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Femtosecond transient absorption in the visible and infrared spectral ranges has been applied to study carrier
dynamics and mechanisms for resonant optical nonlinearities in CdSe nanocrystals (NCs) with a variety of
surface passivations. Sequential filling of the 1S, 1P, and 1D atomic-like electron orbitals, governed by Fermi
statistics, is clearly observed in the NC bleaching spectra recorded at progressively higher pump intensities.
We observe that electron—hole (e—h) spatial separation strongly affects electron intraband dynamics. Such
dependence indicates a nonphonon energy relaxation mechanism involving e—h interactions. A strong difference
in electron and hole relaxation behavior in the stage following initial intraband relaxation is observed. In
contrast to electron relaxation, which is sensitive to the quality of surface passivation (i.e., is affected by
trapping at surface defects), depopulation dynamics of the initially-excited hole states are identical in NCs
with different surface properties, suggesting that these dynamics are due to relaxation into intrinsic NC states.
In the regime of multiparticle excitation, a quantization of relaxation rates corresponding to different multiple

e—h pair states is observed. This effect is explained in terms of quantum-confined Auger recombination.

1. Introduction

Semiconductor nanocrystals (NCs) or quantum dots (QDs)
represent a class of quasi-zero-dimensional objects in which
carrier motion is restricted in all three directions. Bulk crystalline
structure is preserved in NCs; however, due to three-dimensional
(3D) quantum confinement NCs have atomic-like discrete
energy spectra that are strongly size dependent.! ™

Chemical synthesis allows fabrication of NCs in the size range
from 1 to 10 nm. Synthetic methods are particularly well
developed for II—VI NCs. The two main chemical routes for
preparation of these NCs are high-temperature precipitation in
molten glasses>® and colloidal synthesis using, e.g., organome-
tallic reactions.>” Glass samples provide rigidity and environ-
mental stability; however, they have a broad NC size distribution
(typically greater than 20%) and a large number of surface
defects. A much higher level of synthetic flexibility and control
is provided by colloidal NCs which can be chemically manipu-
lated in a variety of ways including size-selective techniques’
(resulting in less than 5% size variations), surface modification
by exchanging the passivation layer,?° formation of layered NC
heterostructures,'®!! immobilization in sol—gel'? and polymer'?
matrices, and self-assembly into 3D superlattices.'*13

The focus of this review is studies of ultrafast carrier
dynamics and band-edge optical nonlinearities in colloidal NCs.
Because of a large energy level spacing and an enhanced
surface-to-volume ratio, carrier dynamics in NCs are signifi-
cantly different from those in bulk materials. The large energy
level separation has been predicted to significantly inhibit
intraband energy relaxation due to a “phonon bottleneck™!®
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which, however, has been argued against by recent experi-
ments.'7!8 After initial fast energy redistribution, carrier relax-
ation in bulk II—VI semiconductors proceeds primarily by
radiative decay. In NCs, carrier dynamics in this stage of relax-
ation can be much faster than for radiative decay due to enhance-
ment of nonradiative processes associated, e.g., with surface
trapping'®!® and/or multiparticle Auger recombination.?%-?!

In NCs, band-edge optical nonlinearities arise primarily from
state-filling leading to bleaching of optical transitions and
Coulomb multiparticle interactions resulting in transition shifts
and modifications in transition oscillator strengths.?? Because
thermal depopulation of the lowest quantized states is inhibited
by a large separation between energy levels, the role of state
filling in NCs is enhanced in comparison with that in bulk
materials. Coulomb effects are also enhanced in small-size NCs,
due to a I/R scaling (R is the NC radius) of the Coulomb
potential. Further enhancement in nonlinearties caused by
Coulomb electron—hole (e—h) interactions can occur as a result
of surface trapping of one type of carriers (electrons or holes)
leading to generation of strong local fields.??

The article begins with analysis of linear and nonlinear
(transient) absorption spectra of CdSe NCs (sections 2 and 3)
which allows us to quantify the size dependence of NC linear
and nonlinear absorption cross sections and to evaluate the role
of different mechanisms for optical nonlinearities. This analysis
is followed by an overview of studies of intraband energy
relaxation with a special emphasis on the role of nonphonon
mechanisms for energy losses (section 4). Finally, we review
studies of electron and hole dynamics in the stage following
initial energy relaxation for both single and multiple e—h pair
regimes (section 5).
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Figure 1. Linear absorption spectra of TOPO/TOPSe-passivated CdSe
NCs with radii from 1.2 to 4.1 nm (solid lines) fit to a sum of four
Gaussian bands (dotted lines). NC size dispersions derived from the
fits are indicated in parentheses. Arrows mark the positions of the four
well-resolved transitions involving 1S and 1P electron states in the 4.1
nm sample.

2. Linear Absorption Spectra and Absorption Cross
Sections of CdSe Nanocrystals

This review concentrates on CdSe colloidal NCs fabricated
by organometallic synthesis.” As prepared, these NCs are
passivated with organic molecules of trioctylphosphine oxide
(TOPO) and trioctylphosphine selenide (TOPSe).® The capping
layer prevents nanoparticles from aggregating and renders them
soluble. It also provides a varying degree of “electronic”
passivation of surface traps as discussed in section 5.1. The
original passivation can be modified via surface exchange
reactions,’”? which has been used in studies of the influence of
surface treatment on the electronic and optical properties of
NCs.>?42 In addition to passivation with organic molecules,
CdSe NCs can be overcoated with a layer of a wide-gap
inorganic semiconductor such as ZnS.!! This allows one to
greatly improve “electronic” passivation of NC surfaces, result-
ing, in particular, in a significant increase in the photolumines-
cence (PL) quantum yield.

We will review room temperature results for CdSe NCs with
mean radii from 1 to 4 nm and a size dispersion from 4% to
9%. Since the exciton Bohr radius in CdSe is ~5 nm, this size
range corresponds to the regime of extremely strong confinement
for which the spacing between the two lowest electron states
(>200 meV) is much greater than both the exciton binding
energy (16 meV) and the energy of the longitudinal optical (LO)
phonon (26 meV).

In Figure 1, we show linear absorption spectra (ay) of five
colloidal samples with NC radii 1.2, 1.7, 2.3, 2.8, and 4.1 nm.
Because of a narrow NC size distribution, these spectra show
well-resolved features corresponding to interband optical transi-
tions coupling different electron and hole quantized states. The
detailed PL-excitation studies of ref 26 demonstrate that these
features can be explained by the effective-mass model, taking
into account confinement-induced mixing of three valence
subbands.?’ In this model, electron states are labeled using a
letter (/) to denote the angular momentum of the envelop wave
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function (S for [ = 0, P for [l = 1, D for [ = 2, etc.) and the
digit to denote a number of the state of a given symmetry. The
electron states are 2(2/ + 1)-fold degenerate with respect to
the spin projection and the projection of the angular momentum
of the envelop wave function. The three lowest electron states
in the order of increasing energy are 1S, 1P, and 1D. The
notation for hole states is similar to that used for electron states,
with the addition of a subscript which denotes the total hole
angular momentum (F), which is the sum of the valence-band
Bloch-function momentum and the momentum of the hole
envelope wave function.?”-?8 The hole states are (2F + 1)-fold
degenerate. This degeneracy is lifted if the effects of the crystal
field in a hexagonal lattice,” NC nonspherical shape,® and
exchange interactions®'3? are taken into account, leading to a
fine structure of the lowest exciton state.>? In CdSe NCs with
R > 2 nm, the first three hole states in the order of increasing
energy are 153/2, 1P3/2, 283/2.27

The two lowest bands in the linear absorption spectra in
Figure 1 can be assigned to transitions involving the lowest
electron state (1S) and two different hole states (1S3, and 2S3),).
In the following, we will refer to these transitions as 1S [1S-
(e)—1S32(h)] and 2S [1S(e)—2S3,2(h)]. The linear absorption
spectra of NCs with R > 2.5 nm also exhibit a well-resolved
band associated with the transition coupling the 1P electron state
to the 1P3, hole state (1P transition) and a higher-lying band
associated with the transition involving the 1S electron state
and a hole state originating from the spin—orbit split-off band
(3Sy); for NC with R = 4.1 nm). In 4.1 nm NCs, the latter band
is also contributed by the transition involving the 1D electron
state (see section 3.3).

The broadening of optical transitions observed in the absorp-
tion spectra of colloidal NCs is primarily due to inhomogeneity
arising from size dispersion. In the strong-confinement regime,
the size dependence of energy transitions in NCs is dominated
by a term proportional to 1/R2. In this case, the inhomogeneous
broadening (I';) of the transition with energy Aw; is proportional
to the shift of this transition with respect to the bulk material
energy gap (E,). For a Gaussian size distribution with a standard
deviation Ar

27,
I, =—" (ho, — E) =203, (1

where A; = Aw; — E; and Or = Ag/R. For NCs with R = 1.7
nm (A;s = 550 meV) and or = 5%, we calculate T'ig = 55
meV, which corresponds to about 130 meV width of the 1S
absorption peak measured at the half-amplitude. This is
consistent with the width of the lowest transition (140 meV)
derived from the linear absorption spectrum of the 1.7 nm
sample (see Figure 1).

In Figure 2a, we show a semilogarithmic plot of linear
absorption spectra recorded over the range ~1.8—4.8 eV for
the same set of samples as in Figure 1. The spectra are
normalized to match absorption coefficients at high spectral
energies. In all samples, distinct optical transitions are well
resolved within about 1 eV on the high-energy side of the 1S
resonance. At higher spectral energies, due to the increasing
spectral density of electron and hole quantized states, the optical
transitions merge into a structureless profile which has es-
sentially the same spectral shape for all samples independent
of their sizes. Interestingly, at Aw > 3.5 eV, the absorption
spectra of NCs closely match the bulk CdSe absorption
spectrum®3 corrected for local fields effects.3* The spectrum of
the correction factor |7]? (inset to Figure 2a) was calculated
using the bulk CdSe spectral data (ref 33) and therefore does
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Figure 2. (a) Normalized linear absorption spectra of CdSe NCs with
radii from 1.2 to 4.1 nm in comparison to the absorption spectrum of
bulk CdSe corrected for local field effects. The spectrum of the
correction factor |5|? is shown in the inset. (b) NC size dependence of
oscillator strengths of the 1S and 2S transitions derived from normalized
spectra in the upper panel.

not account for a discreteness of NC optical transitions. Thus,
it provides an accurate description of local field effects only at
high spectral energies for which the NC transitions merge into
a bulklike structureless absorption.

The fact that absorption spectra of NCs of different sizes
converge at large Aw into the bulk-semiconductor spectrum
indicates that at high spectral energies the optical absorption of
NC samples is NC size independent and is only determined by
the amount (volume fraction &) of the semiconductor material,
which is consistent with predictions of a simple effective-mass
theory.! This result can be expressed by the following formula:

ayho = 3.5 eV) = Elntho) o, (ho) =
ngVolnth)| oy (fiw) (2)

where ap(hw) is the bulk material absorption, Vj is the volume
of a single NC, and ng is the NC concentration in the sample.
Equation 2 results in the following expression for the NC
absorption cross section gy = Q/no:

o,(ho = 3.5 eV) = V,|nthw)| o, (ho) =
TR o) P he) ()

which indicates a strong NC size dependence of gy (0p = R?).
Scaling eq 3 according to the experimentally measured absorp-
tion spectra of NC samples, one can calculate absorption cross
sections at low spectral energies, i.e., in the range where eq 3
is invalid. For example, at 3.1 eV (this corresponds to the pump
photon energy in all femtosecond (fs) experiments described
below), this procedure gives the following numerical expres-
sion: 0y (cm?) = 1.6 x 107![R (nm)]>.

Klimov

The normalized spectra in Figure 2a can be used to derive
the size dependence of absorption cross sections (oscillator
strengths) of the low-energy 1S and 2S transitions which are
observed as distinct “quantized” bands for all NC sizes from 1
to 4 nm. The scaling procedure to match absorption of NCs of
different sizes at high-spectral energies, applied to the spectra
in Figure 2a, is equivalent to adjusting the volume fraction of
semiconductor to be the same for all samples: & = Vyny = const.
Thus, the normalized spectra in Figure 2a can be considered as
taken for a set of samples for which the NC concentration varies
proportional to R~3. Therefore, the transition areas derived from
these spectra and scaled by R? provide a measure of the size-
dependent oscillator strength per single NC.

In order to accurately find the areas of the 1S and 2S
transitions, we performed a deconvolution of the low-energy
portion of the spectra using a sum of four Gaussian bands (dotted
lines in Figure 1):

4 a (ho — A)*
ay(hw) = exp| — (€))
Z«/;tl“i 2ri2

where q; is the area of the Aw, transition, and T is the transition
broadening which is assumed to scale with the transition energy
according to eq 1. The size-dependent oscillator strengths (f; o
a;R%) derived using this procedure are displayed in Figure 2b.
For both the 1S and 2S transitions, the oscillator strength shows
a strong size dependence. In the size range studied (1—4 nm),
this dependence is linear for the 1S transition (fis « R) and
quadratic for the 2S transition.

Equation 4 indicates that the amplitude of the 1S absorption
cross section [0p(1S)] can be expressed as proportional to
fis/T'1s. Taking into account the linear size dependence of fis
found experimentally (Figure 2b), we can derive the following
expression for 0o(1S): 0o(1S) ~ BRIT s, where f=1.5 x 1074
cm? meV nm™!, as found by scaling eq 3 by the factor of
ao(1S)/ap(3.5 eV) which was calculated using experimental data.
Thus, the 1S absorption cross section exhibits a much weaker
size dependence («R) than the absorption cross sections at high
spectral energies («R?). This difference arises from an increased
overlap of optical transitions with increasing transition energy
which occurs due to an increased spectral density of quantized
states. As a result, the size dependence of high-spectral-energy
absorption cross sections is significantly affected by size-
dependent changes in both the oscillator strength of an individual
transition and the spectral density of optical transitions.

3. Resonant Optical Nonlinearities in Semiconductor
Nanocrystals

3.1. Mechanisms for Ultrafast Optical Nonlinearities.
Time-resolved nonlinear optical spectroscopy is a powerful tool
for studies of energy structures and carrier dynamics in different
classes of bulk and low-dimensional materials.??3 In this article
we will concentrate on optical nonlinearities resulting from
photoexcitation of “real” carrier populations, which are often
referred to as resonant nonlinearities. In NCs, resonant optical
nonlinearites are primarily due to state filling and Coulomb
multiparticle interactions (the carrier-induced Stark effect).?

In NGCs, state filling leads to bleaching of the interband optical
transitions involving populated quantized states. The absorption
changes resulting from this effect are proportional to the sum
of the electron and hole occupation numbers. If we present the
linear absorption spectrum of NCs as a sum of separate
absorption bands corresponding to different “quantized” optical
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transitions, the state-filling induced absorption changes (Aa.)
can be calculated using the expression:

Aa(hw) = = 3G (hw — ho ) + n) (5)

where Gi(hw — hw,) is the unit-area absorption profile of the
hw; transition, a; is the transition area (proportional to its
oscillator strength), and n; and n? are occupation numbers of
electron and hole states involved in the transition. Under thermal
quasi-equilibrium (after the intraband relaxation is finished), the
occupation numbers can be found using the Fermi distribution
function.

Because of degeneracy of the valence band and the large
difference between electron and hole masses (in CdSe, my/m,.
~ 6), the room-temperature occupation probabilities of electron
states are much greater than those of the coupled hole states
(the hole populations are spread over many adjacent levels by
the thermal distribution). As a result, the state-filling-induced
absorption changes are dominated by electrons.® The role of
holes in transitions’ bleaching is further reduced because of the
extremely fast depopulation of the initially excited valence-band
states (subpicosecond (sub-ps) to picosecond (ps) time scales),
typical for all II—VI NC samples.’”® The role of holes in state-
filling-induced signals is discussed in more detail in section 3.3
in the context of studies of the pump dependence of absorption
bleaching.

In addition to state filling, photoexcitation of carrier popula-
tions leads to generation of local fields, which modify the optical
spectra of NCs due to the Stark effect. The Stark effect leads
to a shift of optical transitions and changes in transitions
oscillator strengths due to modifications in selection rules. In
terms of traditional pump—probe spectroscopy (see section 3.2),
the carrier-induced Stark effect can be interpreted as arising from
Coulomb interactions between one or several e—h pairs excited
by the pump pulse and the e—h pair generated by the probe
pulse. In contrast to state filling which selectively affects only
transitions involving populated states, the carrier-induced Stark
effect does not have this selectivity and modifies all NC
transitions.> The Stark effect is particularly important in the
case of charge separated e—h pairs which can be formed, for
example, as a result of surface trapping of one type of carriers
(the trapped-carrier induced Stark effect).”® In the case of two
interacting e—h pairs, it can be considered as arising from
biexciton Coulomb interactions,’*~#! and the transition Stark
shift can be used as a measure of the binding energy of the
3D-confined biexciton. Spatial confinement leads to an enhance-
ment in the biexciton binding energy in comparison with that
in bulk materials.*® In bulk CdSe, the biexciton binding energy
is only about 4 meV,*? whereas in small size CdSe NCs it is in
the tens of millielectronvolts range.3*#!

In the case of an isolated optical transition, and in the limit
of small fields (the Stark shift Ag is small in comparison with
the transition broadening I'), absorption changes due to the Stark
effect can be calculated as proportional to the first derivative
of the linear absorption spectrum: Aa(hw) ~ Asd'o(hw). In
the presence of two closely spaced broad transitions (energy
spacing Ajp < Ag, and Ay, < IN), the Stark effect leads to a
repulsion between the transitions, with an associated absorption
change which can be approximated by a second derivative of
the absorption profile: Aa(Aw) ~ AsAa o(Aw). This second
limit is likely apply to NCs, because large carrier-induced Stark
shifts should lead to strong interactions between closely-spaced
NC valence band states.??
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Figure 3. Early-time TA spectra (At = 100 fs) of CdSe NCs with
radii from 1.7 to 4.1 nm (solid lines) in comparison to the second
derivative of the absorption spectra (dotted lines).

3.2. Femtosecond Dynamics of Transient Absorption
Spectra. To study carrier-induced absorption changes, we used
a high-sensitivity femtosecond transient absorption (TA) pump—
probe experiment.*> The samples were pumped at 3.1 eV by
frequency-doubled 100 fs pulses from an amplified Ti—sapphire
laser. The pump-induced absorption changes were probed over
the range from 1.3 to 3 eV with a femtosecond white-light
continuum generated in a sapphire plate. In the case of time-
resolved sub-ps measurements, it is important to account for
temporal dispersion of the frequency (chirp) of the probe pulse.**
To perform chirp-free TA measurements, we used single-
wavelength phase-sensitive detection and spectral scanning, with
simultaneous adjustment of the time delay between pump and
probe pulses. This technique allows chirp-free, high-sensitivity
detection of TA signals with an accuracy up to 107> in
differential transmission.*3

In Figure 3, we show the chirp-free TA spectra of a series of
CdSe nanocrystals with radii from 1.7 to 4.1 nm detected at
the pump—probe delay Ar = 100 fs. These spectra were taken
at low pump intensities corresponding to initial NC populations
(No) less than one e—h pair per NC on average. (No) can be
calculated as (No) = ®,00, where @, is the pump fluence
(presented in photons/cm?) and oy is the NC absorption cross
section at the pump wavelength (see section 2). The shape of
the early-time TA spectra (solid lines in Figure 3) is similar to
that of the second derivative of the absorption spectra (dotted
lines in Figure 3), which is consistent with the Stark effect in
the system of closely spaced broad transitions.”> At pump
densities such that (No) < 1, this effect can be described in
terms of the two-pair (biexciton) interactions.?~4!

The carrier-induced Stark effect is manifested in TA spectra
as bleaching features (Aa < 0) at the positions of the “original”
transitions (i.e., transitions seen in linear absorption) and
photoinduced absorption (PA) features (Aa > 0) at the positions
of the “new” (shifted) transitions. For NCs with R = 4.1 nm,
the bleaching bands B;, By, B3, and B4 (Figure 3) can be
assigned to the 1S, 2S, 1P, and 1S(e)—3S,»(h) transitions,
respectively (compare spectra in Figures 1 and 3). The band B4
is also contributed by the transition involving the 1D electron
state (see discussion of pump-dependent TA spectra in section
3.3). In Figure 3, one can also resolve PA features A; (a low-
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Figure 4. (a) TA spectra of CdSe NCs (R = 4.1 nm) recorded at 0.1,
0.5, and 2 ps after excitation in comparison to the linear absorption
spectrum scaled by the NC population factor (No/2). (b) TA dynamics
at the positions of the B, (thick solid line), B (thick dashed line), and
A (circles) features, fit to a single-exponential growth/decay (thin dotted
lines). Thin solid line is the pump—probe cross-correlation.

energy shift of the 1S transition) and A, (a low-energy shift of
the 1P transition and/or a high-energy shift of the 2S transition).

The contribution of state filling to band-edge signals at At
< 100 fs is not significant, because low-energy states remain
unpopulated until 150—600 fs after excitation (see section 4.1).
With increasing the time Af, carriers relax into low-energy
quantized states, leading to increasing contribution from state
filling to the band-edge absorption changes. This effect is
illustrated in Figure 4 by time-resolved spectra (a) and dynamics
(b) of Aad (d is the sample thickness) recorded for the 4.1 nm
sample. The 0.1 ps TA spectrum is entirely due to the carrier-
induced Stark effect (compare the TA spectrum and the second
derivative of the absorption spectrum of the 4.1 nm sample in
Figure 3). At 0.5 ps, we observe the growth of By, B,, and B3
features due increasing population of the 1S and 1P electron
states, resulting in an increased state-filling effect. In the 2 ps
spectrum, the B; feature is further increased, whereas the
amplitude of the B3 feature decreases, which is due to relaxation
of the 1P electrons into the lower 1S state. This interpretation
is consistent with TA dynamics in Figure 4b.

The B3 feature (thick dashed line in Figure 4b) is delayed by
about 400 fs with respect to the pump pulse which is roughly
the time of the electron relaxation into the 1P state. The decay
of this feature is very fast and occurs with a 540 fs time constant,
which corresponds to the time of the 1P-to-1S electron
relaxation'® (see discussion of energy relaxation in section 4.1).
The dynamics of B; show a fast initial rise due to the biexciton
effect, followed by a slower signal increase with a 530 fs time
constant (thick solid line in Figure 4b). The secondary B, growth
is complementary to the B3 decay and is associated with
increasing 1S population, due to relaxation of electrons from
the 1P state. Interestingly, the buildup of the B; band is
accompanied by the decay of the A; feature (circles in Figure

Klimov

1 1 L I
19 2.0 2.1 22 23

Photon energy (eV)

10F T T - —— 1

o
3

&
=N

"Saturation” coefficients
@
'S

@
)

Figure 5. (a) Pump-dependent TA spectra (thick lines) of CdSe NCs
with R = 4.1 nm taken at A+ = 2 ps in comparison to the linear
absorption spectrum (thin solid line). Thin dotted lines are fits to a
sum of four Gaussian bands (see text for details). (b) Pump dependence
of the p;—p4 “saturation” coefficients (normalized B;—B4 bleaching
areas) derived from fits to the spectra in the upper panel.

4b), associated with the transition Stark shift. This indicates
that the dynamics of A; are also related to carrier intraband
relaxation, and can be understood as occurring due to the large
bandwidth of optical transitions leading to a significant contri-
bution of the 1S bleaching even at large detunings from the
center of the By band. Therefore, the increasing bleaching of
the 1S transition accompanying carrier energy relaxation
overwhelms the A; PA feature as the 1S state becomes occupied
(see ref 39 for a numerical analysis of a competition between
state filling and the Coulomb-interaction-induced transition
shifts).

3.3. Pump Dependence of Band-Edge Bleaching Signals.
After the energy relaxation is finished and the 1S electron state
is populated, the 1S bleaching is due to both the Stark effect
and state filling. If the 1S state is only filled with one electron
(this corresponds to the pump regime (Ng) < 1), state filling
completely saturates one of the two spin-degenerate 1S transi-
tions, whereas the absorption changes for the unpopulated
transition are due to the Stark effect. State-filling-induced signal
within the 1S and 2S transitions can be estimated from the
product of the population factor n ¢ = (No)/2 and 0. Com-
parison of this product (dotted line in Figure 4a) with the 2 ps
TA spectrum indicates that state filling provides a dominant
contribution to Aa within the B; and B, bands.

The relative contribution of state filling to transitions bleach-
ing increases with increasing the average NC populations which
is obvious from pump-dependent TA spectra in Figure 5a (At
= 2 ps). In the spectrum taken at (Np) = 0.9 one can still discern
weak PA features due to the Stark effect. However, at pump
levels above (No) ~ 2, we observe bleaching over the entire
spectral range from B to B4. To analyze pump-dependent Aod
spectra, we fit them to a sum of four Gaussian bands (see eq 4)
which account for the B;—By bleaching features. The positions
and the widths of the bands were derived by fitting the linear
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Figure 6. (a) Pump dependence of the normalized 1S and 1P bleaching
areas (symbols) in comparison to the pump-dependent average occupa-
tion numbers of the 2-fold-degenerate 1S and the 6-fold-degenerate
1P electron states calculated assuming a “Poisson” type population
growth (lines). (b) Pump dependence of normalized 1S absorption
changes for NCs of different sizes (symbols) fit to the “universal” pump
dependence —Ao/a = ki(No)/(k> + (No)), with k; = 1.05 and k, = 1.6
(line).

absorption spectrum and were kept fixed during the fit of the
bleaching data. The transitions areas were presented as a; =
Didoi, Where ay; are the areas of transitions in the linear absorption
spectrum and p;((N)) are “saturation” coefficients describing the
pump-dependent transition bleaching. In terms of the state filling
model, these coefficients account for the population factors in
eq 5 pi=n+n' ~n.

The pump-density dependence of p; is shown in Figure 5b.
This dependence is almost identical for p; and p,, as expected
for the 1S and 2S transitions which are bleached due to a
population increase of the same 1S electron state. The p3 shows
a delayed growth with the onset at (Np) &~ 2, which is consistent
with the threshold expected for the filling of the 1P electron
level. The growth of p4 is further delayed (the onset ~5),
indicating the beginning of the filling of the next (1D) electron
level.

In Figure 6a, we compare the pump dependence of the
normalized “saturation” coefficients p; (circles) and p, (squares)
with pump-dependent occupation numbers of the 1S and 1P
electron states calculated within the state-filling model (lines).
In the case where the pump photon energy is much greater than
the NC energy gap (this corresponds to our experimental
situation), carrier-induced absorption saturation at the pump
wavelength is insignificant, and the probability of generation
of the e—h in a NC is independent of the number of pairs already
existing in it. This assumption results in the Poisson distribution
of NC populations: P(N) = (N)Ne ™/N!, where P(N) is the
probability of having N e—h pairs in a selected NC when the
average population of NCs is (N). The occupation numbers of
the 1S and 1P states in this model can be calculated as fol-

lows: n¢ = 0.5P(1) + 3=, P(i), np = 34 P()(i — 2)/6 +
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>i—g P(i). The pump dependence of the calculated occupation
numbers (lines in Figure 6a) matches closely the dependence
measured for “saturation” coefficients (symbols in Figure 6a).
This is strong evidence that bleaching of NC transitions
involving occupied states is primarily due to state filling, and
that this effect is dominated by populations of electron quantized
states. The data in Figure 6a is also an illustrative demonstration
of a sequential filling of electron shells in QD “artificial” atoms,
which is analogous to filling of electron orbitals in atoms of
“natural” elements.

In order to establish an accurate relationship between the
magnitude of TA signals and NC average populations, we
analyzed the pump dependence of the 1S bleaching measured
immediately after the intraband relaxation is finished (Af from
1 to 2 ps) for NCs of different sizes. Interestingly, if we
normalize the magnitude of the 1S bleaching by the 1S linear
absorption, in the plot —Aa/ay vs {Np), the data points for all
samples fall along one “universal” curve, independent of NC
sizes (see Figure 6b, symbols). This curve shows a linear growth
at low pump intensities ((No) < 0.5) and saturates as —Ao/0l
approaches unity at high pump densities. This “universal”
behavior can be described by the dependence

—Aa/oy = ki (No)/(ky + (No)) (©)

with k; = 1.05 £ 0.15 and k, = 1.6 & 0.3 (line in Figure 6 b).
This dependence allows one to accurately determine instant NC
populations from the measured Aa dynamics which is used,
for example, in section 5.2 in the analysis of the Auger effects.

Simple two-level-system arguments predict the 1S optical gain
at (No) > 1 in the case of both electrons and hole contributing
to the 1S bleaching.’® However, none of the samples in Figure
6b shows a crossover from absorption to gain at the position of
the 1S transition. The maximum Ao measured experimentally
corresponds to the complete bleaching of the 1S tranistion (Aa
~ ), which has been predicted for the case of only electrons
contributing to the state-filling-induced signals.® This provides
an additional piece of evidence that in NCs, the state-filling-
induced bleaching at room temperature is primarily due to
electron populations.

4. Intraband Energy Relaxation in Semiconductor
Nanocrystals

4.1. NC Size Dependence of Intraband Relaxation Rates.
In bulk II—VI semiconductors, carrier energy relaxation is
dominated by the Frohlich interactions with longitudinal optical
(LO) phonons, leading to fast (typically sub-ps) carrier cooling
dynamics.*~# In NCs, even in the regime of weak confinement
when the level spacing is only a few millielectronvolts, the
carrier relaxation mediated by interactions with phonons is
hindered dramatically because of restrictions imposed by energy
and momentum conservation leading to a phenomenon called
a “phonon bottleneck™.!®*8 Further reduction in the energy loss
rate is expected in the regime of strong confinement, for which
the level spacing can be much greater than LO phonon energies,
and hence carrier-phonon scattering can only occur via weak
multiphonon processes.

Despite these theoretical predictions, a number of recent
experimental results indicate that carrier relaxation in II—VI
NCs is not significantly slower than in bulk materials.!737-3949
Strong evidence against the existence of the phonon bottleneck
in 3D confined systems has been obtained in recent studies of
intraband relaxation in CdSe NCs'$° which indicate sub-ps 1P-
to-1S electron relaxation even in NCs for which the 1S—1P



6118 J. Phys. Chem. B, Vol. 104, No. 26, 2000

l T T T T T
10| (a) . —
08
£
206
o] Probe @ 18 transition
< 120 fs
0.4 -
— R=4.1nm
------ 2.8 nm
--- 23 nm
021 == 1.7 nm _
pump-probe
cross-correlation
0.0 [F5% R | ‘ 1 ]
05 0.0 0.5 1.0 15 2.0
Delay time (ps)
0.6 ~ 7 )
- - o
g (C)
05 % j
=04 o
g HE m =26
= ey
S03 &
Q Q
E 5if i
E 02 £ 3
g ” /] ]
0.1 T s // // i
i f Bulk CdSe 7 1
0.0 n -
3 6 7

2xi0™

R (4nm")5
Figure 7. (a) The 1S-bleaching build-up dynamics in CdSe NCs with
radii 1.7, 2.3, 2.8, and 4.1 nm (thick lines), fit to a single-exponential
growth (thin solid lines). The thin dotted line is the pump—probe cross-
correlation. (b) The NC-size dependence of time constants of the 1P
decay (squares) and the 1S growth (circles) in comparison to a linear
fit (line). (c) Size dependence of the electron energy-loss rate in CdSe
NCs (symbols) in comparison to the R~2° fit (line). The shaded region
shows the range of energy-loss rates characteristic of the electron—
LO—phonon scattering in bulk CdSe.

energy separation is greater than 10 LO phonon energies. The
results of these studies are reviewed below.

As pointed out in the discussion of femtosecond TA signals
in section 3.2, the decay of the 1P bleaching (B3 in Figure 4a)
and the complementary growth of the 1S bleaching (B, in Figure
4a) provide a measure of the rate of the 1P-to-1S energy
relaxation. For 4.1 nm NCs, this relaxation is extremely fast
and occurs with a 540 fs time constant (Figure 4b). This fast
relaxation occurs despite the fact that the 1S—1P energy
separation is about eight LO phonon energies, which makes the
probability of the direct multiphonon emission negligibly small.
Interestingly, intraband relaxation becomes faster with decreas-
ing NC size. This is obvious from Figure 7a in which we
compare the 1S state population dynamics in NCs of different
radii. These data indicate a decrease in the 1S buildup time with
decreasing NC radius. This time shortens from 530 fs for R =
4.1 nm to 120 fs for R = 1.7 nm, roughly following a linear
dependence (Figure 7b).

In Figure 7c, we compare size-dependent rates of energy
relaxation (dE./df) observed in NCs with the energy-relaxation
rate characteristic of the electron—LO—phonon scattering in bulk
CdSe (shaded region in Figure 7¢).* In 4.1 nm NCs, the energy-
loss rate is ~0.44 eV ps~!, which is essentially the same as in
the bulk material, but many orders of magnitude greater than
the rate expected for a multiphonon emission.’! The energy-
loss rate rapidly increases (roughly as R~29) with decreasing
NC size (Figure 7c). For NCs with R = 1.7 nm, it is ~4 eV
ps~!, which is almost an order of magnitude greater than for
LO phonon emission in bulk materials.

Extremely fast electron relaxation, as well as a confinement-
induced enhancement in the relaxation process, clearly indicates
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that energy relaxation in NCs is dominated by nonphonon
energy-loss mechanisms. Recent works have suggested that
coupling to defects,’?> Auger interactions with carriers outside
the NC,>3 or Auger-type e—h energy transfer’* can lead to fast
energy relaxation not limited by a phonon bottleneck. The first
two of these mechanisms are not intrinsic to NCs and cannot
explain relaxation data for colloidal samples.”® These data
indicate that in colloidal nanoparticles, energy relaxation does
not show any significant dependence on NC surface properties
(i.e., the number of surface defects) and remain almost identical
for different liquid- and solid-state matrices, including transpar-
ent optically-passive glasses, polymers, and organic solvents,
for which no carriers is generated outside the NC.

The energy-loss mechanism proposed in ref 54 involves
transfer of the electron excess energy to a hole, with subsequent
fast hole relaxation through its dense spectrum of states. This
mechanism is based on the intrinsic Auger-type e—h interactions
and leads to significantly faster relaxation times than those for
the multiphonon emission. To evaluate the role of e—h interac-
tions in intraband energy relaxation, we studied electron intra-
band dynamics as a function of the e—h spatial separation.>

4.2. Electron—Hole Interactions and Intraband Energy
Relaxation. Due to a large surface-to-volume ratio, electron
and hole wave functions in NCs are strongly affected by NC
surface properties, which can be used, for example, to spatially
separate electrons and holes by passivating NCs with electron-
accepting®® or hole-accepting?>->> molecules. We studied the 1P-
to-1S relaxation in ZnS- and pyridine-passivated CdSe NCs. A
ZnS surface layer creates a confining potential for both electrons
and holes. Therefore, in ZnS-capped NCs, the e—h coupling
should not significantly change during electron/hole relaxation.
The pyridine acts as an efficient hole acceptor. As a result, in
pyridine-passivated NCs, the e—h coupling is strong im-
mediately after photoexcitation and is reduced dramatically after
the hole is transferred to a capping group. This should have a
strong effect on electron intraband relaxation, if it is indeed
due to the e—h interactions.

In order to monitor electron intraband dynamics at different
stages of hole relaxation/transfer, we used a three-pulse fem-
tosecond TA experiment (Figure 8a), in which the sample was
excited by a sequence of two ultrashort pulses (one in the visible
and another in the infrared (IR) spectral ranges) and was probed
by broad-band pulses of a femtosecond white-light continuum.
The visible interband pump (3.1 eV photon energy; 100 fs pulse
duration) was used to create an e—h pair in the NC, whereas a
time-delayed intraband IR pump (tunable within 0.49—1.1 eV;
250 fs pulse duration) was used to re-excite an electron within
the conduction band. Pump-induced absorption changes were
detected over the range 1.2—3 eV using a chirp-free phase-
sensitive technique** with a lock-in amplifier synchronized to
either chopped visible or chopped IR pump beams. Signals
obtained by modulation of the visible pump provide information
on absorption changes induced by either interband excitation
alone (IR pump is “off”), or by combined inter- and intraband
excitations (IR pump is “on”). Modulating the IR pump beam,
one can directly detect changes in the interband TA due to the
intraband re-excitation. A similar experiment but using a single
IR wavelength for both the probe and the postpump was reported
previously in ref 25.

In Figure 8b, we show 1S bleaching dynamics in ZnS-capped
NCs (R = 1.15 nm) recorded with modulation of either the
visible pump (dashed line (IR pump is off) and solid line (IR
pump is on)) or the IR pump (circles). The delay between the
visible and IR pump pulses (Afr) was 0.6 ps. The IR pump
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Figure 8. (a) Schematics of a three-pulse pump—probe experiment
and the excitation/relaxation processes monitored in it. An e—h pair is
created via an interband excitation with a pump pulse in the visible
spectral range. The electron is re-excited within the conduction band
by an IR postpump. The electron relaxation back to the ground state is
monitored with a third pulse probing interband absorption changes.
(b) The 1S bleaching dynamics recorded for ZnS-capped 1.15 nm CdSe
NCs with (solid line) and without (dashed line) the IR postpump
(modulation of the visible pump); dotted lines are cross correlations of
the visible and IR pump pulses with a probe pulse. Circles are intraband
electron dynamics recorded at the position of the 1S bleaching by
modulating the IR postpump (the trace is scaled by a factor of —3);
the dashed—dotted line is a single-exponential fit.

was tuned to 0.55 eV which corresponded to the intra-
conduction-band 1S—1P resonance. In the absence of the IR
pump, the 1S bleaching shows a fast ~150 fs growth followed
by a monotonic nonexponential decay due to depopulation of
the 1S electron state (dashed line). Application of the IR pulse
leads to an abrupt decrease in the 1S bleaching due to
re-excitation of the 1S electrons into the 1P state. A decay of
perturbations associated with the IR pump provides a direct
measure of the electron intraband relaxation back into the ground
1S state. To extract electron intraband dynamics one can either
subtract time transients recorded with the IR pump “on” and
“off”, or to directly record them using a modulated IR beam
(circles). Both approaches give the same result; however, the
second method yields a better S/N ratio.

We monitored electron intraband dynamics for different
delays between the visible and the IR pump pulses. For NCs
with R = 1.15 nm studied in this work, the energy of the visible
pump is almost resonant with the 1S(e)—2Ss3,(h) interband
transition. Therefore, the electrons, which are generated directly
in the lowest quantized 1S state, remain in this state until being
re-excited by the IR pulse. On the other hand, holes, which
initially populate the excited 2Ss), state, can rapidly relax due
to transitions into lower-energy quantized states inside the NC
or the charge transfer to a capping group. Therefore, by varying
the IR re-excitation time one can evaluate the effect of
modification in the hole wave function (during hole relaxation/
transfer) on electron intraband dynamics.
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Figure 9. (a) Dynamics of the IR-postpump-induced 1S bleaching
changes (electron intraband relaxation) in pyridine-capped 1.15 nm
CdSe NCs detected at different delay times (Azir) between the visible
and IR pump which corresponds to different stages of hole transfer to
a capping molecule (symbols are experimental data points, lines are
single-exponential fits). (b) Dynamics of the pyridyne-cation-related
PA (circles) detected in the traditional two-pulse pump—probe experi-
ment. The dotted line is the pump—probe cross correlation.

In ZnS-overcoated NCs (circles in Figure 8b), the 1P-to-1S
relaxation is extremely fast (320 fs time constant) for all Asg
delays from 100 fs to 1 ps. In sharp contrast, in the pyridine-
capped NCs (Figure 9a), electron dynamics show a strong
dependence on the delay between visible and IR pulses. At Afr
=70 fs (diamonds in Figure 9a), the relaxation constant is 250
fs, which is close to that in ZnS-capped NCs. With increasing
the visible-IR pump delay, the electron relaxation time gradually
increases up to 3 ps at Azig = 430 fs (triangles in Figure 9a). A
further increase in Anr does not lead to significant changes in
electron intraband dynamics (compare traces taken at Afg =
430 fs (triangles) and 600 fs (squares); Figure 9a).

Importantly, the threshold delay of roughly 400 fs found in
three-pulse experiments is very close to the hole-transfer time
to a capping molecule inferred from visible TA measurements
of pyridine-capped NCs.3 The pyridine cation (formed by hole
transfer) is observed in TA spectra as a long-lived broad PA
band below ~2.5 eV which has a rise time of about 450 fs
(Figure 9b). This strongly suggests that the dramatic changes
in electron relaxation observed in pyridine-capped dots are due
to changes in the e—h coupling, resulting from hole transfer to
the capping group.

These data are consistent with the electron-relaxation mech-
anism involving Coulomb-interaction-mediated e—h energy
transfer.>* In the case of ZnS-capped samples, the holes are
confined within the dot during the first 600 fs after excitation.3?
Therefore, the e—h coupling does change significantly on this
time scale, consistent with our observations of Afr-independent
electron dynamics. On the other hand, in pyridine-capped NCs,
the e—h coupling is strong immediately after photoexcitation
(holes are inside the NC), but is significantly reduced after the
hole transfer to the pyridine, which explains the more than 10-
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Figure 10. (a) Dynamics of the 1S bleaching at 2.26 eV (a) and hole-
intraband absorption at 0.69 eV (b) in 1.7 nm CdSe NCs with differently
prepared surfaces: fresh (circles) and aged (squares) TOPO/TOPSe-
capped NCs, and NCs overcoated with a ZnS layer (crosses). Lines
are fits to a double-exponential decay.

fold slowing down in the electron intraband relaxation (Figure
9a). However, even in the charge-separated system, the electron
relaxes back to the ground state on a ps time scale which is
much faster than expected for phonon-dominated relaxation.
This indicates that even in the case of a significant spatial
separation between an electron and a hole, Coulomb e—h
interactions can be strong enough to provide an efficient channel
for electron energy losses. This can be rationalized as arising
from the fact that the Coulomb coupling does not require a direct
overlap between electron and hole wave functions and scales
relatively slowly (inversely) with the e—h separation.

5. Depopulation Dynamics of Nanocrystal Quantized
States

5.1. Electron and Hole Relaxation Paths in Nanocrystals.
Intraband relaxation leads to a fast establishment of quasi-
equilibrium populations of electron and hole NC quantized
states. Depopulation of these states occurs via a variety of
radiative and nonradiative mechanisms. The most important
processes competing with radiative recombination are carrier
trapping at surface/interface states and Auger recombination.
At low pump intensities (less than one e—h pair per NC on
average), the role of Auger effects is negligible and nonradiative
relaxation is primarily due to carrier trapping.%3

Since 1S bleaching signals are dominated by occupations of
the lowest 1S electron state, the 1S Aa decay can be used to
evaluate the rate of electron-trapping processes. In CdSe NCs,
the 1S bleaching decay shows two distinct regions. It starts with
a relatively fast sub-100 ps relaxation, which is followed by a
slower nanosecond decay (Figure 10a). The amplitude of the
fast component is sensitive to the degree of surface passivation,
as obvious from comparison of the 1S bleaching dynamics in
freshly prepared and aged TOPO/TOPSe-passivated NCs (circles
and squares in Figure 10a, respectively), and NCs overcoated
with a ZnS layer (crosses in Figure 10a). As indicated by PL
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quantum yield measurements, the quality of the “electronic”
passivation of surface traps is progressively increased in going
from the aged to the fresh TOPO/TOPSe-capped sample, and
then to the sample overcoated with ZnS. The improvement in
surface passivation leads to the suppression of the fast decay
component, indicating that it is due to trapping at surface defects.
Furthermore, the correlations between the loss of the TOPO/
TOPSe passivation (these molecules are coordinated to surface
metal ions)”® and the enhancement of the fast component
indicate that the electron traps are likely associated with metal
dangling bonds.

Because interband TA signals in NCs are dominated by
electron populations, it is difficult to extract from them hole
dynamics. Separation of electron and hole signals is possible
using intraband TA spectroscopy, with an IR probe tuned in
resonance with either electron or hole intraband transitions.?%>7
In the near-IR range from 0.4 to 1 eV, inraband TA of CdSe
NCs can be decomposed into two components: due to electron
and hole intraband absorptions.?®° In contrast to the initial
electron dynamics, which can be controlled by surface passi-
vation, the initial hole relaxation is practically unaffected by
NC surface properties, as clearly seen from comparison of
dynamics of the hole intraband signals recorded for samples
with three different surface passivations (Figure 10b; shown are
the data for the same set of samples as in panel a). All three
samples show a nearly identical 1.4 ps decay, indicating fast
hole relaxation, independent of NC surface properties. The fast
decay of hole near-IR intraband signals (0.5—2 ps time
constants) is seen in all TOPO/TOPSe- and ZnS-capped CdSe
NCs with sizes from 1 to 4 nm.3-° The fact that hole dynamics
are extremely fast in all types of samples, including NCs
overcoated with a ZnS layer, indicates that these dynamics are
not due to trapping at localized surface defects such as a
vacancy, but rather due to relaxation into intrinsic NC states.
The exact nature of the ultrafast decay of the hole intraband
absorption is not clear. It can be, for example, due to relaxation
within the fine structure of levels corresponding to the band-
edge exciton states with different oscillator strengths,?>>% or due
to relaxation into “intrinsically” unpassivated interface or self-
trapped® surface states optically decoupled from (or only weakly
coupled to) the initially excited valence-band states.

5.2. Quantum-Confined Auger Recombination. In the
regime of muiltiple e—h pair excitation, depopulation of NC
quantized states can occur via Auger recombination. Auger
recombination is a nonradiative multiparticle process, leading
to the recombination of e—h pairs via energy transfer to a third
particle (an electron or a hole) which is re-excited to a higher
energy state.?>%! In NCs, confinement-induced enhancement in
Coulomb interactions and relaxation in the translation momen-
tum conservation should lead to increased Auger rates in
comparison with those in bulk materials,®> whereas the atomic-
like structure of energy levels in NCs should hinder Auger
processes because of the reduced availability of final states
satisfying energy conservation. As a result, Auger recombination
can only occur efficiently with the participation of a phonon
(as a four-particle process) or with the involvement of a final
state from the continuum of states outside the NC (Auger
ionization).9%93 The complex interplay between the above effects
complicates a theoretical analysis of quantum-confined Auger
recombination and highlights the need for experimental mapping
of the size-dependent Auger rates.

Experimental data for the Auger effect in NCs have typically
been analyzed within a bulk semiconductor approach by
introducing an effective carrier concentration in the NC (nen, =
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Figure 11. (a) Pump-dependent dynamics of NC average populations
in the 2.3 nm sample normalized to match their long-term decay values
Inset: Quantized steps in quantum-confined Auger recombination in
NCs. (b) Dynamics of the 1-, 2-, 3-, and 4-e—h pair states (symbols)
extracted from the TA data for the 2.3 nm sample (see text), fit to a
single-exponential decay (solid lines).

N/Vp) and a cubic carrier decay rate (Canen’, where Cy is the
Auger constant).?%% However, it is not obvious that this
approach should be valid in the regime of a few e—h pairs per
NC, for which recombination occurs as a sequence of quantized
steps from the N to N—1, N—2, ...and finally to the 1 e—h pair
state (inset to Figure 11a). In the “quantized” regime, Auger
recombination is characterized not by a continuum of density-
dependent recombination times 74 = (Canen?)™' as in bulk
materials, but by a set of discrete recombination constants,
characteristic of the decay of the 2—, 3—, ..., e—h pair NC states.

To study multiparticle decay in NCs, we monitored relaxation
of the 1S bleaching using a pump—probe experiment (see section
3.2). The dynamics of carrier population were derived from the
measured Aou(f) signals using the “universal” relationship
between Aa/ay and (N) given by eq 6 (section 3.3). In Figure
11a, we show the normalized NC population dynamics for a
2.3 nm sample measured at carrier injection levels (No) from
0.2 to 3.2. Over this range of excitation densities, the temporal
evolution of {N) is dominated by contributions from NCs in 4-,
3-,2-, and 1-e—h pair states: (N()) ~ [4na(z) + 3n3(1) + 2na(2)
+ n1(t))/no, where ny is the total density of NCs in the sample,
and ny (N = 1—4) is the concentration of NCs having N e—h
pairs. The NC multiparticle dynamics can be described by the
set of coupled rate equations,?! with a straightforward solution
given by a sum of exponential terms: (N(1)) = Sx_, Aye ",
where Ay are time-independent coefficients determined by ini-
tial injection densities and 7y is the lifetime of the N-pair NC
state.

We developed a simple subtractive procedure to extract
single-exponential dynamics that are characteristic of the decay
of different multiple-pair NC states from the measured (N(7))
time transients. In this procedure, the time transients are
normalized so that the long-time decay values match (Figure
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11a), which is possible due to the fact that at long times after
photoexcitation, the decay is governed by singly-excited NCs,
independent of the initial carrier density. We subtract the low-
pump intensity trace ((No) < 1; single e—h pair decay) from
traces recorded at (No) > 1, which yields dynamics AN(r) due
to relaxation of multiple-pair states with N > 2. For initial carrier
densities 1 < (Np) < 2, this procedure yields the two-pair state
dynamics (circles in Figure 11b), with a faster initial component
due to contribution from states with a larger number of excited
pairs. The two-pair decay is further subtracted (after normaliza-
tion) from the AN(f) time transients detected at (No) > 2 to
derive dynamics of states with N = 3. This procedure can be
repeated to extract dynamics of NC states with N = 4, 5, etc.

The extracted dynamics of the 2-, 3- , and 4-pair states (Figure
11b) indicate that the carrier decay becomes progressively faster
with increasing the number of e—h pairs per NC, as expected
for Auger recombination. In bulk semiconductor arguments, the
effective decay time constant 7y in the Auger regime is given
by Tv~! = Ca(N/Vp)* (N = 2). This expression predicts a ratio
74:73:77 = 0.25:0.44:1 which is very close to the ratio 0.22:
0.47:1 of experimentally-determined times of 4-, 3-, and 2-pair
relaxation (10, 21, and 45 ps, respectively). The quantitative
match of scaling for the multiparticle relaxation times indicates
that the decay rates for quantum-confined Auger recombination
are cubic with respect to the carrier density (dnen/dr & —nep’),
just as in bulk materials.

TA data for NCs of different sizes (Figure 12a) indicate that
the 7, time constant rapidly decreases with decreasing NC size
following a cubic size dependence (1 « R3);>' 7, = 363 ps in
NCs with R = 4.1, and reduces down to 6 ps for NCs with R
= 1.2 nm. Interestingly, the time constants measured for the 3-
and 4-pair decay follows the same size dependence as that of
the 2-pair state, such that the time-constant ratios predicted by



6122 J. Phys. Chem. B, Vol. 104, No. 26, 2000

the bulk-semiconductor model holds for all NC sizes.?' Simple
bulk-material reasoning would suggest that the enhancement
in the Auger decay in smaller particles is caused by an effective
increase in carrier concentrations resulting from the increased
spatial confinement. However, the R size dependence of
relaxation times measured experimentally is different from the
R® dependence predicted by the bulk-semiconductor model,
which shows that in 3D-confined systems the Auger “constant”
depends on the particle size. The Auger constant derived from
the relaxation data decreases with reducing NC radius as R
from ~7 x 1072 cm® s™! for R = 4.1 nm to ~2 x 10730 cm®
s~! for R = 1.2 nm (Figure 12b). For all NC sizes, the Cx values
calculated by using lifetimes of 2-, 3-, and 4-e—h pair states
are close to each other (compare data shown by circles, squares
and triangles in Figure 12b), indicating that the cubic density
dependence of the Auger rates holds for all sizes between 1
and 4 nm.

We used colloidal samples with two types of surface
passivations (TOPO/TOPSe and ZnS) and in two different
matrices (hexane or a transparent polymer) to study the effect
of NC surface/interface properties on Auger rates. As demon-
strated in section 5.1, surface modification has a significant
effect on single-electron dynamics. However, high-pump in-
tensity TA data indicate that multiparticle dynamics (e.g., the
2-e—h pair decay) are not significantly affected by surface/
interface properties.?! This strongly suggests that Auger recom-
bination in the samples studied is dominated by processes
involving NC “volume” states, without a significant contribution
from the Auger ionization.

6. Conclusions

We have reviewed data on ultrafast carrier dynamics and
resonant optical nonlinearities in CdSe colloidal NCs. Analysis
of band-edge TA allowed us to establish an accurate relationship
between the magnitude of TA signals and NC average popula-
tions. This relationship was particularly useful in studies of
multiparticle Auger recombination, in which we were able to
quantify relaxation rates of multiple e—h pair states and to derive
the dependence of these rates on NC sizes. Studies of intraband
carrier dynamics established well-defined time scales for
electron intraband relaxation. These studies also provided strong
evidence that this relaxation occurs neither by phonon emission
nor by coupling to defects, but by e—h energy transfer mediated
by the intrinsic Auger-type interactions. We clearly observed
correlations between NC surface properties and depopulation
dynamics of electron quantized states at the stage following
intraband relaxation. Relaxation data for NCs with differently
treated surfaces indicated that the depopulation of the lowest
1S electron level is directly affected by trapping at surface
defects. On the other hand, the hole relaxation pathways remain
more poorly understood. We observed extremely fast depopula-
tion of the initially excited valence-band states, with dynamics
that are not significantly influenced by NC surface treatment.
This suggests a relaxation mechanism that is not due to trapping
at localized surface defects, but rather involves NC intrinsic
states. The exact nature of these states remains unclear, due
partially to an incomplete knowledge of valence band energy
structures and the structure of the surface/interface states.
Presently, a relatively poor understanding of hole relaxation
pathways does not allow us to correlate the data on ultrafast
carrier dynamics with the measured PL efficiencies of NC
samples. Studies of time-resolved femtosecond PL, started
recently in our laboratory, will help in establishing this important
correlation. Significant progress in understanding ultrafast carrier
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dynamics would be achieved by developing capabilities for
single NC femtosecond spectroscopy. This work is also
proceeding in our laboratory. Further, we will pursue studies
of carrier dynamics in systems of communicating NCs (such
as in quantum dot solids)!'*!5 and NCs interacting with organic
environments (such as in NC/polymer blends).!* This work is
an important step toward incorporating NCs into optical,
electronic, and optoelectronic devices.
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