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Quantum Dot Exciton Dynamics through a Nanoaperture: Evidence for Two Confined States
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Excitons confined to CdSe�ZnSe self-assembled quantum dots are probed through a nanoaperture
using time-resolved photoluminescence. Significant evidence is shown that two different electronic
states are associated with these dots, with binding energies which differ by an order of magnitude. The
first has a short 450 ps lifetime, exhibits a relatively broad emission line, and persists nearly to room
temperature; the second exhibits a long �.4 ns� lifetime and is responsible for the sharp ��100 meV�
lines seen at low temperatures �,60 K�. These results are completely unlike those seen in III-V dots,
and reveal the complexity of the electronic structure in CdSe dots.

PACS numbers: 71.55.Gs, 78.47.+p, 78.55.–m, 78.66.–w
The past decade has seen a surge of effort in developing
methods for confining electronic states in semiconductors
to less than two dimensions. One of the most effective
methods has been the growth of self-assembled quantum
dots (SAQDs) which are formed when the large lattice
strain between two different semiconductor layers is re-
lieved to form well-defined pyramids or domes across the
epitaxially grown surface; examples are InAs on GaAs [1],
or more recently, CdSe on ZnSe [2–4]. Many experiments
over the past six years have shown that these structures
strongly confine electrons and holes, and result in nearly a
zero-dimensional density of states. More recently, intense
efforts have been directed toward understanding the inter-
nal electronic structure of these quantum dots (QDs), and
how this structure changes with the various material sys-
tems. Theoretical calculations which include the effects
of strain on these structures have shown that the confined
electronic states can be quite complex, with electrons or
holes separately confined to regions on the perimeter or
interior of the quantum dots [5].

In this Letter, we present temporally and spatially
resolved photoluminescence (PL) experiments on
CdSe�ZnSe self-assembled quantum dots which show di-
rectly that there are two different types of electronic states
associated with these QDs with radically different binding
energies and electron-hole wave functions. Moreover,
these results show clearly that the character of these
electronic states is significantly different than has been
observed in the InP�InGaP or InAs�GaAs QD systems.

Because of its sensitivity to electron and hole wave
function overlap, time-resolved (TR) photoluminescence
can be a powerful tool for probing the internal electronic
structure of QDs. A number of macro-PL measurements
on a .30 mm length scale have shown approximately
0.5–1 ns lifetimes which are weakly temperature depen-
dent [6–11]. More recently, Zwiller et al. have shown
spatially and temporally resolved m-PL of InP�GaInP
QDs which displayed relatively sharp (3 meV wide) spec-
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tral features [12]. However, these experiments also did
not show significant distinction in the lifetimes of the dif-
ferent spectral features.

In this Letter, we report the first measurement of
time-resolved PL through a 200 nm aperture which
shows directly the dynamics associated with the ul-
trasharp 200 meV spectral features associated with
zero-dimensional confinement. More importantly, we
show two distinctly different types of temporal behavior
for emission from these II-VI QDs. The first, which
exhibits a 450 ps lifetime, is spectrally broad and not
associated with the sharp spectral emissions. We find
that the lifetime of the sharp 200 meV emission lines is
an order of magnitude longer, with a lifetime estimated
to be greater than 4 ns. Moreover, we also find that the
temperature dependence of these two spectral features
also are significantly different. These results provide a
window into the internal complexity of the electronic
states in these QDs.

The CdSe dots are grown using molecular beam epitaxy
(MBE), with strained island formation resulting from the
well-known 7% lattice mismatch between ZnSe and CdSe
[2–4,9,13,14]. The samples were fabricated in a Riber 32
R&D MBE machine equipped with elemental sources.
First, approximately 1 mm of ZnSe was grown at 300 ±C
on a (100) GaAs substrate. Second, three monolayers
of CdSe were grown at a slow rate of 0.025 monolayers
per second to ensure controlled deposition. Finally, the
sample was capped with a 50 nm thick layer of ZnSe.

Much less is known of the CdSe SAQDs grown on
ZnSe than for the InAs system; the growth mechanisms
and structure of the CdSe SAQDs are clearly different
than seen for InAs dots [2,13,15,16]. The CdSe quantum
dots are approximately 10 nm in diameter and 3 nm in
height, and occur at a density of approximately 100 to
500 dots�mm2 [17]. The electronic states in these II-VI
structures are expected to be significantly different than
in the III-V dots because of the larger exciton binding
© 1999 The American Physical Society 2797



VOLUME 83, NUMBER 14 P H Y S I C A L R E V I E W L E T T E R S 4 OCTOBER 1999
energies, enhanced electron-hole exchange interaction, and
stronger electron-phonon coupling [6,18–20].

A number of cw optical experiments have sampled
macroscopic regions (�30 mm diameter) of the CdSe QD
samples and have exhibited a wide photoluminescence line
��75 meV�, reflecting an inhomogeneous distribution of
the thousands of CdSe dots sampled [2,15]. This PL line
is quite intense at low temperatures and persists to nearly
room temperature [2,15]. Several time-resolved macro-PL
experiments have exhibited a single decay lifetime of 300
to 500 ps which persists to high temperatures [6–9].

As one studies smaller areas of the CdSe quantum dot
samples, using m-PL �,2 mm� or nano-PL �,200 nm�,
many sharp lines (100–200 meV) appear superimposed
over a broad emission line [3,6,9,15,19,21,22].

To observe the dynamics of a few quantum dots, we
collect PL through a fixed 200 nm diameter nanoaperture.
The nanoaperture is produced by using 200 nm monodis-
persed polyspheres as shadow masks. After deposition of
a silver thin film, the spheres are washed away, leaving a
random array of high-quality 200 nm apertures. The ex-
citation is provided by 200 fs pulses at 430 nm emitted
from a frequency-doubled mode-locked Ti-sapphire laser
every 12.7 ns. The PL is dispersed through a 3�4-m single
spectrometer and detected by a Hamamatsu 943 GaAs
photomultiplier tube. The spectral resolution of the sys-
tem is 150 meV, and the system time response is 500 ps.
Figure 1 shows normalized time-resolved spectra over a
small 5 meV energy range obtained through a nanoaper-
ture at 2 K; the 5 meV range is on the low energy side
of the macro-PL peak. These spectra show four distinct,

FIG. 1. Time-resolved and spectrally resolved nano-PL from
a sample with an aperture of 2 K. Sharp ��150 meV� features
persist (see shaded regions) from 0.8 to 4.0 ns, indicating that
excitons confined to the dots are long lived.
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sharp 150 meV lines which persist for more than 4 ns af-
ter the laser pulse. In addition, a poorly resolved broad
emission line, which decays quite rapidly, underlies these
sharp features.

From these time-resolved spectra we extract the inten-
sities of the sharp peaks and the broad emission. The in-
tensities of the broad and sharp emissions are plotted as a
function of time in Figs. 2(a) and 2(b), respectively. One
can see directly that each of the exciton states responsible
for the four narrow 150 meV lines exhibits a long 4 ns
lifetime, while the state responsible for the broad emis-
sion decays rapidly in less than 1 ns.

The fact that the exciton states responsible for the broad
and sharp emission lines exhibit dramatically different
lifetimes suggests that the overlap of the electron and
hole wave functions must be very different. To see if
this difference is reflected in the effective binding energy
of these two states, we average over many quantum dots
and look at the lifetimes of these two states as a function
of temperature. The doubled Ti-sapphire laser is focused
to a 30 mm diameter spot on the sample. The PL is
dispersed by a 3�4-m single spectrometer and detected
by a fast microchannel plate photomultiplier tube with a

FIG. 2. The logarithmic intensity versus time of the (a) broad
emission and (b) sharp features, as determined from the time-
resolved data shown in Fig. 1. Note the presence of two
distinct lifetimes.
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system time response of 80 ps. Figure 3(b) shows time
decays taken at the peak of the broad emission which
display a double exponential behavior with two distinct
lifetimes (450 ps and 4 ns), which again differ by an
order of magnitude [23]. Both decay times are found to
be approximately temperature independent up to 100 K.
The intensity of the long-lived state, however, decreases
monotonically with temperature and disappears by 60 K;
the short-lived state persists up to room temperature. This
suggests that the long-lived state responsible for the sharp
emissions is much more weakly bound than the short-
lived state.

This difference is also reflected in temperature-
dependent m-PL. In Fig. 3(a) we show m-PL measure-
ments of the CdSe quantum dots for several temperatures.
The sample is placed inside a continuous flow cryostat,
with the 476 nm line from a cw Ar-ion laser focused to
a 1.7 mm diameter spot on the sample surface. These
spectra immediately reveal the presence of two different

FIG. 3. (a) m-PL spectra at four different temperatures.
The 6 K spectrum displays a broad peak over which many
sharp emission lines are superimposed. Note that these sharp
emission lines disappear above 60 K. (b) Macro-PL time
decays at the peak energy of the broad emission for several
temperatures. Two distinct exponential decays can be seen,
one with t � 450 ps and a second with t � 4.0 ns. The long-
lived component vanishes by 60 K.
types of states. The 6 K spectrum shows a broad 50 meV
line, over which are imposed many spectrally sharp
lines with an average linewidth of 200 meV [21,22].
The sharp lines quench by 60 K, leaving a broad PL
feature which persists to room temperature. Extensive
nano-PL [22] through a 200 nm aperture on this sample
has shown that individual 200 meV lines can be followed
as a function of temperature and quench by 60 K. This
indicates that the broad spectral feature (which persists to
room temperature) is not composed of unresolved narrow
spectral features.

To estimate the effective binding energies of these two
states, we show in Fig. 4 the normalized intensities of
the broad (gray triangles) and sharp (gray circles) spec-
tral features from m-PL spectra [Fig. 3(a)] as a function
of inverse temperature. The intensities obtained from fits
of the double exponential decays in Fig. 3(b) shows that
the short-lifetime component corresponds to the broad
emission feature, while the long-lifetime component cor-
responds to the sharp spectral features. Moreover, these
intensities are successfully modeled with the activated
behavior,

I�T � � I0��1 1 C exp�2DE�kBT �� . (1)

The solid lines are fits to each of these states, where
DE is 4 meV for the sharp emission states and DE is
42 meV for the broad emission states [22]. This shows
that there are two types of emission associated with these
quantum dots, whose activation energies differ by an order
of magnitude.

These spatially and temporally resolved PL measure-
ments, taken together, provide compelling evidence for
two distinct states which are responsible for emission
from the self-assembled CdSe quantum dots. The sharp

FIG. 4. The spectrally integrated intensities from both cw
m-PL and time-resolved data plotted as a function of inverse
temperature. The gray triangles and circles are the cw data
for the broad emission and sharp emissions, respectively. The
black squares are the TR data for both the short- (t � 450 ps)
and long-lived (t � 4.0 ns) decays. The solid lines are fits to
combined data for each of the two states using Eq. (1) which
show activation energies of 4 and 42 meV.
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features clearly result from excitons confined to the quan-
tum dots. However, this state is only weakly bound
(4 meV) and thermally depopulates by 60 K. The ex-
traordinarily long lifetime of this state (4.0 ns) indicates
that the overlap of the electron and hole wave functions
is significantly weaker than for the short-lived state, sug-
gesting that this excitonic state may result from spatially
indirect electron-hole transitions.

In contrast, these spectra and lifetimes indicate that the
state responsible for the broad emissions is strongly bound
(42 meV) and persists nearly to room temperature. More-
over, the short lifetime of this second state indicates that
the electron and hole overlap is large. However, signifi-
cant uncertainties remain for the origin of the broad spec-
tral feature. Preliminary optical transport measurements
suggest that the broad spectral state is also localized, con-
sistent with a picture of excitons confined to the quantum
dots [24].

If both spectral features (broad and sharp) are emissions
from excitons confined to the dots, then this implies that
these CdSe SAQDs have a number of excitonic bound
states with significantly different wave functions. The
size of the QDs ��10 30 nm� is significantly larger
than the exciton Bohr radius ��5 nm� in CdSe, so that
a number of bound states should be possible in each
quantum dot. In addition, the internal distribution of
strain in these dots is expected to be inhomogeneous and
should have an important effect on the confining potential
of the holes and electrons. For example, Zunger and co-
workers have shown that the internal strain of InAs dots
causes a minimum of the valence band potential along
the outer perimeter of the dots, while the electrons remain
predominantly confined to the interior of the dot [5].

In summary, high spatial resolution temperature- and
time-dependent spectra of excitons confined to CdSe
quantum dots strongly suggest the existence of two dis-
tinct states. The binding energies and radiative lifetimes
of excitons in these two states differ by an order of mag-
nitude, shedding important new light on the rich internal
electronic structure of these quantum dots.

We acknowledge support from the NSF (DMR-
9705443, DMR-9705064, ECS-9412772), ARO
(DAAG55-97-1-0378), and DoEd GAANN Grant
No. P200A50053-96.

[1] D. Leonard, M. Krishnamurthy, C. M. Reaves, S. P.
Denbaars, and P. M. Petroff, Appl. Phys. Lett. 63, 3202
(1993).

[2] S. H. Xin, P. D. Wang, A. Yin, C. Kim, M. Dobrowolska,
J. L. Merz, and J. K. Furdyna, Appl. Phys. Lett. 69, 3884
(1996).
2800
[3] V. Nikitin, P. A. Crowell, J. A. Gupta, D. D. Awschalom,
F. Flack, and N. Samarth, Appl. Phys. Lett. 71, 1213
(1997).

[4] M. Rabe, M. Lowisch, and F. Henneberger, J. Cryst.
Growth 184/185, 248 (1998).

[5] A. J. Williamson and Alex Zunger, Phys. Rev. B 58, 6724
(1998); A. J. Williamson, Alex Zunger, and A. Canning,
Phys. Rev. B 57, R4253 (1998).

[6] T. Kummell, R. Weigand, G. Bacher, A. Forchel,
K. Leonardi, D. Hommel, and H. Selke, Appl. Phys. Lett.
73, 3105 (1998).

[7] F. Gindele, C. Markle, U. Woggon, W. Langbein, J. M.
Hvam, K. Leonardi, K. Ohkawa, and D. Hommel, J. Cryst.
Growth 184/185, 306 (1998).

[8] F. Gindele, U. Woggon, W. Langbein, J. M. Hvam,
K. Leonardi, and D. Hommel, Proceedings of the 24th
International Conference on the Physics of Semiconduc-
tors, Jerusalem, 1998 (to be published).

[9] E. Kurtz, J. X. Shen, M. Y. Shen, T. Sekigucki,
Z. Zhu, Y. Oka, T. Goto, and T. Yao, Proceedings of
the 24th International Conference on the Physics of
Semiconductors, Jerusalem, 1998 (to be published).

[10] J. Arlett, F. Yang, S. Fafard, Y. Feng, S. Charbonneau,
and R. Leon, J. Vac. Sci. Technol. B 16, 578 (1998).

[11] K. Mukai et al., Appl. Phys. Lett. 70, 2416 (1997).
[12] Valery Zwiller, Mats-Erik Pistol, Rolf Cederstrom,

Werner Seifert, and Lars Samuelson, Phys. Rev. B 59,
5021 (1999).

[13] S. Lee, I. Daruka, C. S. Kim, A.-L. Barabsi, J. L. Merz,
and J. K. Furdyna, Phys. Rev. Lett. 81, 3479 (1998).

[14] J. L. Merz, S. Lee, and J. K. Furdyna, J. Cryst. Growth
184/185, 228 (1998).

[15] M. Lowisch, M. Rabe, B. Stegemann, F. Henneberger,
M. Grundmann, V. Tuerck, and D. Bimberg, Phys. Rev. B
54, R11 074 (1996).

[16] K. Leonardi, H. Heinke, K. Ohkawa, D. Hommel,
H. Selke, F. Gindele, and U. Woggon, Appl. Phys. Lett.
71, 1510 (1997).

[17] H. Kirmse, R. Schneider, M. Rabe, W. Neumann, and
F. Henneberger, Appl. Phys. Lett. 72, 1329 (1998).

[18] M. Nirmal et al., Phys. Rev. Lett. 75, 3728 (1995).
[19] V. D. Kulakovskii, G. Bacher, R. Weigand, T. Kummell,

A. Forchel, E. Borovitskaya, K. Leonardi, and D. Hom-
mel, Phys. Rev. Lett. 82, 1780 (1999).

[20] U. Woggon, F. Gindele, W. Langbein, and M. Hetterich,
Phys. Status Solidi (a) 164, 505 (1997).

[21] J. C. Kim, H. Rho, L. M. Smith, H. E. Jackson, S. Lee,
M. Dobrowolska, J. L. Merz, and J. K. Furdyna, Appl.
Phys. Lett. 73, 3399 (1998).

[22] J. C. Kim, H. Rho, L. M. Smith, H. E. Jackson, S. Lee,
M. Dobrowolska, and J. K. Furdyna, Appl. Phys. Lett. 75,
214 (1999).

[23] The lifetime of the sharp PL lines is likely longer than
4 ns because the time between pulses (12.7 ns) is not long
enough to completely flush all carriers out of the system
before arrival of the next pulse.

[24] T. B. Sun et al. (to be published).


