
2� and the density of final states � f�E� �Fig. 3�. At high ex-
cess energy, when the usual impact ionization process is the
most efficient, the relaxation rate �1 /�� is basically propor-
tional to � f because the matrix element �Vif�2 is in average
approximately constant �see discussions in Refs. 28 and 29
and Fig. 2 of Ref. 29�. But this is not the case at low excess
energy where � varies much less than � f. We interpret this
result by the strong localization of the surface states which

influences the matrix elements of the electron-electron Cou-
lomb interaction.

The relaxation lifetime in the presence of two dangling
bonds �Fig. 2� is found—in average—between 10 fs and 10
ps. The lifetime at low excess energy tends to become
smaller when the number of surface defects increases. To
illustrate this behavior, we consider in the following a nano-
crystal with ten dangling bonds at the surface. In that case,
there is a strong coupling between the dangling bonds lead-
ing to the formation of ten deep levels scattered in the gap
�only five are occupied by electrons�. This situation could be
considered as extreme but the formation of surface state
bands was considered in previous works,37 in particular to
explain quantum dot blinking.38 Much shorter lifetime �i.e.,
largely subpicosecond� is obtained with ten defects �Fig.
4�a��. In order to analyze this situation in depth, we present
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FIG. 4. Relaxation lifetime ��� versus the energy of the excited carrier in a 2.7 nm Si nanocrystal with ten dangling bond states at the
surface. The zero of energy corresponds to the top of the bulk valence band: positive �negative� energies correspond to excited electron �hole�
states. The lifetimes corresponding to different channels for the relaxation are shown in �b�–�f�, while the total lifetime is presented in �a�.
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in Figs. 4�b�–4�f� the calculated lifetimes for different relax-
ation channels that contribute to the overall lifetime of Fig.
4�a�. The usual impact ionization process �Fig. 4�f�� leading
to the generation of an exciton remains the most efficient one
at high carrier excess energy �E	5 eV or E�6 eV�. At
lower excess energy, other processes involving deep states
become more efficient. The most efficient one corresponds to
the relaxation of the electron in the conduction band �or sym-
metrically the hole in the valence band� and the subsequent
excitation of an electron within surface states �Fig. 4�c��. The
processes shown in Figs. 4�d� and 4�e� leading to the excita-
tion of an electron between a deep state and a band are also
quite efficient.

IV. DEFECTS AND FAST RELAXATION OF EXCITED
CARRIERS

The main result of our calculations is that fast relaxation
by impact ionization is predicted in a wide range of energy in
the presence of surface defects, in particular when surface
states tend to form a band in the gap, a situation which was
considered in a model explaining the quantum dot blinking.38

Subpicosecond lifetimes agree well with the reported values
for the relaxation of hot carriers in nanocrystals.8,9,19,42 They
arise from the combination of two effects: �1� the opening of
new channels for the relaxation and �2� the strong electron-
electron interactions in nanocrystals. The influence of defects
can be reduced by a better passivation, for example, by the
growth of shell made of a wide-gap semiconductor. Recent
works have shown that the photoluminescence does not blink
in nanocrystals with a very thick shell.43,44 In addition, the
relaxation lifetime can be considerably increased in the pres-
ence of a shell, at the condition that the hole is removed to
avoid fast relaxation by electron-hole scattering.14

V. DEFECTS AND CARRIER MULTIPLICATION

Let us discuss the possible role of surface defects on re-
cent experiments showing CM.15–26 All these experiments
indirectly probe the population of carriers at the band edges.
They indicate a rapid increase in this population after a pump
pulse but hardly distinguish between carriers obtained by the
generation of excitons and those obtained by transitions from
surface defects �Figs. 4�d� and 4�e��. In transient absorption
experiments,4 pump-pulse-induced absorption changes are
probed with a second time-delayed pulse that is tuned to the
lowest-energy exciton transition. The resonant absorption
signal is not a direct measure of the electron-hole population
since it relates to single-particle state filling �in contrast to
transient photoluminescence experiments24�. For example, a
complete filling of either electron or hole band-edge states is
sufficient to quench the resonant absorption.

If the impact ionization can induce single-carrier CM, it
cannot directly generates excitons �Fig. 1�b��. However, two
impact ionization processes in cascade in which a deep level
acts as an intermediate state generate an exciton �Fig. 1�c��.
Impact ionization of deep defects could be also effective in
photoconductivity experiments on assemblies of
nanocrystals.18 Carriers trapped at surface defects do not

contribute to the current but the photocurrent could be in-
duced by the emission of these carriers to the more delocal-
ized band-edge states of the nanocrystals.

VI. CAPTURE OF IONIZED CARRIERS BY SURFACE
DEFECTS

Another signature of CM is the fast component �10–100
ps� of the transient absorption signal.15–26 It is usually
interpreted—with convincing arguments—by the fast decay
of multiexciton population due to Auger effect.4 We show in
the following that, after emission of carriers from deep levels
by impact ionization, the multiphonon capture of the carriers
by the surface defects could also contribute to the fast com-
ponent. We calculate the lifetime as detailed in our previous
works.40,45 We consider a nanocrystal diameter of 2.7 nm and
a single defect characterized by an ionization energy Ei, a
capture cross section of 10−15 cm2 for Ei=0.3 eV, and a
relaxation energy �Franck-Condon shift� of 0.3 eV. These
data for the electron-vibration coupling are those known for
the Pb defect at Si-SiO2 interface, thus representing typical
values for surface defects.40,45 Figure 5 shows that the cap-
ture lifetime is between 1 and 100 ps in a wide range of
energy Ei, which is close to the measured lifetimes for the
fast component. We have also considered an Auger-type pro-
cess when there are two electrons on the lowest conduction
state: one electron decays to the defect state and the second
one is excited to higher energy. We calculate the lifetime as
function of Ei using the same method as for the impact ion-
ization except that, for the sake of comparison, we consider
for the broadening the same electron-phonon coupling as for
the multiphonon capture. We obtain that this Auger-type pro-
cess is less efficient than the multiphonon capture in this
situation �Fig. 5�.

VII. CONCLUSION

In conclusion, our work suggests that surface defects in
nanocrystals play an important role in the dynamics of ex-
cited carriers because they open new efficient channels for
the relaxation by impact ionization. The thresholds for im-
pact ionization are shifted to lower excess energy above
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FIG. 5. Lifetime for the relaxation of an electron from the low-
est conduction state to a deep defect level as a function of its ion-
ization energy Ei. Two processes are compared: multiphonon cap-
ture �solid line� or Auger relaxation �crosses�.
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which the relaxation rate is strongly enhanced. When there is
a defect band in the gap of the nanocrystals,38 the relaxation
by impact ionization can be associated with the excitation of
an electron between defect levels. Another efficient channel
leads to single-carrier multiplication through the emission of
a carrier from a deep level to a band state. Multiexciton
generation is also possible if defect states act as intermediate
levels �Fig. 1�b��. Multiexciton generation efficiency could
be also improved by surface defects if we imagine, as in the
case of oxidized porous silicon,46 occupied and unoccupied
electron levels induced by defects showing a gap sufficiently
large to be useful in photovoltaic applications.

Another result of our work is that the 1–100 ps lifetime of
generated carriers could be also ascribed to the multiphonon
capture by defects which were ionized by impact ionization.
A more general conclusion of our study is that the dynamics
of excited carriers becomes very complex in the presence of
defects. Due to strong electron-electron interactions, which
are already at the origin of Auger4 and electron-hole
scattering7,10–12 effects, many processes involving surface
defects become efficient. All these effects can be reduced by
the growth of a large shell in core-shell nanocrystals and by
the removal of the hole after excitation in III-V and II-VI
nanocrystals.14,43,44
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