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Longitudinal-optical-phonon-assisted energy relaxation in self-assembled
CdS quantum dots embedded in ZnSe
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Research Institute for Electronic Science (RIES), Hokkaido University, Kita-12, Nishi-6, Kita-ku, Sapporo
060-0812, Japan

(Received 25 October 2001; accepted for publication 10 July 2002

The energy relaxation processes of CdS self-assembled quantuniQd2ds embedded in ZnSe

were investigated. Longitudinal-opticdLO)-phonon resonant structures were discerned in the
photoluminescence spectra under the CdS selective excitation, especially under nearly resonant
excitation conditions. Strong energy selectivity among the Gaussian distributed energy levels of the
QDs are observed in energy relaxation processes, in which excitons are dominantly injected into the
QDs whose ground state energies with respect to the excitation energy are equal to the
multi-LO-phonon energy of ZnSe. Detection-energy dependent photoluminescence ex@iaipn
measurements also suggest that the coupling strength between the excitons and LO phonons is
strongly size-dependent, i.e., coupling is strongly enhanced in smaller QDs. In addition, type-Il band
alignment of the CdS/ZnSe heterostructure is experimentally confirmed directly by PLE
measurements. @002 American Institute of Physic§DOI: 10.1063/1.1504161

I. INTRODUCTION In this article, we describe the interdot energy relaxation
processes of CdS self-assembled QDs embedded in ZnSe. In
Self-assembled quantum ddt3Ds) have attracted con- the energy relaxation processes among the inhomogeneously
siderable interest due to their zero-dimensional featuredistributed energy levels in CdS QDs, a strong energy selec-
based on the atomiclike density of states and their study hd#vity was observed. In this respect, dominant exciton injec-
remarkably progressed in various material systems such dn occurred into the QDs whose ground state energies in
group V22 111-V, 3-8 111V nitride,”~® and 1I-VI*** semi-  relation to the excitation energy match the multi-LO-phonon
conductors. Among them, the group 1l-VI semiconductorsenergy of ZnSe. The size-dependent energy relaxation stud-
are preferable for realizing the practical optoelectronic deied by photoluminescence excitatidPLE) measurements
vices that operate in the visible spectral range due to theff€vealed that the LO-phonon-related energy relaxation was
wide band gap energies. From a viewpoint of basic physics?hOW” to be strongly enhanced in case of the smaller QDs.

stronger exciton-longitudinal-optic&iO)-phonon coupling, 1YPe-!l band lineup of the present CdS/ZnSe system was
i.e., the Fitilich interactiod?~*4and oscillator strengffi of also directly confirmed by means of PLE measurements as

the group 1-VI semiconductors yield a strong coupling with well as nonresonant photoluminesceriPé) measurements.

phonons and photons, which will provide unique physical
phenomena. As we reported very recently, an observation af. EXPERIMENTS

Rabi splitting from the group 11-VI QDS in a microcavity 4S OD 2 barrier | tabri db
structuré’ is among them. Self-assembled QDs, however, CdS QDs on ZnSe barrier layers were fabricated by met-
l[organlc chemical vapor deposition on semi-insulating

have a large inhomogeneous broadening due to their inhere@ .
9 9 9 aAg001) substrates. In order to minimize the root mean

size distribution, which will crucially affect the device op- :
eration. In order to realize practical devices with hiah erfor_square roughness of the 60-nm-thick ZnSe surface below 2
on. 'z€ practl v with figh p nm, the growth temperature was optimized at 300 °C. Di-

’r%ethyl cadmium and di-tertiarybutyl sulfide were used as

nism in the inhomogeneously distributed energy levels. Tq, 4 0.49umol/min, respectively. For the growth of the ZnSe
date, limited research on interdot energy relaxation Processgsyers, di-ethyl zinc and di-tertiarybutyl selenide were used.
in group 1I-VI self-assembled QDs have focused on thegefore and after the growth of the CdS QDs, plirging of
CdSe/ZnSe systeffl:'*On the other hand, CdS is an attrac- the growth chamber was done to prevent the formation of
tive material for the optoelectronic devices that operate in thgndesirable alloying. In this experiment, the CdS QDs were
green wavelength region where the InGaN system is inaccegve-stacked for obtaining sufficient PLE signal intensities.
sible due to the phase segregation is¥lieurthermore, due Each CdS layer was separated by 60 nm ZnSe intermediate
to the absence of a wetting layer as in the StranskiHayers and the topmost QDs were left open to the air for
Krastanow growth mode, CdS QDs grown on ZnSe moreatomic-force microscopéAFM) measurements. A series of
clearly reveals the problem in comparison to the CdSe/ZnSsamples with the average QD heights of 1.7, 2.4, 3.3, and 6.6
system where the two-dimensional layer plays a significantnonolayer§ML ) were prepared. The average dot height was
role in the energy relaxation processes in QDs ensembles.obtained byin situ optical monitoring with a He—Ne laser.
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FIG. 1. Typical AFM images of the topmost layer of 3.3 ML height CdS ) )
dots grown on the ZnSe surface. Spatial distribution and density of QDs cafilG. 3. Detection area dependence of micro-PL spectra of the CdS dots for
be recognized as small white points in thewhx4 um image. The dome- & 1.7 ML sample measured at 36 K. With the decreasing number of dots

shaped morphology of the CdS QDs is clearly resolved in the magnifiedntroduced into the detector, the sharp lines become well deconvoluted from
picture. the Gaussian PL line shape, which unambiguously indicates the quantum dot
formation.

For the study of the optical properties of these samples, the ) ]
325 nm line of He—Cd was used for the nonresonant excita@d 6.6 ML samples. The CdS QDs with an average thick-
tion source, where the excitation energy was far above thB€ss of 1.7 ML is not identified by the AFM measurement
ZnSe band gap. A multiline Ar laser was also used for the due to insufficient spatial resolution a_nd the residual rou_gh_-
CdS QDs selective excitation. PLE spectra were taken with 86SS of the ZnSe surfaces. The density of the CdS dots is in
monochromatic light from a tungsten halogen lamp.the range of 210°-~8x 10%cnt and the aspect ratio is ap-
Throughout this work, the optical measurements were carProximately 4 which is independent of the dot size. In order

ried out at 16—36 K. to reveal the dot formation for the 1.7 ML sample, detection
area dependent micro-PL measurements were carried out and
11l. RESULTS AND DISCUSSION the results are summarized in Flg 3. In this micro-PL experi-

_ ment, only the number of dots introduced into a detection
An AFM image of the sample surfaces after the 3.3 MLgystem was systematically chandéds the dot number de-
CdS deposition is shown in Fig. 1. In thenx4 um im-  creased, sharp lines start to clearly appear on the Gaussian-
age, the spatial distribution of the QDs on the ZnSe surfacgnaped PL spectrum and the peak-valley ratio also increased.
can be overviewed, and the dome-shaped morphology ofpis deconvolution property from a broad PL line shape was
CdS QDs is cl_early_ re_solv_ed in the magnified picture. Figurenigmy reproducible and the energy positions of the sharp
2 shows the size distribution of the CdS dots for the 2.4, 3.3}ines changed when shifting the excitation position on the
sample surface. These observations prove that the size and/or
30 — ‘ v position dependencies of the PL features were clear manifes-
i ‘ ‘ ] tations of the CdS dot formation.
- A | Prior to the study of an energy relaxation process for the
N A . present CdS/ZnSe QDs, the nonresonant optical properties
. 1 for the CdS QDs will be discussed. Normalized nonresonant
20 [ A J PL and PLE spectra of the series of the samples measured at
] 16 K are summarized in Fig. 4. In the PLE measurements,
i A +A+ + ) the detection energies were set at the PL peaks for each
15+ re A " sample, but the spectrum was not recorded for the 6.6 ML
sample due to the extremely weak PL intensity. In the PL

+ i . . .
- spectra, the luminescence from the CdS QDs region with full

Ay
.@ + . .
4!. width at half-maximum of around 100 meV was observed. It
H ® (Cds=24ML is found that the PL peak energy is blueshifted when the dot
: .“.L + +  CdS=3.3ML size decreases. The ZnSe luminescence was hardly observed
A CdS=6.6ML in all samples, which indicates a high exciton injection effi-
o b | | T T ciency into the QDs region with fast energy relaxation. In the
0 20 40 60 80 100 PLE spectra, beside the steep increase of PLE intensity at
Dot width (nm) around 2.8 eV due to the onset of the ZnSe fundamental
absorption, broad peak structures were also detected. These
FIG. 2. Size distribution of CdS dots with the average thickness of 2.4—6.60r0ad peaks are partly attributed to the low spectral resolu-
ML (from in situ monitor). The aspect ratio of the observed dot structures is . . L
approximately 4, which is independent of the dot size. The CdS QDs with affion of 12 rr_1eV due to the Wlde.S|It W'_dths O_f the monochro-
average thickness of 1.7 ML is not clearly resolved. mators obliged by the small signal intensity. However, the

Dot height (nm)

T T
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ment in which the transition between the ground level of the
CdS quantum dofconduction bandand the top of the va-
lence band of the bulk ZnSe is taken into accdum.tran-

sition energy calculation assuming a one-dimensional con-
finement along the growth direction and the valence band
offset of 670 meV between ZnSe and Gli®as then carried
out. The resultant size dependence of the transition energy is
shown by the dashed line in Fig. 5. The estimated transition
. energies for each sample are also indicated as downward
- ! T arrows in Fig. 4, which agrees very well with the detected
PLE peaks. This result is a direct confirmation of the type-II
band alignment of the present CdS/ZnSe heterostriféttie
based on the PLE measurements. It should be noted that the
contribution of the direct transition in the CdS QDs to the
observed spectra is excluded because its transition energy,
including the one-dimensional confinement, is higher than
the above calculation by 670 meV. A large Stokes shift be-
tween the PL and PLE peaks is also observed due to the dot
FIG. 4. Normalized PL(solid line9 and PLE(dashed lingsspectra of a  size inhomogeneity, which is typical for self-assembled QDs
series of samples under_r_nonresonant excitation conditions. Down\_/vard agystems_ In Fig. 4, a significant reduction in the PL peak
rows are calculated transition energies based on the type-Il band alignment: . .
Clear blueshift of peak energies with a reduction in the dot size is observed.mens'ty of more than two orders of magnltude was observed
Strong suppression of PL intensity with the increasing dot size is also nowhen the dot size increases from 1.7 to 6.6 ML. The type-II
ticeable. band alignment also explains this quenching with the in-
creasing dot size. The increased spatial separation of elec-
trons and holes for larger dots leads to the lower oscillator
linewidth of these peaks are much larger than the spectrajtrength due to the smaller overlap integral of the wave func-
resolution, then the systematic shift of the broad peaks to thons as theoretically predicted in type-Il heterostructdfes.
higher energy with the decreasing average dot size strongly |n order to investigate the energy relaxation process in
implies the contribution of the QDs in the PLE spectra. Fig-the energy level distribution of the CdS QDs, PL measure-
ure 5 shows the dependence of the PL peak energies aspgents under CdS selective excitation were carried out using
function of the CdS average thickness. This PL blueshift feazn Art laser with three different excitation energies,{) of
ture, which is analogous to the previously reported arfitle, 2.627, 2.666, and 2.707 eV. In this experiment, the sample
is attributed to the quantum size effect of the CdS QDs. Injith the average CdS thickness of 1.7 ML was used. The PL
Fig. 4, it should be stressed that the PLE peak energy despectra with respect to the excitation energies are presented
creases across the energy gap of CdS of 2.53 eV with thg, Fig. 6. The PL spectrum with nonresonant excitation using
increasing dot size, which is unusual for type-I heterostrucy He_cd laser3.814 eV is also shown at the top. The
tures. This behavior is explained by the type-Il band align-gashed lines represent the fitted Gaussian line shapes to re-
produce the spectra. When the excitation energy is lowered,
deviation from the Gaussian line shapes and subpeak struc-
tures, which are superimposed on the higher energy side of
the smooth Gaussian-line shaped luminescence, become dis-
tinguishable. The extracted peak energies of the observed
subpeak structures are plotted as a function of the excitation
energy in Fig. 7. The solid line is an energy reference indi-
cating the excitation energy, which is an origin to measure
the energy relaxation after the photoexcitation. The energy
spacing between the dashed lines corresponds to the period
of the subpeak structures. From this figure, the period of the
observed subpeaks is about 30.5 meV, which is well coinci-
dent with the ZnSe LO-phonon energi, ) of 31 meV
(Ref. 27 rather than that of 37 meWRef. 28 in CdS. There-
fore, the origin of these subpeak structures can be assigned to

i 1¢ 'PLE "~ ]

\_--- - CdS=1.7 ML]
x 1.7 e R

PL intensity (Normalized)
——
<

2 22 24 2.6 2.8 3

Photon energy (eV)

Energy (eV)

|- —@— PL peak energy

2.1 s B the LO-phonon resonance in the exciton energy relaxation
, [ D7 " celeutared tansition engrey processes that dominants in ZnSe layers. As previously men-
0 5 10 Is 20 tioned, electrons and holes are spatially separated in the

CdS QD height (&)

present type-Il heterostructures; electrqih®les are pre-
dominantly confined in the Cd&nSe layers. Thus, the ob-

FIG. 5. PL peak energies as a function of CdS average thickness. The solﬁl'erve.d energy remxatior" in\{0|Ved in th? L.Q-phonon 'emis'
line is a visual guide. Dashed line indicates the calculated transition energygion in the ZnSe layers implies that a significant portion of
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FIG. 8. PLE spectra under three detection energidp @431 eV,(ii) 2.530

eV, and (iii) 2.583 eV. Corresponding energy position on PL spectrum is
shown in the inset. Distinguished resonance up to six orders of LO-phonon
resonant structures are observed for the 2.583 eV detection energy. Lower-
ing the detection energyequivalent to detecting the larger dptshows
TR T strong damping of the phonon resonance and the relative intensity is also
suppressed. It is suggested that the smaller QDs have a stronger exciton-LO-
phonon coupling.
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FIG. 6. PL spectra of QDs with average CdS thickness of 1.7 ML under CdS . . .
selective excitation. Excitation energies are 2.627, 2.666 and 2.707 eV, and€l Of LO-phonon emissions, will have a large exciton popu-
the result of the nonresonant excitation is also shown. With a lower excitatation due to efficient energy relaxation by the LO-phonon

tion energy, subpeak structures superimposed on the higher energy side g8inission. In this sense, the LO-phonon works as a size filter

the broad Gaussian peak become apparent. Dashed lines show fitted Gauss- . . . N .
ian line shapes. The blueshift of the Gaussian PL peak and the distortion o§? the QDs, in which the excitons are significantly injected

the spectra are also observed by lowering the excitation energy. into the QDs whose ground state energies with respect to the
excitation energy are equal to the multi-LO-phonon energies.
Furthermore, QDs which satisfy the above expression with a
the exciton wave function spreads out in the ZnSe layers iRmallern are likely to have a prominent resonance structure.
real space. Therein, energy relaxation takes place. It is exrhe LO-phonon resonant features with a higher order will be
pected that the QDs with the energy lef®)p, which satisfy  pjurred by the contribution of other energy relaxation chan-
the relationship oEe,—Eqgp=n-E o, wherenis the num- npels such as acoustic-phorf®n and/or Auger-like
processe?’ The blueshift of the Gaussian line shaped PL
peak with a lower excitation energy was also observed in

Tt Tt T Tt

2.76 |-CdS average thickness: 1.7 ML n Fig. 6. The blueshift and distortion of the PL lineshapes from
* z ] the Gaussian mentioned above are interpreted as follows; the
r 7 | §¢ B faster and well-defined LO-phonon assisted population is re-
- > o Z ] alized at smaller QDs since a lower number of LO-phonon
S - g¢ E involvements, ‘h,” is required to relax down to the ground
© 268 b p states of the QDs.
2 i _ - ? ] For the further investigation of the LO-phonon relax-
E 2.64 -~ e - o | ation processes in the CdS QDs ensemble, detection energy
o - . 2 dependent PLE measurements were performed. The PLE
g 26¢ g @ -~ 7] spectra are not only an indication of absorption but also cru-
E |~ « - s - P ~® 1 cially influenced by the exciton energy relaxation down to
A 256 P - - ° - the detection window. Therefore, the size-dependent energy
i - P _ A 8 relaxation efficiency can be examined by selecting the en-
252 7~ — A ergy of the detection window-32 Figure 8 shows the PLE
[ & spectra of the sample with an average CdS thickness of 1.7
26 262 264 266 268 27 272 ML at three detection energies 6§ 2.431 eV,(ii) 2.530 eV,
Excitation energy (eV) and (jii) 2.583 eV with the corresponding energy positions

on the PL spectrum shown in the inset. The intensity of each
FIG. 7. Extracted peak energies of the observed subpeak structures undgpectra was normalized at the ZnSe absorption edge for com-
three exc_ltan_on energn_as._The pe_rlod of the observed subpeaks is about 30pgrison. When the detection energy is set at 2.583 eV, the
meV, which is well coincident with the LO-phonon energy of ZnSe. The """ | . .
origin of these subpeaks s attributed to the LO-phonon resonance in th@iStinguished resonance structures are unambiguously found
exciton energy relaxation that significantly occurs in ZnSe layers. to dominate the shape of the PLE spectrum. The period of
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the peak intervals is almost identical to that observed in theler CdS selective excitation and detection-energy depen-
PL spectra under CdS selective excitation. Therefore, thesgence of the PLE measurements revealed that the exciton
resonance structures stem from the LO-phonon mediated ernergy relaxation via ZnSe LO-phonon emission was more
citon energy relaxation processes. Up to six orders of LOefficient for the smaller QDs.
phonon resonant structures are clearly resolved below the
ZnSe_ absorption edge, which will hinder the appearance OACKNOWLEDGMENTS
the higher order resonance. Lowering the detection energy,
which is equiva|ent to probe the |arger QDs among the size The authors would like to acknowledge the Trichemical
distribution, results in a strong damping of the phonon resoLaboratory Co. for supplying the metalorganic precursors.
nance. The suppression of the relative intensity also occurd:his work was partially supported by Grant-in-Aid No.
Other samples with a larger average dot size did not sho@3750263 from the Ministry of Education, Culture, Sports,
the LO-phonon resonance features in the PLE spectra regar&cience, and Technology of Japan.
less of the detection energy.
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