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We report the controlled generation of neutral, negatively-charged and positively-charged excitons
in the same single InAs quantum dot. The control parameters are a vertical electric field applied to
a capacitor-like structure, in which the quantum dots are embedded, and optical pump power. The
strong Coulomb blockade in quantum dots can be exploited to control the charge of excitons
containing one hole, the neutral excitotf, and singly negatively charged excitot™. We show

here how this concept can be extended to excitons containing two holes, the biexiitpana
significantly the singly positively charged excitod}*. We support all these assignments with a
Coulomb blockade model. For all dots, the emission fromXhes redshifted relative to the neutral
exciton, but surprisingly we observe blueshifts as well as small redshif'for© 2005 American
Institute of Physic§ DOI: 10.1063/1.1937996

Self-assembled InAs quantum dots are well suited foibias, an exciton has sufficient time to enter the charge con-
photonics applications. Their principal feature is a set offiguration with the minimum energy. The charge changes
atom-like energy levels as a consequence of the threebruptly at particular bias voltages. As we show, there is a
dimensional confinement potential. This makes individualpronounced Coulomb blockade both for excitons with one
quantum dots attractive for single photon sourcésidi- hole and for excitons with two holes. We determine the dot
tional applications in the areas of quantum optics and quanparameters from the switching voltages of & X'~, and
tum information processing are underpinned by the long ex2X° excitons and then predict the bias range in whichXhe
citon coherence times in quantum ddfsit is clearly  exciton should exist. We find excellent agreement with the
important to understand the level structure and Coulomb inexperimental results.
teractions within a single quantum dot. Controlling the The InAs quantum dots in our experiment are embedded
charge offers a versatile tool to achieve this. Capacitancein a vertical tunneling structure with a tunnel barrier of thick-
voltage spectroscopy provides information on the electronness 25 nm between the dots and tfieloped back contact.
electron Coulomb interactiohand the energy shifts in pho- The distance between the semitransparent NiCr top gate and
toluminescencegPL) are related to both electron—electron the back contact is 175 nm and a GaAs/AlAs superlattice
(e-9 and electron-holée-h) Coulomb interaction$® Addi-  |ocated 30 nm above the dots prevents carrier leakage to the
tionally, charging is also of practical importance, since thegate. We use the emission of a VCSBI=850 nnj focused
singly charged excitonsX'™ and X**, do not have a fine to a 1 um spot to generate e-h pairs in the wetting layer of
structure and are therefore well suited for single photorthe quantum dots via photoexcitation, which then relax into
sources and due to the single excess spin left after recombihe respective dot levels. At low power there is a sizable
nation also for spin-based quantum information applicationsghance of creating an exciton, but negligible chance of cre-

Generation of negatively-charged excitons has been resting a biexciton; at higher power there is also a sizable
port4e<g, probing mainly the electron levels of the quantumchance of creating a biexciton. By applying a voltadg
dot.” The hole levels are likely to be much more sensitivepetween the back contact and the top gate the quantum dot
to charging than the electron levels because the hole quanfevels are shifted with respect to the back contact Fermi level
zation energy is comparable to the Coulomb energi€$.  allowing control over the exciton charge in the dot. Thus
emission has been observed in power dependerieutral or charged excitons are formed and by exploiting the
experiment$ and also from samples with p-doped back pronounced excitonic Coulomb blockade we can control un-
contac leading to recent polarization-dependent ambiguously the charging state of the dot wity as the
measurementsThe motivation for the experiments reported control parametetThe PL generated as the exciton collapses
here is to generatg'*, X°, andX'” in the same quantum dot s centered around 1.3 eV. It is collected with a confocal
in a controlled way. We have achieved this by developingmicroscope and dispersed with a 0.5 m grating spectrometer
structures which show perfect Coulomb blockade. At eaclpnto a silicon charge coupled device array. The setup has a

spectral resolution of 0.05 meV.

dauthor to whom correspondence should be addressed; electronic mail: .The upper part of Fig. 1 shows a contoqr plot of the
mk12@hw.ac.uk main exciton lines of dot A at 4 K. The intense line appearing
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FIG. 2. (Color onling Gate voltage dependence of initial state configura-

12000 tions for the quantum dot A following our Coulomb blockade model. The
] energy of the vacuum state is taken to be zero. The lower group of lines

‘@ 10000 - corresponds to states with one hole, the upper group to states with two holes.
524 Dashed lines indicate the voltages at which the charge of the ground states
£ 8000 - changes. The main energies are taken &5=1.328 eV Eg
2 =25.8 meV EN=31.5 meV ,Eg;=23.5 meV with a lever arm of seven fol-
§ 6000 lowing the notation of Ref. 4.
& 4000

show later. The lower part of Fig. 1 shows cross sections of
X17, X9, and X!* indicated by vertical lines in the contour
plot. All exciton linewidths are resolution limited and within
this limit neither X}~ nor X'* shows any fine structure as

2000 +

1.290 1.292 1.294 1.296 1.298 L . .
Energy (eV) expected. The PL emission ¥ is comparatively weak and

about 20 times less intense thaX’Zor the given excitation
FIG. 1. The upper part shows a gray scale plot of PL from dot A at 4 K. power (compare Fig. B
White corresponds to 0 counts on the detector and black to 300. The main  To connect the behavior okt to the other excitons
exciton lines have been labeled and the distinct charging events betwe%antitaﬂvew we have developed a Coulomb blockade

them are indicated by dashed linex°@lenotes a line related tox2 which . :
we tentatively assign to a hot hole biexciton. The solid vertical lines markmOdeI‘ We assume strong confinement, treating the Coulomb

the voltages foi!~, X°, andX™* at which PL spectra are shown in the lower INteractions as perturbations to the single particle energies.
part. They are labeled with the corresponding gate voltagexéhtias been  We do not make any assumptions about the nature of the
enhanced by a factor of 50 for clarity. confining potential; instead we determine the e-e and e-h

Coulomb energies from the excitonic Coulomb blockade. For

example the energy of the neutral exciton state is the band

abruptly at —~0.69 V and disappearing again at -0.53 V is they energyE, reduced by the electron-hole Coulomb attrac-
PL from X?, the neutral exciton As the gate voltage is raised tion ESS

o i o, With the electron and hole in their respectistates.
above -0.53 V the neutral exciton is replacedXy, indi- e aiso assume the lever arm mddshich implies a linear

cated by the sharp change in emission energy due to Coyaationship between the gate voltage and the electrostatic
lomb interactions with the added electron. The la¥geex-  tential at the quantum dot and we ignore the small vertical
tent of X'~ is due to the filled electronic s shell and large giark effect. The calculation extends the approach of Ref. 4
quantization energy of the dBjAt higher excitation powers 4 excitons with both one and two holes. The model gives the
more than one hole is occasionally present per dot, formingnergy of a particular charge configuration as a function of
excitons such as the neutral biexcitoxx°2This line can be gate voltage. Coulomb blockade arises because there are
identified from its superlinear dependence on excitatiorhbrupt changes in the ground state charge as a functidg of
power and also from its large extent in gate voltage, an inas shown in Fig. 2 for the one-hole and for the two-hole
dicator for a filled s shell. At more negative gate voltagesexcitons. In order to determine the dot parameters, we use
2X° disappears and a new line appears. This line appeathe v, extents and emission energies of #fe X1, X2-, and
exactly when the 2° disappears, it too exists over a range of 2x0 |ines for dot A. Based on this, we are able to make
voltage before it fades out at large negative bias, and it ipredictions on the behavior &*. We find two main quan-
only visible when the pump intensity is high enough thattitative results. First, th&/, extent ofX** should be exactly
there is a clear 2° signature. We have confirmed this result the same as the, extent ofX%. Second, the transition from

on several dots all of which show the same behavior. Wex'* to 2X° occurs at a slightly more negativé, than the
attribute this line to emission from th¥!* as it displays appearance oX?, due primarily to the fact that the e-h Cou-
exactly the characteristics expected based on simple consitbmb energy is larger than the e-e Coulomb energy.

erations of the Coulomb blockade. It is created from tX& 2 We find excellent agreement of these predictions with
by removing an electron when the electrostatics favor thighe PL intensity plot in Fig. 3. Taking the voltages at which
configuration, and thex** itself is ionized to become the the lines reach half their maximum intensity as a measure of
two-hole state at large and negative bias. In fact, the detailetheV extent,X** switches on at about —0.71 V. It then fades

behavior matches a model of the Coulomb blockade, as wat lower gate voltage, but can still be distinguished from the
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A35000 ™7 T T T T T TABLE |. Energy of the neutral exciton for exemplary dots across the
3 ! : : sample spectrum and corresponding shiiitsmeV) in emission energy to
‘f:’ 300004 | : ! . X*, 2X0 and X*". Note thatx'* can be blueshifteddots A, B, Q as well as
‘@ : i : : redshifted(dot D) relative toX°.
S 25000 | 1
8 ' : i Energy Dot A Dot B Dot C Dot D
B 20000 ! ! : .
"g'g' i : d X0 1.29658 eV 1.31335eV 1.32370eV 1.33562 eV
& 15000 ! : 4 A(XO-X1%) -0.41 -2.38 -2.86 0.36
& . A(X9-2X9) 3.04 1.48 1.41 3.24
%‘ 10000 i i A(XO-X1) 5.66 6.13 6.27 5.22
c }
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0 {u0mansconnc™ bespepespennd Sk . oo id function? Applied to theX**, this picture would predict that
08 08 07 -06 05 04 -03 02 the X* is always blueshifted relative to th¢, which is not

Gate voltage (V) the case in practice. We suggest that this discrepancy dem-

FIG. 3. PL intensities of exciton lines from dot A against gate voltage. ThereonStrates. that ho_le charging is not a small pertgrbaﬂon to the

are clear cross-overs frox'* to 2X° and fromX° to X!~. Note thatX'* is quantization, unlike the case of electron charging.

about 20 times less intense thax®2 In conclusion, we have demonstrated the controlled gen-
eration of neutral, negatively-charged and positively-charged

background out to —0.87 V. This gives a voltage extent oféXCitons in the same quantum dot by applying a voltage to a
160 mV. At higher voltagesx° exists between —0.53 and field-effect structure. We were able to understand quantita-
-0.69 V, an extent of 160 mV, exactly as fgt*. Also, X1* tively the voltage range in which thé!* line arises with a
makes a transition to theX? at a more negative bias than the Coulomb blockade model. Th¢'* emission energies depart
bias at which thex® appears, as predicted. Quantitatively, we from a simple picture based on strong quantization, underlin-
predict that this voltage difference should be 24 mV for doting the benefit of simultaneous electron and hole charging
A: in practice, we measure 20 mV. for a comprehensive picture of exciton behavior in a quan-
Two features oX'* warrant further discussion. First, the tum dot.
X* emission line is about 20 times less intense th¥hand,

unlike the X?, does not switch off abruptly on the low gate .
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