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Observation of multicharged excitons and biexcitons in a single InGaAs quantum dot
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The effects of excess electron occupation on the optical properties of ex€tpasd biexcitons (X) in a
single self-assembled InGaAs quantum dot are investigated. The behaWaaraf 2X differ strongly as the
number of excess electrons is varied with the biexciton being much more weakly perturbed as a result of its
filled s-shell ground state, a direct manifestation of shell-filling effects. Good correlation is found between
charging thresholds observed framshell recombination perturbed Ipyshell occupation, and direct observa-
tion of p-shell recombination.
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Over recent years, (Ba)As-GaAs self-assembled quan- coherent picture of the various charge configurations giving
tum dots(QDs) have attracted considerable interest as a rerise to the perturbed-shell excitonic lines to be built up.
sult of their discrete electronic spectrum, excellent optical The sample consisted of the following layers grown by
quality and ease of incorporation into electro-opticalMBE on a semi-insulatingf001] GaAs substrate: a 200 nm
devices! Of particular interest from the fundamental physicsthick n=4x10'® cm~2 GaAs contact layer followed by a 25
perspective are the strong modifications of the optical propam undopedu.d) GaAs spacer layer and the InGaAs quan-
erties which are predicted to arise from Coulomb interactionsum dots, formed by 6 ML of In:Ga, sAs. Atomic force
between particlegelectrons and holgdocalized within the  microscopy performed on similar material revealed approxi-
dots??® For In(Ga)As QDs, the magnitudes of the Coulomb mately lens shaped dots with latefakrtical) dimensions of
and quantization energies are comparable and the mang3+7 nm (2.5-1 nm) and a density of5x10° cm 2.
particle states are strongly sensitive to the exact nurabdr The QD layer was capped with 15 nm u.d. GaAs, a 75 nm
configuration of electrons and hole®Nd,N,) in the dot. thick u.d. Al 34GaycAs blocking barrier ad a 5 nmu.d.
Such effects were first investigated on large ensembles whe®aAs cap.
the effects of electron occupation on the optical properties in  Ohmic contacts were established to thé layer and an
emissioft and absorptiohwere investigated. While these ex- ~70 nm thick titanium Schottky gate evaporated on the
periments clearly demonstrated shifts of the interband transample surface. Submicron apertures ranging from 100 to
sitions and state blocking from electron charging, detailecb00 nm were formed in the gate using electron beam lithog-
interpretation was complicated by the large inhomogeneougaphy and dry etching. The samples were studied in a
broadening. Recently, these problems have been circunmicro-PL system which enabled PL to be excited and col-
vented by performing single-dot photoluminescer@.) lected through individual nanoapertures from single dots.
spectroscopy for charge neutrdld=N;) In(Ga)As QDs%’ Apertures exhibiting PL from only one dot were selected for
modulation dopedN.=N;) GaAs dot$ and charge tune- detailed study. PL at ¥10 K was excited using 632.8 nm
able InAs quantum ring$. radiation from a HeNe laser. The luminescence was dis-

In the present work we investigate the effect of Coulombpersed by a 0.4 m single monochromaterQ.3 meV reso-
interactions on the interband optical properties of a self{ution) and detected with a cooled CCD detector.
assembled InGaAs QD. Single-dot PL, performed on a gated, Figure 1 (insey shows a schematic band diagram for a
charge tunable structure allows the properties of both excitarge negative bias\(;) on the gate, such that the quasi
tons (X) and biexcitons (X) to be studied in both charge Fermi level E;) lies below the lowest state in the dat, ]
neutral and negatively-charged environments in the presen@nd the dot is uncharged. A4 is lowered, the electrostatic
of up to three excess electrons. Markedly contrasting effectpotential of the dot reduc¥suntil s; becomes aligned with
of excess charge ax and 2X are found and attributed to the E; and asingleelectron can tunnel into the dot from thé
stronger Coulomb perturbations ohas a result of its par- contact. Subsequent charging evenss,p,,p,) occur at
tially filled s-shell, as opposed to the fillesshell of 2X. well separated biases due to the effects of quantum confine-
Excited statep-shell recombination is also seen, and allows ament and Coulomb blockad®.
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FIG. 1. Capacitance-voltage characteristics of gated device con- c
taining quantum dotqddotted curve Features due to complete :’
charging of the dot ensemble ground state with one and two elec- Q
trons are observed\,~ 1,2, full curve, followed by charging of S
the wetting layer. The inset of the diagram shows a schematic band >
diagram under applied biag; . "é
The capacitance-voltage characteristics of a structure con- 2
taining ~6x10" dots are presented in Fig.!drecorded un- =
der weak (~0.1 W cm 2) optical excitation tuned tcE i
~1290 meV, the peak of the QD ground-state emission. For
Vg=—1 V the capacitance shows a smooth variation with

V4 due to depletion of the™ contact region, with the dot 1250 1260 1250 1260
uncharged. AsV is increasedless negative pronounced
features due to charging of the QD ground states are seen, Energy (meV)
with a broad peak af;~—0.75 V and two minima, marked
by arrows atVy=—0.63 V and—0.48 V. These features
are a clear fmgerprlnt of Coulomb blockade, the minima cor- neutral and charged biexcitonsX2X ) andp-shell X’ emission
responding to charging the QD ense.mble with ONQ“(.J') lines are observed. The horizontal lines indicate charglng thresh-
and two Ne~2) electrons, respectively. As V, is in-  oids. (b) sshell spectra in the bias rangeL.18 to—1.02 V, (c) in
creased further, a strong increase of the capacitance sign@k pias range-0.73 V to —0.54 V. The dashed spectra in Fig.

for Vg=—0.20 V is observed arising from charging of QD 2(c) are taken with a factor of three higher laser power.
excitedstates and the underlying 2D wetting layer.

The evolution of the PL spectrum from a single dot with ditional electron is added to the dot. Spectra of ghell
gate bias ¢ 1.3 V=Vy=-0.2 V) and hencé\. is summa- emission corresponding to voltages spanning the first two
rized in gray-scale format in Fig.(@. The intensity of the main charging thresholds are presented in Figé) and
optical excitation(nominal 0.1 Wi/crh) was chosen such 2(c), respectively.
that single exciton recombinatiofX) dominates the spec- AtVg~—-11V, X° disappears and a new linX{, Fig.
trum, although a weak biexciton featureXRis also present. 2) appears 5.8 meV to lower energy. This feature arises from
ForVy<—1.3 V no PL is observed due to efficient tunnel- recombination of a negatively-charged single excilbig.
ling of carriers out of the dot in the internal field of 3(a)], the large energy shift betweex® and X~ being a
=130 kVem i At Vy~—1.2 V a sharp emission line direct measure of the relative energy of threé™&2e
(X% is observed arlsmg from charge neutral single excitont 1h) and two X°=1e+ 1h) particle configurations in the
recombination. This assignment is supported by the capaciiot. The observation oKX~ below X° demonstrates that
tance measurements which indicate an uncharged ensemigkectron-holeattraction dominates over electron-electrog-
for Vg=—1 V (Fig. 1) and the linear dependence of the pulsionin the three particle (€+1h) configuration. This
|nten3|ty ofX° on excitation powet? ForVy=—1.1 Vad- arises as a consequence of the differing lateral spatial extent
ditional lines appear in two distinct energy ranges, 1250-of the electron i) and hole () wave functions, the sign of
1265 meV and 1275-1295 meV, attributed to ground stat¢he energy shift indicating thalt,<I,,*® the holes being
(s-shel) and excited stateptshell) recombination, respec- more strongly localized than the electrons. TKe —X°
tively. A number of distinct thresholds are observed, indi-separation of 5.8 meV is very close to tl{@tmeV) found in
cated by horizontal broken lines in Fig(@®, for which sud- Ref. 9 in quantum rings, at first sight rather surprising in
den changes are observed in both stend p-shell emission  view of the significantly greater lateral size of the rif@90
energies. These correspond to charging events where an aun) compared to the present dots-20 nm)!® However,

FIG. 2. (a) Gray scale plot of PL peaks as a function of bias.
Ground states-shell neutralX) and charged single excitonX7"),
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FIG. 3. Schematic diagrams of occupations of electron and hol
initial and final states foX =, X2, X3, 2X~ andX? recombination.
Hole states with two arrowheads on the same line indicate that th
hole participating in the recombination may have up or down spin.
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is marked by a sudden reduction in the intensity(éf and
Xﬁ’ and the emergence of a new lin3(") approximately
midway between therfFigs. 2a) and Zc)]. The appearance
of a single dominant emission line for the triply-charged ex-
citon is somewhat surprising as two, energetically distinct,
multiparticle configurations have been predicted theoretically

for
Ho

systems which possess perfect cylindrical symmetry.
wever, reduction in the dot symmetry, for example due to

inequivalent in-plane dimensions or the microscopic in-
equivalence of the[110] and [110] crystallographic
directions! may result in a splitting of the-states AE) as
depicted schematically in Fig.(&. In this case, the initial
state for the triply-charged state depends upon the compara-
tive magnitude ofAE and thes-p electron exchange energy
(E;(p) which is estimated for the present dot to b meV

fro

m the discussion oX?>~ above. If AE> Eﬁp, the five

particle (4e+1h) system adopts a configuration in which
the twop-shell electrons occupy the samp®rbital and have
antiparallel spifFig. 3(c)]. In this case, the system posesses
zero-net electron spin in the initial stgt€.=0—Fig. 3c)],

wh

he two possible final states are energetically equivalent and
a single emission line should be observed. In contrast, if
RE< Eg(p the system would tend to favor an initial state in

ich the twop-electrons have parallel spin§4=1), oc-

from a survey of seven dots with ground state PL in thecupying differentp-orbitals[Fig. 3(c)]. In this case, photon
range 1260—1350 meV, we fint~ — X° separations ranging €mission leaves the system in one of two energetically dis-

from 4.9-5.8 meV, showing the weak dependenceXof

tinct final states, as fox?~ discussed above, which would

—X° on detailed dot parameters. This weak dependence @enerate an emission doublet in Ffig. 3(c)]. We therefore
supported by our calculations based on exact diagonalizatioentify X*~ as arising from the five particls,=0 configu-
of the electron-hole Hamiltonian with harmonic oscillator ration as depicted schematically in FigcB

confinement in the vertical and lateral directions. These cal- For further reductions of the gate potential beldiy~
culations yie|dX0_>X_ shifts in the range 3-5 meV using a —0.2 V, additional discrete shifts of tteeshell emission are

wide range ofl, values from 5—-10 nm, consistent with the observed[Figs. 2a) and Zc)] as additional electrons are

expected lateral size of our QDs, ahdl,, ratios between 2

and 4!

The second main charging threshold arises\fpclose to
—0.57 V[Fig. 2(b)]. The negatively-charged excitoX ()
abruptly disappears between0.6 V and—0.5 V and is
replaced by a strong feature(i_) 0.4+=0.05 meV to lower
energy and, in addition, a weaker peaki() 4.2
+0.05 meV belowX2™ . As discussed by Warburtast al.,°
the doublet structure results from the two differéniplet or
single final state configurations fox?~, in which the two
electrons have parallel X¢~) or anti-parallel ¥2°)

[Fi

to twice thes-p electron exchange energy. The small energy,

shift betweenX™ (2e+1h) and X2~ (3e+1h) arises be-

added to the dot. A¥,~—0.16 V a strong PL background

g. 2(c)] appears,accompanied by broadening of the sharp

emission lines, probably due to the occurrence of strong Au-
ger processes and shortening of the quasiparticle lifetime as
the wetting layer becomes occupied. This explanation is sup-
ported by theC—V characteristics in Fig. 1 which show a
strong increase in the capacitance signaMge —0.2 V as

the wetting layer is filled.

It is notable from Fig. £a) that the voltage interval be-

tween theN.=1—2 and 2-3 charging thresholds is-3
times smaller than betweét,=0—1 and 1-2. This arises
since the former reflects both tlsep level spacing and Cou-
lomb blockade effects while the latter is determined solely

the weaker Coulomb repulsion energy between the two

p-shell electrons, further supporting the attribution of the

cause the attractive-p electron exchange interaction is charging thresholds above.
present in th@(i‘ states before and after photon emission.

As shown by a perturbation theory treatment, this results in &eryed as a weak feature betwe€handX ~, labeled X° in

partial compensation of the Coulomb repulsion Xir’ and

leads to the small energy shift betweXn and X3~ 2 In  its
contrast, forxﬁ’ , the exchange interaction is absent in thespectra taken at three times higher laser power in Rig. 2
final state[Fig. 3(b)] and the Coulomb repulsion between the The energy of X° is unaffected by thél,=0—1 charging
sandp-shell electrons leads to a larger redshift, in agreementhreshold atv,=—1.06 V, the first shift occurring &y~
—0.7 V [dotted line—Fig. 2a)]. This behavior is expected

with theoretical prediction&®

The third charging threshold occurs\é{~ —0.4 V and

161305-3

We now consider the biexciton recombinationX®} ob-

Fig. 2. It is identified from the near quadratic dependence of

intensity on excitation power, as seen from the dashed

since, for 2°, thes-shell is full and the first charging thresh-
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old arises for theé/ at which an electron can first be added ing sequentially to lower energy &§ reduces. We note that
to the p-shell [Fig. 3(d)]. This occurs at-—0.7 V and re- for both thes andp-shells, the dominant trend with increas-
sults in a sudden decrease of the amplitude X%f @ith the  ing N, is a redshift of the center of gravity of the emission,
negatively-charged biexciton &) emerging 0.9 meV to analogous to the band-gap renormalization observed in
lower energy. The energy shift betweeiX2and 2X™ is  higher dimensional systems. However, the magnitude of the
much smaller than the 5.8 meV betwekf and X~; this  observed shifts, particularly for theshell (~10 meV, for
arises since for X~ the interaction of the additional electron N_=3), is very large, reflecting the effects of zero-

with the four particle system @+ 2h) in the dot is strongly  dimensional confinement in guantum dots.

reduced due to the completely fillseshell. This observation Finally we note that in several bias regions, e.g.,
is a direct manifestation of shell filling phenomena for quan-_1 1 v=_09 Vv for X°.X~. —0.9 V=V <-0.6 V for
tum dots. ' ' e e '

X~, 2X°, X9 emission lines from differing charge states are

observed simultaneously. This probably arises from the sta-

tistical nature of photoexcited carrier capture into the dot

which, when averaged over time, leads to spectra composed
f transitions involving differing charge states and differing
umbers of excitons.

In summary, we have investigated the effects of Coulomb
interactions on the optical properties of excitons and biexci-
tons in a single 1Ga)As quantum dot. For single excitonic
species, strong perturbations arising from electron charging
are observed with largéseveral meV shifts occurring as
electrons are added sequentially. Weaker perturbations of the
; biexciton are observed as a consequence of the completely
served foVg~—0.7 V with the appearance of a weak dou- fjeq g ghell for 2X . Electron charging of the dot results in
blet centered at-1292 meV/labeledX; in Fig. 28)]. This  |5rge redshifts of the center of gravity of batfand p-shell

bias corresponds very closely to thX2-2X" charging  emission with correlated shifts of bottandp-shell emission
threshold[dotted line in Fig. 23], the lowest voltage and 5q electrons are added to the dot.

multiparticle configuration for which an electron can be

added to the-shell under the optical excitation conditions in

Fig. 2. Further reduction 0¥ results in a series of discrete ~ The work of one of ugP.D.B) is part of the UK MOD
changes in th@-shell emission, with groups of lines appear- Corporate Research Programme.

While both the X°—2X~ and X —X2?~ charging
thresholds involve electron charging of thdevel, the X~
— X2~ charging is expected to occur for highéy due to the
stronger Coulomb repulsion effects f¥¢~ which contains
two excess electrons. This prediction is in good agreeme
with experiment, the single and biexcitgnshell charging
thresholds occurring at-0.57 V and —0.69 V, respec-
tively in Fig. 2(a).

We now turn to thes-shell emission observed for energies
=1275 meV[Fig. 2(@)], and show that its behavior is fully
consistent with the charging threshold for additiorpeshell
electrons deduced above. Wegdshell emission is first ob-
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