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Ultrafast carrier dynamics in semiconductor quantum dots
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The dynamics of band-edge photoluminesce(flg in CdS nanocrystalNC's) dispersed in a glass matrix
are studied with the femtosecond up-conversion technique. The time-resolved PL spectra exhibit several dis-
crete featuregthree of them are in the NC energy band gajmich are not pronounced in a cw PL spectrum.
The initial stage of a PL decay is governed by a depopulation of the lowest extended states due to carrier
trapping (localization on the time scale of 1 ps. The low-energy bands originating from the extended-to-
localized state transitions exhibit extremely fast buildup dynairmise time is 400—700 jswhich is explained
by the preexisting occupation of the localized states.

I. INTRODUCTION cence up-conversion technigtfe.The time-resolved PL
spectra exhibit several discrete features, some of which are in

Semiconductor nanocrystalNC's) grown in a glass the NC energy band gap. This indicates the presence of shal-
matrixt or prepared chemically either in a polymer film or as low localized states involved in the band-edge emission. The
colloids’ represent a class of quasi-zero-dimensional systemstbpicosecond and picosecond PL dynamics studied are ex-
or quantum dots. These objects exhibit size-dependent alplained in terms of carrier cooling and subsequent trapping
sorption and photoluminescen¢BL) spectra which result into localized states.
from three-dimensiondBD) carrier confinement. Large and

fast optical nonlinearitie°’$4 as well as lasing repor_ted for_ Il. EXPERIMENTAL PROCEDURE
these materials make them attractive for potential applica-
tions in optoelectronics and signal processing. The samples under investigation are CdS NC'’s grown in a

Linear and nonlinear absorption studisre usually ap- glass matrix by the method of the secondary heat treatment.
plied to derive the structure of delocalized volume states infThe average NC radius estimated from the position of the
NC's which carry significant oscillator strengths. On the absorption edge is approximately 4 nm. The samples are ex-
other hand, PL studies demonstrate the important role ofited at 3.1 eV by frequency-doubled 100-fs pulses from a
states in the NC energy band gap associated with the surfageode-locked Ti:sapphire laser. The luminescence from the
and/or defect$71° These states correspond to localized car-sample is mixed in a nonlineg-barium borate crystal with
riers and are not well resolved in absorption. The PL spectraariably delayed pulses at a fundamental frequency of the
of CdS, CdSe, and CdSe;_, NC’s usually consist of two Ti:sapphire laser to generate a sum-frequency signal in the
broad bands: Oné¢high energy at the band-edge spectral near-UV spectral region. The up-converted signal is dis-
energies and the othéow energy in the near-IR—red spec- persed by a monochromator and is finally detected by a
tral range'®*3The low-energy band has been suggested t€ooled photomultiplier. The zero delay is found by recording
originate from donor-acceptor recombination involving deepa cross-correlation trace between the scattered pump light
defect states associated with sulfur vacantfe$he high-  from the sample and a delayed laser pulse at a fundamental
energy band(band-edge emissigrhas been explained by frequency used for PL up conversion. The spectral resolution
different recombination mechanisms, such as recombinatioff the system is 20 meV, and the time resolution is around
of the delocalized electron-hole{h) pairs strongly coupled 200 fs. To avoid the transient changes in carrier dynamics
to lattice vibration§* or recombination through localized resulting from photochemical effects the excited spot of the
states, possibly, of surface origifit®'®The relaxation of the sample has been initially “darkened” by strong laser illumi-
band-edge PL is characterized by fast and usually multiexnation for sufficient duration. In all measurements reported
ponential dynamicgon the ns or ps time scaleRefs. 10, below, the pump intensity has been intentionally kept at a
12, 13, and 1Y which can be strongly affected by levell,< 20 mW (pump fluencen,< 10 xJ cm™?) corre-
“photodarkening.®® The fastest components of PL have sponding to the excitation of less than one electron-hole pair
been explained in terms of the nonradiative Augerper NC on average. This allows us to avoid the saturation of
recombinatio®’ or carrier trapping>'®'° Femtosecond trap states and effects of fast Auger recombination which
pump-prob&-??and photon-echd measurements show that might complicate the interpretation of the experimental data.
the relaxation times relating to the population changes irAll measurements are performed at room temperature.

NC’s can be on the time scale of a few ps or less. This
demonstrates the important role of direct femtosecond mea-
surements in the study of carrier dynamics in semiconductor
NC'’s. Time-resolved spectra of the band-edge emission of CdS

In the present paper we report a femtosecond study of thRC'’s recorded at different delay times are shown in Fig. 1

band-edge emission in CdS NC'’s performed by the luminestsolid line9 along with a cw (time-integrateyl spectrum

Ill. EXPERIMENTAL RESULTS
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FIG. 1. Time-resolvedsolid lineg and cw (dashed ling PL
spectra of CdS NC’s measured at pump fluenge= 5 uJ cm 2
(to avoid intersections the spectra are arbitrarily shifted along the
vertical axis.
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(dashed ling taken at the same pump intensity. The up- .

converted PL spectra exhibit a number of discrete features Delay Time (fs)

which are not resolved in the cw spectrum. These features

are denoted in Fig. 1 as; (i= 1-4). Bandw, is located at FIG. 2. The time evolution of the PL intensity at different

the position of the lowest optical transition derived from theSPectral energiegshort-scan measurementsSymbols are the
absorption data. Band, is redshifted by about 80 meV; its efoEme)r/‘fal 7d(?f?;)/7“”es are fits to a functign=yo+A(1
maximum coincides with a maximum of the cw PL. Two ~€ = * D& = "

other bands &5 and w,) are shifted further to the low-
energy side of thew; band by~ 170 and~ 270 meV,
respectively. The striking feature of the recorded spectra i
the extremely fast buildup dynamics in the whole spectra
range. The low-energy bandl, is clearly seen along with the
high-energyw; band already at negative delay times. The
up-converted PL is dominated by thg band at small delay 22 24 26 28 30
timesAt< 1 ps. At longer delays the maximum of PL shifts T o
to the w, line which dominates the cw band-edge emission.
The initial relaxation time of spectrally integrated PL derived
from the spectra in Fig. 1 is- 1 ps.

To study in detail the buildup and the fast-relaxation dy-
namics we have recorded the PL intensity at fixed spectral
positions by varying the delay time with a small s{& f9
in the range up to 6 ps. The results of these measurements
(Fig. 2) have been used to derive the rise timeand the
fast-relaxation time 7, by fitting to a function
y=Yyo+A(1—e ("W/m)e” ("7 The spectral distribu-
tions of these times are shown in Fig. 3. For high photon . \

~400 fs at 3 eV up to 800-900 fs at 2.75 eV. At lower
pectral energies, the fitting procedure shows the presence of
e nonzero offset that is indicative of an additional slower

component in the PL decay. To derive the relaxation times of

Ty, T, (£5)
(syun -qie) Lysudy 14 2

energies fw> 2.85 eV}, the PL rise time appears to be 102'2- e -2'6'" STy -300- J
limited by our time resolution. At spectral energies 2.7-2.8 ’ ’ ) ’ '
Energy (eV)

eV the timer, reaches the values of 400-500 fs. It slightly
increases up to 700—800 fs in the region 2.6-2.7 eV and F|G. 3. Spectral distributions of the rise tinfeircles and the
remains nearly constari500—600 f3 at the lower spectral fast-relaxation timesquares of PL (derived from the data of the
energieqg2.3-2.5 eV. short-scan measuremenia comparison to the cwdashed ling

The relaxation of PL is nearly exponential at photon en-and the up-convertedsolid line) PL spectra. The up-converted
ergieshw> 2.75 eV. The relaxation time increases from spectrum is taken akt= 2 ps.



53 ULTRAFAST CARRIER DYNAMICS IN SEMICONDUCTOR ... 1465

reported for CdSRef. 22 and Zn _,Cd,S (Ref. 25 colloids

and explained in terms of Auger recombination. In our mea-
surements, this process can be definitely ruled out because
the average number of tleeh pairs per NC is less than one.

In the case of strong inhomogeneous broadening expected
for the samples under investigation, a size-dependent carrier
relaxation could lead to the nonexponential PL decay. How-
ever, this would be manifested as a certain spectral distribu-
tion of relaxation times which is not observed. The transients
taken in the whole spectral range under investigation can be
correctly fitted by using three well-defined relaxation times.
We believe that the nonexponential decay observed arises
from the overlap of the neighboring transitions with different
relaxation dynamics. These transitions are associated with
the w,;—w, bands(see Figs. 1 and)5The analysis of the
relaxation dynamics performed shows that transitiopsand

w4 have relatively slow and nearly the same relaxation dy-
namics with time constant 20—30 ps, whereas the transitions
w1 and w3z are characterized by much shorter relaxation

) ] ) ) ] times of about 1 and 3 ps, respectively.
FIG. 4. The time evolution of the PL intensity at different spec-

tral energies(long-scan measuremeptsSymbols are the experi-
mental data; lines are fits to the two-exponential decay. IV. DISCUSSION

8
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this component we have performed long-scan measurements The spectra. in.Fig-. 1 as well as the literature data on the
with At being varied up to 50 ps with a step of 0.5(gsg.  Pand-edge emission in CdS, CdSe, and (3t quantum

4). Al transients taken can be fitted to the two-exponentiald©ts Prepared by different techniques show a redshift of the
decay with relaxation times being only slightly dependent orcW-PL maximum by several tens of meV of the lowest ab-
the spectral energy in the whole range from 2.3 to 2.7 e\sorption peak. This shift has been explained either by strong
The fast-relaxation constant) is 1—3 ps and the slow one electron-phonon interactidhor by the presence of localized
(r,) is 20—30 ps. The improved data for the short-lived com-States (surface and/or defectinvolved in the band-edge

ponent derived from the short-scan measurementdy sae emission'’® In the femtosgcond spectra' shown in Fig. 1. we
have observed both maxima: Ofshort-lived at the transi-

V\;ion between the lowest extended states)( and the other
(long-lived at the position of the cw-emission maximum

tures observed in the time-resolved PL spectra. The fast con{@2)- This observation excludes an explanation of the PL
redshift by strong coupling of extended states to lattice vi-

onent is peaked at the positions of the and bands, ' .
P P b ? 3 rations and clearly shows the presence of the localized

whereas the slow component reaches the maximum in th ; _ _ _
range of thew, band and shows a step at the position of theStates in _the_ energy band gap which are involved in the band-
w4 band edge emission.

The two-exponential carrier decays with nearly the sam We now analyze the relation between the dynamics on the

time constants as those measured by us have been previou Idup_ and the relax_atlon E.it different s_pectral energies. The
relaxation of the PL intensity at 3 eV is complementary to

the PL buildup dynamics at 2.6 eléee Figs. 2 and)3This
. — can be explained in terms of carrier cooling during intraband
energy relaxation. The average energy-loss rate estimated

components in the PL decdffig. 5 correlate with the fea-

.
2001 _/3- (:1 from the data shown is about 0.7 meV fspere-h pair, that
—_ \ 0, / is, on the order of the cooling rate expected for the un-
é 1ol A ;\O " | screened polar carrier-phonon interaction in bulk CdS and
= ; f \ several times larger than the experimentally measured values
£ [N for the bulk material at the same pump intensifiess
~ 100 olo i /’o " shown in Ref. 27, the slowed cooling in bulk CdS is chiefly
<ﬁ:‘ 4).%0 caused by the hot-phonon effedtee, e.g., Ref. 28which
< S0F O/O' Apx10 . evidently have reduced efficiency in quantum-dot systems.
o The fast carrier cooling observed by us is consistent with
ob®o", ... data on carrier relaxation dynamics in CdSe and S@S
22 23 24 25 26 27 qguantum dots obtained by using femtosecond pump-probe
Energy (eV) measurements of nonlinear transmissibf

Surprisingly, we did not observe the slowing down of the

FIG. 5. Spectral distributions of the amplitudes for the fagt  buildup dynamics for the low-energy part of the PL spectra
(squares and the slowA, (circles components in the PL decay Which might be attributed to the carrier localizati(see pi-
(derived from the data of the long-scan measurements cosecond data on the PL buildup dynamics in Rej. Z8is
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could mean an extremely fast carrier trapping from the

ground extended statéwith a time constant shorter than 200

fs) as suggested in Refs. 15, 20, and 23. However, this is not

consistent with a measured relaxation timg= 1.2 p9 of

the w, band associated with transition coupling the lowest

extended states. This relaxation time is directly related to the

carrier trapping. The alternative explanation of the fast de-

population dynamics of the extended states by Auger recom-

bination (as proposed in Refs. 22 and)245 not possible in o, |, ®

view of the low excitation densities used in our experiments.
At first sight, the 1-ps trapping disagrees with a subpico-

second buildup of PL related to the localized statks €

2.6 eV). However, these data can be easily understood under A02

the assumption that the cw PL is dominated by the transitions

coupling extended states to localized ones; and the localized A01

states are already occupied by carri@pposite to those in /'rl= 1ps

the extended statem the absence of the pump. The PL rise

time for this recombination mechanism is only determined h Is,

by carrier intraband relaxation rather than by trapping. This

explanation is consistent with data of Ref. 26 on PL and FIG. 6. The tentative scheme of energy levels in a CdS NC

differential transmissioDT) in CdSe NC's. Both the PL which accounts for the PL spectras land I, are the lowest elec-

and the DT spectra reported in this reference were dominatetgbn and hole extended states? and A~ are the levels of the

by two bands with the same spacing, which was equal to theeutral and the charged acceptors, respectively, ET is a deep elec-

energy separation betweers land 1p extended electron tron trap. Thin solid and dashed arrows show the transitions leading

states. At the same time, the PL bands were redshifted witfp the band-edge and the deep-center emission, respectively. Thick

respect to those in the DT by about 50 meV. This provideso©lid arrows show the carrier trapping.

evidence for the extended-to-localized state mechanism of

the band-edge emission and furthermore shows that the ejtansients in Fig. 2 and the data plotted in Fig. 3 which show

tended states are the electron ones, whereas the localiz8te slightly faster PL rise time for the, band than that for

states are those of the holes. Presumably, the same states H}@ w1 band. The difference in relaxation dynamics of the

involved in the band-edge emission in CdS NC'’s studied byw: and thew, bands can be explained by the slower trapping

us. Note that a similar mechanism of the pump-excited mifate for an electron than for a hole as suggested in Ref. 19.

nority carrier recombination with preexisting majority carri- The presence of negatively charged compensated acceptors

ers has been previously proposed in Ref. 7 for explanation dfA; in Fig. 6) can lead to a fast capture of the photoexcited

the deep-center emission in CdS NC's. holes and to the 1-ps decay of the band observed experi-
Discussing the nature of the defect states contributing tanentally. The 20—-30-ps decay of th&, band is probably

the band-edge PL, it is natural to consider first surface loassociated with a capture of an electron by deep centers

cated native defects such as sulfur or cadmium vacancies pelectron trapSET) in Fig. 6] which give rise to the low-

add atoms. The low-energy emission band in CdS NC'’s hasnergy PL band. This process can evidently explain the rela-

been assigned to a surface sulfur vacancy with a level locateiiely slow PL buildup dynamics measured in Ref. 29. Note

~ 0.7 eV below the conduction baddA Cd vacancy can that a depopulation of the lowest electron state on the time

create two acceptor states in the energy band gap:(fdoee  scale of 10 ps has been previously observed in time-resolved

ionized above the valence band and the otfecond ion- DT spectra of CdSe quantum ddfts.

ized) below the conduction barii.The other possible accep-  The bandw, has the same dynamics as the bang

tor states are complexes associated with the Cd vacancyhich may be considered as a hint toward the same mecha-

such as a complex with a donor at the next lattice¥igulk ~ nism for this emission, namely, the conduction-band—

CdsS is ann-type material with a conductivity dominated by acceptor-level recombination. The acceptor Ie\/é n Fig.

foreign donor atoms. However, one may expect a differen6) which could be responsible for this emission has the lo-

situation in NC’s(at least in a portion of thejnwith a large  calization energy of~ 270 meV. The bandv; has much

number of surface located native defects which can lead téaster relaxation dynamics than those of thg and w,

the presence of uncompensated acceptors along with corbands, but slower than that of the band. This indicates a

pensated ones. presence of at least one more shallow level being involved in
The uncompensated neutral shallow accept@f; (see the band-edge emission. However, the exact origins of the

schematic energy diagram in Fig). @ith a level located 80 states involved in thev; emission remain unclear and are

meV above the lowest hole extended state can be responsihl@der further investigation.

for the w, emission. The rise time of the conduction-band—

Band-Edge
Emission

Deep-Center
Emission

A-1

acceptor-level recombination is determined only by the V. CONCLUSIONS
population rate of the extended electron state leading to '
nearly the same or even fast@ue to finite hole intraband In conclusion, we have studied femtosecond dynamics of

relaxation time buildup dynamics than for the emission in- the band-edge emission in CdS NC'’s dispersed in a glass
volving two extended states. This is consistent with the timematrix. Time-resolved PL exhibits several discrete features
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(not resolved in cw PLwhich indicate the presence of shal-  Additionally, the time transients measured indicate a car-
low localized states in the energy band gap involved in theaier energy-loss raténtraband relaxationof 0.7 meV fs *

band-edge emission. The comparison of the cw and the timgyere-h pair that exceeds the experimentally measured values
resolved PL spectra shows that the cw emission is dominatefér bulk CdS at the same pump intensities. This shows that
by the interband transitions coupling the extended to the lothe 3D confinement results in the reduced efficiency of the

calized states; and these latter are occupied in the absenceigfh-density effects leading normally to the slowed cooling
the pump. This explains the extremely fast buildup dynamicsy pylk polar semiconductors.

(the rise time is 400—700 ¥of the localized-carrier-related
emission. Time-resolved PL exhibits a short-lived band at the
position of the transition coupling the lowest extended elec-
tron and hole states. The decay of this band is explained by a
fast capture of one of the carrieftentatively, a holgon the . )
time scale of 1 ps. The slower trapping of the other carrier The al_Jthors thank D. McBranch for critical reading of the
with a time constant of 20-30 ps governs the decay of thénanuscript. V.K. acknowledges the support from the Alex-

emission originating from the extended-to-localized state re2nder von Humboldt Foundation. P.H. is supported by the
combination. Heinrich Hertz Foundation.
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