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well as a confinement-induced enhancement in the relaxation
process, provided a clear indication of a nonphonon mecha-
nism for electron energy losses that was assigned to Auger-
type e-h energy transfer.5,7

In contrast to electron relaxation that becomes faster for
dots of smaller sizes, hole relaxation shows an opposite
trend. Hole energy-loss rates decrease with decreasing the
dot size @Fig. 3~a!, solid circles and solid squares#, indicating
a mechanism that is different from the Auger-type process
responsible for electron intraband relaxation. One possible
energy relaxation mechanism in QDs involves coupling to
defects as suggested in Ref. 20. For this mechanism, the rate
of energy relaxation should strongly depend on the number
of QD surface defects. In the case of chemically synthesized
dots, the number of these defects can be controlled via
surface-modification schemes.21 For example, it is well es-
tablished that overcoating CdSe dots with an epitaxial layer
of ZnS greatly reduces the number of surface traps and leads

to a many-fold enhancement of the PL quantum yield. How-
ever, our time-resolved PL data do not indicate significant
changes in hole dynamics following the overcoating proce-
dure. A further indication that hole intraband relaxation is
not sensitive to QD surface properties is that we do not ob-
serve modifications in PL dynamics as a result of changing a
solvent ~e.g., switching between hexane and toluene!. These
observations strongly suggest that hole relaxation is not
due ‘‘extrinsic’’ mechanisms ~e.g., coupling to surface de-
fects or solvent molecules! but due to mechanisms that are
‘‘intrinsic’’ to QDs such as coupling to lattice vibrations
~phonons!.

The observed ‘‘fast’’ hole energy-relaxation rates
(1.3–1.8 eV ps21) are close to those estimated for hole-LO
phonon interactions in bulk CdSe (;1.4 eV ps21).22 The
fact that phonon emission by ‘‘hot’’ holes is apparently not
hindered by the discrete character of the energy levels im-
plies that the valence band states form a very dense spectrum
~quasicontinuum! at spectral energies above the 1S absorp-

FIG. 2. ~a! Dynamics of ‘‘hot’’ PL detected at different spectral
energies ~symbols! along with a pump pulse autocorrelation ~dotted
line! ~the same sample as in Fig. 1!. ~b! The time delay of the ‘‘hot’’
PL maximum with respect to a pump pulse plotted as a function of
the detection energy for CdSe QDs of three different radii: 1.2 nm
~ZnS cap!, 1.8 nm ~TOPO cap!, and 3 nm ~TOPO cap!. The data
shown are for hexane solutions; similar dependences are observed
for toluene solutions. The energy-loss rates (dE/dtd) derived from
the plotted data at ‘‘fast’’ and ‘‘slow’’ stages of hole relaxation are
indicated in the figure. The spectral onset of ‘‘slow’’ relaxation is
compared with the position of the 1S absorption resonance ~marked
by arrows!.

FIG. 3. ~a! Energy-loss rates as a function of QD radius for
‘‘fast’’ ~solid squares! and ‘‘slow’’ ~solid circles! stages of hole re-
laxation, and for the 1P to 1S electron relaxation ~open circles; from
Ref. 13!. ~b! Schematic illustration of the formation of the valence-
band quasicontinuum separated by an energy gap from the lowest
‘‘emitting’’ hole states. Arrows show the transitions observed in
optical spectra ~1S absorption and band-edge PL!. ~c! Complemen-
tary PL dynamics detected at the positions of the ‘‘absorbing’’ ~solid
circles! and ‘‘emitting’’ ~open squares! transitions for ZnS-capped
1.2-nm CdSe QDs ~dotted line is a pump-pulse autocorrelation!.
The PL traces are compared to the 1S bleaching dynamics ~crosses!
detected using a TA experiment.

HOLE INTRABAND RELAXATION IN STRONGLY . . . PHYSICAL REVIEW B 65 045319

045319-3

calc.
2.19

calc.
2.29

initial

after g2

after g1

1S abs.

Detection energy (eV)

dt  
 (

ps
)

well as a confinement-induced enhancement in the relaxation
process, provided a clear indication of a nonphonon mecha-
nism for electron energy losses that was assigned to Auger-
type e-h energy transfer.5,7

In contrast to electron relaxation that becomes faster for
dots of smaller sizes, hole relaxation shows an opposite
trend. Hole energy-loss rates decrease with decreasing the
dot size @Fig. 3~a!, solid circles and solid squares#, indicating
a mechanism that is different from the Auger-type process
responsible for electron intraband relaxation. One possible
energy relaxation mechanism in QDs involves coupling to
defects as suggested in Ref. 20. For this mechanism, the rate
of energy relaxation should strongly depend on the number
of QD surface defects. In the case of chemically synthesized
dots, the number of these defects can be controlled via
surface-modification schemes.21 For example, it is well es-
tablished that overcoating CdSe dots with an epitaxial layer
of ZnS greatly reduces the number of surface traps and leads

to a many-fold enhancement of the PL quantum yield. How-
ever, our time-resolved PL data do not indicate significant
changes in hole dynamics following the overcoating proce-
dure. A further indication that hole intraband relaxation is
not sensitive to QD surface properties is that we do not ob-
serve modifications in PL dynamics as a result of changing a
solvent ~e.g., switching between hexane and toluene!. These
observations strongly suggest that hole relaxation is not
due ‘‘extrinsic’’ mechanisms ~e.g., coupling to surface de-
fects or solvent molecules! but due to mechanisms that are
‘‘intrinsic’’ to QDs such as coupling to lattice vibrations
~phonons!.

The observed ‘‘fast’’ hole energy-relaxation rates
(1.3–1.8 eV ps21) are close to those estimated for hole-LO
phonon interactions in bulk CdSe (;1.4 eV ps21).22 The
fact that phonon emission by ‘‘hot’’ holes is apparently not
hindered by the discrete character of the energy levels im-
plies that the valence band states form a very dense spectrum
~quasicontinuum! at spectral energies above the 1S absorp-

FIG. 2. ~a! Dynamics of ‘‘hot’’ PL detected at different spectral
energies ~symbols! along with a pump pulse autocorrelation ~dotted
line! ~the same sample as in Fig. 1!. ~b! The time delay of the ‘‘hot’’
PL maximum with respect to a pump pulse plotted as a function of
the detection energy for CdSe QDs of three different radii: 1.2 nm
~ZnS cap!, 1.8 nm ~TOPO cap!, and 3 nm ~TOPO cap!. The data
shown are for hexane solutions; similar dependences are observed
for toluene solutions. The energy-loss rates (dE/dtd) derived from
the plotted data at ‘‘fast’’ and ‘‘slow’’ stages of hole relaxation are
indicated in the figure. The spectral onset of ‘‘slow’’ relaxation is
compared with the position of the 1S absorption resonance ~marked
by arrows!.

FIG. 3. ~a! Energy-loss rates as a function of QD radius for
‘‘fast’’ ~solid squares! and ‘‘slow’’ ~solid circles! stages of hole re-
laxation, and for the 1P to 1S electron relaxation ~open circles; from
Ref. 13!. ~b! Schematic illustration of the formation of the valence-
band quasicontinuum separated by an energy gap from the lowest
‘‘emitting’’ hole states. Arrows show the transitions observed in
optical spectra ~1S absorption and band-edge PL!. ~c! Complemen-
tary PL dynamics detected at the positions of the ‘‘absorbing’’ ~solid
circles! and ‘‘emitting’’ ~open squares! transitions for ZnS-capped
1.2-nm CdSe QDs ~dotted line is a pump-pulse autocorrelation!.
The PL traces are compared to the 1S bleaching dynamics ~crosses!
detected using a TA experiment.
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