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Femtosecond1P-to-1S Electron Relaxation in Strongly Confined Semiconductor Nanocrystals
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Los Alamos, New Mexico 87545
(Received 21 October 1997)

High-sensitivity femtosecond transient absorption is applied to directly measure the population-
depopulation dynamics of the lowest (1S) and the first excited (1P) electron states in CdSe nanocrystals
(NC’s) of different radii with1S—1P energy separation up to 16 longitudinal optical phonon energies.
Instead of the drastic reduction of the energy relaxation rate expected due to a phonon bottleneck, we
observe a fast subpicosecond1P-to-1S relaxation, with the rate enhanced in NC’s of smaller radius.
This indicates the opening of new confinement-enhanced relaxation channels which likely involve
Auger-type electron-hole energy transfer. [S0031-9007(98)06020-7]

PACS numbers: 73.20.Dx, 42.70.Nq, 78.47.+p
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Semiconductor nanocrystals (NC’s) or quantum do
(QD’s) exhibit a number of novel physical properties
not observable in bulk materials [1,2]. Because of th
discrete energy spectrum resulting from three-dimension
(3D) confinement, the carrier energy relaxation dynamic
in NC’s are significantly different from those in system
with continuous energy spectra. Even in the regime
weak confinement when the level spacing is only a fe
meV, the carrier relaxation mediated by interactions wit
phonons is hindered dramatically, because of restrictio
imposed by energy and momentum conservation (“phon
bottleneck”) [3,4]. Further reduction in the energy los
rate is expected in the regime of strong confinement, f
which the level spacing can greatly exceed typical phono
energies, and hence carrier-phonon scattering can oc
only via weak multiphonon processes [5].

Experimental studies on energy relaxation in 3D
confined systems have concentrated on III-V QD’s mad
by epitaxial techniques [6–9]. Several groups reporte
observations of a phonon bottleneck in these structur
[6,7]. However, other studies [8–10] indicate that energ
relaxation in QD’s is not significantly slower than in
materials with continuous energy spectra. Such mech
nisms as Auger-type scattering in the presence of den
electron-hole (e-h) plasmas [11], Auger-like electron-hole
energy transfer [12], and defect-mediated relaxation [1
have been proposed to explain a possible breakdown
phonon bottleneck in QD’s.

The interpretation of energy relaxation in epitaxially
grown QD’s is complicated by a large number of defec
(introduced, e.g., during lateral patterning) and the com
plex structure of the samples, which in addition to 0D
regions contain also optically active bulk and 2D region
An alternative approach to making high quality QD’s is
by chemical synthesis based on the control of homog
neous nucleation which allows preparation of NC’s wit
well passivated surfaces and size dispersion less than
[14]. These NC’s can be dissolved in a variety of trans
parent organic solvents, or incorporated into optically pa
sive polymer or glass matrices. In contrast to epitaxial
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grown QD’s with relatively large lateral dimensions (typ
cally greater than 10 nm), the size of chemically synth
sized NC’s can be easily tuned into the sub-10-nm ran
allowing one to study the regime of very strong confin
ment, for which interlevel relaxation by direct phono
emission can be explicitly ruled out.

For either epitaxial or chemically prepared QD’s, the
have been no previous direct measurements of relaxa
between adjacent quantized states with femtosecond
time resolution. In this Letter, we report fs transient a
sorption (TA) studies of intraband relaxation in CdSe NC
with mean radii (R) from 2 to 5.6 nm. For these sizes, th
spacing between the two lowest electron levels is in
range of 4–16h̄v0 [h̄v0 is the energy of the longitudina
optical (LO) phonon]. We extract complementary popul
tion dynamics of the lowest (1S) and the first excited (1P)
electron states. Our data indicate that even in NC’s
which the1P–1S energy spacing is as large as 16h̄v0, the
1P-to-1S relaxation is characterized by an extremely sh
time constant of,300 fs. The1S-state buildup timede-
creasesfor NC of smaller radius, indicating aconfinement-
induced enhancementin the relaxation rate.

To probe carrier dynamics, we monitored carrie
induced absorption changes using a fs pump-probe exp
ment in the novel chirp-free configuration (accuracy u
to 1025 in differential transmission) [15]. The sample
were pumped at 3.1 eV by frequency-doubled 100
pulses from an amplified Ti-sapphire laser. The transm
sion of the photoexcited spot was probed by variably d
layed pulses of a white light fs continuum. To exclude t
effect of many-particle interactions on relaxation dynam
ics, the pump fluence was kept below 25mJ cm22, corre-
sponding to excitation of less than onee-h pair per NC on
average. All measurements were performed at room te
perature. Two different types of samples were studie
CdSe NCyglass composites prepared by high-temperat
precipitation [16] and CdSe colloidal NC’s made by
template-directed synthesis in an inverse-micelle solut
[14]. The size dispersion was (10–15)% in glass samp
and less than 5% in colloids.
© 1998 The American Physical Society
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The nonlinear optical response in NC’s is typically
dominated by state filling [17,18] leading to pronounce
bleaching bands at energies of the allowed optical tra
sitions. Because of degeneracy of the valence band a
a large difference between electron and hole masses
CdSe (mhyme ø 6), the bleaching bands at room tem
perature are dominated by the electron populations [1
TA signals are also affected by Coulomb effects due
two e-h-pair interactions (biexciton effect) [20,21] and
the trapped-carrier-induced dc-Stark effect [22,23]. Whi
state filling affects only transitions coupling populate
states, the Coulomb interaction influences all transitio
in NC’s, resulting in transition shifts which are seen a
derivativelike features in TA spectra [20–23]. To extrac
carrier dynamics from TA data, the state-filling-induce
portion of the TA must be accurately separated from co
tributions due to Coulomb effects.

Figure 1 shows the short-term dynamics of the pum
induced absorption changes (Dad; d is a sample thick-
ness) for glass [(a),R  4.2 nm] and colloidal [(b),R 
2.3 nm] samples with1S-1P energy separations of,6
and,14 LO phonon energies, respectively. At probe de
lay times Dt $ 1 ps, in both samples, the TA is domi-
nated by two bleaching bandsB1 and B2. B1 marks
the position of the lowest1Ssed-1S3y2shd transition (the
1S transition) between electron and hole quantized stat
The high-energy bleaching (B2) is separated fromB1 by
,400 meV which is close to the valence band spin-orb
splitting in bulk CdSe (420 meV). This allows us to as
sign theB2 band to the transition coupling the1S elec-
tron state to the hole state2S1y2 (R  2.3 nm) or 3S1y2
(R  4.2 nm) [24] originating from the spin-orbit split-
off valence subband. TheB2 band also contains contribu-
tions from spectrally close transitions as discussed belo

At sub-ps probe delay times, in both samples we see
pronounced derivativelike feature at the position of the1S
transition. With increasingDt, the negative lobe of this
feature (B1) grows in, accompanied by a complementar
decay of the positive lobe (A1 in Fig. 1). At Dt ,

500 fs, the TA spectra of the glass sample [Fig. 1(a
show an additional short-lived bleaching band (B3) at
,2 eV. The position of this band is consistent with th
energy of the1Psed-1P3y2shd transition (the1P transition)
[24]. Therefore, theB3-band dynamics can be related to
population changes of the1P electron state.

The decay ofB3 [Fig. 2(a), open squares] is extremely
fast (320-fs time constant) which we attribute to the de
population of the1P state. The1S time transient [solid
circles in Fig. 2(a)] shows a fast initial rise, followed by
a clearly resolved step at,200 fs, and a slower signal in-
crease (time constant of,300 fs) which is complemen-
tary to theB3 decay. The two different contributions to
B1 can be explained in terms of Coulomb two-pair inter
actions and state filling, which is confirmed by modelin
of time-resolved TA spectra assuming carrier redistrib
tion between the1P and 1S electron states [20] [see in-
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FIG. 1. Chirp-free TA spectra recorded at different dela
times between pump and probe pulses for glass (a) a
colloidal (b) samples with average radii 4.2 and 2.3 nm
respectively. Inset: TA spectra measured at 150 fs (circles) a
800 fs (squares) after excitation in comparison to calculatio
assuming that NC’s are populated either in the1P (solid line)
or 1S (dashed line) states.

set to Fig. 1(a)]. The step in theB1 time transient is an
unmistakable signature of different time offsets for the
contributions. The Coulomb interaction leads to an insta
taneous redshift of the1S transition following photoexci-
tation. This results in a positive TA signal atA1 and the
initial fast onset ofB1, with buildup dynamics almost iden-
tical to those ofB3 [Fig. 2(a)]. The delayed growth of
B1 is due to increasing population of the1S state as a re-
sult of carrier relaxation from the1P state, consistent with
the complementary decay ofB3 due to the depopulation
of the 1P state. Because of a large bandwidth of optic
transitions, the increasing bleaching of the1S transition
overwhelms the positive TA feature belowB1, resulting
in the matching dynamics ofB3 andA1 [Fig. 2(a)]. The
sub-ps buildup of the1S bleaching measured by us is con
sistent with previous observations of ultrafast1S dynamics
in glass samples doped with II-VI NC’s [18,25,26].

A similar analysis of TA can be performed for colloida
NC’s as illustrated in Fig. 2(b) for the sample with
4029
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FIG. 2. (a) Normalized dynamics of theB1 (solid circles),
B3 (open squares), andA1 (crosses) TA features in the glass
sample with R  4.2 nm. Lines are fits assuming the1P-
to-1S relaxation time of 320 fs. (b) Normalized dynamics o
the B1 (solid circles),B2 1 B3 (open circles), andA1 (solid
triangles) TA features in the colloidal sample withR  2.3 nm.
Solid line is a fit to a 300-fs exponential growth, dashed lin
is a fit to a 330-fs exponential decay. The open squar
show the dynamics of the1P electron state extracted from the
sB2 1 B3d-band dynamics assuming an exponential populatio
buildup of the1S electron state with a time constant of 300 fs
(crosses). The dotted line is the pump-probe cross correlatio

R  2.3 nm. Because of increased level separation, th
sample, in addition to the1S transition (B1), also exhibits
a transition1Ssed-2S3y2 [shoulder at,2.21 eV; Fig. 1(b)]
involving the first excited hole state [24]. TheB1 time
transient shows a biexciton-effect induced fast rise (sol
circles), followed by a step and a second growth (tim
constant,300 fs) due to increasing population of the1S
state. These dynamics are complementary to the decay
A1 (solid triangles) associated with the transition shift, a
in the glass sample. In the TA spectra of the colloida
sample [Fig. 1(b)], the band associated with the1P
transition overlaps with the band due to1Ssed-2S1y2shd
transition [24]. Therefore the bleaching at 2.56 eV [B2 1

B3 in Fig. 1(b)] is due to populations of both the1S and
4030
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1P states. The dynamics of this band indeed show tw
different components: a fast and a slow one [Fig. 2(b
open circles]. Assuming that the slow component is d
to the buildup of the1S state, we can approximate it by a
exponential growth with a time constant of 300 fs [cross
in Fig. 2(b)], as derived from the second-step dynamics
B1. Subtracting this component from the 2.56-eV sign
we obtain the dynamics related entirely to populatio
changes of the1P state [open squares in Fig. 2(b)]. As i
the glass samples, these dynamics closely match thos
A1 [solid triangles in Fig. 2(b)]. A fit to the decay of the
extracted B3 signal gives a relaxation constant of 330 f
close the secondary buildup time ofB1.

Our data indicate that the initial TA dynamics ar
quite similar in both colloidal and glass samples. F
example, for colloidal NC’s withR  4.1 nm we deduce
a 1S-population time of,400 fs, close to the,300 fs
measured for the glass sample withR  4.2 nm [see
Fig. 2(a)]. This demonstrates a negligible role of surfa
effects and lattice imperfections on the initial energ
relaxation process.

The measured relaxation constants indicate a very h
energy-loss rate: e.g.,,1.2 eV ps21 in NC’s with R 
2.3 nm. This value is almost a factor of 2 greater than t
estimated rate for the unscreened polar interaction in b
CdSe with a continuous energy spectrum, and many ord
of magnitude higher than the relaxation rate expected
multiphonon processes [5]. Recent works have sugges
that coupling to defects [13] and/or Auger-type intera
tions [11,12] can lead to fast energy relaxation not lim
ited by phonon bottleneck. The first of these mechanis
suggests a sequential relaxation involving an electron tr
sition to the defect, defect relaxation, and then transiti
back to the lower QD level. This scenario is obvious
not consistent with measured complementary dynamics
the1P and1S states, indicating a direct1P-to-1S electron
transition. Another nonphonon relaxation mechanism [1
involves the Auger-type energy transfer from the electr
to high densitye-h plasmas (2D plasmas from the adjace
quantum well in Ref. [11]). However, this effect canno
be operative under our experimental conditions of low e
citation densities (less than onee-h pair per NC) and with
NC’s dispersed in an insulating, optically transparent ho
Most likely, the observed fast dynamics can be explain
in terms of the Auger mechanism proposed in Ref. [12
which involvesconfinement-enhanced energy transfer
the electron excess energy to a hole, with subsequent fast
hole relaxation through its dense spectrum of states.

The important role of confinement in the enhanceme
of the energy relaxation is evident from a comparison
the1S state population dynamics in NC’s of different rad
(see Fig. 3), indicatinga decrease in the1S buildup time
(tb) with decreasing NC radius. In the inset to Fig. 3
we summarize the relaxation data for seven differe
samples. These data show thattb shortens from,900 fs
for R  5.6 nm to,300 fs for R  2 nm. The observed



VOLUME 80, NUMBER 18 P H Y S I C A L R E V I E W L E T T E R S 4 MAY 1998

g
ch
.
d
/

-
s

i

FIG. 3. Normalized dynamics of the1S bleaching (bandB1)
for three glass samples with NC radii 3.4 (open square
4.2 (solid triangles), and 5.6 nm (crosses) in comparison
fitting curves (solid lines) calculated for an exponential growt
followed by an exponential decay. The time constants deriv
from these fits are shown in the inset along with data points f
four other samples. The dotted line is the pump-probe cro
correlation. Inset: Size dependence of the buildup (open a
solid circles) and relaxation (solid squares) times of the1S
bleaching (bandB1). Relaxation times are shown only for glass
samples, whereas buildup times are shown for both colloid
(open circles) and glass (solid circles) samples. The line is
fit to the R6 dependence.

size dependence is exactly the opposite to that expec
for phonon-dominated relaxation.

In contrast to the initial short-term dynamics which
are similar in colloidal and glass samples, the long
term dynamics after relaxation to the lowest quantize
states are strongly sample dependent. TheB1 decay in
colloidal samples is characterized by a relaxation consta
(tr) of 2–3 ns which can be assigned to the intrins
radiative decay. In glass samples, the decay of the1S
bleaching occurs on a much faster ps time scale, w
tr much shorter for NC’s of smaller radius [see Fig.
inset (squares)] which is likely due to efficient trappin
at deep defect states [27]. The observed size depende
(tr ~ R6; see inset to Fig. 3) can be explained in terms
confinement-induced squeezing of the1S electron wave
function, resulting in an increased overlap with the wav
function of the deep-trap state [28].

In conclusion, we have performed direct measuremen
of the population-depopulation rates of the1S and 1P
electron states in semiconductor NC’s with1S-1P energy
separation up to,16 LO phonon energies. We observe
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a sub-ps1P-to-1S energy relaxation, enhanced in NC’s
of smaller radius, which directly contradicts predictions
for multiphonon emission. This suggests the openin
of new confinement-enhanced relaxation channels whi
likely involve Auger-type electron-hole energy transfer
We observe similar initial energy relaxation in glass an
colloidal samples, indicating a negligible role of surface
interface properties on the intraband relaxation process.
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