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The femtosecond time-resolved electron-hole dynamics of the CdS/HgS/CdS quantum dot—quantum well
system(QDQW) was investigated as a function of excitation energy. In the transient absorption spectra four
bleach bands and a stimulated emission signal in the visible spectral range between 450 and 780 nm were
resolved. By using an IR probe pulse at 4m a transient induced absorption due to intraband transitions was
found. The decay and rise times of these signals were measured when the CdS core or the HgS well of the
nanoparticles was excited by the pump pulse. After excitation within the HgS well the transient signals rise
within the resolution of our pump pulse, while after core excitation slower rise times were measured. From the
1.5 ps rise time of the stimulated emission originating from the HgS well and the intraband hole IR absorption
(150 f9 after excitation into the CdS core, the electron localization titr@nsfer time from the core to the
well) is found to be 1.5 ps while that of the hole-sl50 fs. This large difference in the observed dynamics of
the electron and hole in crossing the CdS/HgS interface is discussed.
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[. INTRODUCTION two, or three monoshells of HgS which is then capped with
CdS. Several experimentéf?” and theoreticaf~*° investi-

In recent years the synthesis of semiconductor hetercgations of this system have shown that after optical excita-
structures has strongly improved. These materials are prontion the electron and hole in this heterostructure localize in
ising candidates for applicatons in lasérd, the HgS well. In particular, Yelet al** have shown that the
optoelectronicé;® and telecommunicatiof’ In addition, the  luminescence of this system originates from the radiative
approach to build such quantum well or quantum dot heterotecombin_atiqn of the electron and hple inside the. HgS after
structures with the epitaxial deposition techniques and mithe localization of both charge carriers. Depending on the
crostructurization on substrates under ultrahigh vacuunfiumber of the HgS shells the electron and hole stees
(UHV) conditions, there is also much interest in the chemicafh('m:}fore the optlcal allowed transitionsan be shifted so
approach to synthesize colloidal solutions of semiconducto 1at the absorption spectrum of th_e heterostructure spans the
nanocrystals with narrow size distributictis’ Reliable syn- visible range and the near IR regions.

thetic routes were developed to control and vary the size and In order to investigate the nonradiative relaxation dynam-
P y ICs of the charge carriers, we used pump-probe femtosecond

shape of these nanocrystals by simple wet-chemical memoq?ansient spectroscopy to monitor the dependence of the

by changing parameters such as pH, temperature, or CONCefifaach the stimulated emission, and the induced intraband

tration. T_he electronic aqd mechar_wica_l properties of thes%bsorption signals of the QDQW system with monolayer
nanoparticles can be varied by their size and shape due {qyg well after an electron-hole pair was excited in the CdS
quantum confinement effects;*when the particle size is in core or directly in the HgS well states. Previously, we
the range or Smallel’ than the eXCitoniC BOhI‘ radius Of tthporteal on the dependence of the rise time of these differ-
semiconductor bulk material used. ent signals on excitation at 400 nm into the CdS core or
In so-called core-shell systems such as CdSe/ZnS, wheggcitation at 650 nm into the HgS well. A connection be-
a semiconductor nanocrystal is surrounded by one or tw@ween the rise times and the localization times of the electron
layers of a semiconductor with a larger band gap, fluoresand hole in the HgS well was made. Here we present further
cence quantum efficiencies of nearly 100% at room temperaesults using excitation wavelengths of 266 and 580 nm as
ture were achievetf The wavelength of the absorption and well as 400 and 650 nm and also discuss the recovery of the
fluorescence of these heterostructures can be changed ovetransient absorption signals after excitation away from 400
large spectral range by varying the size of the nanoparticlesnm.
For these reasons nanoparticles are very interesting as tun-
able fluorescence emitters in light emitting devices
(LED’s)***® and microscop¥!’ applications. Il. EXPERIMENTAL
Eychmiuler, Mews, and co-workers showed for the first
time'®1° that quantum well structures could be synthesized
by use of wet chemical methods. They developed a synthetic The CdS/HgS/CdS nanoparticles were prepared according
route for the synthesis of a quantum dot—quantum welto Mews et al*® with minor changes. The synthesis route
(QDQW) nanoparticle using the semiconductor materialsconsists of five stepql) growing of the CdS core2) ex-
CdS(band gap at 2.5 evand HgS(band gap at 0.5 eM®'®  changing the Cd' ions of the outermost CdS layer of the
In this system a CdS nanocrystal core is surrounded by oneore with Hg" ions to form the well layer(3) capping the

A. Synthesis
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HgS layer by a monolayer of Cd%4) increasing the CdS tion spectrum of the film was measured before and after ir-
clad layer,(5) capping the QDQW particles with an organic radiation and evidence for decomposition could be found.
layer to prevent aggregation. The successful formation of the
QDQW structure was verified by optical absorption and fluo- B. Femtosecond transient absorption measurements
rescence measurements and transmission electron micros-
copy (TEM). The size of the QDQW nanoparticles was 6
nm.

(1) Growing of the CdS core (diameter 3.6 nrir) a 250

The laser system is described in detail elsewR&fEhe
100-fs pulse$800 nm, 800 mW, 1 kHzwere generated and
amplified with a Ti-sapphire laser systei@lark MXR CPA

. ) 1000. The oscillator was pumped by a Nd:YVO ring laser
ml three-neck flaskwith septum, gas-iniet system, and pH (Coherent Verdi while the regenerative amplifier was

meteblloo r_nI deionized waterR=18 M(2) was purged for pumped with a Nd:YAG laser: As pump pulse either the
30 min with argon. Then 0.2 ml of 0.1 M hexa- goconq400 nm and third harmoni¢266 nm of the funda-
metaphosphate as stabilizer and 0.2 ml of 0.1 M Cd(#IO  nental wavelength or the second harmonic and the sum fre-
were added under stirring. The pH value was adjusted to 8.§uency light of the output of an optical parametric amplifier
with a few drops of a 0.1 M NaOH solution. Under vigorous (OPA) (TOPAS at 580 and 650 nm were used. The pump
stirring 0.6 ml HS gas was injected through the septum inpulses pass an optical chopper at 500 Hz. A white light con-
the space above the €d solution with a gas-tight syringe. tinuum (430 nm to 1um) generated from focusing a small
During the next 10 min the pH value dropped to 4.6 and thepart of the fundamental pulse at 800 nm & 1 mmsapphire
formerly colorless solution became yellow due to the forma-plate was used as visible probe pulse. The IR probe pulse at
tion of CdS nanoparticles. After readjusting the pH value to4.7 um was generated by difference frequency generation
7.0 with a few drops of 0.1 M NaOH the excess3Hwas from the signal and idler waves from a second OPA
removed by bubbling the colloidal solution with argon for 30 (TOPAS.
min. The pump and probe pulses were overlapped in the
(2) Epitaxial growth of a monolayer of HgShe Cd* sample and the probe beam coupled into fiber _optics. Th_e
ions of the outermost CdS layer were replaced by Higns ~ change of the probe pulse absorption with and without exci-
by adding 10 ml of 0.001 M Hg(CIg), aqueous solution at tation b_y the pump pulse_ was measured as a function of the
pH 7.0 to the colloidal CdS solution under stirring. Therebydelay time. The delay time between the probe and pump

the solution changed its color immediately to a light red and?!Se Was varied by an optical delay line with a resolution of
the pH value increased to 7.6. The pH value was brought gl fs. The time dependent bleach spectra were recorded by a

7.0 by adding 0.1 M HCIQ. The amount of C#" ions of system consisting of monochromator and nitrogen cooled
one CdS monolayer remained in the colloidal solution. CCD_ camera. Optical transients were reco_rded_ by a system
(3) Capping the CdS/HgS particle by a monolayer of cdsconsisting of a monochromator and photodio@®sPIN di-

The free Cd* ions were used for the epitaxial growth of a odes for the visible range and a nitrogen cooled HgCdTe

monolayer of CdS in order to cap the CdS/HgS particlesfjetGCtor for the IR probe

Therefore 25 ml of aqueous>610~* M H,S solution was
added drop by drop during 25 min to hinder nucleation. This . RESULTS
changes the color of the colloid to a light brown. Then, the
pH value was readjusted to 7.0 and the colloidal solution was
purged with argon to remove the excess gfSH In Fig. 1 (top), the room temperature steady state absorp-
(4) Growing the CdS clad of the CdS/HgS/CdS particletion spectra of the colloidal solutions at different stages of
0.2 mlof a 0.1 M Cd(CIQ), aqueous solution were added to the synthesis process are shown. The CdS nanoparticles
the colloid. This amount is sufficient to form two monolayers[spectrum(a)] show a weak excitonic feature at 465 nm. For
of CdS around the nanoparticle. 50 ml of aqueous 5the CdS/HgS structurespectrum(b)] the absorption edge is
X 10 * M H,S solution was added drop by drop during 25 redshifted to 600 nm and the CdS/HgS/CdS QDQW nano-
min, the pH value was readjusted to 7.0, and the colloidaparticles[spectrum(c)] have an absorption edge, which ex-
solution purged with argon to remove excessSH tends to 700 nm. After additional growing of the CdS clad of
(5) Organic capping of the QDQW nanoparticld® pre- the QDQW nanoparticles the structure denoted as
vent aggregation of the so prepared QDQW nanoparticlesodS/HgS{CdS ; is synthesized. It is obvious that the ab-
the sodium ions in the solution were exchanged with tetrasorption of this structurgspectrum(d)] is not noticeably
butyl-ammonium ions in a twofold dialysis procéSsThen  redshifted compared to spectryo). This is because the HgS
30 ml of the colloid was concentrated to 1 ml by vacuumwell thickness, which strongly determines the optical prop-
evaporation at 45°C. In order to prepare a film of theerties of the QDQW structure in this region has not changed
QDQW nanoparticles, a few drops of that highly concen-by increasing the CdS clad. Nevertheless the absorption
trated colloid were brought on a CaBubstrate and dried in strength of the QDQW was increased. This can be explained
a vacuum chamber for 24 h. The absorption spectrum in thby the assumption that after exchanging thé Cins on the
range between 400 nm and 2/8n (not shown herere-  surface by H§" ions in order to grow the CdS/HgS structure
vealed the absence of water, which is necessary to perfortihe amount of C#" ions remaining in solution is not suffi-
transient absorption measurement in the IR range. All meacient to cap the increased surface of the nanopatrticles to form
surements were carried out at room temperature. The absorp-complete first monolayer of the CdS clad. The second de-

A. Steady-state absorption and fluorescence
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FIG. 1. (Top) Steady state absorption of the colloidal solutions extends from 650 nm to lower energies. Addingztdbns to
at room temperature. The lowest energetic excitonic feature of thﬂqe colloidal solution and increasing the pH value to 10.0 by
absorption shifts to the red in the series CdS nanopartia)et 465 adding drop by drop 0.1 M NaOH solution a Iayer. of

nm, CdS/HgS nanoparticlefy) at 500 nm, QDQW nanoparticles .
CdS/HgS/CdS, () at 625 nm, and QDQW nanoparticles Cd(OH), can be grown on the CdS surface. This leads to an

CdS/HgS{CdS s, (d) at 640 nm. Changing the organic capping of increase in the flyorgscence quantum yl'eld as well as a more
the structure(d) by exchanging the sodium ions with tetra-butyl- pronounced excitonic band gap Oemlssmn component. This
ammonium ions does not influence the absorption of the QDQV\r'aS been shown by other grodﬁg. The_ fluorescence spec-
(). The inset shows the second derivative of the steady state ablUm Of this  QDQW nanoparticle, ~denoted as
sorption for the nanostructurés) and(d). The maxima indicate the CdS/HgS{Cd$:3/C_:d(OI-_|)23 is also shown in Fig. Ibot-
positions of the lowest energetic allowed optical transitions andoM). The excitonic emission has its maximum at 730 nm,
show, that the increase of the CdS clad from one to three monolay¥hich is in agreement with that reported by other grotis.

ers leads only to a small redshift of the absorption features from 525 he excitation spectrum probed at 760 nm is identical for
to 540 nm and from 625 to 640 nm, respectivéBottom) Fluo-  both QDQW'’s and is given in Fig. (bottom). The excitation
rescence and excitation spectra of the QDQW nanoparticlspectrum is similar to the absorption spectrum of the QDQW,
CdS/HgS{CdS;. The broad and weak emission of the colloidal which shows that the absorbing and emitting species in the
solution can be enhanced by forming an inorganic capping layer ofolloidal solution are identical. Furthermore, it suggests the
Cd(OH), around the nanoparticles and the excitonic emission comabsence of different types of high-energy nonradiative relax-

ponent also becomes more obvious. The optical excitation spectrugition processes that do not lead to the electrons and holes
detected at 760 nm is identical for both samples and reproduces thflying rise to the observed emission.

absorption spectrurttop). All spectra were corrected for the sensi-
tivity of the detection system or the emission characteristic of the )
XBO lamp, respectively. B. Femtosecond transient spectra
The room-temperature femtosecond time-resolved tran-

rivatives of the absorption spectfe) and (d), given in the  sient absorption spectra of the CdS/HYSAS 5 film on a
inset of Fig. 1(top), show that the optical transitions of the CaF, substrate at different delay times between pump and
QDQW were only slightly redshifte®0 nm), by increasing probe pulse are shown in Fig. 2. The sample was excited at
the CdS clad. Also the derivatives allow us to determine thet00 nm, where the film has an absorbance of 1 OD. The
energetic positions of the two strongest optical transitions iriransient absorption spectra show several negative bleach
the HgS well(below the band gap of the CdS core at 465bands over the whole visible range and a very weak stimu-
nm) at about 640 and 525 nm. lated emission signal at longer wavelength where no ground

The emission spectrum at room temperature of thestate absorption can be observed. An energy diffusion with a
CdS/HgS{CdS; QDQW colloidal solution is shown in Fig. faster relaxation of the higher-energy states can clearly be
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0 20 40 B0 80 100 O 20 40 &0 80 100 (triangles of the QDQW nanoparticle CdS/HgEdS ; after exci-

tation with different wavelengths is show@) Excitation at 400 nm

(excitation at 266 nm leads to an identical rise behavibne four
V\})Ieach signals have rise times between 200 and 300 fs while the

stimulated emission signal at 760 nm rises with 1.5(psExcita-

. ; tion at 650 nm(excitation at 580 nm leads to an identical rise
(solid squaresand 650 nm(open circles The bleach was probed at behavioy. The four bleach signals and the stimulated emission sig-

470 nm(1 p9, 525 nm(1.5 ps/40 ps 560 nm(3.7 ps/50 ps and . -
625 nm(6.7 ps/90 p the stimulated emission was probed at 760 nal rises faste_r tha_n the pump p_ulse, therefore only an upper limit of
50 fs for the rise time can be given.

nm (55 p9 and the induced absorption was probed with an IR pulse

at 4.7 um (7.0 ps/110 ps The decay times for 400 nm excitation the CdS/HgS/CdS; nanoparticles. The higher energetic
are given in parentheses. The decay dynamics of all these Signalst')?each bands decail faster indicatiﬁg a relaxation of the ex-
not noticeably changed after excitation at 650 nm directly into the”. .
HgS well. However, the rise times change drastically as shown iClted electrons and holes to the bottom of the conduction

the next figures(Note that for clarity all traces are shown as posi-rband, and the top of the valence band, re;pectlvely. The .dy-
tive signals) namics of the bleach at 625 nm, the stimulated emission
signal at 760 nm, and the induced absorption signal at 4.7

observed. The positions of the bleach bands were determingd™ &€ Very similar suggesting that the decay of the same
by a simultaneous fit of the three specti&tG curves. Their state is monitored. Also, only small differences between the

maxima are indicated by arrow@70, 530, 625, 640, and bleach decays aftgr excitation.into the .CdS core or the HgS
720 nny. The first four bands are assigned to a bleach signa‘{"e” are seen. Mainly the relative amplitude ratio bet_ween a
and the weak band at 720 nm to stimulated emission. Thi&St(Sub 10 psand a longe(>10 pg component is differ-
was done by comparing the energy positions of the negativ@nt' (The decay times after 400 nm excitation are given in

transient absorption to the steady-state absorption and emigi€ figure caption of Fig. 3.

sion spectra in Fig. 1 consistent with previous repgtts. The rise times of the five signals as a function of the
excitation wavelength is shown in Fig. 4. The rise times of

the five signals after excitation at 400 nm is shown in Fig.
4(a). All four bleach signals have rise times between 200 and

In Fig. 3 the decay of the bleach signal at 470, 525, 560300 fs, whereas the stimulated emission signal rises in 1.5 ps.
and 625 nm, the stimulated emission signal at 760 nm, angéxcitation at 266 nninot shown heregives the same values.
the induced absorption signal at 4um after excitation at After optical excitation directly in HgS well states at 650
400 nm(closed squares, excitation of the CdS ¢gaed 650 nm (and 580 nm, not shown, hegrthe rise of the bleach and
nm (open circles, excitation of the HgS welire shown for  stimulated emission signals, shown in Figb} is not re-

Time (ps)

FIG. 3. Decay of the transient absorption signals of the QDQ
nanoparticle CdS/Hg$CdS; after optical excitation at 400 nm

C. Femtosecond kinetics
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FIG. 5. The rise of the bleach signal observed at 625 nm of the
QDQW nanoparticle CdS/Hg8ZdS; after excitation with the
wavelengths 266, 400, 580, and 650 nm is shown. For the excitatior:
at 266 and 400 nm a rise time of 200—300 fs is observed. The rise
of the signal after excitation at 580 and 650 nm is limited by the
width of the pump puls€100 fs.

ive transient absorption signal (arb. units)

t

posi

exc.: 650 nm

solved from the pulse width of the pump and probe pulses 7 | ' ; ' 3

1
(100 f9. Therefore, due to the resolution of the optical delay Time /ps
line (21 f9 and the pulse widtti100 f9 only an upper limit ) L o )
of the rise times of about50 fs can be estimated. A com- FIG. 6. The rise of the transient induced absorption signal moni-
parison of the rise times for the bleach signal at 625 nm aftef°red at 4.7um of the QDQW nanoparticle CdS/HgEdS; after
excitation at 266, 400, 580, and 650 nm is shown in Fig 5excltatlon with different wavelengths is showa) Excitation at

In order to ’inves'tigaté intraband transitions in t'he'266 nm(rise time: 250 fs (b) Excitation at 400 nnfrise time: 150

. . fs). (c) Excitation at 580 nn{rise time: <50 fs). (d) Excitation at
CdS/HgS{CdS; QDQW system we excited optically an 650 nm(rise time: <50 f9). The rise of the signaléc) and (d) is

e_Iectron hole_pair and probed the induced charge carrier trafiteq by the width of the pump pulsd00 f$ and only an upper
sient absorption by an IR probe pulse at 4m well below it of 50 fs for the rise time can be given.
the band gap absorption. The kinetic traces of the positive
transient absorption signal for several excitation wavelengthstimulated emission band found at 720 nm in the transient
(266, 400, 580, 650 njrare shown in Fig. 6. The decay of absorption spectra. The assignment of the signal at 720 nm
the induced transient absorption was plotted in Fig. 3. Thegand also at longer wavelength where we were also able to
dependence of rise times of the induced absorption on thebserve a increased differential transmission with our more
excitation wavelength shows a similar behavior to that of thesensitive single wavelength lock-in detection sgtispcon-
bleach rise time¢Figs. 4 and 5 Excitation of the sample at sistent with a previous assignment made by ¥ell?* Fur-
580 and 650 nm leads to a rise of the induced absorptiothermore, the positions of the bleach bands are also in good
signal, which is within the duration of the pump and probeagreement with calculations by Jaskolski and Br§aand
pulses(100 fg, whereas for excitation at 266 and 400 nm allow an assignment of the transitions t8-1S;, (720 nm,
gives a rise time of the induced absorption signal of 250 and P-1P, (640 nm, 1P-1P,,, (625 nm), and 1S-2S;, (530
150 fs, respectively. nm). Our observed higher energetic allowed transitions have
not yet been calculated.
The decay times of the bleach bands especially at the
V. DISCUSSION lowest optical transitions at 720 nm $11S;/,) and 640 nm
The transient absorption spectfaig. 2) of the QDQW  (1P-1Pg,) involving the 1P and 1S electrons in the range

system CdS/HgS$CdS ; can be described by the superposi- of tens of picoseconds is explained by the trapping of the
tion of five bands: four bleach bands at 470, 530, 625, angélectron and hole in shallow and deep traps. The population
640 nm and a weak stimulated emission signal at 720 nnmof the (unexcited ground state occurs much later. From
This is in very good agreement with the observed maxima ofime-resolved fluorescence measurentéritsis known that
the second derivative of the steady state absorption spectruthe radiative recombination of electron and hole is much
(Fig. 1, from which the position of the two optically allowed slower and extends from the nanosecond to the microsecond
transitions at about 640 and 525 nm could be resolved. Theange. The decay of the higher energy states is faster and
excitonic fluorescence of the sampleig. 1) with a maxi-  consistent with the spectral diffusion seen in the transient
mum at 730 nm is also in good agreement with the wealkabsorption spectra shown in Fig. 2. The faster bleach decay
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at shorter wavelength can be explained by the independeeffective masses a more detailed assignment is possible. We
relaxation of the electrons and holes within the quantizedound an induced absorption signal of the QDQW structure
energy levels. According to the state filling motfethe  at a probe wavelength of 4.m. The induced absorption
bleach of an optical transition can be caused by either thehows the same biexponential decay behavior as the bleach
occupation of a previouslgbefore excitationempty level by  signal at 625 nnisee Fig. 3. The rise time of the signal after
an electron or by the absence of an electfpresence of a direct excitation of HgS well stateggt 580 and 650 ninis
hole). Since the relaxation of the electron and hole can bavith <50 fs similar to the rise time of the visible bleach
treated independently in the strong confinement region theignals. After excitation of CdS core stateg 400 and 266
bleach decay of a certain transition can be caused by eithém) a rise time of 150-250 fs was found, again similar to the
charge carrier which therefore means that the bleach risdse times of the bleach bands for the same excitation wave-
time of a lower lying level is not necessarily directly corre- length. It can therefore be concluded that the induced absorp-
lated to the decay of a higher energetic transition. At theion signal has a similar rise and decay behavior as the
same time trapping of the charge carriers from higher energhleach signal of the HgS well transitions, which indicates
states would also be possible and explain the spectral diffuthat the same charge carrier is involved for both signals. The
sion. reason why the rise of the transient absorption signal in the
That both charge carriers are responsible for the observeatidinfrared region is slightly faster than the bleach rise times
bleach bands in this QDQW nanoparticle system is nicelys the fact that even before the crossing of the CdS/HgS
demonstrated by the fact that excitation into the HgS wellinterface intraband transition within the energy levels of the
states leads to very similar bleach dynamics as shown in Fig>dS core could be probed. This would lead to a faster rise
3. In particular, even though excitation is carried out at lowtime and could explain the slight difference between the
energies(650 nm all of the higher energy states are also bleach rise times and the induced IR absorption.
bleached which confirms that it takes only one of the charge Theoretical calculatiof8 for the QDQW system have
carriers to be excited in order to cause the bleaching of sewseen performed which give an energy difference of about
eral transitions. Furthermore, the hole plays a much mor€.28 eV between the lowest hole statB;} and the B,
important role in this system than for example in CdSe nanostate. This corresponds to a transition wavelength ofidv
particles for which the bleach is mainly dominated by thein good agreement with our observation wavelength of 4.7
occupation of electronic levefé.This is due to the high den- um considering the broadening of the transition due to the
sity of hole states in CdSe nanoparticles. With only onesample size distribution. According to the same theoretical
monolayer of HgS the separation of the hole states is muchalculations the energy difference between the two lowest
larger (see also below the discussion of the mid-IR absorp<€lectron states in the conduction band is much larger with
tion) and is actually comparable to the energy separation of.37 eV corresponding to a transition wavelength of @3.
electronic states in CdSe. It can thus be concluded that the IR probe pulse atuhv
The rise times of the four bleach signals and the stimudoes not interact with the electrons in the conduction band.
lated emission signal after direct excitation in HgS well Therefore, we assign the bleach rise time of 200—-300 fs to
states(at 580 and 650 njnare faster than the pulse width of the localization time of the hole, not the electron, in the HgS
the laser used. Therefore an upper limit of 50 fs was estiwell. The rise time of 1.5 ps then corresponds to the local-
mated(see Figs. 4 and)50n the other hand, after optical ization time of the electron from the CdS core into the HgS
excitation in states, which are energetically higher than thavell states.
HgS well and with their wave functions extended over the The large difference in the transfer time of the electron
whole nanostructure, a rise time for the bleach signals in thand hole across the CdS/HgS interface can be explained by
HgS well of 200—-300 fs was found. This time can thereforethe effective mass of the electron and hole in the core and
be assigned to the localization time of one of the chargavell. The effective mass of the hole in the valence bands of
carriers into the HgS well because only one of them, electro©dS and HgS are quite similatwhile the effective mass of
or hole, is needed to lead to the observed bleach signal. Gthe electron in the conduction bands in the two materials is
the other hand, the rise time of the stimulated emission signalifferent. This makes it easier for the hole to cross the inter-
is much slower with 1.5 ps after excitation of the CdS coreface than the electron. However, such an explanation might
states(at 400 and 266 nin This can be explained by the not be justified since the HgS well consists only of one
localization time of the charge carrier with the slower local-monolayer and therefore does not even have a full unit cell.
ization probability. For the stimulated emission process, botiUsing a molecular approach to this problem one can argue
charge carriers are needed to be present in the HgS well ithat the much faster transfer rate of the hole compared to the
order to recombine radiatively. The charge carrier with theelectron across the interface is due to a charge resonant trans-
slower localization time determines the rise of that signal. fer between two sulfur ions for the hole while the electron
While visible bleach features in semiconductor nanostruchas to be transferred from a cadmium to mercury ion. If the
tures are complicated because of the contribution of the eleground state of the CdS and HgS can be thought of having
tron and hole to the observed signal, using infrared probéhe M?*S?~ jonic structure then the excited state can be
light with energies below the bandgap energy allows one t@pproximated byM**S!~. This means that the excitation is
selectively probe transition between quantized electron andonsidered as an electron transfer fr@n to M2 and a
hole levels. Since the energy separation between electron amle transfer fromM?* to S?~. In this particular case for the
hole levels is usually very different because of their differentCdS/HgS/CdS QDQW nanoparticle system the localization
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of the charge carriers in the HgS well after excitation of the V. CONCLUSION

CdS core would then involve the transfer of the charge car- y, presented in this work the results on steady state and
riers from the (Cd"S'")* excited state to the ground state femtosecond time-resolved measurements on

(Cd""S'7)* to the S~ of the (HF'"S7), and the electron  pleach, stimulated emission and induced absorption signals
transfers from CH" of CdS to the H§" of HgS accordingto  found in the transient measurements as a function of the
excitation energy, we determined the localization times of
electrons and holes in the HgS well, separately. We found
(CA' "SI )* + (HG? " S?7 ) g— (CP T S? 7)o+ (Hgt T St)*. that the electron localization time in the HgS well after CdS
core excitation is 1.5 ps while that of the hole~sl50 fs.
This large difference in the observed dynamics of the elec-
Since the hole transfer process is a charge resonance processh and hole in crossing the CdS/HgS interface was dis-
between two sulfur ions it is expected to be faster than theussed in terms of a resonant charge transfer process of the
electron transfer between different types of ions. The lattehole between the sulfur atoms in the CdS core and the sulfur
would need to be assisted by phonon processes, which ratoms in the HgS well. The energies of the observed signals
duce the transfer rate. In the molecular electron transfer largre furthermore in very good agreement with theoretical cal-
guage, the Franck-Condon factors are therefore expected @llations by Jaskolski and Bryant and higher energy states
be much larger for the hole transfer compared to the electroROt yet calculated were determined.
transfer. Furthermore, the density of hole states in the va-
lence band is much higher due to the degeneracy ofpthe ACKNOWLEDGMENTS
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