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Mechanisms for intraband energy relaxation in semiconductor quantum dots: The role
of electron-hole interactions

V. 1. Klimov,”™ A. A. Mikhailovsky, and D. W. McBranch
Chemical Science and Technology Division, CST-6, MS-J585, Los Alamos National Laboratory, Los Alamos, New Mexico 87545

C. A. Leatherdale and M. G. Bawendi
Department of Chemistry and Center for Materials Science and Engineering, Massachusetts Institute of Technology,
77 Massachusetts Avenue, Cambridge, Massachusetts 02139
(Received 25 February 20D0

To evaluate the role of nonphonon energy relaxation mechanisms in quantum dots and in particular the role
of electron-holeg(e-h) interactions, we have studied femtosecond carrier dynamics in CdSe colloidal nanopar-
ticles in which the e-h separatidicoupling is controlled using different types of surface ligands. In dots
capped with hole accepting molecules, the e-h coupling is strongly reduced after the hole is transferred to a
capping group. By re-exciting an electron within the conduction band at different stages of hole transfer and
monitoring its relaxation back into the ground state, we observe a more than tenfold increase in the electron
relaxation time(from 250 fs to 3 psafter the completion of the hole transfer to the capping molecule. This
strongly indicates that electron relaxation in quantum dots is dominated not by phonon emission but by the e-h
energy transfer.

In bulk semiconductors, intraband carrier relaxation is E-h interactions are intrinsically present in all types of
dominated by electrothole)-phonon interactionsThese in-  QD’s, including both epitaxial and colloidal systems. In the
teractions also dominate carrier energy losses in twopresent paper, to evaluate the effect of these interactions on
dimensional(2D) quantum well$ and 1D quantum wire$, carrier intraband dynamics, we study electron relaxation
both having quasicontinuous energy spectra as bulk materftom the first excited (P) to the ground ($) quantized
als. A further reduction in the system dimensionality accom-sState as a function of the e-h separation, dictated by the QD
panying the transition to 0D quantum dd@D's) is associ- Surface propertieS:** In the presence of a ZnS capping
ated with a dramatic transformation in the energy spectradyer which creates a confining potential for both electrons
which become discrete and atomiclik®educed availability ~2"d holes;” the electron relaxation is not significantly af-
of pairs of electronic states satisfying energy and momentur‘PeCted by modifications in the hole wave function during
conservation leads to a strong reduction in the efficiency o ole reIaxgmpn. For d.OtS passivated with hoIe-gcpeptmg ”".'0"
electron-phonon interactions in QD’s, an effect known as theﬁecules(pyrldme cappmg we observe a dramatic increase in
“phonon bottleneck.® This effect has been expected to dra- he electron relaxation tlm(afrom 250 fs to 3 ppafter the
matically slow down energy relaxation in QD’s in compari- ﬁl(;gtrt?:n;%? tgotlﬁeaéz S?gt'all%j eparated as a result of the
son with that in systems of higher dimensionality. However, To monitor carrier—ir?guc?agabs%rption changasy, we
recent ultrafast measurements demonstrate that in bo :

. " taxid OD' 1i.Jr"se a three-pulse femtosecoffis) transient absorptiofiTA)
chemically synthesiz€d" and epitaxial QD's, energy relax-  gynerimen{top of Fig. 1a)] in which the sample is excited

ation is extremely fasfpicosecond(ps) — sub-ps time py 5 sequence of two ultrashort pul§ese in the visible and
scale, indicating a relaxation mechanism which bypassesynother in the infraredR) spectral rangdsand is probed by
the “phonon bottleneck.” broad-band pulses of a fs white-light continuum. The visible
Several nonphonon mechanisms have been proposed fpiterband pumg3 eV photon energy; 100 fs pulse duration
energy relaxation in QD’s. These are interactions withis used to create an e-h pair in the dot, whereas the time-
defects)’ Auger interactions with electron-hol@-h) plas-  delayed intraband IR pununable within 0.49—1.1 eV; 250
mas outside a QB and Auger-type e-h interactions involv- fs pulse durationis used to reexcite an electron or a hole
ing transfer of the electron excess energy to a hole, witlwithin the same bangbottom of Fig. 1a)]. Pump-induced
subsequent fast hole relaxation through its dense spectrum absorption changes are detected over the range 1.2-3 eV
statest® The first two of these mechanisms are not intrinsicusing a chirp-free phase-sensitive techni§weith a lock-in
to QD’s and cannot explain, for example, our recent data foamplifier synchronized to either chopped visible or chopped
colloidal dots’ These data indicate that in colloidal nanopar-IR pump beams. Signals obtained by modulation of the vis-
ticles, energy relaxation does not show any significant detble pump provide information on absorption changes in-
pendence on QD surface propertigs., the amount of sur- duced by either interband excitation alotR pump is
face defectsand remain almost identical for different liquid- “off’ ), or by combined inter- and intraband excitatidiiR
and solid-state matrices, including transparent optically paspump is “on”). Modulating the IR pump, one obtains infor-
sive glasses, polymers, and organic solvents, for which nonation solely due to intraband reexcitation. A similar experi-
carriers are generated outside the dot. ment but using a single IR wavelength for both the probe and
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clearly for unoccupied transitions and significantly sup-
pressed by the state-filling induced bleaching for transitions
coupling occupied statés.

In Fig. 1, we show spectré) and dynamicgc) of pump
induced absorption changea ¢d, d is the sample thick-
ness$ of ZnS-capped QD’s. Two sets of ddiaith and with-
out the IR post-pumpwere recorded, both with modulation
of the visible pump. The delay between visible and IR pump
pulses At;gr) was 0.6 ps. The IR pump was tuned to 0.55
eV, corresponding to the intra-conduction-ban&—11P
resonance. To avoid complications associated with effects of
multiparticle interactiongsuch as Auger recombinatiprthe
visible-pump excitation density was 0.5 e-h pairs per dot
on average. The intensity of IR pulses was sufficient to re-
excite~30% of dots initially excited by the visible pump. In
addition to reexciting electrons, IR pumping also causes re-
excitation of holes in a portion of the dots due to the overlap
of electron and hole intraband absorptihsdowever, by
monitoring IR-pump-induced changes in the interbarfl 1
bleaching (see data shown belowone selectively probes
only dots with reexcited electrons. This is due to the fact that
because of a high density of valence-band states, the 1
bleaching is dominated by electron populatiéns.

The TA spectra shown in Fig.(d) are dominated by
state-filling induced bleaching Bj) of the lowest
1S(e)-1S;5(h) interband transition (3 transition. IR
postexcitation leads to a reduction of the bleaching ampli-
tude and an increase of the PA featurg ), below the 15
transition[see also time transients in Fig(cl]. Both effects

FIG. 1. (@) Schematics of a three-pulse pump-probe experiment, yicate reexcitation of the electron from th& 1o a higher

(see text for details (b) Spectra of absorption changes induced by

a visible pump pulse alongircles and by visible and IR pulses
together(squares Lines are fits assuming that in all photoexcited
QD’s electrons are in theS ground statedashed ling or that in
20% of the photoexcited QD’s electrons are in the dtate(solid
line). (c) TA dynamics at 2.58 eVE;) and 2.38 eV A,) recorded
with (solid lineg and without (dashed linesthe IR post-pump
(modulation of the visible pumpdotted lines are cross correlations

energy state in a portion of QD’s. In the reexcited dots, the
1S TA is primarily due to a low-energy transition shiftiex-
citon effec)?®?* observed as thé; PA. Experimental spec-
tra [symbols in Fig. 1b)] can be well fit[lines in Fig. 1b)]
using a model accounting for state filling and biexciton
effect$! and assuming that either all photoexcited electrons
are in the ground & state[IR pump is “off”; dashed line in

of the visible and IR pump pulses with a probe pulse. Inset: comfig. 1(b)] or that in 20% of initially excited QD's the elec-
parison of responses to the IR post-pump derived by subtractin§Ons are reexcited into thePLstate[IR pump is “on;” solid

time transients shown in the main fran®ymbols and recorded
directly by modulating the IR pumfines) (see text for details

the post-pump was reported previously in Ref. 13.

We studied CdSe colloidal QD’s fabricated by the orga-

nometallic precursor rout€. ZnS overcoated and pyridine
capped QD’s were prepared as previously descriBéulthe

line in Fig. 1(b)].

Very illustrative are the dynamics &; andA,, shown in
Fig. 1(c). In the absence of the IR pump, tBg shows a fast
~150 fs growth followed by a monotonic nonexponential
decay. TheA; has an even shorter pump-pulse-limited rise,
followed by a very rapid sub-ps decay. Without the IR reex-
citation, this feature is due to a small portion of the largest

present paper, we concentrate on small-size QD’s with &D’s from the size distribution which are pumped not into

mean radiufR=1.15 nm(size dispersion~5%) for which

the 1S but into the P electron state. An instantaneous

the visible pump photon energy is nearly resonant with theCoulomb-interaction-induced shift of theSltransition in

transition coupling the lowest electroisktate and the &,

these dots leads to the observed fast buildup ofth&" The

hole state(for notation of electron and hole quantized statessub-ps decay of this band is due to increasing contribution

in spherical QD’s see, e.g., Ref.)19

from the state-filling-induced bleaching resulting from elec-

Interband-pump-induced absorption changes in QD’s aréron relaxation into the $ ground staté.

primarily due to state filling and Coulomb multiparticle

Application of the IR pulse leads to an abrupt decrease in

interactions?®? State filling results in the bleaching of opti- the B; bleaching signal and a complementary increase in the
cal transitions coupling occupied states. Coulomb interacA; PA, both due to depopulation of theSJklectron state in
tions lead to a shift of both occupied and unoccupied transidots from the center of size distribution for which the IR
tions, manifested as derivativelike features in TA spectrgpump photon energy is close to the energy of ti®-1P

with a bleaching at the original position of the transition andintraband transition. A decay of perturbations associated
photoinduced absorptiofiPA) below or above it, depending with the IR pump provides a direct measure of the electron
on the direction of the shift. The PA is usually observed mosintraband relaxation back into the groun8 4tate. To extract
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electron intraband dynamics, one can either subtract time _ . [1R pump ' ' ' ]
; ; TPy GFE X ZnS cap

transients recorded with the IR pump *“on” and "off,” or to probe @ 2.58 eV (1S bleaching)

directly record them using a modulated IR beam. As illus-

trated in the inset to Fig.(&), both approaches give the same 6

result[compare symbolgsubtraction and lines(IR pump

modulation], however, with a bette®/N ratio for the second

method.

In addition to a fast sub-ps decé&gue to intraband relax-
ation), the IR-pump-induced signals exhibit a slow back- oy Pt et B8 KT8 i o
ground which growsuperlinearlywith respect to the ampli- e\ g, © e ﬁznnqj‘;qf;.
tude of the initial sub-ps component. In Ref. 13, a similar ol med A ®
background was observed in pyridine-capped samples, whict g ! ! ! L
was attributed to the formation of charge transfer L OA-AR (s ¢
QD™ /pyridine"” complexes, for which theR electron relax- 'Idin T .IR T T

€ Caj

i inhibi - - 3 [ Pyn p
ation was inhibited due to the reduced e-h couplisge be 14x10° |- piobe @ 267 6V (1S bleaching) /%{, _
€
T N\i1s

¢ Atg=70fs
O 270fs
O 600fs

2+

low). However, the fact that we detect this background also
in strongly-excited ZnS-capped dde&sh charge separation is 121~ IR pump >
inhibited) indicates that the slow portion of the TA signal R X 0% p TH<05ps

can also be due to accumulation of electrons in some high- w1} [i ¢s8 [o 0% PYR _
energy long-lived statg®.g., interface relatgdpopulated by '
the IR pump via nonlinear excitation proceséasch as two- - 8
photon absorption or an excitation via two consecutiveés
steps. Thus one cannot make an unambiguous conclusion 6
about the formation of the long-livedPLexcited state based

solely on observations of the slow background in intraband 4
time transients. In order to provide direct evidence for the

fact that electron relaxation in QD’s is governed by e-h in- 2
teractions, we study “dynamical” modifications in electron
intraband relaxation caused by sub-ps variations in e-h cou:
pling. This coupling changes either via hole relaxation within
the manifold of the QD state&nS cap or by hole transfer At- At (ps)
to a capping grougpyridine cap.

In Fig. 2, we show P-to-1S electron relaxation dynamics
recorded for ZnS@), and pyridine(b), capped samples at
different delay times between visible and IR pump pulses
varied from 70 to 600 fs. For a majority of QD’s, electrons
are pumped by the visible pulse directly into the lowest
quantized 5 state, where they remain until being reexcitedtrast to the short-lived biexciton-related PA feature at 2.38
by the IR pulse. On the other hand, holes, which initiallyeV in the spectra of ZnS-capped dots, the PA detected in
populate the excited &, state, can rapidly relax due to pyridine-capped samples is characterized by a delayed
transitions into lower-energy quantized states inside the dajrowth and a significantly longer lifetime determined by re-
or the charge-transfer to a capping group. Therefore, byombination of the dot/pyridine charge-transfer comglex
varying the IR reexcitation time one can evaluate the effectet to Fig. 3. The growth of the pyridine-cation PA is com-
of modification in the hole wave functiofiduring hole pleted within ~450 fs, strongly suggesting that the
relaxation/transfgron electron intraband dynamics. significant changes in electron relaxation observed in

In ZnS-overcoated dots, theP1to-1S relaxation is ex- pyridine-capped dots are due to changes in the e-h coupling,
tremely fast(270 fs time constantfor all Atz delays from resulting from hole transfer to the capping group.

70 to 600 fs. In sharp contrast, in the pyridine-capped dots, This is consistent with the electron-relaxation mechanism
electron dynamics show a strong dependence on the delagvolving Coulomb-interaction-mediated e-h energy transfer,
between visible and IR pulses. At short delayg,g=70 fs), as theoretically analyzed in Ref. 12. In the case of ZnS-
the relaxation constant is 250 fs, close to that in ZnS-cappedapped samples, the holes are confined within the dot during
dots. With increasing the visible-IR pump delay, the electrorthe first 600 fs after excitatioff. Therefore the e-h coupling
relaxation time gradually increases up to 3 p\§r=430  does change significantly on this time scale, consistent with
fs. A further increase imt;z does not lead to significant our observations ofAt,gz-independent electron dynamics
changes in electron intraband dynamics. [Fig. 2(@)]. On the other hand, in pyridine-capped dots, the

Importantly, the threshold delay of about 400 fs found ine-h coupling is strong immediately after photoexcitation
three-pulse experiments is very close to the hole-transfetholes are inside the dotbut is reduced dramatically after
time to a capping molecule inferred from visible TA mea- the hole transfer to the pyridine, which explains the more
surements of pyridine-capped dots. The pyridine catiorthan tenfold slowing down in the electron intraband relax-
(formed by hole transferis observed in TA spectra as a ation[Fig. 2(b)]. However, even in the charge-separated sys-
long-lived broad PA band below 2.5 eV (Fig. 3). In con-  tem, the electron relaxes back to the ground state on a ps

Aty =70fs -

(=]

FIG. 2. Dynamics of the IR-post-pump-induce® bleaching
changes(electron intraband dynamicsietected at different delay
times between visible and IR pump pulses for Zn@ and
pyridine-cappedb) dots. Inset to pandb): Schematics of electron
and hole relaxation/transfer processes in pyridine-capped dots.
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025 T T T T T T relaxation mechanism is not strongly affected by the direct
B ok ] o M =04dps overlap between the electron and hole wave functions is also
0201 | - g.gsgs i indicated by relaxation data for ZnS-capped QD’s. The time
oz2r |l - transients in Fig. @) recorded atAt,g< 600 fs, as well as
g ] the results obtained for longét,r delays(not shown herg
0158 o1l I & 2dev) . demonstrate that changes in the hole wave function during
g i L idd the hole relaxation do not lead to significant changes in elec-
T I8 ﬂbni:iw . tron intraband dynamics. However, in bigger désudied,
0101 ooid vy [CCGmepe-g o e.g., in Ref. 13 one may expect a stronger effect of the

00 05 10 15 20 23 modification in the hole wave function on electron dynamics.

This is due to the fact that in large QD’s, the difference
between initially excited and relaxed hole states can be more
pronounced than in the 1.15-nm dots studied in this paper.
In conclusion, we have applied fs TA experiments to di-
rectly study electron intraband dynamics in CdSe QD’s as a
| L | | L L L function of e-h coupling strength. To control this coupling,
22 23 24 23 26 27 28 we use different types of surface passivation, which either
Photon Energy (V) confine an electron and a hole inside a (&itong e-h cou-
FIG. 3. Time-resolved spectra of absorption changes inpling) or lead to e:fficient charge separation _due to a hole
pyridine-capped dots induced by the visible interband pump. Insetl:.ranSfer tO_ a capping gro_u@educed e-h coupling In dots
Comparison of dynamics of PA features below tierésonance for  c@Pped with hole-accepting molecules, we observe a dra-
ZnS- (squaresand pyridine-(circles capped dots. matic increase in the electron relaxation tiffrem 250 fs to
3 p9 after the completion of a hole transfer to the capping

time scale which is much faster than expected for phonon_group. This clearly indicates that electron relaxation in QD’s

dominated relaxatioh This indicates that even in the case of - dominated by processes involving e-h interactions, but not

. . lectron-phonon interactions, which play the major role in
a significant spatial separation between an electron and gectron-phono eractions, ch play the major role

hole, Coulomb e-h interactions can be strong enough to progmk materials.

vide an efficient channel for electron energy losses. This can This work was supported by Los Alamos Research and
be rationalized as arising from the fact that the CoulombDevelopment funds, under the auspices of the U.S. Depart-
coupling does not require a direct overlap between electroment of Energy. C.A.L. and M.G.B. also acknowledge par-
and hole wave functions and scales relatively sloity tial funding from the NSF-MRSEC program under Grant No.
versely with the e-h separation. The fact that the electronDMR-9400334.

* Author to whom correspondence should be addressed. Electroni@A. L. Efros, V. A. Kharchenko, and M. Rosen, Solid State Com-

address: klimov@lanl.gov mun. 93, 281 (1995.

LE. Conwell,High Field Transport in Semiconductotdcademic  13p. Guyot-Sionnest, M. Shim, C. Matranga, and M. Hines, Phys.
Press, New York, 1967 Rev. B60, 2181(1999.

2J. Shah, IEEE J. Quantum Electr@®, 1728(1986). 14C. Burda, T. C. Green, S. Link, and M. A. El-Sayed, J. Phys.

3v. B. Campos and S. Dassarma, Phys. Rev533898(1992. Chem.103 1783(1999.

“A. Alivisatos, Science71, 933(1996. 15\, Hines and P. Guyot-Sionnest, J. Phys. Ch2at 468(1996.

SH. Benisty, C. M. Sotomayor-Torres, and C. Weisbuch, Phys.i6y; kjimov and D. McBranch Opt. Let23, 277 (1998.

A Rev. 344, 10 945(1991). 17C. Murray, D. Norris, and M. Bawendi, J. Am. Chem. S&a5,
V. | Klimov and D. W. McBranch, Phys. Rev. Let80, 4028 8706 (1993

(1998. 18
M. Kuno et al,, J. Phys. Cheml06, 9869(1997).
V. I. Klimov, D. W. McBranch, C. A. Leatherdale, and M. G. 1q . ) 4 8 (1997
Bawendi, Phys. Rev. B0, 13 740(1999 A. I. Ekimov et al,, J. Opt. Soc. Am. BLO, 100(1993.
» PIYS. Rev. B ; 20y Hu et al, Phys. Rev. Lett64, 1805(1990.

8
U. Woggonet al, Phys. Rev. B54, 17 681(1996. 21 )
°T.S. Sosnowskét al, Phys. Rev. B57, 9423(1998. V. Klimov, S. Hunsche, and H. Kurz, Phys. Rev. 3®, 8110

1. C. Sercel, Phys. Rev. &1, 14 532(1995. . (1999
11y. Bockelmann and T. Egeler, Phys. Rev4B, 15 574(1992. V. Klimov et al, Phys. Rev. B50, R2177(1999.



