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The relaxation dynamics of charge carriers in 4 nm CdS colloidal quantum dots are studied by means of
picosecond time-resolved fluorescence and femtosecond transient absorption experiments. We also studied
the effects of the adsorption of viologen derivatives as electron acceptors on the surface of these particles.
From these experimental measurements, we reached a model of the electron-hole dynamics in these
nanoparticles consistent with previous proposals. In particular, we have confirmed that the electron trapping
in these patrticles is slower than the hole trapping (30 ps versus a few picoseconds). After excitation, rapid
formation of an optical hole (bleach) within the lowest energy exciton (band gap) absorption region appears.
The maximum of the bleaching band is red-shifted by 20 meV in 2.5 ps, and the bleach intensity recovers in
30 ps. Upon the adsorption of electron acceptors, the rate of the red shift of the optical hole is not affected
while the bleach recovery time is reduced to a few picoseconds. This leads to the following conclusions: (1)
the shift in the bleach band results from hole trapping dynamics, and (2) the bleach recovery is rate limited
by the electron trapping process in the CdS nanoparticles (30 ps) or by the hole trapping process (a few
picoseconds) in the presence of the electron acceptors. The latter conclusion supports a previous proposal by
Klimov et al., that the rate of the recovery in CdS nanoparticles is determined by the electron surface trapping
process. The electron transfer to the viologen acceptors is found to be very efficient and takes place in
200-300 fs, which efficiently competes with surface trapping and electron-hole recombination processes
and thus quenches both the band gap and the deep trap emissions.

Introduction the oscillator strength of the transition due to an electrostatic
interaction between a trapped electron and the hiolée fact

The study of exciton dynamics in CdS nanoparticles has that the hole effective mass is 6 times larger than that of the
received considerable attention in the past few y&aés When electron makes it more localized than that of the electron. Thus,
the dimension of the nanocrystal becomes smaller than the dethe electrostatic interaction between the trapped electron and
Broglie wavelength of the exciton, the quantum size effects tnhe hole shifts the excitonic transition to lower energy with
appear; i.e., levels become discrete, and one observes a blugypstantial loss in its oscillator strength:
shift of the exciton energy and an enhancement of the absorption  The fluorescence and transient absorption kinetics are ex-
cross section as well as of the nonlinear optical propetties. tremely sensitive to surface defeéts>® For the 4 nm particles
When the surface-to-volume ratio becomes considerably large,studied here, about 15% of the atoms are located on the surface.
the quality of the surface becomes important in determining Three kinds of fluorescence were found for CdS nanoparticles.
many of the nanocrystal properties, e.g., trapping and emission.The first was high-energy luminescence (superradiant lumines-

Dynamics of the electrons and holes have been studied in cence) due to the band gap emission, which is observed only
several reports using different techniques, primarily transient ynder certain conditions (size and temperature dependent) with
absorption and time-resolved fluorescefcE. However, it is a lifetime of a few picosecondé. The second was a near band
still open to question which of the carriers (electron or hole) is gap emission that has a lifetime which varies between tens of
trapped first. These studies have shown that excitation led to picoseconds to nanoseconds and whose intensity was strongly
the bleach of the lowest excitonic transition in a time scale dependent upon the conditions of the surfache third was
shorter than 100 f& The recovery of this bleach was found the deep trap emission which wag).9 eV red-shifted from
to be nonexponential, even at low excitation laser power, and the band gap emission and decayed in considerably longer time
had a lifetime between 30 ps and a few nanosecéftisTwo (up to a few microseconds under certain conditions). The ratio

possible mechanisms were proposed for the lowest excitonic of the band gap to deep trap fluorescence intensities strongly
band bleach recovedi!? The first was a band filling  depends on surface modification.

tors which explginezd the transient absorption measured with 100 absorption and fluorescence spectroscopy, it was proposed that
fs time r950_|Ut'0ﬁ- The second mechanism was related to the electron has slower surface trapping dynamics (30 ps) than
carrier trapping at the surface states which led to a decrease inhe hole2 This conclusion was based on the fact that the hole

has a higher density of trapping states near the edge of the
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of electron acceptors on the kinetics of the emission (near banda resistance:18 MQ. The final concentration of CdS patrticles
gap and deep trap) and bleach recovery. This system shouldfor method Il was in the range 0-1L uM.
affect electron-transfer processes without affecting the hole  The amount of M+ and benzyl viologen (B%) added was
trapping dynamics. in the 100:1 ratio to CdS in order to study electron transfer to
It is well-known that electron acceptors adsorbed on the the surface adsorbed MV only. Fluorescence decays were
surface of the semiconductor nanoparticles quench the excitoncarried out by use of the single photon counting technique. The
emission by an electron-transfer procé$s.Methyl viologen excitation source was the second harmonie=(286 nm) of a
(MV2%) has been used previously as one of these queritHets.  dye laser (Spectra-Physics, model 375B) with a cavity dumper
It was shown that M¥* can “accept” electrons on a time scale  and synchronously pumped by a mode-locked Nd:YAG laser
of less than 30 p¥ These measurements were conducted with (Spectra-Physics, model 3800). The pulse width was measured
a 30 ps laser pulse which limited the time resolution of these on an autocorrelator and was equal to 20 ps. The detection
experiments. In the absence of KV electron trapping occurs  system was a microchannel plate photomultiplier tube (Hamamat-
by the surface traps of Cé3n 24-35 ps. Using a femtosecond  su R1564) coupled with pulse height converter (ORTEC, model
laser, we found that electron transfer from CdS to M\to 457), providing an instrument response function of-20 ps
form MV** took place on a time scale of 300 fs. The high- (fwhm). The fluorescence decays at different wavelengths
energy £ = 400 nm) excitonic absorption of CdS nanoparticles (between 500 and 820 nm) contained about 5000 counts at the
was found to form a bleach in the lowest energy excitonic maximum, and the spectral width was given by the slits of the
absorption region2(= 480 nm) within~50 fs after phOtOEX- monochromator (about 5 nm).
citation with 400 nm 100 fs laser pulses. This bleach recovered  1ansient absorption spectroscopy set up with femtosecond
multiexponentially with the fastest componentin the 30 ps ime jme resolution was constructed as follows. The 100 fs, 1 mJ/
scale at low-intensity excitation condition. In the presence of pulse, 1 kHz repetition rate was generated by asHpphire
surface adsorbed viologens, this recovery was accelerated tq,qer pumped wit a 4 W argon ion laser Innova (Coherent)
less than 7.5 ps. From this observation, we confirmed the amplified by a regenerative amplifier (Clark MXR, Inc.) The
assignment of the 30 ps to the electron trapping process in theq it of the laser was split into two equal parts and was used
CdS nanoparticle® Since methyl viologen radical, however, to pump two identical quantronix OPO “TOPAS” Light
was found to live much longer than the time scale of our ~gnversion Ltd. As a result, a tunable range of 320 000

experiment{-100 ps), the 7.5 ps excitonic band bleach recovery \q, excitation beam with energy up to a few ¥a0in the middle
time cannot be due to the recombination of the electron located of the tuning curve was generated in the OPO. One of the

on MV**with the CdS hole, but rather must be due to the hole \3monics from the Ti:sapphire laser was also used as excitation
trappmg. Thls_conclusmn was supported by another observanonsource_ The excitation beam travels through a computer-
as discussed in the following. _ controlled optical delay line with a resolution ofi@n (22 fs).

Indeed, we have observed that the bleach recovery time of o gmall portion of the fundamental frequency (about /4T)
thg optical hole in CdS nanoparticle; i§ agcompanied by a small\yas used to generate femtosecond continuueni mmsapphire
shift (~20 meV) within a characteristic time of 2.5 ps.In plate. The range of the femtosecond continuum was between
the present work, we found that this time constant was not 400 and 1000 nm. In the case when the probe wavelength was
affected by the adsorption of MV. This supports the g, side this window, the output of another OPO was used as a
explanation that the spectral red shift results from hole trapping probe beam. The probe beam was split into a signal and a
dynamics in the CdS nanoparticl#s Both the band filling and reference beam. The pump and signal beams were overlapped
electron trapping models are discussed to explain our resultsg; tne sample in a way that the focus of the pump beam was
which indicate that the_electron is trapped much slower (30 ps) slightly behind the sample. The signal and reference beams
than the hole (a few picoseconds). were focused into fiber optics, coupled into a monochromator,

_ and monitored by a photodetector.

Materials and Method The excitation beam was modulated by an optical chopper

The CdS particles were made according to the well- at a frequency of 500 Hz. Two photodiodes were employed
established procedures outlined by Henglein et” alTwo for the kinetic measurements at the exit slit of the monochro-
versions were made in order to adapt to the experimental mator. The excitation energy was measured with another
conditions and provide stability against photodegradation. photodiode. The photodiode signals were amplified and passed
Method | dissolved 0.0252 g of Cd(C42-6H.0 in 300 mL of through the sample and hold circuitry and coupled to a lock-in
H.0 followed by injection of fresh 0.1 M sodium polyphosphate amplifier locked at 500 Hz. Each point in the kinetic measure-
to produce 2x 104 M concentration for each reactant. NaOH ments at the single wavelength required 200 shots at fixed delay,
solutions were used to increase the pH to approximately 9.0.and there were about 16@00 points in one delay line scan.
This mixture was then stirred under an argon stream for 30 min The delay line repeatedly scanned until a reasonable signal-to-
before a stoichiometric amount of,8 was injected into the ~ noise ratio was achieved. The typical OD change measured
space above the solution with a syringe. The vessel was shakewas in the range 0.065.050 OD. The cuvette sample was
for 2 min and stirred for 5 min followed by another 30 min of spun to exclude thermal effects and photodegradation of the
argon bubbling. Surface passivation was then achieved bysample.
raising the pH of the CdS sol to 10.5 with NaOH solution and  For the spectral measurements, the exit slit of the monochro-
then adding enough Cd(C}2 (0.0755 g) to produce up to 300%  mator was removed, and a CCD camera (Princeton Instruments,
excess C#". In method Il the particles were prepared in the EUV-1024, controller ST-130) was attached in its place. The

same manner but at higher concentrations fof'C&~, and spectra of the signal and reference beam were detected and
sodium polyphosphate (kX 10~2 M for each) and without stored in the computer. The measurements of the absorbance
surface passivation. changes for each point were determined by comparing the

Sodium polyphosphate and Cd(G}6H,0 were purchased intensity ratio of the signal to the reference beam, with and
from Aldrich. The HO was distilled and double deionized with  without excitation. This was achieved by using slow shutter,



5654 J. Phys. Chem. A, Vol. 102, No. 28, 1998 Logunov et al.

0 50 100 150 200 250 1 ‘ Excitation
' ! L : CdS, 40 AA
500nm ————» 820 nm S
1.0 =E4400R0DRNGARRARARELAN, B '
'A:‘)QHQ‘ZR?SQ l-.,ﬁ:s:AA toa . Absorption spectrum
-AO ° RA.XA °°°° .....'ﬁ:::A BAp, ZPISQ.‘
_ D"" o m A %0, BﬁaBaAAAA
3 08 ot N, o, Boesitey | e
S IR W °°°o°° s3p
2 0" % " I-A s, oo 000, g :
2 06 0ot ..'-A““A *e00000 = g 1s2s ‘".152}’
g A ", h g i
T; -ODAA. e "lnl-.. - Y % ."‘ISIS
A P2 LT T ~
§ 04 4 'ouA' | ‘ 200 FS
2 o 2 1000 FS
‘g : 8 2000 FS
Z o024 e N 4000 FS
: o
b 50 FS
sﬁ
0.0 4“““@ | 0k "
0 50 100 150 400 500 600
—T T T T
0 50 100 150 200 250 Wavelength
Time (ps)

Figure 2. Time dependence of the bleach recovery (optical hole)
Figure 1. Fluorescence decay monitored at different wavelengths after induced in 4 nm CdS nanoparticles using 400 nm pump laser of 100 fs
excitation with 286 nm laser pulses: solid squares, 500 nm; solid pulse width is represented as positive absorptions (bleaches) at 50 fs,
triangles, 530 nm; open circles, 580 nm; open squares, 670 nm; open300 fs, 1 ps, 2 ps, and 4 ps (solid lines). The steady-state absorption
triangles, 780 nm; solid circles, 820 nm. Inset curves are measurementsspectrum is given by a dotted line, and vertical lines correspond to the
at 500 and 820 nm; the solid lines are fits with the parameters listed in calculated positions of the different excitonic states.

Table 1.

0.0

TABLE 1: Dependence of the Fluorescence Rise Time on
the Wavelength Obtained after Deconvolution with

1 laa
Apparatus Function Profile 0 100°500°
0 0000° 077 ©
©o

wavelength, nm  risetime, ps  wavelength, nm  rise time, ps 024

500 <5 670 18
530 10 780 28
580 12 820 33

. . 0.4 1
a Excitation of CdS was with a 286 nm, 20 ps laser pulse.

blocking and unblocking the excitation beam. The data were
collected until a reasonable signal-to-noise ratio was achieved. < -
Time-resolved differences in absorbance spectra were obtained S
by averaging about 3000 pairs of nonexcited and excited spectra. 1
The group velocity dispersion of the white light continuum in

the optics of the probe channel and in the sample cell was
compensated for by using cross-correlation data between the
pump and probe pulse. For the wavelength dispersion calibra- o ] ]
tion, mesatetrakis(1-methyl-pyridinium-4-yl)porphyrin ( Figure 3. Kinetics of the transient bleach signal measured at 480 nm

: : . after excitation of a CdS sample (solid circles) and of CdS withi?MV
TMpyP) in water solution was used because of its brogd S added (open circles) with 400 nm laser pulses of 100 fs width. The fit

Sh transient spectrum. A typical value for the cross-correlation ot the curve for CdS with M+ was carried out with three exponential

Absorption at 480 nm

YIRS P Q000 0O CDTN
)
Q@é"

20 40

Time, ps

width was 140 fs at 500 nm. curves (rise time of 200 fs, decay with 7.5 ps (0.5) and 40 ps (0.5)).
The 7.5 ps decay time (bleach recovery) in samples witiFMdpen
Results circles) is much faster than the30 ps decay time for CdS samples

with no MV?" added (solid circles).

Fluorescence Emission. Steady-state emission spectra,
consistent with the literature1911revealed a peak maximum  the 20-30 ps decay obtained previously with an up-conversion
centered at 500 nm for the near band-gap emission and-a 580 techniquet? The decay of the deep trap emission is on the
820 nm spectral region corresponding to the deep trap emissionmicrosecond time scale.
To obtain information about the relaxation of the charge carriers, Upon the addition of M¥" in a ratio of 100:1, the
the rise times for the fluorescence of CdS nanoparticles in the fluorescence intensity was completely quenched, and it was
different spectral regions were recorded and are shown in Figuredifficult to measure the emission decay. This suggests very
1. A progressive increase in the rise time was observed with efficient quenching of the fluorescence emission.
decreasing emission energy. The rise time of the luminescence, Transient Absorption and Bleach Recovery. The excitation
taking into account the apparatus function, changed fran of CdS nanoparticles at 400 nm led to the bleach of the
to 33 ps on going from 500 to 820 nm (see Table 1). Previous absorption in the region of the lowest exciton transition to form
measurements gave a rise time of the long wavelength emissioran optical hole around 480 nm (Figure 2). The rise time of
as 30 p£1? The decay time of the fluorescence intensity at this bleach was less than 100 fs (Figure 3). The intensity of
500 nm is~35 ps, which has to be related to the 30 ps the laser pump was intentionally kept very low in order to avoid
fluorescence buildup dynamics on the far red edge of the (deepthe saturation of trap states and fast Auger recombination so as
trap) emission (see Table 1). Our result is in agreement with to produce less than one exciton per CdS nanoparticle. The
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the surface of the nanopatrticles and thus suggests that the red-

4807 g shift resulted from the hole, rather than the electron, dynamics.
] o From an analysis of the up-converted fluorescence decay,
4787 Klimov reached a similar time scale (1 ps) for the hole relaxation
] dynamicsi? Thus, as the hole is being trapped, it is possible
475] A. CdS, T=22ps that electrostatic interaction with the electron changes, leading
E ia to a time-dependent shift in the excitonic transition.
£ Time, ps . The addition of M\#+ to CdS was found to have two effects.
S 486 First, at early time (less than 1 ps) a new absorption was
'g observed (Figure 5) with a maximum at 600 nm which is
= 484 characteristic of the MY (radical) absorption. The rise time

of the MV** radical absorption measured at 600 nm was 300 fs
482 4 B. CdS+MV, T=2.5ps (Figure 6A). The intensity of this transient absorption remained
] constant for the time scale of our experimertLQ0 ps).

480
4 Time, ps The second effect of adding MV was a reduction in the
478 . , — T . decay time of the excitonic transition bleach of CdS (Figure

0 10 20 30 3). The fit of the decay of the excitonic bleach recovery in the

Figure 4. Time dependence of the red shift at the maximum of the sample of CdS with M¥" gave two components with lifetimes
optical hole (the transient bleach) formed in CdS nanocrystals (A) and of 7.5 and 40 ps. The double-exponential decay in this case
that with MV?* adsorbed on its surface (B). The fact that the shift may be attributed to a large heterogeneity of the CdS particles
occurs in 2.5 ps for both cases (i.e., is not affected by the presence ofI ded with M2+ ;i h d lifeti

the electron acceptors) led to its assignment to hole trapping dynamics.t?lgash r\(lavgov,;/lry tih(aY\é)? gzssl%;rttifleza i?hnanlziowFi)tsh c;u?t;rSSesré%d

decay of the transient absorption at 480 nm was found to be MV 2+, respectively.
multiexponential with 60% of the intensity having a lifetime of We also studied the electron-transfer process from CdS to
35 ps (Figure 3). This lifetime is consistent with data found benzyl viologen (B\"), which has a higher reduction potential
for CdS in glass matri¥? The lifetime of the slow component  than MV2* by 0.1 eV. Despite this inequality in the reduction
was outside our experimental window of 100 ps. As was shown potential, it has not been possible to experimentally observe a
earlier? recovery of the slow component of the decay in the significant difference between the electron-transfer rate constant
excitonic band ranges from a few hundred ps up to a few of MV2" and B\2". The rise time of BV" radical absorption
nanoseconds. was biexponential with a lifetime of 200 fs for the fast
Figure 2 also shows that the bleaching of the optical hole is component and 3 ps for the long one (Figure 6B). The fast
accompanied by a rapid red shift (about 5 nm) that has a component (200 fs) could be related to the fast electron-transfer
characteristic time of 2.2 ps (see Figure 4). This time constant time in particles with maximum loading of CdS with BV
was not changed by the adsorption of the electron acceptors orparticles. The bleach recovery at 480 nm for CdS with?BV
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Figure 5. Time dependence of the bleach (optical hole) recovery at 480 nm for the CdS particles withahV/the rise of the absorption of the

reduced form of M\#* in the 475-650 nm spectral range. The latter occurs in 300 fs (see Figure 6). Excitation at 400 nm is carried out with a laser
having a pulse width of 100 fs. Delay times are 300, 2300, 6300, and 22 000 fs. The spectrum shows that an electron transfer from the CdS

guantum dot to MV" is faster (300 fs) than the decay of the bleach recovery of the band gap absorption of the CdS nanopéttiEles)(Inset:
the spectrum obtained from 22 ps delay after excitation illustrates the broad &gorption (arbitrary scale) in the 56800 nm region. For
comparison, CdS with no added MVis shown on the same time scale, but magnified 10 times.
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Our results may thus be summarized as follows:

1. The bleach recovery in CdS nanoparticles takes place in
30—40 ps. A red shift of the bleach maximum wavelength takes
place in 2.5 ps, which was not affected by adsorption of electron
acceptors. We therefore tentatively assign the 2.5 ps shift to
the dynamics of the hole trapping.

2. The addition of electron acceptors accelerated the bleach
recovery from 30 to 40 to<7.5 ps.

3. The reduced form of the electron acceptors (¥\ived
much longer than the time scale of our experiment@0 ps).

We therefore conclude that the bleach recovery in the particles
with electron acceptors is determined by the hole trapping
process. This process should not be greatly affected by the
presence of electron acceptors as it corresponds to the rate of
the bleach recovery observed in CdS nanoparticles without
electron acceptors (which occurred on the few picoseconds time
scale).

4. The rise time of the near band edge emission is faster
than the time scale of the photon counting apparatd(ps).

The 30 ps time decay of the 500 nm emission is to be related
to the 30 ps rise time of the deep trap emission. This 30 ps
) time scale is also observed in the bleach recovery dynamics of
s T o 1o s | 20 25 30 35 CdS nanoparticles in the absence of electron acceptors.

Time, ps

0.064

0.04-

Transient absorption (600 nm)

Figure 6. Kinetics of the rise of transient absorptions measured at Discussion

610 nm and excited with 400 nm laser pulses of 100 fs width for the For the CdS nanoparticles in solution, the 30 ps time constant

viologen radical cations formed as a result of electron transfer from .
the CdS quantum dot to two different electron acceptors: 2MA) was found for three processes. First, the decay of the fast

and B\2+ (B). The fit of the rise has a rise time of 300 fs for (A) and component of the near band gap (shallow trap) fluorescence at
a biexponential rise with rise times of 200 fs (0.55) and 3000 fs (0.45) 500 nm, second, the buildup of the deep trap red-shifted
for (B). emission at 820 nm (Figure 1), and third the excitonic bleach
recovery in the absence of viologen acceptors (Figure 3). The
T . T addition of the viologen cations to CdS nanoparticles led to the
following results: (a) the rapid photoreduction of ¥Vand
et E50 the appearance of the radical cation in 2@00 fs (Figures 5
o°wo¢)°od)° and 6), (b) the reduction in the bleach recovery time from 30
%%M ps in CdS NP to #9 ps (Figure 3), and (c) the quenching of
03 %°¢°°°° both the near band gap and the deep trap emission.
] &°° Previously, it was shown that an electron donor molecule
04 evcev 00! located on the surface of a large band gap semiconductor injects
electrons, after photoexcitation, from its excited state to the
054 -~ conduction band of the semiconductor+100 fs!® In this
experiment, electron transfer was very efficient due to the strong
':'Z_ overlap of the wave functions of the electron donor and
' J“?,O B conduction band (CB) states because of their high density of
014 \ states. Moreover, the actual rate of electron transfer may be
% even higher, because the 100 fs rate constant may reflect the
3 rate of intraband energy relaxation within the semiconductor.
05 % The 100 fs relaxation time is consistent with the study on
‘fg% the dynamics of the red shift of band gap emission due to the
-0.44 < . o intraband relaxation in Cd%. In comparison, we found
%owo&é o O ° evidence for an electron-transfer process from the CB of CdS
054 e e to an electron acceptor molecule located at the surface ir 200
06 ' ) ' i 300 fs. The electronic energy level of the MiVacceptor is
0.0 05 10 15 20 0.4 eV lower than the bottom of the CdS CB. One would expect
Time, ps the rate of electron transfer to be considerably slower than that

Figure 7. Decay of the bleach (optical hole) of a CdS sample with in ref 18. The rate of 208300 fs found in the present study

BV?" added (open diamonds) at 490 nm after excitation with 400 nm suggests that the F'janek:o_ndor_‘ factors are large due to the
laser pulses of 100 fs width. The fit corresponds to a rise time of 200 €lectron transfer to higher vibronic levels of the electron acceptor

fs and decay of 9 ps. For comparison, the transient kinetics of CdS and/or the electronic coupling is reasonably large.

alone is also shown (solid circles). (B) is on a shorter time scale  The combination of the time-resolved fluorescélemd our

compared to (A). data on the transient absorption bleach recovery provides
complementary information which explains the acceleration in

has a lifetime of 9 ps (Figure 7), which is close to the 7.5 ps the bleach recovery observed when viologen was added.

observed for M\?* (Figure 3). Klimov et al. report that the bleach of the lowest excitonic

o
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transition forms within~100 fs when excitation is carried out 2.5-3 ps. Since this time was not affected by the adsorption
at 400 nm. The decay of the lowest energy excitonic band of electron acceptors (Figure 4), this shift could be attributed
occurs on a time scale of 30 p5.Similar results for CdS were  to the dynamics of hole trapping. Sequentially, the electron is
obtained in our measurements (Figure 3). The fluorescencetrapped by the deep surface traps in 30 ps. This leads to the
dynamics of CdS is very different from that of the transient decay of the near band gap emission, the rise of the deep trap
absorption. It was found that a large red shift in the fluorescence emission, and the bleach recovery of the exciton absorption.
spectrum {70 meV) occurs in a few picosecontfs.At the Electron transfer on the surface of CdS to electron acceptors,
same time, the buildup of the near band gap fluorescence (2.8 such as M#* and B\2*, shows that the bleach recovery time
2.4 eV) is observed at very early times (10&fs To explain of the excitonic absorption is decreased from 30 to 8 ps (Figure
this fact, the dominance of fluorescence by transition coupling 3). The MV** is formed in 300 fs (Figures 5 and 6), which is
from the extended to the localized states was prop&sekhe a measure of the electron transfer time from the nanoparticle
localized states are presumably very closely spaced near thesurface to the viologen. The fact that the intensity of the steady-
edge of the valence band and are populated by holes without astate emission is quenched by the addition of the viologen
pump due to thermal excitation. In this case, the dynamics of without changing its kinetic profile suggests that the electron
near band gap emission is determined by the intraband relaxationtransfer process to the viologen is extremely efficient and thus
of the carriers. The emission from deep traps, however, with competes well with the electron localization process and thus
energy lower than 2 eV shows a rise time of 30 ps as was foundthe band gap as well as the shallow near band trap emission.
in our experiment (Figure 1). This suggests that the deep trapsSince electrons in the localized state are trapped in viologen-
are populated on the time scale of 30 ps. The fast dee8® ( free CdS nanoparticles by the deep traps, the addition of the
ps) of the fluorescence at 500 nm suggests a carrier migrationelectron acceptors quenches also the deep trap emission. Since
from the shallow to the deep traps. The 30 ps decay time the overall rate-limiting step in the bleach recovery in these
correlates with the bleach recovery time of the lowest excitonic CdS viologen free nanoparticles is the slow electron deep
transition from our transient absorption experiments (Figure 3). trapping process of the electrons (occurring on a 30 ps time
It should be mentioned that the relaxation process from higher scale), the addition of electron acceptors removes the electron
exciton states to the band gap (lowest exciton state) occurs san 300 fs, leaving the hole trapping process (of a few
rapidly that the electron hole dynamics=a80 ps are similar picoseconds time constant) as the rate-limiting process in the
when excitation wavelengths at 286 (from our time-resolved overall absorption bleach recovery. Thus, our present study of
fluorescence measurements) or 400 nm (from our transientthe electron-hole dynamics in CdS nanopatrticles, the results on
absorption measurements) are uked192.191t is clear that the the addition of viologen electron acceptors to their surfaces,
30 ps time constant does not correspond to geminate electron the emission results, and the bleach recovery of the spectral
hole recombination. Two different mechanisms were proposed hole all lend strong support to the proposed model for CdS
to explain the behavior of the excitonic band after creation of nanoparticles. Rapid exciton localization is followed by a fast
an electror-hole pair. hole trapping process in a few picoseconds and then a slow

The first model is based on a band filling mechanism which deep electron trapping process+80 ps.
may be used to explain the dynamics of our transient absorption
data and the fluorescence measurements from ref 12. The Acknowledgment. The Office of Naval Research (Grant
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