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Introduction

The effects of quantum confinement and quantum size effects
on the radiative processes of semiconductor nanoparticlesof cd
(quantum dots, QD) as well as the electrdmle dynamics have
been the subject of intensive stutiy! These studies showed

Using time-resolved optical hole (oh)-burning techniques with femtosecond lasers, the time dependence of
the spectral diffusion of the oh is examined for both the CdS quantum dot (QD) and the CdS/HgS/CdS
quantum dot quantum well (QDQW) nanopatrticles. It is found that the nonradiative relaxation of the optical
hole is at least 3 orders of magnitude slower in the QDQW than in the QD system. Analysis of the second
derivative of the broad transient bleach spectrum of the QDQW system in th 5.@V energy region at

50 fs delay time is found to have a minimum at 2.1 eV, corresponding to a minimum in the radiative probability.
Around this energy, the rise and decay times of the transient bleach in the spectrum are found to change
greatly. These results suggest that spectral diffusion in the QDQW is a result of relaxation from high- to
low-energy exciton states, involving an intervening dark state at an energ®.6feV. The energies of the
maxima and minimum of the second-derivative curve are found to be in good agreement with recent theoretical
calculations by Jaskolski and Bryamf the energies of the radiative and dark charge-separated state,
respectively. In the latter, the hole is in the CdS clad and the electron is in the HgS well. The slow nonradiative
relaxation processes involving this state are expected to be slow owing to the large change in the charge
carrier effective masses as they cross from the CdS clad to the HgS well.

Nanoparticles have been synthesized and studied in which a
core of CdS is covered with a shell of the much lower band
gap material (HgS), which is then covered by another shell (clad)
S24 These quantum dot quantum well (QDQW) nano-
particles have shown luminescence resulting from electron and
hole recombination in the lowest exciton level in the HgS &W.

that as the particle size becomes smaller than the exciton Bohr ) ’ o
radius, quantum confinement occurs, giving rise to an increase Few studies have been carried out on the nonradiative
in the band gap energy and the absorption coefficient. The relaxation of the high-energy exciton states in these nanopar-
magnitude of band gap enlargement depends on the size of thdicles. Using a subpicosecond laser, we have previously
nanoparticle (quantum size effect). The dimensionality of the €xamined the relaxation of the optical holes (oh) in the CdS/
exciton motion changes from 3-D to 0-D. Furthermore, the HgS/CdS QDQW system created by excitation at 40C*hile
quality of the surface becomes important in determining the observed a rather broad oh, which was first observed at slightly
dynamics of the electron and hole trapping and recombination, lower energy than the laser excitation energy, which diffused
thus producing the observed emission propeffiés. with time to even lower energy and which finally resided in
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the QW lowest energy absorption region. Within the QW for 20 min. Afterwards 2.24 mL of & was injected, and
absorption region, the oh decayed with its normal decay time. ripening occurred for 10 min. The resulting CdS colloid was
We previously explainéd these results by assuming the purged for 40 min. Forty milliliters of 0.001 M Hg(Cl{» was
presence of different interfacial traps of lower energies than the then rapidly added to the CdS colloid, displacing surfacé™Cd
excitation energy. The exact nature of these traps, i.e., if they ions and forming the CdS/HgS nanostructure. The CdS clad
are physical traps or intervening levels having relatively long was deposited around the CdS/HgS structure by slowly titrating
nonradiative lifetimes, was not determined. the colloid with 120 mL of 5x 1074 M H,S solution. The

In the present study, using hole-burning techniques with a added &~ binds Cd* to form CdS, which deposits on the
femtosecond laser, we attempted to burn an optical hole in CdSexisting CdS/HgS to form the CdS/HgS/CdS QDQW. These
QD and compared its temporal behavior with that in the CdS/ techniques make CdS particles of-@ nm in diameter and
HgS/CdS QDQW. Contrary to the previous results for the QDQW particles of an average size 6f B nm. The absorption
QDQW system, we weranableto burn an oh in the CdS QD  spectra were taken at the different steps of the preparation to
at high energy; neither were we able to observe spectral compare with those of Mews et#ito ensure that we are getting
diffusion. With our time resolution, we can only observe the the same particles that were highly characterized in their work.
oh in the CdS QD system in the lowest exciton absorption band. The final QDQW particles obtained are found to have the same
These observations suggest that the spectral diffusion in the CdSabsorption (both in position and bandwidth) of the band gap
QD system occurs much faster than our 100 fs pulse width andtransition as well as the higher energy exciton transition as those
that the spectral diffusion in the QD<(L00 fs) is much faster ~ previously reported. Similary, the emission and excitation
than that in the QDQW system (10 ps). spectra were also in good agreem#nt.

Recently, theoretical calculatioh® have been carried out, Owing to the expected inhomogeneous nature of the colloidal
giving the lower energy levels for exciton states in the CdS particles in this system, hole-burning techniques, known to
QD% and in the CdS/HgS/CdS QDQWS A number of reduce the effect of the inhomogeneity on the observed
conclusions can be reached from comparing the results of thesespectrum, are used. Time-resolved hole-burning techniques
calculations for the two systems. It is found that the introduction were used in order to follow the rate of the spectral diffusion
of the well has resulted in a red shift of the band gap energy of and thus the relaxation processes of the high-energy exciton
the nanoparticles as well as an increase in the energy separatiostates to the well (the band gap state).
between the different low-energy levels. In addition, it revealed The femtosecond hole-burning transient spectroscopy was
the existence of optically forbidden transitions in the QDQW carried out as follows: An amplified Fisapphire laser system
particles due to charge-separated states in which the electronClark MXR CPA 1000) was pumped by an argon ion laser
and hole are trapped in different shéllsThe question im- (Coherent Innova 300). This produced laser pulses of 100 fs
mediately arises as to the effect of these charge-separated stateguration (HWFM) and an energy of 1 mJ at 790 nm. The
on the nonradiative relaxation processes. The transition prob-repetition rate was 1 kHz. A small part (4%) of the fundamental
ability of the nonradiative transitions between the charge- was used to generate a white light continuwna il mmsapphire
separated states and the lowest energy state (in which theplate. The remaining laser light was split into two equal parts
electron and hole are in the well) is expected to be relatively in order to pump two identical OPAs (Quantronix TOPAS).
small in heteronanostructured materials with large differences Each produced signal and idler waves with a total energy of
in their band gap energies owing to the fact that it involves the 150 xJ. Tunable excitation wavelengths in the visible range
transport of one of the carriers from one shell to the other in were then produced by SHG and SFG of the signal wave. The
which its effective mass is quite different. excitation beam was modulated by an optical chopper (HMS

In this communication, we present the results of the band 221) with a frequency of 500 Hz. The second OPA was used
shape analysis of the time- dependent optical transient bleachto generate tunable probe wavelengths outside the continuum
spectrum observed in the CdS/HgS/CdS QDQW system. Fromrange. The probe light was split into a reference and a signal
these spectra and the results on the rise and decay times of théeam. After passing the monochromator (Acton Research), both
bleach spectrum at different wavelengths, possible locations of beams were detected by two photodiodes (Thorlab). The kinetic
the high-energy exciton states are identified and are found to traces were finally obtained using a sample-and-hold unit and
be in reasonably good agreement with the calculated véalues. a lock-in-amplifier (Stanford Research Systems). The typical
The results strongly suggest the presence of a dark stat2. at measured optical density (OD) changes were in the range of 50
eV. This dark state is assigned as thg,4S 1S calculated mOD. For spectral measurements a CCD camera (Princeton
dark statéin which the hole is in CdS clad and the electron is Instruments) attached to a spectrograph (Acton Research) was
in the HgS well. The relaxation processes between this state used. The group velocity dispersion of the white light con-
and others, in which both carriers are in the same shell, aretinuum was compensated.
expected to have a small probability of nonradiative decay owing
to the expected change in their effective mass. Results and Conclusions

Figure 1 compares the time dependence of the optical hole
(bleached band) observed on the picosecond time scale for both
The CdS/HgS/CdS quantum dot quantum well was preparedthe CdS QD (top) and the CdS/HgS/CdS QDQW nanoparticles.

Experimental Section

in a manner similar to that described by Mews ef“alln Excitation of both systems was carried out at 400 nm. It is
general, the structure is fabricated by forming a CdS core, obvious that no resonant oh is observed in either system at zero
displacing the surface Gdions by Hg* ions, and reprecipi- delay time, but usually the optical hole is observed at lower

tating the displaced Cd ions around the deposited Hgto energies. While the band shape of the oh for the QDQW shows
form the CdS/HgS/CdS heteronanostructure. The CdS core wasspectral diffusion as its shape and peak shift from high to low
prepared from 500 mL of a 2 10* M Cd(CIOy), and 2 x energy with time, the oh for the QD does not show such a large
1074 M sodium polyphosphate solution. The pH of the resulting time-dependent spectral shift. The optical hole in the QD
solution was set to 9.4, and the solution was purged with argon appears in the lowest energy absorption region immediately after
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dependence of the optical hole (bleach) spectra of the CdS/HgS/CdS
§ quantum dotquantum well colloidal nanocrystal. The inset gives the

derivative of the bleach spectrum at 50 fs delay (top broken-line
the CdS quantum dot (top) and CdS/HgS/CdS quantum dot quantumspectrum). The correspondence between these two peaks and the energy

well (QDQW) colloidal nanocrystals. Very rapid unresolved spectral ; P
diffusion from the pump wavelength region to the band gap absorption !evel structure theoretically calculafesliggested that spectral diffusion

region is observed in the QD, but relatively slower time-resolved Itrr:ethéSDsz\i\t/er:grggsglrtt?cllcgr(]s:eeeli)s(ttl)orjrélvﬁ:\i/r:ri]rgl}&ebeeﬁgoenn I;veelse(;fks
spectral diffusion is observed for the QDQW. P : p

in the inset spectrum could be due to the presence of dark states or the
excitation and undergoes very slight red shift within 2.%%s. absence of any state(s). See Figure 3 for distinction.
Previously, we have attributed the observed time dependence
of the spectral diffusion of the optical hole in the QDQW to
the presence of different interfacial trafds. 50
Reexamining the oh spectra of the QDQW patrticles, using
instruments with femtosecond time resolution and in light of
the recent calculations of the exciton staf8sfor these
nanoparticles, we began to consider the possibility that the
observed temporal behavior of the optical hole of these particles
is due to relaxation processes from higher to lower energy
exciton levels. Owing to the reduction in the inhomogeneous
broadening known to result from the hole-burning techniques,
the 50 fs delay hole-burning spectrum (shown in broken line in
Figure 2) was far better resolved than the absorption spectrum. ;
The second derivative of the 50 fs delay spectrum is shown as 0-
an inset of Figure 2. This derivative spectrum shows clearly S —
two maxima, one at 525 nm (2.36 eV) and the other at 625 nm 18 18 20 21 22 23 24 25 26 27
(1.98 eV). Examining Figure 2, the maximum at 525 nm Energy / eV
corresponds to a deconvol_uted shoulder in the 50 fs ble_aChFigure 3. First-order decay times and rise times (inset) of the optical
spectrum. The 625 nm maximum could result from overlapping hole as monitored in the two different wavelength regions corresponding
absorptions of the first two allowed transitions predicted by to the two peaks seen in the inset of Figure 2. Pumping is carried out
Bryant et alt26 at 1.89 eV (1B, — 1P) and 1.93 eV (1 — at 400 nm. The fact that the decay times of the bleach in the high-
1P). This assignment is supported by the observation that the€nergy region differ greatly from the rise times in the low-energy region
maximum in the bleach spectrum shifts from 625 (1.98 eV) suggest the presence of intervening dark states. They are blamed for
.~ the slow relaxation observed in the QDQW particles. The solid lines
nm at 5_0 fs delay to 650 nm _(1'91 _eV) at 2'0_ ps delay. Itis represent linear regressions on the experimental data points. The two
interesting that the other maximum in the derivative spectrum |ines intersect at 2.08 eV in excellent agreement with the observed
at 2.36 eV could suggest the presence of another optically minimum in the second-derivative spectrum and the energy calculated
allowed absorbing state that has not as yet been calculated. Théor the dark state¥,0ne of which is the charge-separated state (see
minimum between the two maxima could either suggest the discussion).
presence of dark states, as predicted by the theoretical calculaexamined in the 2:22.6 eV (the high-energy optically allowed)
tions! or the absence of any exciton state. We studied the region and in 1.82.1 eV (the low-energy allowed) region. The
wavelength dependence of the exciton dynamics to distinguish high-energy bleach forms and decays much faster than the low-
between these two possibilities. energy one. These wavelength regions fall within the two
To probe the dynamics of the different excitonic states in different bands in the derivative spectrum of the broad bleach
more detail, we carried out kinetic studies by observing the spectrum shown in the inset of Figure 2. Furthermore, the decay
formation and decay times of the optical hole (bleach) in the times of the high-energy region do not correspond to the
energy regions of these two optically allowed transitions, while formation times of the low-energy region. This suggests the
pumping was carried out at 400 nm. The results are shown in presence of dark state(s) between the two optically observed
Figure 3. Itis clear that both the decay times and the formation states and a nonconsecutive kinetic scheme for the relaxation
times (inset) show different behaviors for the oh dynamics dynamics in which the dark state is populated from the initially

Figure 1. Time-resolved optical hole (bleach) spectra. The time
dependence of the optical holes (oh) formed by pumping at 400 nm o
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