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Charged and neutral exciton complexes in individual self-assembled In„Ga…As quantum dots
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Charged (X* ) and neutral~X! exciton recombination is reported in the photoluminescence spectra of single
In~Ga!As quantum dots. Photoluminescence excitation~PLE! spectra show that the charged excitons are
created only for excitation in the barrier or cladding layers of the structure, consistent with their charged
character, whereas the neutral excitons in addition show well-defined excitation features for resonant excitation
of the dots. The PLE spectra forX and X* exhibit a clear anticorrelation in the region of the wetting layer
transition, showing that they compete for photocreated carriers.

DOI: 10.1103/PhysRevB.63.073307 PACS number~s!: 73.21.2b, 71.35.2y, 85.35.Be
tu
a

s
en

o
er
v

gly
o
r

ic
bl

ou
-

m
d

ou
b

,
ys

of
ai

by

s
-

ci
s
pa
tr
e

arge
de-
if-

mea-
the

lar-

e-

ting

d

nd-

an-

as

a
ine

s-
-

ed
as
550
sed
In recent years, self-assembled semiconductor quan
dots ~SAQD’s! have developed into one of the most topic
fields in nanostructure research.1 This interest is driven both
by the potential for high-performance device application1,2

and the possibility to investigate novel physical phenom
in a quasi-zero-dimensional~0D! system. Of particular inter-
est from a fundamental viewpoint are the modifications
the optical properties predicted to arise from Coulomb int
action and correlation effects. Detailed calculations ha
shown that the form of the excitonic spectrum is stron
dependent upon the number and configuration of electr
and holes3–6 and the charge status~excess electrons o
holes!7 of the dots.

The influence of excess electron occupation on the opt
properties of SAQD’s has been reported for large ensem
using conventional spectroscopic techniques.8,9 Detailed in-
terpretation is, however, complicated by inhomogene
broadening~.30 meV!, which obscures Coulomb effects in
volving energy shifts at the;meV level. More recently, the
development of spatially resolved techniques has circu
vented these problems, enabling the investigation of in
vidual dots for which the broadening is purely homogene
~,50 meV!. Using such techniques, the effects of Coulom
interactions in charged neutral dots10–15 has been reported
with two works appearing very recently on charged 0D s
tems controlled either by doping16 or electrostatically.17

Most descriptions of the carrier population kinetics
SAQD’s assume capture of correlated electron-hole p
into the dots from an external reservoir~barrier material or
wetting layer! with a steady-state occupation governed
the relative time scales for carrier capture~electrons plus
holes in equal numbers!, relaxation, and radiative
recombination.1,18,19 In this case, the Coulomb interaction
involve charge neutral excitons10–15 resulting in the sequen
tial appearance of lines in the ground-state~s-shell! emission,
with increasing exciton occupation, arising from single ex
ton ~X!, biexciton (2X), and higher-order complexe
(3X,4X ,...). However, electrons and holes may be se
rately captured into the dot and both charged and neu
excitonic species are likely to arise in the time-averag
emission spectrum.
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In this work, we use microphotoluminescence~mPL!
spectroscopy to investigate chargedandneutral exciton com-
plexes in individual In~Ga!As SAQD’s incorporated into a
graded gap double heterostructure. We show that the ch
status of the most prominent excitonic species observed
pends on the photon energy of the excitation, with very d
ferent PL excitation~PLE! spectra being found for the
charged and neutral species. Accurate power-dependent
surements are used to identify the number of excitons in
dot for single- and few-exciton emission lines.

The samples investigated were grown using molecu
beam epitaxy~MBE! on a @100#-orientatedn1 GaAs sub-
strate. Following a 300-nm-thick GaAs buffer, the layer s
quence was 1350-nm-thick Al0.33Ga0.66As blocking barrier
followed by a 175-nm Al0.13Ga0.87As cladding layer and
25-nm GaAs. The QD layer was then deposited, consis
of 2.4 monolayers~ML ! of InAs grown at 500 °C at 0.01 ML
sec, producing SAQD’s with dimensions;1831835 nm
and areal density;1010cm22. The structure was complete
with 25-nm GaAs and a second 175-nm-thick Al0.13Ga0.87As
cladding layer. The resulting conduction and valence ba
edge profile is shown in Fig. 1~a!. After growth, the sample
was rapidly thermally annealed~300 s at 750 °C! to blueshift
the low-temperature QD emission20 to ;1330 meV, where it
is accessible to sensitive Si-based detectors. Following
nealing, the wetting layer emission was observed atEWL
5146065 meV ~1420 meV before annealing!. To isolate in-
dividual QD’s for investigation, the annealed material w
then fabricated into an array of widely spaced;100 and
;200-nm-diam mesas usinge-beam lithography and plasm
etching. Only mesas that exhibited a single emission l
under low excitation density (Pex;1 W cm22), indicative of
a single optically active QD, were chosen for further inve
tigation.mPL was performed atT;10 K on these mesas us
ing a microscope objective~numerical aperture;0.6) to pro-
vide a submicron excitation spot, accurately position
~60.05 mm! on the sample using piezoactuators. PL w
excited using a Ti-sapphire laser tuneable from 1350–1
meV. PL was collected via the same objective, disper
©2001 The American Physical Society07-1
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using a 0.85-m double monochromator~resolution ;25
meV!, and detected by either a CCD camera or Si-avalan
photodiode.

PL spectra from a single dot~dot-A! are presented in Fig
1~b! as a function ofPex ~occupancyÑX) for an excitation
energy of 1520 meV at the GaAs band edge@the dashed line
in Fig. 1~a!#. The ground-state~s-shell! emission is shown on
an expanded scale in Fig. 2~a!. At the lowest excitation lev-
els investigated, a single narrow~full width at half maximum
,40 meV, resolution-limited! emission line, labeledX @Figs.
1~b! and 2~a!#, is observed at 1345.3 meV, shown later
arise from single neutral exciton recombination~X!. For
higher Pex, the complexity of the spectrum increases w
two additional lines (X* and 2X) appearing, separated from
X by 11.560.1 and2260.1 meV, respectively, identified
later as single charged exciton (X* ) and neutral biexciton
(2X) recombination, respectively.

Concomitant with the first appearance of 2X, excited-
state~p-shell! emission is seen 35–45 meV to higher ener
~around 1385 meV!, observed when relaxation to the groun
state is blocked by an exciton of the same spin. For hig
Pex, additional features„mXs @Fig. 2~a!#…, appear on the
low-energy side of 2X, and become increasingly dominant
higher Pex. These features arise from multiexciton (m>3)
recombination and span an energy band 5–7 meV belowX.
Each line arises from recombination of ans-shell exciton,
perturbed by the presence of excitons occupying higher-ly
~p,d! states.3,15 The larger width of themXs lines, relative to

FIG. 1. ~a! Band-edge profile of the structure. The dotted a
dashed vertical lines indicate 1520- and 1730-meV excitation,
spectively.~b! Low-temperature (T510 K) PL spectra, for excita-
tion energy of 1520 meV as a function of power density~0.8–150
W cm22! for a single self-assembled quantum dot~dot-A!. The
emission features around;1340 meV arise froms-shell single- and
few-exciton recombination while the peaks close to;1385 meV
arise fromp-shell recombination.
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X, may arise from the greater multiplicity of initial- an
final-state configurations or possibly lifetime broadeni
since the final state3 containing ap-shell exciton is not a
ground state of the system.

To establish unambiguously the exciton occupancy forX,
X* , 2X, and 3Xs , power-dependent measurements we
performed using a continuously graded neutral density fi
and single photon-counting setup. The integrated emiss
intensities (I X , I X* , I 2X , and I 3Xs

) for Eex51520 meV are
presented in Fig. 3 on log-linear~a! and log-log~b! scales.
All results are background-corrected. The results in Fig
are for a second single dot~dot-B!, which exhibits very simi-
lar spectra to those in Figs. 1 and 2 but is shifted by;15
meV to higher energy~Fig. 3, inset!. The form of the power
dependences from the two dots was also very similar. Ne
identical spectra were found for five more dots, demonst
ing that the detailed form of thes-shell PL is determined by
intrinsic effects, and not, for example, from perturbatio
due to ionized impurities or processing-induced defects.

Figure 3~b! shows thatboth IX and I X* increase linearly
with excitation power~exponentmX/X* 51.0561) before si-
multaneously reaching a maximum at;400 W cm22 and
decreasing to higher energy. This behavior confirms t
both X and X* arise fromsingle-exciton occupancy of the
dot. In addition,I 2X increases quadratically in Fig. 3~b! with
Pex (m51.960.1) confirming its identification as biexcito
recombination. TheX andX* lines do not exhibit any linear
polarization and thus it can be concluded with certainty t
they do not arise from splitting due to an asymmetric late
confinement potential. In addition, the close similarity in t
I X and I X* behavior in Fig. 3 indicates that the exciton ca
ture kinetics for bothX and X* formation are similar, both
complexes being formed by barrier band-edge excitation
the system. We demonstrate below thatX* is only excited by
photocreatinge-h pairs outsidethe dot, in the barrier mate

-

FIG. 2. ~a! s-shell PL spectra from dot-A as a function of exci-
tation intensity.~b! PL spectra from dot-A using global~1730 meV!
and local~1520 meV! excitation energies.
7-2
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BRIEF REPORTS PHYSICAL REVIEW B 63 073307
rial, while X can be formed from resonant or nonreson
excitation.

The overallX,2X versusPe variations of Fig. 3~a! are
well-fitted by rate-equation modeling21 similar to the tech-
niques of Refs. 18 and 19. The results are shown by the
curves in Fig. 3~a!, good fits being obtained for both theX
and 2X variations, further substantiating the 2X interpreta-
tion. As is physically reasonable, the power at which
single exciton~X andX* ) lines peak in intensity correspond
to a good approximation to an average exciton occupanc
one, independent of assumptions about the relative lifetim
of the exciton states occupied, thus allowing the horizon
axis in Fig. 3 to be interpreted in terms of average occupa
ÑX (ÑX51 from the fitting is labeled!.22 For 3Xs , a greater
than 2 power law is found (m3Xs

52.360.1). This indicates

that forÑX.2, the carrier capture rate into the dot is reduc
and three-exciton occupation requires generation of m
than threee-h pairs outside the dot per carrier captur
radiative cycle.

In order to obtain further information on the origin ofX
and X* , PLE spectroscopy was performed. Figure 4 sho
such spectra~dot-B!, detecting onX @Edet51360.0 meV, Fig.
4~a!# and X* @Edet51361.5 meV, Fig. 4~b!#, respectively.
For direct comparison, the excited-state PL spectrum,
tained forÑX@2, is plotted in Fig. 4~c!. All PLE results were
obtained using a laser excitation power such that the ti
averaged exciton occupancy wasÑX<1 over the range of
excitation energy investigated. In the high-energy range
the spectra, both Figs. 4~a! and 4~b! exhibit broad yet struc-
tured features at;1460 meV, corresponding to absorptio
into the wetting layer. Most importantly, the substructu
shows a clear anticorrelation betweenX and X* detection

FIG. 3. Detailed intensity variation ofX, X* , and 2X for dot-B
as a function of excitation density on log-linear and log-log sca
in ~a! and ~b!, respectively. The exponents ofX andX* in ~a! are
very close to unity below 100 W cm22, confirming their single-
exciton origin. For 2X the exponent is 1.960.1, supporting its biex-
citon attribution. Inset: Comparison ofs-shell emission from dots
A andB demonstrating the generality of the spectra.
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t

ll

e

of
es
l
y

d
re

s

b-

e-

f

~peaks forX* detection labeledW1/2 correspond to dips inX,
and vice versa!. This anticorrelated behavior shows direct
thatX andX* competefor photogenerated carriers, an obse
vation consistent with both features arising from the sa
dot.

As Eex is tuned to lower energy in Fig. 4~b!, leading to
direct excitation into the dot states (Eex,1450 meV),X* is
no longer observed, independent of the excitation inten
used. It can thus be concluded that the formation ofX* relies
on the photocreation of excitons/carriers outside the d
within the body of the submicron mesa. In this case, sepa
electron-hole capture into the dot can occur and charged
citonic species consisting of unequal numbers of electr
and holes may be formed. By contrast, resonant excita
into the dot results in equal numbers of electrons and ho
and the formation of charged excitons is extremely unlike
since it requires the escape of one charge carrier. The sin
exciton-like intensity dependence ofX* , combined with the
absence of PLE for direct excitation of the dot, thus provid
strong evidence that it arises from recombination of
charged single exciton.

The form of the PLE spectrum forX in Fig. 4~a! contrasts
strongly with that forX* . As the excitation energy is re
duced below the wetting layer~WL! at 1450 meV, a con-
tinuum like23 tail is observed in the spectrum extending;40
meV below the WL transition. In addition, a number of sha
resonances are observed over the range 40–80 meV a
the detection energy, similar to those reported in Refs.
and 24. These features@labelede1 , e2 , ande3 in Fig. 4~a!#

s

FIG. 4. PLE spectra from dot-B detecting onX ~a! andX* ~b!.
Strong anticorrelation between theX and X* PLE is seen in the
region of the wetting layer transition at 1450 meV. At lower ene
gies X* is not excited, consistent with its attribution to a charg
complex. ForX, both sharp electronic resonances (e12e3) and
broader phonon-related features (LO1,LO2) are observed.~c! High
power (Pex;100 W cm22, Eex51950 meV) PL spectrum for direc
comparison with PLE spectra.
7-3
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BRIEF REPORTS PHYSICAL REVIEW B 63 073307
correlate well with the few-exciton features observed in
PL spectrum of Fig. 4~c!. We thus identify these features a
arising from absorption into single-exciton states of the d
the negative energy shifts~;2–3 meV! between emission
and absorption arising from the effects of Coulomb corre
tions. In addition to the sharp resonances, much broader
tures are observed close toDE513162 meV (LO1) and
16363 meV (LO2), respectively. The larger linewidth o
these features together with the relative energy at which t
arise identify LOn51,2 as arising from phonon-assisted exc
tation of X involving n optical phonons. A more detaile
account of the PLE spectra will be presented elsewhere.

The double heterostructure design of the structure allo
further information on theX and X* formation to be ob-
tained, by tuning the excitation energy (Eex) above the band
gap of the Al0.13Ga0.87As barrier material@;169065 meV,
dashed line in Fig. 1~a!#. This leads to global excitation o
the samples, increasing the mesa-surface–absorption-vo
ratio relative to 1520 meV excitation by a factor of;8, and
is expected to enhance the prevalence of charged spe
Figure 2~b! compares the PL spectra obtained in the l
power excitation limit ÑX,1 for such global (Eex
51730 meV) and local (Eex51520 meV) excitation of
dot-A. For global excitation, we find thatX* appearsbefore
X, in contrast with the result for local excitation of the mes
G
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supporting the above association between the appearan
charged species and the possibility for charging of the m
surface, and hence for the attribution ofX* to a charged
single-exciton complex.

It is difficult to ascribeX* definitively to X1 or X2, i.e.,
X plus an excess hole~h! or an excess electron~e!. However,
the recent work of Refs. 16 and 17, in whichX2 states were
observed to lower energy thanX in dots containing exces
electrons, suggests that the charged complexes seen in
work, observed to higher energy thanX, are more likely to
arise fromX1, consistent with the expected largerh-h Cou-
lomb repulsion than fore-e.25 We also wish to comment tha
although our observation of charged excitons is in a m
structure as employed by some other workers,15 such
charged complexes are also likely to arise in unproces
material due to background residual charge in the mater

In summary, we have applied PL and PLE spectrosco
to the study of individual self-assembled In~Ga!As quantum
dots. Emission was observed simultaneously from b
charged and neutral single-exciton complexes. Combin
PLE spectroscopy with detailed power-dependent meas
ments, we have identified the origin of the emission lines
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GR/L28828 and No. L78017.
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