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Femtosecondfs) broad-band transient absorptiéhA) is used to study the intraband relaxation and de-
population dynamics of electron and hole quantized states in CdSe nanociy§€a&swith a range of surface
properties. Instead of the drastic reduction in the energy relaxation rate expected due to a “phonon bottle-
neck,” we observe a fast subpicoseconB-tb-1S electron relaxation, with the rate exceeding that due to
phonon emission in bulk semiconductors. The energy relaxation is enhanced with reducing the NC'’s radius,
and does not show any dependence on the NC surface propepiiy of the surface passivatipnThese
data indicate that electron energy relaxation occurs by neither multiphonon emission nor by coupling to surface
defects, but is likely meditated by Auger-type electron-hole energy transfer. We use fs infrared TA to probe
electron and hole intraband transitions, which allows us to distinguish between electron and hole relaxation
pathways leading to the depopulation of NC quantized states. In contrast to the electron relaxation, which is
controlled by NC surface passivation, the depopulation of hole quantized states is extrem@ylfgst-to-ps
time scalesin all types of samples, independent of NC surface treatriraliuding NC'’s overcoated with a
ZnS layey. Our results indicate that ultrafast hole dynamics are not due to trapping at localized surface defects
such as a vacancy, but rather arise from relaxation into intrinsic NC states or intrinsically unpassivated
interface state4.50163-18209)02843-X]

[. INTRODUCTION variationg, surface modification by exchanging the passiva-
tion layer® heterostructure with formation of layered NC's,
Semiconductor nanocrystald\C'’s), also referred to as immobilization in sol-gei° and polymet! matrices, and self-
semiconductor quantum dot§D’s), represent a class of assembly into 3D superlatticé%.
guantum-confined objects in which carrier motion is re- Due to the discrete structure of energy levels and an en-
stricted in all three dimension@D). 3D quantum confine- hanced surface-to-volume ratio, energy relaxation and re-
ment results in discrete size-dependent electron and hole egembination dynamics in NC's are significantly different
ergy spectra. In spherical QD’s, carrier energies increasfrom those in bulk materials. In bulk 1I-VI semiconductors,
with reducing NC radiugR) roughly asR™2.1? Epitaxial ~ carrier energy relaxation is dominated by thé fich inter-
techniques such as Stranski-Krastanov growitave been action with LO phonons, leading to faélypically sub-p$
widely applied to the preparation of self-assembled IlI-V carrier cooling dynamics>~2°In NC'’s, even in the regime of
QD’s. However, epitaxially-grown QD’s have relatively weak confinement when the level spacing is only a few meV,
large lateral sizes>10 nm) which do not allow one to the carrier relaxation mediated by interactions with phonons
investigate the interesting regime of very strong confinemenis hindered dramatically, because of restrictions imposed by
for which the energy level spacing greatly exceeds both thenergy and momentum conservation leading to a phenom-
bulk-exciton binding energy and the energies of longitudinal-enon called a “phonon bottleneck®*’ Further reduction in
optical (LO) phonons. An alternative approach to makingthe energy loss-rate is expected in the regime of strong con-
high quality 3D-confined nanostructures utilizes chemicalfinement, for which the level spacing can be much greater
synthesis, based on the control of homogeneous nucleatiothan LO phonon energies, and hence carrier-phonon scatter-
which allows preparation of NC’s in the 1-10 nm size re-ing can only occur via weak multi-phonon processes. Calcu-
gime. Such chemical methods are particularly well develdations performed for GaAs QD’$Ref. 1§ show that the
oped for 1I-VI QD’s. There are two main chemical routes for energy-loss rate for two-phonon emission is orders of mag-
preparation of II-VI NC’s: high-temperature inorganic pre- nitude lower than for a single-phonon process, and is further
cipitation in molten glassés and colloidal synthesis using, reduced with increasing a number of phonons participating
e.g., organometallic reactiofid. Glass samples provide ri- in the process.
gidity and environmental stability, but they have a broad NC Despite these theoretical predictions, a number of recent
size distribution(typically greater than 15%and a large experimental results indicate that carrier relaxation in 1I-VI
amount of surface defects. A much higher level of synthetidNC'’s is not significantly slower than in bulk materials. Such
flexibility and control is provided by colloidal NC's which evidence includes a lack of hot-carrier emission in femtosec-
can be chemically manipulated in a variety of ways includingond (fs) photoluminescencéPL) studies:® a fast build-up of
size-selective techniquegresulting in less than 5% size the nonlinear signal in transient absorptiofiTA)
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experimentg? sub-picosecon@sub-p3 relaxation of TA fea- Il. EXPERIMENT
tures associated with Coulomb two-pair interactihand a To probe carrier relaxation dynamics, we monitored

fast bwld—up of 51P !ntraband absorptioff. Strong evi- .carrier-induced absorption changes using high-sensitivity fs
dence agam;t the e,X|stence of the .phon'on-bottleneck' i A experiment in the pump-probe configuration. Samples
strqngly confined QD’s has b_een _obtamed in recent studiegare pumped at 3 eV by frequency-doubled 100-fs pulses
of intraband electron relaxation in CdSe NOBef. 23 from an amplified Ti-sapphire laser. In the visible TA mea-
which indicate sub-ps R-to-1S electron relaxation even in - syrements, the transmission of the photoexcited spot was
NC's for which 1S-1P energy separation is as high @6  probed by variably delayed pulses of a white-light fs con-
LO phonon energies. Similar results indicating extremelytinuum. TA spectra were detected in the chirp-free nibde
fast electron intraband relaxation have been recently reportegiith an accuracy up to 1C in differential transmission. In
for 11l-V QD’s.?* IR TA measurements, the probe pulses were derived from an
Energy relaxation leads to the establishment of quasiequiR optical parametric amplifier, tunable in the range 1.1-2.7
librium populations of electron and hole quantized statesum. IR signals were detected with liquid,Mooled
Depopulation of these states can occur via a variety of radiadgCdTe photodetectors.
tive and non-radiative mechanisms. The radiative electron- We studied CdSe NC's prepared by colloidal syntHesis
hole (e-h) recombination in CdSe NC'’s is a relatively slow and high-temperature precipitation in molten glass€sl-
process with ns time constarffs Competing deactivation loidal CdSe samples were of two types: NC's passivated
mechanisms are non-radiatighonon-assistace-h recom-  With molecules of trin-octylphosphine oxide(TOPO and
bination, carrier trapping at defect/surface statéd26and  “overcoated” NC's, surrounded by a final layer of ZA$,
Auger recombinatioR’2% with the latter dominating carrier (both dlssolvgd in hexa?leNC sizes gnd size dlstrlb_utlons _
dynamics in the regime of multiple-h pair excitations. Car- were determined from linear absorpnon spec’gra using C.a“'
rier dynamics in NC's have been studied using fs 28326 bration curves Qer!ved from comparison of optical data with
PL 1% and four-wave mixing®* experiments. The fast initial data of transmission electron microscopy and small-angle

dynamics observed in these experiments have been usuaf&ray scatterind. The NC mean radii varied from-1 to

explained in terms of carrier trapping at defect siteften 4_nm. The NC size dispersion was 4-9% in colloids and
P ppIng . 15-25% in glass samples. All measurements were performed
presumed surface-relajedHowever, the mechanisms for

. . . . . at room temperature.

carrier trapping and the origin of trapping sites have notbeen 14 oy o1 de effects of many-particle interactions on carrier

understood yet. Additionally, most ultrafast studies of II-VI_ dynamics, the relaxation data were taken at low pump inten-

quantum dots have concentrated on NC/glass samples whict}iag corresponding to )N<1 (unless otherwise is stated

have poorly-controlled surface properties. Therefore, it reyynere N, is the average number @:h pairs excited per

mains unclear whether the fast initial depopulation of quanyc. Ner can be computed acy=j,0, wherej, is the

tized states in NC's is entirely due to tl‘apping at Surfac%ump ﬂuencdpresented in photons per e)nand Oa is the

defects or due to relaxation into intrinsic quantum dot stateSNC absorption cross section. In the case of pumping high
Recently, we reported energy relaxation studies in CdSebove the NC energy gap, the NC absorption cross section

NC'’s with emphasis on glass sampfésn the present paper, can be calculated using the expressionr,

we study well-characterized CdSe colloidal samples to inves= (47/3)|f|?2a,R3, whereay, is the bulk absorption coeffi-

tigate in detail the effect of quantum confinement and surfaceient at the pump wavelength, ahis a coefficient account-

properties on energy relaxation dynamics. In agreement witing for local-field effects” Using a,=1.6x 10° cm™* and

previous results for glass samples, we observe a shortenin§|>=0.25 (both atiw=3 eV), we find that for the CdSe

of the population time of the lowestSlelectron state with NC'’s studied(radius from~1 to ~4 nm) the NC absorption

reducing the NC radius, which follows roughly a linear sizecross sections are in the range0.2—10)<10"*> cn?.

dependence. We find that th&-ktate population dynamics

are nearly identical in colloids with different surface passi-

vations, indicating a negligible role of surface defects in the Ill. ELECTRON ENERGY RELAXATION DYNAMICS

electron intraband relaxation. In addition to studies of intra- |, Fig. 1, we show linear absorption spectra of a series of

band relaxation, we report studies of carrier dynamics durinQ'OPO-passivated colloidal NC’s with mean radii from 1.17
the subsequent stage of depopulation of NC quantized stateg, 4. 05 nm. Due to the narrow NC size distribution, the ab-
We observe that the initial decay of th&-Electron popula-  sorption spectra clearly exhibit discrete features due to tran-
tion is strongly dependent on degree of surface passivatioiitions coupling electron and hole quantized states. It has
suggesting that it is due to trapping at surface defects. T@een shown using PL-excitation studfethat these features
study hole relaxation dynamics, we use infraf@®) TA  can be explained by effective-mass theory, taking into ac-
spectroscopy of intra-band transitions. In contrast to electrosount confinement-induced mixing of three valence
dynamics, controlled by NC surface passivation, hole dysubbands?® In this theory, electron states are labeled using a
namics are nearly identical and extremely féstib-ps-ps letter (I) to denote the angular momentum of the envelop
time scalesin samples with different surface properties, sug-wave function S for | =0, P for =1, D for | =2, etc] and
gesting that these dynamics are not due to trapping at surfagedigit to denote a number of the state of the given symme-
defects such as vacancies but rather are due to relaxation intky. The three lowest electron states in the order of increasing
intrinsic NC states, or surface states that remain unpassivatesergy are $, 1P, 1D. A similar notation is used for hole
even under the range at surface treatments of this work. states with an addition of a subscript which denotes the total
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FIG. 1. Linear absorption spectra of TOPO-passivated CdS@roportional to the sum of occupation numbers of the quan-
NC'’s (radii from 1.17 to 4.05 nm tized electron and hole states involved in the transition.
However, due to degeneracy of the valence band, and the
hole angular momentum, which is the sum of the valencelarge difference between electron and hole massggrf,
band Bloch-function momentum and the momentum of the=6), the room-temperature occupation probability of the

hole envelope wave function. In CdSe NCs wRb>2 nm,  lowest electron state is much greater than that of the coupled
first three hole states in the order of increasing energy arbole state(the hole population is spread over many adjacent
1S5, 1Pgp, 2S5,.% levels by the thermal distribution As a result, the state-

The two lowest bands in the linear absorption spectra ofilling-induced portion of TA is dominated by the
Fig. 1 can be assigned to transitions involving the loweselectrons’® This is clearly indicated by the fact that in both
electron state ($) and two different hole states 8}, and  colloidal and glass samples, th& and 2S bleaching bands,
2S;5). In the following, we will refer to these transitions as which involve the same electron $] but different hole
1S [1S(e)-1S5/5(h)] and 2S [1S(e)-2S;,5(h)]. The linear
absorption spectra of NC’'s witR>2.3 nm also exhibit a . I I . . I
well-resolved band associated with the transition coupling — T T T T T T
the 1P electron state to thePs, hole state (P transition
and a higher-lying band associated with the transition involv-
ing the 1S electron state and a hole state originating from the
spin-orbit split-off band (%, for NC with R=4.05 nm; see
Fig. 1).

In Fig. 2, we present early-time TA spectftoe pump- |
probe delay timeAt=200 fs) recorded for the same series §osft
of NC’s as shown in Fig. 1. The nonlinear optical response in g
NC's is dominated by state-fillif**leading to pronounced
bleaching bands at energies of allowed optical transitions.
Comparison of TA datdFig. 2 with linear absorption spec-
tra (Fig. 1) allows us to assign TA bleaching featurBs,

CdSe NC's (R =2.33 nm)

B,, andB; to the 1S, 2S, and 1P transitions, respectively. 021r ——209ev(s) |
In addition to state filling, the TA of NC’s is also affected by il + 222eV(28)
Coulomb many-particle interactionge.g., the biexciton
effecf>*®3"and a trapped-carrier-induced dc Stark effdct oo po o po po il
leading to a shift of optical transitions with associated D )

elay Time (ps)

photoinduced-absorptiai?A) features at the positions of the
shifted transitions. Such PA features can be discerned below FIG. 3. Nanosecontmainframé and picosecon¢insed TA dy-

the 1S (A;) and 1P (A,) transitions(Fig. 2). namics at the positions of theS1(solid line) and 2S(crosseptran-
The magnitude of the state-filling-induced bleaching issitions(TOPO-passivated CdSe NC'’s wi=2.33 nm).
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FIG. 4. Chirp-free TA spectra for TOPO-passivated CdSe NC’s
(R=4.05 nm) recorded at different delay times between pump and ‘@

probe pulses. ‘gosr
..g 0.6}
states, show essentially identical dynamicsAat-2-3 ps Foal

(after the intraband energy relaxation is finishdabth sig-

T{(1P)=2201s

nals are dominated by the depopulation dynamics of the 02 ‘z\ ©

common IS electron level. To illustrate this result, in Fig. 3, 0-90.5 ' Y m v - o= 5o

we show the exactly matchingSland 2S TA dynamics re- Delay Time (ps)

corded for a TOPO-passivated colloidal sample wih

=2.33 nm over both pginse) and ns(main frame time FIG. 5. TA dynamics recorded at the positions of tt (thick
scales. solid line) and the P (thick dashed ling transitions for TOPO-

In our studies of energy relaxation, we concentrate on th@assivated CdSe NC's with R 4.05 nm(a), 2.77 nm(b), and 2.33
population re-distribution between adjacem® and 1S elec- "M (©)- Thin dotted line is a pump-probe cross-correlation. Thin
tron states. In Fig. 4, we show chirp-free TA spectra ofdashed lines are fits to a single-exponential deayld-up) (7q
TOPO-passivated NC’s witR=4.05 nm recorded between andr, are corresponding time constants
0 and 2 ps after excitation. For this NC size th&-1P _ ) ) . )
energy separation is about eight LO phonon energies. On tHiPn density (Fig. €. With increasing the pump level, the
time scale shown in Fig. 4, TA dynamics are dominated b)ﬂec_:ay of theB_3 feature becomes slower, indicating t_he satu-
the intraband energy relaxation. Interestingly, a nonzero TAation of the_ final state at the bott_om of_t_he conduction t_)and.
response over the whole spectral rangel(7—2.7 eV) is The saturation occurs at pump intensities corresponding to
observed already att=0. This is a result of the Coulomb Nen=1-2, as expected for a two-fold degenerat elec-
two-pair interaction(biexciton effect?13637 leading to the tron state. This result provides additional evidence that the

instantaneous shift of all optical transitions in the presence of

the e-h pair excited by the pump pulse. The shift of thg 1 60x10° F—T T T T T T ki

transition induced by the twe-h pair interaction is seen in oy ohpmNC CdSe NC's R =4.05 nm

early-time TA spectraft<0.5 ps) as a derivative-like fea- soF |2 34 Probe @1P transition .

ture with bleaching at 1.93 e\VB(;) and induced absorption

(A1) at 1.86 eV. With increasing pump-probe delay tirAe, - “or XXXxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx ;

rapidly decays, whered®,; grows due to increasing popula- g ol ]
|

tion of the 1S electron state as a result of energy relaxation
from higher states. Th8; growth is accompanied by the
decay of theB; band associated with thePltransition.

Very illustrative are time transients recorded at the posi-
tions of the 1S and 1P transitions(Fig. 5). For the 4.05-nm
sample[Fig. 5a)], the B; feature decays with a 540-fs time 0 I !
constant, which we attribute to the depopulation of the 1 00 05 10 15 20 25 30
state. TheB, time transient shows a fast initial rise due to the Delay time (ps)

biexciton effect, followed by a slower signal increase with a G, 6. Short-term TA dynamiosymbol3 at the position of the
530-fs time constant. The seconday growth is comple-  1p transition in TOPO-passivated CdSe NCR=4.05 nm) as a
mentary to theéB; decay and is associated with increasir®) 1 function of excitation densitjnumber ofe-h pairs (Nop) per NC.
population, due to the R-to-1S relaxation. It is also quite Line is a scaled time transient recorded at the lowest pump level
interesting to examine R relaxation as a function of excita- (N.,=0.8).
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10 ®
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FIG. 7. (@ The 1S bleaching build-up dynamics for TOPO- %:_ ﬁwg hag In 4Ee), (3.1)
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exponential growth(thin solid lineg. Thin dotted line is a pump-
probe cross correlationb) The dependence of thePtdecay

(triangles and the B build-up(circles times on the NC radii, fit to
a linear size dependenckne).

where 8 is a polar-interaction constafin CdSe,3=0.46)
and E, is the electron energy measured from the bottom of
the conduction band. For electron energies corresponding to
the 1S-1P energy spacing in NC’s of sizes studied, the bulk-
observed dynamics are due to direct electron relaxation int€dSe energy-loss rate is in the rang®.4—0.6 eV ps?!
the lowest B state. (shaded region in Fig.)8
Complementary $ and 1P dynamics are also observed  The energy-loss rate for NC’s can be estimated from the
for NC'’s with radii of 2.77 and 2.33 nrfFig. 5b) and Hc¢), ratio of the 1S-1P energy separationNE,,) and the time of
respectively. For the smaller NC's, the B decay becomes the 1P-to-1S relaxation. For 4.05-nm NC's, this gives the
less pronounced due to increasing overlap of tRetransi-  rate of ~0.4 eV ps!, which is essentially the same as in
tion with the nearby $(e)-2S;,5(h) transition. In contrast bulk materials, but many orders of magnitude greater than
to predictions of phonon-bottleneck theortés®the 1P-to-  the rate expected for a multi-phonon emissfotin 4.05-nm
1S relaxation becomes faster with reducing NC radius. FONC'’s the 1S-1P energy separation is around:8,). The
2.77-nm NC's, the relaxation time is around 400 fs, and fur-energy-loss rate rapidly increases with reducing NC size
ther shortens down te-220 fs in NC’'s withR=2.33 nm.  (Fig. 8). For the smallest size studie®R€1.17 nm;AEg,
The important role of spatial confinement in the enhance=23hwy), itis ~6 eV ps!, which is an order of magni-
ment of the energy relaxation is evident from a comparisoriude greater than for LO phonon emission in bulk materials.
of the 1S state population dynamics in NC's of different The experimental data in Fig. 8 can be well fit to the depen-
radii [see Fig. 7a)], indicating a decrease in thé&Sbuild-up  dence @E./dt)<R™ 2% indicating a strong confinement-
time with decreasing NC radius. This time shortens from 530nduced enhancement in the energy relaxation rate which is
fs for R=4.05 nm to 100 fs foR=1.17 nm, roughly fol- approximately inversely proportional to the NC volume. This
lowing a linear dependend&ig. 7(b)]. trend is exactly the opposite to that expected for phonon-
It is illustrative to compare the rate of energy relaxationmediated relaxation, for which the relaxation rate slows
observed in NC’s with that in bulk materials. Carrier energydown with reducing the NC size because of the increasing
losses in bulk CdSe are dominated by théHfiah interac- numbers of phonons required to dissipate each quantized
tion with LO phonons*%%In the case of a negligible role of electron jump.
screening of the electron-phonon interacttbrand non- Extremely fast electron relaxation, as well as a
equilibrium filling of phonon modés* (both effects reduce confinement-induced enhancement in the relaxation process,
the efficiency of carrier coolingthe electron energy loss for clearly indicate that energy relaxation in NC’s is dominated
the Frdnlich mechanism can be estimated from the followingby non-phonorenergy-loss mechanisms. Recent works have
expression[we assume that the electron energy is muchsuggested that coupling to deféétsand/or Auger-type
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interaction&®>#*can lead to fast energy relaxation not limited 50x10° fF T T . ) +
by a phonon bottleneck. The first of these mechanisms sug-
gests a sequential relaxation involving an electron transition
to the defectassociated, e.g., with a surface dangling hond
defect relaxation, and then transition back to the lower NC
level. This scenario is obviously not consistent with the mea-
sured complementary dynamics of the and 1S stateqFig.

5), indicating a direct P-to-1S electron transition. The neg-
ligible role of defect states is also indicated by comparison of
energy-relaxation data for TOPO- and ZnS-capped samples.

-Aa/og

Overcoating NC’s with ZnS significantly reduces the number og CdSe NCsm(R=1.17nm)| T3 =2ns
of surface defects, as indicated by the slowing down of the ¢ () ° %gsl;gigggg "
1S bleaching decaysee the next sectiopnHowever, this OIE | . . . N
improvement in surface passivation does not lead to any sig- 0 200 400 ) T§°0 800 1000
nificant changes in the build-up dynamics, indicating that : : De, il ]me, :
the energy relaxation rate is not affected by the number of 010 4Se/TOPO NC's
surface defects. oos R=1.17nm
The Auger-type mechanism analyzed in Ref. 43 involves
energy transfer from the electron to high dengily plasmas g 0061 — g‘;pg-SPS
(2D plasmas from the adjacent quantum well in Ref).43 4?0.04_ g

However, this effect cannot be operative under our experi-
mental conditions of low excitation densitiless than k-h

pair per NG and with NC’s dispersed in an insulating, opti-
cally transparent host. The observed fast dynamics are best
explained in terms of the Auger mechanism proposed in Ref. 002p L L L L L
44 which involves confinement-enhanced energy transfer of ’ " Photon Energy (€V) '
the electron excess energy to a hole, with subsequent fast

hole relaxation through its dense spectrum of states. Accord- FIG. 9. (8 Nanosecondmain frame and picosecondinsey

ing to the estimates in Ref. 44, thé1o-1S relaxation time ~ dynamics of the S-bleaching in ZnS-(circles and TOPO-

for this mechanism is around 2 ps in NC’s with radii from (crossep capped CdSe NC's R=1.17 nm), fit to a three-
~2 to ~8 nm. This time constant suggests a SigniﬁCan“yexponentiaI decaycorresponding relaxation constants are indicated
higher electron relaxation rate than that for the multi-phonorin the figure. (b) TA spectra of TOPO-passivated CdSe NCR (
emission, but is somewhat longer than our measured value§, 117 nM) recorded at different delay times between pump and
This discrepancy may be due to the fact that the calculation@©Pe Pulses(lines. Symbols are 100-(circles and 500-ps

of the Auger electron-hole energy transfer rate are sensitiv grosses spectra scaled to match the 0.5-ps spectrum. The nearly
to the hole-phonon coupling, which is not well UnderStOOdexaCt match of all three spectra clearly demonstrates that the TA

- - . . “decay i ectrally uniform.
for NC’s. An important role of electron-hole interactions in Cay IS spectrally unftor

ultrafast energy relaxation is also indicated by recent studiegjstinct regions. About 35% of the signal amplitude decays
of carrier dynamics in CdSe NC's treated with electron-yery fast with a 1-ps time constafinset to Fig. $a)]. This
donating molecule® for which a dramatic slowing down of fast initial stage is followed by a 30-ps decay {5% of the
electron relaxation is observed upon formation ofacomple@ignaﬂ amplitudg and finally by a slow 2-ns relaxation

with charge-separated electrons and holes. which accounts for-50% of the signal amplitude.
An important step in analyzing the relaxation data is to
IV. DEPOPULATION DYNAMICS understand whether the observed dynamics are due to relax-
OF ELECTRON QUANTIZED STATES ation within a single NC(a “single-NC” scenarig, or

whether they are due to a superposition of dynamics from

As was mentioned in the previous section, the interbandNC's with different relaxation propertieéan “ensemble”
TA signals are dominated by the electron populations. Therescenarig, arising, e.g., from size distribution and/or differ-
fore, the 1S bleaching decay dynamics can be used to evaluences in surface passivation. In the absence of Auger recom-
ate the depopulation rate of the lowest electron quantizedination, initial 1- and 30-ps decays are too fast to be ex-
state. plained by either radiative or non-radiativee-h

In Fig. 9a) (main frame and insgtwe show the recombination back to the ground state. Therefore, the initial
bleaching time transients for TOPQ@rosses and ZnS fast dynamics are most likely due to electron relaxation from
(circles capped NC's withR=1.17 nm. To avoid Auger the 1S state to a new stai@.g., surface-defect relateith the
recombination, these data were taken at the low pump levadnergy gap. If the fast initial relaxation were characteristic of
corresponding to excitation of approximately 084 pairs  all NC's (“single-NC” scenarig, the electron transition to a
per NC on average. For both samples, the decay dynamigsew state would have led to either complete relaxation of the
are strongly non-exponential. A quantitative analysis of thelS bleaching or to at least a noticeable change in the TA
decay curves was performed using a simple threespectra shape. However, as seen from the spectra in Fig.
exponential fit[lines in Fig. 9a)]. In the TOPO-capped 9(b), the decay of TA signal is spectrally uniforfthe scaled
sample, the $ bleaching decay shows the existence of threespectra taken at 100 and 500 ps match almost exactly the
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spectrum recorded at 0.5)psneaning that fast initial ps and 80x10™ 7 -~ ' '
final slow ns dynamics originate from different NC’s with
different relaxation properties. The spectral uniformity of the
decay also points towards the fact that the different relax-
ation behavior is not associated with a size inhomogeneity 3
(which would have led to a shift of theSlbleaching, but is T o g
due to a different number and/or a different type of trapping <|1
states dominating the decay in different NC’s.
Comparison of $ bleaching dynamics in samples capped » o e N R s CrBp0-cappec)
with TOPO and ZnS indicates that the states responsible for L O aged sample (TOPO-capped)
a fast initial 1S decay are most likely surface-defect related. ol + o sample a5-capeed
Overcoating with an epitaxial layer of ZnS greatly reduces 0 200 4%061 , 600
. . . . ay time (ps)
the number of surface defects leading, in particular, to a sig- : _
nificant increase in the PL quantum yiéldfrom 1.6% to Probe @ 18 transition
29% in the case of the samples shown in Fig.The relax- 0.15 b
ation data also indicate that NC's overcoated with ZnS show 3
an enhancement of the amplitude of the 2-ns TA component
which occurs in conjunction with a reduction of the fast ps
components. Capping with ZnS almost completely elimi-
nates the 30-ps portion of the TA signal, and suppresses by a
factor of 3 the 1-ps component. The fact that 1-ps and 30-ps 005
components are affected by ZnS capping in a different way
indicates that they arise from different groups of NC'’s. Thus,
the 1S dynamics observed in the TOPO-capped sample can ) 200 200 500 300 1000
be interpreted as arising from at least three different groups Detay Time (ps)
of NC’s with distinctly different relaxation dynamics. We  FG. 10. (a) The 1S-bleaching decay dynamics in small-size
will refer to these groups as to group B, andC with re-  cqge colloidal NC's R=1.73 nm) with differently prepared sur-
laxation constants 2 ns, 30 ps, and 1 ps, respectively. Th@ees: freshcircles and agedsquares TOPO-capped NC's, and
increase in the relaxation time in going from gropto  NC's overcoated with ZnScrosses Lines are fits to a three-
groupA occurs, presumably, due to improvement in the NCexponential decayb) The 1S bleaching decay dynamics in large-
surface passivation. The existence of distinct groups of NC'size CdSe colloidal NC’s with different surface/interface properties.
may be due to the existence of two different types of surfac&hown are the data for freqlsrosses and aged(circles TOPO-
defects acting as efficient electron traps. In gréupC’s, passivated colloidal NC's witfR=4.05 nm, and for 4.2-nm NC'’s
surface passivation eliminates both types of defects and eledispersed in a glass matrigquares
trons are confined within the NC volume. In groBpandC
NC’s, the degree of surface passivation is decreased, and As observed previously for the 1.17-nm samples, over-
electron relaxation is dominated by trapping at the particulacoating the 1.73-nm NC’s with ZnS completely eliminates
type of the defect, which is present in a given NC in thethe 40-ps decay component, and suppresses the 2-ps compo-
greater amount. We will refer to the defects dominating elecnent by a factor of~1.5. The suppression of the ps compo-
tron relaxation in grou andC NC'’s as to typeB andC  nent is less pronounced in this sample than in the ZnS-
defects, respectively. overcoated 1.17-nm sample, which correlates with its
We also studied the effect of surface-passivation degradaeduced PL quantum yiel@l2% in the 1.73-nm sample in
tion on TA dynamics. In Fig. 1@), we compare $ bleach- comparison with 29% in the 1.17-nm samjple
ing decay for the 1.73-nm NC's with different degrees of Relaxation data for samples with different types of passi-
surface passivation. These samples are freshly preparegtion indicate that the number of C-type defects responsible
TOPO-passivated NC’scircles, the same NC'’s but eight for the fast 1-2-ps electron decay is nearly unchanged by the
months after preparatiofisquares and freshly prepared degree of TOPO passivatidpassivation of metal dangling
NC'’s overcoated with four monolayers of Zri€&osses As  bondg, but gets reduced upon ZnS cappifignproved pas-
in the 1.17-nm samplgFig. 9Aa)], the 1S bleaching decay in sivation of both metal and chalcogenide dangling bonds
the 1.73-nm NC'’s shows three distinct regions: an initial fastThe nature of these defects is not quite clear. The fact that
2-ps relaxation, followed by a 40-ps decay and a final 2.6 nshey are affected by capping of chalcogenide surface ions
relaxation. In freshly prepared TOPO-capped NC's, the 2may be considered as indication of their relation to Se-
and 40-ps components are respectivel§4% and~10% of  dangling bonds. On the other hand, bulk-material-based ar-
the signal amplitude. Degradation of surface passivation iguments indicate that chalcogenide dangling bo(rdstal
the aged samplesquares in Fig. 1@)] has a dramatic effect vacancies are hole trapping sit€'s:*¢ However, the com-
on the 40-ps componefit increases by almost a factor of 3 plexity of a NC interface may result in NC-specific Se-based
upon aging, but does not significantly change the 2-ps com-complexes(involving, e.g., surface charges, interaction be-
ponent (-29% in the aged sampleSince TOPO molecules tween Se and Cd surface ions, or interaction with passivating
are coordinated to surface metal idrthe intermediate 40-ps  or solvent moleculéswhich act as electron traps.
decay is most likely due to trapping at defects associated The larger NC's R>2.7 nm) also show a non-
with metal dangling bondsB-type defects exponential decay of theSlbleaching[Fig. 10b)]. How-

1 1
800 1000

T T
colloidal NC's: R = 4.05 nm
glass sample: R = 4.2 nm

fresh colloid
x

T,=55ps




PRB 60 ELECTRON AND HOLE RELAXATION PATHWAYS IN. .. 13 747

different (inset to Fig. 1}, long-term relaxation behavior for
them is remarkably similar. AAt>10 ps, both samples ex-
hibit the 30—50-ps decay, followed by slow 2—-3-ns relax-
ation, with a ratio of the slow to the fast componente2.5.

For comparison, in the same plot we show normalized dy-
namics recorded for freshly prepared ZnS-capped 1.17- and
1.73-nm samples. These two time transients closely match
each other; both are dominated by the slow 2.5-ns compo-
nent, with a small portion<{<20%) of the signal relaxing on
the ps time scale. The comparison of time transients for
TOPO- and ZnS- passivated samplese also Figs.(® and
10(a)] shows that the long-termSldynamics are mostly af-
fected not by NC size, but rather by NC surface properties.
The samples with identically poor or good passivations show

0.14
0.12 [#

0.10

-Aod

0.08 . B .  Delay Time (ps)
gl RN T,=2ns

TOPO-capped|

0.04 o 405mm - nearly identical long-term relaxation behavior, independent
Z;S_;lplgldn of NC sizes. The primary effect of NC sizes on carrier dy—.
002 [& O 1.73mm - namics is the appearance of a very fast 1-2-ps component in
& 4 1.170m NC's with radii below~2.5 nm.
0.00 1 1 1 ! 4
0 200 400 600 800 1000

Delay Time V. DEPOPULATION DYNAMICS
OF HOLE QUANTIZED STATES

FIG. 11. Nanosecon¢main frame and picosecondinse) 1S . ) .
bleaching dynamics for aged TOPO-capj&d=4.05 nm(circles As discussed above, the dynamics of TA bleaching fea-
and 1.17 nm(crossey and fresh ZnS-cappeitR=1.73 (squares  tures in the visible spectral range are dominated by electron
and 1.17(triangle$] CdSe NC’s. In the rangat>20-50 ps, ex- Populations. Therefore, visible TA spectroscopy does not al-
perimental data are fit to either double-exponertégled samples  low one to clearly observe hole dynamics. In Ref. 47, in
or single-exponentialZnS-overcoated sampledecay. addition to fs TA spectroscopy we applied a complementary

technique of time-resolved fs PL up-conversion to separate

ever, in contrast to smaller NC’s, this decay does not shovelectron and hole relaxation paths in CdS NC/glass samples.
the initial 1-2-ps component, but rather starts with 50—In contrast to state-filling-induced bleaching, which is pro-
100-ps relaxation, followed a slow ns decay, indicating theportional to the sum of the electron and hole occupation
presence of only group and B NC’s. The absence of the numbers, PL is proportional to the product of these numbers;
fast component may be due to a size-induced transformatiotherefore PL dynamics are dominated by the carriers with the
of energy spectra modifying the position of th& glectron  shortest relaxation time. In CdS sampl&(4 nm) studied
level with respect to th€-type defect state. As in the small- in Ref. 47, the B bleaching decay was dominated by a slow
est NC’s, the amplitude of the sub-100-pS lleaching com- component with a 55-ps time constant, due to depopulation
ponent in larger NC'’s increases upon the loss of TOPO pasf the 1S electron state. The PL relaxation occurred on a
sivation during sample agirfgompare data shown by circles much shorter <1 ps) time scale, indicative of fast hole
and crosses in Fig. 10)]. A further increase of the sub- relaxation, which was tentatively assigned to trapping at
100-ps component is observed in NC’s grown in a glasshalcogenide surface dangling bort@4’
matrix by high-temperature precipitatibfisquares in Fig. In the present paper, to study hole relaxation dynamics we
10(b)]. NC’s made by this synthetic route have poorly pas-use fs IR spectroscopy of intra-band transitions. Due to the
sivated surfaces, and as a result, in these samples, the 45gtifference in energies of electron and hole intra-band transi-
component due to electron surface trapping dominates$he 1tions, the use of a fs IR probe allows the spectral separation
bleaching dynamics. of electron and hole TA signals. In Fig. 1&hain frame, we

As already mentioned, aging of colloidal samples leads tshow a series of time scans taken for the 1.73-nm sample at
degradation of surface passivation and an associated increadiéferent IR spectral energigfom 0.5 to 0.65 eV (lines) in
of the fast component in theSlbleaching decay due to en- comparison to the 3 dynamics(circles. Both electron and
hanced surface trapping. We noticed that the rate of the pa&ole intraband absorptions contribute to the IR signals at
sivation loss becomes slower upon aging of the samplegach energy. AAt>50 ps, the IR TA dynamics closely
After initial relatively fast degradation of passivation, which match those of the 8 bleaching, indicating that the long-
occurs during the first one or two weeks after preparationlived portion of the IR signal is due to electron intra-band
the passivating layer becomes very stable, as indicatecSby labsorption. This leads us to assign the short-lived IR TA
relaxation dynamics which remain unchanged for severatomponent to holes. In the near-IR spectral range studied,
months. Interestingly, after the “stabilization” of passiva- the intra-band electron signal is due to th&-1P transition.
tion occurs, all colloids independent of NC size show nearlyFor the 1.73-nm sample, the energy of this transition is
identical long-term £t>10 ps) 1S bleaching dynamics. In  ~0.45 eV* For a~0.1 eV transition broadenin@stimated
Fig. 11(main frame and insgtwe compare the3dynamics for a ~5% size dispersion the 1S-1P electron intra-band
for 4.05- (circle9 and 1.17-nm(crosses TOPO passivated absorption is expected to drop significantly at spectral ener-
NC’s measured 8 months after preparation of the samplegiies above 0.55 eV. This is consistent with the observed
Although the short-term & dynamics in these samples are reduction of the long-lived TA IR component at higher spec-
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FIG. 12. Near-IR TA dynamics at different spectral energies
(lines) in comparison to the & bleaching decaycircles. Inset: The

fast hole-related component in the near-IR TA derived by subtract p inal ol d 4
ing the scaled $ bleaching dynamics from the near-IR time tran- _(square}‘g it to a single-expanential decagb) Near-IR TA dynam-

sients [shown are the data for two spectral energies: 0.65 eV/Cs at 0.69 eV for CdSe COHOian NC'RE=1.73 nm) with differ-
(circles and 0.50 eV(crossey. ently prepared surfaces: fregtircles and agedsquares TOPO-
capped samples, and fresh ZnS-capped safepisse}|.

FIG. 13. (a) Near-IR TA dynamics at 0.69 eV for TOPO-capped
CdSe NC's[R=4.05 (circles, 2.77 (diamondg, and 1.17 nm

tral energies. As a result of this reduction,fiab>0.55 eV, o .

the IR signals are dominated by the short-lived hole intra2'€ Shown in Fig. 1@)]. In contrast to the pronounced dif-
band absorption. To extract the hole relaxation dynamics, wéerences in 5 bleaching decajFig. 10@)], the near-IR TA
have subtracted the normalize8 bleaching signal ($ time dynamics are essentially identical in all .three samples and
transients were scaled to match the long-lived portion of thér® characterized by an extremely fast time constant of 1.4
IR signa) from the IR TA time transients. The extracted PS: The fact that the holt_e dynamics are extremely f_ast_m all
dynamics(see inset to Fig. )2are independent of the IR types of samples,_ including ZnS-overcoa_ted NC's, |_nd|cates
spectral energy, indicating that the IR TA can be indeedhat these dynamics are not due to trapp.mg _at chall|ze.d sur-
understood as a superposition of two spectrally-independerﬁ?ce defects, but rather are due to relaxation into intrinsic NC
dynamics (due to electron and hole relaxatiorwith states(e.g., _holg s_elf—trapped s_urface lstates as analyzed in
spectrally-dependent weighting factors. The extracted hol&ef- 49 or intrinsically unpassivated interface states. The
signals are extremely fast, with nearly 90% of the signaimportance of hole surface trappiriipcalization in 11-VI
amplitude decaying on the 1-ps time scale. A similar fastNC'S has bg‘%nsglso indicated by several previous experimen-
relaxation of the hole intraband absorption is observed irfal studies:*“*
other colloidal and glass samples with sizes from

~1-4 nm. The typical range of time constants for the hole

relaxation process is from 0.7 to 2 [=ee Fig. 18)].

The sub-ps-ps decay of the hole-related portion of the TA  We have performed fs studies of intra-band energy relax-
is indicative of extremely fast depopulation of hole quantizedation in CdSe NC'’s with radii in the-1-4 nm range. We
states. Analysis of thed bleaching decay performed in sec- observe a fast sub-psPtto-1S electron relaxation with a
tion IV shows that the rate of depopulation of th® dlectron  rate exceeding by up to an order of magnitude that for un-
state is very sensitive to NC surface properties. In contrasgcreened electron-LO-phonon interaction in bulk materials.
the hole dynamics are practically unaffected by NC surfacéhe relaxation rate is enhanced in NC’s of smaller radius,
passivation, as clearly seen from comparison of the IR traceseaching 6 eV ps' in samples wittR~1.2 nm. These ob-
for samples with different surface properties. In Fig(td3 servations directly contradict predictions for a phonon bottle-
we show near-IR dynamics for the 1.73-nm freshly prepareaheck, and demonstrate the importance of non-phonon relax-
and aged TOPO-capped samples, and freshly prepared Zn&ion channels which likely involve Auger-type electron-hole
capped samplpvisible dynamics for the same set of samplesenergy transfer.

VI. CONCLUSIONS
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To distinguish between the depopulation dynamics ofation (“ensemble” effec}, caused by the presence of two
electron and hole quantized states, we use fs IR TA whicldifferent types of electron surface trafsurface defecjsIn
allows us to probe electron and hole intraband transitionscontrast to the strong sensitivity to NC surface properties,
We observe extremely fast relaxation of hole intraband sigelectron relaxation is almost unaffected by NC sizes. The
nals, indicating depopulation of hole quantized states on sulmost pronounced size-dependent effect is a disappearance of
ps-to-ps time scales in all types of samples, independent dhe initial fast 1-2-ps relaxation component in NC's with
NC surface properties. This strongly suggests that the holsizes greater tharr2.5 nm.
trapping sites are not defect-related but rather are intrinsic to
nanocrystal quantum dots.

We observe that the electron decay is strongly non-
exponential, and can be split into three distinct regions: an This research was supported by the Los Alamos Directed
initial 1-2-ps relaxation, an intermediate sub-100-ps decayResearch and Development Funds, under the auspices of the
and a final slow 2—3-ns relaxation. We explain this multi-U.S. Department of Energy. C.A.L. and M.G.B. also ac-
component relaxation behavior as arising from the superpd<nowledge partial funding from the NSF-MRSEC program
sition of dynamics from NC's with different rates of relax- under Grant No. DMR-9400334.
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