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Observation of excitation transfer among neighboring quantum dots
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Coupling between spatially separated zero-dimensional states has been observed in a system of self-
assembled In0.55Al0.45As quantum dots. Photoluminescence excitation spectra, taken at 4.2 K with a near-field
scanning optical microscope, reveals narrow resonances in the emission lines of individual dots when the
excitation energy is tuned below the barrier band edge. A fraction of these resonances occur simultaneously in
emission corresponding to different dots, evincing lateral interdot excitation transfer. Experiments show that
the wetting layer in the sample consists solely of localized states which are then invoked to explain the
excitation transfer over the relatively large interdot spacing.

DOI: 10.1103/PhysRevB.64.075308 PACS number~s!: 73.21.2b, 78.66.Fd, 78.55.Cr
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I. INTRODUCTION

Over the last few years self-assembled quantum d
~SADs! ~Refs. 1–4! have emerged as a model system
optical studies of the physics of zero dimensions~0D!,
mainly due to the high quality of the material and the relat
ease with which it can be fabricated. So far, most work in
area has treated the dots as near-ideal 0D systems, iso
from the surrounding semiconductor matrix. In this pap
we present results demonstrating lateral excitation tran
between self-assembled quantum dots. The lateral coup
appears to be mediated by potential fluctuations in the qu
tum well connecting the dots—also known as the wett
layer ~WL!. This is an example of the strong influence t
surrounding can have on SAD physics, showing the near
assumption to be invalid in at least some cases.

SADs form when an epitaxial layer of a semiconductor
grown on a substrate with which it has a large lattice m
match ~Stranski-Krastanov growth mode!.5,6 When grown
beyond a critical thickness, the epitaxial layer spontaneou
relieves the strain by forming 3D islands of relatively un
form size. The result is a layer of homogeneous, rando
distributed, high quality quantum dots connected by a thin
wetting layer. The growth method allows no control of d
positions, and the dot density is typically very hig
;1010 cm22. Therefore, previous optical experiments ha
been largely limited to study low dot density samples in
der to overcome the inevitable inhomogeneous broade
caused by studying a large ensemble of dots. In such
tems, coupling between widely separated individual d
does not occur. Using a near-field scanning optical mic
scope~NSOM! ~Refs. 7,8! operating at 4.2 K, we can study
small ensemble~10–25! of dots in samples where the do
density is sufficiently high for interdot excitation transfer
occur.

The sample used consists of a In0.55Al0.45As quantum
well, containing the dots, embedded in Al0.35Ga0.65As grown
on a GaAs substrate, and has been studied extensively9–12

The dot density is 231010 cm22, the average lateral do
radius~R! is 9 nm, and the ground state to first excited st
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separation (\v01) is approximately 40 meV.
Photoluminescence excitation~PLE! measurements wer

carried out in the near-field, illuminating the sample throu
the NSOM tip, and collecting the emission with convention
optics in the far-field. While this illumination mode NSOM
produces the largest signal, it has a limited spatial resolu
due to diffusion of excitons away from the tip (0.
21.0 mm). In our experiments however, the data has be
gathered with the excitation energy tuned below the AlGa
barrier band edge, where the diffusion length is very sm
measured to be 140–230 nm. The PLE excitation and de
tion energy regions are shown schematically in Fig. 1 o
photoluminescence spectrum of both the dots and the ba
exciton.

FIG. 1. A typical photoluminescence spectrum in the near fie
where emission lines from individual quantum dots are resolv
Detection and excitation regions for collecting PLE data are sc
matically indicated. The feature around 1995 meV is the bar
exciton.
©2001 The American Physical Society08-1
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II. EXPERIMENTAL RESULTS AND DISCUSSION

In the following we demonstrate that the wetting layer
this sample is disordered and its states energetically and
tially localized. This manifests itself in several manners:~1!
The experiments show an absence of an extended we
layer state in PLE;~2! occasional weak, very sharp PL line
at energies in the wetting layer; and~3! well defined states on
the low energy side of the barrier exciton.

A. Evidence of a disordered WL

Figure 2 shows the PLE spectra for two of the individu
QD emission lines as the laser is tuned through the ba
exciton energy. The spectra show two broad peaks du
absorption into the heavy-hole and light-hole barrier excito
respectively. At lower energies, tails due to a broad abso
tion into the WL are visible in the PLE. The intensity o
these tails decreases slowly with decreasing excitation
ergy, typically by 10 to 25 % every 10 meV. One would ha
expected the tails to end at a 2D WL exciton resonanc
;1960 meV as seen in other samples. Instead, we obs
the tails smoothly tapering off at least down to 1890 me
which is well into the QD emission region in our samp
This observation of a broad absorption indicates that the
states in this sample are localized on a length scale s
enough that no true 2D continuum is formed.

The presence of localized states in the WL can also
directly inferred from a close examination of PL spectra
energies immediately below the barrier exciton peak. Th
the PL displays a multitude of very weak, narrow lines, t
brightest of which show strong saturation versus excitat
power~see Fig. 3!. These lines are visible in the 1930–199
meV energy range, and are a clear indication of the prese
of localized states in the WL. This is true whether the lin
are due directly to the WL states, or to the QD excited sta
as the latter could not emit light if the WL states formed
continuum. The fact that the lines saturate quickly, and

FIG. 2. A comparison of the PLE of two quantum dot emissi
lines ~taken from the region between 1840 and 1940 meV in Fig!
along with the PL of the barrier exciton. There are no vertical o
sets of the graphs. The long tails are due to the broad, nonreso
absorption into the wetting layer.
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not exhibit the characteristics of state filling, which is abse
in this sample, does however favor the WL states as a so
of the PL lines.

In addition, the barrier exciton is itself unusually wide an
has, in the near-field, significant structure on the low-ene
side, as shown in Fig. 1. The numerous low-energy featu
are due to the WL localized states extending into or intera
ing with the barrier excitons.

We can for these reasons conclude that the WL in t
sample is strongly disordered. One possible source of
disorder are the large number~several 1000/mm2) of small
clusters that are known13,14 to form with the quantum dots in
the WL during S-K growth. In addition, since our sample
a ternary alloy, local fluctuations in alloy composition like
also contribute. Raymondet al.15 argue that the peak seen
1965 meV, present in Fig. 1, can be attributed to the W
exciton and hence would indicate a 2D WL state. Howev
the peak is not always present in the near field, as is evid
in Fig. 3, which was collected during a different run than F
1. We therefore believe that the 1965 meV peak, as wel
the similar peak at 1982 meV, are due to local variations
the WL density of states, rather than any extended state

B. Excitation transfer—spectral evidence

When the laser is tuned more than 20 meV below
barrier band edge, another striking feature appears in
PLE spectra in the form of sharp resonances on top of
broad WL absorption background. Figure 4~a! plots emission
intensity as a function of both excitation~ordinate! and de-
tection ~abscissa! showing the QD emission lines~vertical
dark lines! with a number of resonances~darker spots on the

-
ant

FIG. 3. PL withlexc5514.5 nm. The spectra have been sca
inversely to power and offset slightly to enable comparison. T
heights of the barrier exciton peaks at 1995 meV are about e
times the full vertical scale.
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OBSERVATION OF EXCITATION TRANSFER AMONG . . . PHYSICAL REVIEW B64 075308
lines!. A distance of 60–80 meV between detection and
citation energies is consistent with resonances correspon
to the second excited state of the dots. It should be noted
even though the excited QD states are surrounded b
pseudocontinuum of WL states, they are orthogonal to
WL state at that energy, and are well defined. The nar
linewidth of the resonances support this, as significant m
ing of QD and WL states should cause measurable
broadening.

In fact, this linewidth typically has a FWHM of 0.1–0.
meV, which corresponds to a relatively short~2–10 ps! ex-
cited state lifetime, consistent with prior results.16,17 As for
the PL linewidth, we can see from Fig. 1 that some lin
have a broad base, or ‘‘Prussian helmet’’ shape. This co
be due to spectral diffusion due to charge trapping near
dots, which we have previously observed in this sampl18

FIG. 4. ~a! Typical plot of intensity vs laser and detection e
ergy. Numerous resonances are visible. The arrows mark ver
line cuts shown in~b!. The dot-dashed line marks the nomin
ground-state-second-exited state splitting.~b! Line cuts 1–6 from
~a!, offset vertically for clarity.
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This effect aside, the PL linewidth is resolution limited
(,0.1 meV), due to its much longer (;1 ns) ~Ref. 15!
lifetime.

When comparing several of the PLE resonances to e
other, one notices that resonances often occur in one or m
PL lines at theexactsame excitation energy. This is illus
trated in Fig. 4~b! by spectral line cuts at energies indicat
by arrows in Fig. 4~a!. We propose that this is the signatu
of interdot excitation transfer, i.e., the transfer of excitons
excitation from one QD to another. In this scenario, each
of simultaneously enhanced, individual QD ground-st
emission lines is caused by the laser being resonant with
second excited state of a QD in the set, increasing the bri
ness of that dot as well as neighboring dots coupled to it
order to arrive at this conclusion, we must first exclude s
eral other possible explanations.

C. Excluded possibilities

Our interpretation of the data is based upon interdot ex
tation transfer, but a number of additional possibilities ex
which must be excluded. First, it is conceivable that the
served resonances are due simply to spectral variations in
absorption into the WL. If this were the case, however, o
would expect all QD PL lines to show the same resonan
rather than just a small subset. In a variation of this scena
the shared resonances are due to WL localized sta
coupled to a small number of quantum dots. Only the re
nances unique to one PL line are then attributable to the d
While we cannot completely rule out this possibility, it
unlikely due to the fact that the PLE resonances, includ
the shared ones, tend to cluster around energies consi
with the first two excited states of the dots. This is illustrat
in Fig. 4~a!, where most resonances are relatively close to
DE570 meV line, which is the expected average splitti
between the ground and second excited states. Similarly
Fig. 5, which extends the range of excitation plotted in Fig
to higher @5~a!# and lower @5~b!# energies, resonances a
only observed near theDE535 meV ~ground-first-excited-
state splitting! line. We thus conclude that the PLE res
nances are due to the QDs only.

Secondly, consider the possibility that all lines in a mu
tidot resonance come from a single dot within the spa
resolution of the NSOM (;200 nm), as was the case in
similar experiment by Hessmanet al.19 The most direct ar-
gument excluding this is that the individual PLE spectra
the quantum dots within a coupled QD set are generally
correlated off resonance. This is clear from Fig. 4~b!, and
proves an origin of the resonance in several QDs. Also
detailed below, the data is inconsistent with any possi
source of multiple lines generated by a single dot.

In several recent papers, emission from multiexcit
states has been observed at high pump intensities.20–22These
states manifest themselves in the PL spectrum as extra
a few meV above and below the single exciton line.
NSOM experiments, the optical power density impacting
the very small area immediately underneath the tip can
cally reach the 103–104 W/cm2 range, making it quite rea
sonable to consider nonlinear effects.
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PL spectra were taken as a function of optical power
order to identify possible nonlinearities. Two series of sp
tra varying power over two orders of magnitude are shown
Figs. 6~b! and 6~c!. The ~b! panel shows data taken with th
excitation energy tuned off a multidot PLE resonance, wh
the ~c! panel displays the dependence when the excitatio
tuned to a multidot resonance. Note that intensities h
been divided by incident power, so that linear power dep
dence appears as a constant shade of gray. Plainly, almo
observed emission lines scale linearly with power, both
and off resonance, except for a slight tendency to satura
at higher powers. When exciting above the barrier ba
edge, nonlinearities similar to what has been repor
elsewhere22 are observed in some emission lines. These li
disappear when tuning the excitation below the band ed
We can therefore safely conclude that the various lines
served to resonate simultaneously are not due to diffe
multiexciton states or other nonlinearities of the same d
Also, the fact that the power dependence is linear on re
nance means that the excitation and transfer processes t
selves are linear.

Previous work has shown there to be no perceptible p
non bottleneck in SADs,23 leading to PL exclusively from
the groundstate at moderate excitation densities.24 If the
power of the pump light is high enough, however, state fi
ing of the ground state occurs causing emission from exc
states.15 Since it is clear from Fig. 6 that no significant sat
ration and therefore no state filling effects are observed
our higher power levels, we can exclude the possibility

FIG. 5. ~a! Intensity vs laser and detection energy. Laser tun
from 1969 to 1990 meV. The arrow indicates the position wh
two different data sets, separated in time by several hours, h
been spliced.~b! Intensity vs laser and detection energy. Las
tuned from 1921.5 to 1936.2 meV. The dot-dashed line marks
nominal ground-state-first-excited state splitting.
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recombination from different excited states of the same
as an explanation for our multiline resonances. Moreover,
separation between the observed multiresonant lines va
essentially randomly from 0.5 to over 25 meV. This spread
energies is inconsistent both with the 40 meV excited s
separation of the dots in this sample and the few meV sp
ting that could be expected from any loss of cylindrical sy
metry lifting the excited state degeneracy.

D. Excitation transfer—spatial evidence

Spatial LT-NSOM scans of isolated QDs yield an ima
such as the one in Fig. 7~a!, where a single ring shape is see
at only one detection energy. This peculiar shape is due
the combination of an illumination mode setup with refle
tion geometry, i.e., both tip and collection optics on the sa
side of the sample. In this configuration, the outgoing ligh
blocked by the tip when it is positioned right above the d
under observation, suppressing the PL signal. When on
other hand the tip is positioned at a distance from the
small enough that excitons still can reach the dot throu
diffusion, but without directly blocking it, the PL signal i
free to be collected by the optics, hence making the Q
appear as a ring.25

In other cases, a larger, less distinct image is obser
@Fig. 7~b!#. This is well explained by interdot excitatio
transfer, where excitons from several dots are fed into

d
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FIG. 6. ~a! PLE of strong multiline resonance. Arrows indica
excitation energies for power dependence off resonance, show
~b!, and on resonance, shown in~c!.
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OBSERVATION OF EXCITATION TRANSFER AMONG . . . PHYSICAL REVIEW B64 075308
single dot where they eventually recombine. The final
then appears as a ring, while the other dots lack a cen
‘‘hole’’ as they themselves do not emit photons. This is
fact precisely what is observed. Possible locations of the
tial and final dots are indicated in Fig. 7 by rings and cross
respectively.

III. INTERPRETATION

Having excluded excited states, multiexciton emissi
and wetting layer resonant absorption, we conclude that
most probable interpretation of the data is excitation tran
between dots. Indications exist of such coupling in ensem
measurements of samples with higher dot densities,26,27 but
the present experiment shows the first direct evidence
transfer between individual dots.

The two most common mechanisms for energy trans
between localized states28 is dipole-dipole~Förster! excita-
tion transfer29 or exciton tunneling.30 The Förster interaction
requires an overlap of the donor state emission with the
ceptor state absorption, and since there are relatively
optically active exciton states in the quantum dots, and th
states have a very small linewidth, such an overlap is q
unlikely to exist between the spectra of two given dots. F
this reason, Fo¨rster excitation transfer directly between th
dots is insufficient to explain the data.

In order to estimate the probability of direct dot-to-d
tunneling as another mechanism for interdot excitation tra
fer we have carried out a simple Monte Carlo simulation
the spatial dot distribution, assuming hard-wall potentials
prevent overlap, but otherwise allowing equal probability
all separations. The calculated random dot distribution
consistent with experimental observations.2,31 The nearest
neighbor edge-to-edge separation is larger than 10 nm
of the time~greater than 5 nm for 86%!.

The tunneling time can be estimated in the small coupl
limit to be t5h/2a, where a5*w0(r )V0(r )w1(r )dr . By
taking the potential

V~r !5H 1

2
mv01

2 ~r 22R2!, r ,R,

0, R.r ,

FIG. 7. Spatially resolved PL of~a! a single dot, uncoupled to
its neighbors, and~b! a cluster of coupled dots. Units are inmm.
The two plots correspond to different energies as well as sp
ranges.
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and the wave functionw(r ) to be the solution to the har
monic oscillator forr ,R and the appropriate combination o
Bessel functionsK0 andK2 for r .R, we can estimatet for
tunneling between second excited states. We have usem
50.18, R510 nm, and\v01538 meV, which are close to
the measured values, and yields a confinement of 133 m
consistent with the measured distance between WL and
emission. We findt'1 ns for a 10 nm dot separation
which is of the same order as the exciton recombinat
time. This would mean that by our estimate about 30% of
dots can be involved in interdot tunneling, which is cons
tent with the data. However, the tunneling must be assis
by emission or absorption of an LO phonon32,33 ~through the
Fröhlich interaction! or an LA phonon33 ~through the defor-
mation potential interaction!, or some combination of the
two. The geometry of the problem makes a calculation
tunneling rates far from straight forward, and is well beyo
the scope of this paper. We can nonetheless safely ass
that the rate of phonon-assisted tunneling must be order
magnitude smaller than indicated by our estimate, imply
that direct tunneling between dots also is too weak to fu
explain what we have observed.

In Ref. 27, thermally activated detrapping is proposed a

FIG. 8. ~a! PLE of a QD line going through the 2D WL reso
nance of the Al-free sample described in Ref. 35. The arrows in
cate the energies at which the spectra shown in~b! were taken.
Conversely, the dot-dashed line in~b! indicates the energy at which
~a! was obtained. Clearly, a signal is present in the PLE, even be
the WL exciton energy.
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H. D. ROBINSON, B. B. GOLDBERG, AND J. L. MERZ PHYSICAL REVIEW B64 075308
mechanism for the interdot carrier transfer. In our expe
ment, however, all data was taken at 4.2 K, wherekBT is too
small compared to the lateral confinement energy for ther
excitation to be a possibility. The high optical power dens
immediately below the near-field tip could raise the loc
electronic temperature well above the average lattice t
perature, but if that were a significant factor, the power
pendence on a multiline resonance should be superlin
which is not observed@Fig. 6~c!#. In the absence of direc
tunneling and without invoking thermal detrapping, the mo
likely mechanism is then that localized WL states act as
termediate states for the interdot excitation transfer.

IV. CONCLUSION

From the data presented in this paper, a consistent pic
of the energy levels in the SAD sample emerges. It diff
from the standard picture primarily in that the WL is s
disordered that it consists solely of localized states. The d
sity of these states is sufficiently high that even in the n
field, the WL PLE is a continuous tail where individual stat
cannot be discerned. Some of the states are however s
ciently isolated that weak PL can be observed from them
sharp, easily saturable lines. Similarly, the degree of loc
ization is sufficiently high that the QD excited states are w
defined, although still coupled to the WL strongly enou
that no state filling is observed in this sample, either in o
data, or in previous far-field experiments.9 The observed in-
terdot excitation transfer can be attributed to the sa
QD-WL coupling mechanism.
ive
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Without detailed knowledge of the WL state distributio
we are unable to precisely determine the nature of the c
pling mechanism between the WL and the QDs, althou
there are several possibilities. For example, excitons co
travel between dots through multi-step, phonon-assis
tunneling,34 or a WL-mediated Fo¨rster interaction could be
envisaged. Similarly, QD excited states could weakly hybr
ize with the WL localized states, creating a nonzero over
with neighboring dots, allowing coherent transfer of exc
tons.

It is finally worth mentioning that even in samples whe
we do not observe this type of interdot excitation transf
and where state filling is observable, a tail in the PLE
nonetheless present below a distinct WL exciton peak.
Fig. 8 ~this sample is described in more detail in Ref. 35!.
Therefore, WL disorder is likely to be important in mo
SAD samples, even in cases where it is not strong enoug
suppress a 2D WL state, or reduce state filling. It is
instance possible that WL localized states provide an ad
tional channel for carrier relaxation, further explaining th
absence of a phonon bottleneck in these samples.
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