PHYSICAL REVIEW B 68, 073309 (2003

Compositional and size-dependent spectroscopic shifts in charged self-assembled
In,Ga; _,AsGaAs quantum dots

Gabriel Bester and Alex Zunger
National Renewable Energy Laboratory, Golden, Colorado 80401, USA
(Received 23 May 2003; published 29 August 2003

Atomistic pseudopotential many-body calculations of excito™@ recombination in charged, self-
assembled Ga, - ,As/GaAs dots predict and explain remarkable trefidsI he redshift of the exciton energy
upon negative charging is rapidly reduced with increasing the In content and increasing the dot height. The
opposite behavior is observed upon positive chardiingThe recombination peak energies of different charge
states show intriguing symmetries and alignments, ¥.g.aligns withX?~ andX®~ aligns withX*". (iii) The
X3~ spectrum shows that a triplet initial state is lower in energy for flat dyidding two spectral lings
whereas the singlet state is lower in energy for taller dgiesiding a single ling These trends are explained
theoretically in terms of a crossover occurring at a critical In concentration and dot height at which the electron
wave functions becomes more localized than the hole wave functions.
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While early optical measurements on self-assembleartificially higher symmetr}® which yields spurious degen-
quantum dots were performed on neutral dots, device applieracies(e.g., theP state in cylindrical dofs Second, it as-
cations of these structures often involve the presence agfumes a given confining potential or level spacing at the
charge. This is the case when transport is invohear in  outsef?°~*?and therefore does not provide a link between
the context of quantum computation where the trion stat&lot composition and the resulting excitonic spectra.

(two electrons and one holés proposed to play a central ~ Here we use the empirical plane-wave pseudopotential
role**. Recent advances in single-dot spectroscopy made meth0&3 to describe the smgle-parglcle problem, and the
possible to selectively charge a dot by a certain number ofonfiguration interaction(Cl) method” to describe many-
electrons or holes and study the effects of the presence Hedy correlation effects. The total pseudopotentilr)
these additional, “spectator” charges on the excitonic photo-— ~«,nUa(T~Rn) IS given as a superposition of screened
luminescencePL) spectr&® Intriguing features were re- atomic pseudopotentials, (with «=Ga, In, A9 centered
vealed, for instance, the fundamental excitonic PL line shift@round each atom &, . The atomistic character naturally

to the red(blue) as the dot is charged by additional electrons!ncludes the effect of strain, alloy fluctuations, composition
(holes, new lines appear for dot charg€=*2 and for gradients, and spin-orbit interactions. Most important in the
Q=+ 4 and PL peaks of different charge statesy., X2~ results that follow are the electrostatic interactions between

andX ") tend to surprisingly align. Whereas all of these ef. the particles, given by the two center Coulomb integrals
fects were seen experimentally in,@®g, _,As/GaAs dots, x x A .
except in special casEs®the geometry and composition of (2yP| 0]y, 2 ) = J Y (ra) ¥ (o) Y- (1) Y- (Ta)
these dots are generally unknown. It is thus important to . b €(ra,Tp)|ra=Tp|
establish theoretically the link between dot geometry/ 1)
composition and the intriguing charging effects. In this papeiyhere the dielectric functios is calculated using the model
we therefore provide quantitative predictions on the effectsf Reste?® These integrals can be classified into three differ-
of composition dependence and of confinen(site depen- ent categories: (1) the direct Coulomb integrals

dence on the charging spectra of /8, _,As/GaAs dots and ab Py =3 (2) th h Coulomb int |
explain the underlying physics in the calculated trends. Wew' ¥ 1Vl979i)=J;, (2) the exchange Coulomb integrals

find that(a) the redshift of the exciton energy upon negative<‘/’ia‘/’1b|9|‘/’i'/’?>EKiJ , and (3) the scattering integrals
charging is reduced rapidly as the In content of the xiot (¥{4}|0]¢; ¢{) with i#i’ andj#]’. The Cl expansion
increases and as the dot heightincreases andb) the includes Slater determinants made of twelve electron and
charged spectrum of certain alloyed dots exhibits a strikingwelve hole states. The method and the pseudopotentjals
alignment of peaks which is in agreement with recent experihave been used successfully previously, for instance, in Refs.
mental observations. We analyze our numerical results i26,27.
terms of a simple stepwise model and isolate the effects of Results of the full CI calculatiofhe calculated excitonic
the direct Coulomb interactior(ji) the exchange Coulomb spectra for different charged stat€s labeled asX®, are
interaction, andiii) the effect of correlations. We show that shown as the solid peaks in Fig. 1. We consider here a lens-
both effects(a) and (b) reflect the existence of a surprising shaped IgGa _,As dot [base b)=20 nm, height ()
crossover between the electron versus hole localization at &5 nm] with an onionlike composition profile withreach-
certain composition and dot height. ing from 0.8 in the core to 0.2 at the outer boundary of the
A predictive calculation of spectra of charged exciton is adot. This choice for this size and composition profile is in-
challenge. It is not accessible to effective mass theory fospired from the experiments of Walthet all’ and Kegel
two reasons. First, this method uses as starting assumption anal® All calculated dots are embedded in GaAs and have
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TABLE |. Compilation of the available experimental results on
the spectroscopic shift in JGa _,As/GaAs quantum dots.
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FIG. 1. (Color onling Calculated PL spectra for different
charged states of the oniofsee text InGaAs lens-shapedb(

A~ A" B~ (o
Exp. (Refs. 6-12 3.1-5.8 -0.8—1.5 0.0-0.5 4.1-49
Calc. onion 1.7 -2.0 0.2 8.1
Calc. Iy G2 AS 37 ~1.9 07 7.7

h=2 nm, b=25 nm

have a composition and shape close to the one suggested by
some experiment$!’!8 the onion dot and a lens shaped
INg eGay JAS dot (b=2 nm,h=25 nm). The results are com-
pared with experiment in Table I. The measured redgkift
(Refs. 6—16 and the blueshifA™ (Refs. 6,13 agree very

=20 nm,h=5 nm) dot. The solid peaks are the results of the full \ye|| with our calculation. Also the calculated alignment of

ClI calculations. The dashe@olid) lines are obtained neglecting
correlation(correlation and exchangeffects.

one monolayer thick InGaAs wetting layer. Figure 2 show

the relative shifts of the maix®, X /™, andX?> /?" peaks
(as defined in the captigms a function of the In composition
x and the height of the ddt. The main features of the cal-
culated spectra are as follows.

(i) The shiftsA™ vs A~ as well asB* vs B~ show op-
posite trends as function of the composition and heigfit:

andB™ increase with increasing In composition and height,

while A~ andB™ decrease witlx andh. There is a crossover
of (A", A7) and B, B") at~80% In and at=4.6 nm dot
height.

(ii) The excitonic structure of the negatively charged on-
ion dot in Fig. 1 presents some striking peak symmetries an

alignments: TheX™ and Xf; transitions are aligned; the
main peak ofX®~ is located midway between thé¢~ and
the X2~ transitions and is aligned with th¢!~ peak.

(iii ) Three transitions are observed in t& spectrum in

S

the X~ andX2~ transitions(small values oB ™) is in excel-

lent agreement with Refs. 8—11,13,14 and the fact that the
X3~ transition is located midway between th¢ ™ and X2~
transitions is also observed experimentally in Refs. 8,13. The
exchange splitting>~ on the other hand tends to be overes-
timated by the theory. This might be attributed to shape an-
isotropy effects. The calculated excitonic dipole moment for
the onion dot (7.X10 2°Cm) agrees well with the mea-
sured dipole of Fnet al3! (7+2)x10°2° Cm and Findeis
etal® (8)x10°2°Cm, where in all cases the holes are
above the electrons.

Analysis of calculated resultén order to understand our
numerical results, we present a step-by-step analysis. Figure
3 gives the energies of the different transitions, neglecting

orrelations, in terms of the diagonal direct Coulomb ener-
éies Jeiej, Jeihj, Jhihj, the exchange energy between like-
carriersKeiej, Khihj [see Eq(1)]. When the final configura-
tions are open shell, the exchange terms will split the main
transition. For example the,—h, recombination ofX?~

Fig. 1, in contradiction with previous models which start results in a singlet and triplet with like-particle exchange

from degenerate electronP states and predict two

energies 0 and Rege, respectively. The boxed entries in

peaks'>20:21.28-39n Ref, 8 the authors expect either two or Fig. 3 interpret the energy shifts and splittings in terms of the

one peak depending on the splitting of the electPestates
Comparison with experimentVe selected two dots that
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FIG. 2. (Color onling Spectroscopic shiftd*=X°—X*, A~
=X°—X" (both solid lineg, B*=X"—X2", B~=X"—X2" (both
dashed lingsas a function of compositiotfor a lens-shaped dot of
base 25 nm and height 3.5 mrand height(for an Iy GayAs
lens-shaped dot with 25 nm base

FIG. 3. (Color online Schematic of the different excitonic shifts
observed in Fig. 1. The energy shifts are given in terms of the direct
Coulomb (Jeie_, N andJeie_) and of the like-particle exchange
(Keiej and Khihj) terms. The electron-hole exchange terms and cor-
relation effects are omitted for simpliciyncluded in Figs. 1 and
2).
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FIG. 4. (Color online Upper

€ €, h0 panel(a) Isosurfaces enclosing 75

and 40 % of the state densities of

; the first three electron and the first
> hole states for an j}Ga, JAs dot.

Lower panels: Isosurfaces of the

state density differencesyis=pe

94 % S character 92 % P character 92 % P character 90 % S character —pn for a pure InAs dot(b) and
for an InyGaAs dot (c). The
C) electrons, compared to the holes,
are more localized toward the top
and base of the dots. All dots are
lens shaped K=25nm, h
=3.5 nm).

Coulomb and like-particle exchange terms, neglecting theion thane, sincepg; has a negative valugharacteristic for
very small electron-hole exchange terilg,, (included in 1y in the center of the dot. However, in the pure InAs dot
Figs. 1 and 2 We can now interpret the main splittings in [panel(b)] h, is moredelocalizedn the (001) plane thare,.
terms of specific interactions: The two main peaks @r |n contrast, for the IpGa, 4As dot,e, andh, have equiva-
=even reflect like-carrier exchange interactions: ¥&  |ent localization in this plane. This effect can be appreciated
—Xj =C" splitting is XK, . , Whereas th&X; —X; =D by the percentage of the charge density inside the physical
splitting is Kege,w ON the other hand, the 8(*1)— dimension of the dot. This yields 90.1¢88.4%) for the first
(+2) shifts reflect direct Coulomb energy differences. Thehole state and 82.4982.8%) for the first electron state in the
X0— X~ =A" shift is Jegep ™ Jegny: theX—X"=A" shiftis ~ Pure (onion) plot. For the onion dot, the sEronger hole Ipcal-
Ingng—Jegh and theX‘—X§‘= B~ shift is Jeger—Jong ization contributes to a negative value far (smceJeOho is

o L. . .

Thus, whereas the splitting of ti@=even peaks reflect ab- 'arger thanJec) and a positive value foh™ (sinceJdpp, is
solute exchange energies, the shits, A", B, B reflect  larger thanJe ). The physics underlying the observed
relative Coulomb energies that vanish at zero order. Indeedrends is therefore related to the degree of localization of the
if the hole and electron wave functions were the sda®is  wave functions and can be understood as follo@s. The
assumed in Single-band effective mass models with infinithduction of Sizdreducing the width of the potentia| WE”
wells), thenA"=A"=B"=B"=0. increases the confinement energy of both electrons and holes,

While Fig. 3 neglects the effect of correlations, these arg e, their single particle levels move up and down, respec-
taken into account in Figs. 1 and 2. To understand the effeaively. Thereby, their wave functions become more delocal-
of correlations we compare in Fig. 1 the full Cl resultéack  jzed. This effect is more pronounced for the electron than for
peakg with the spectra calculated without correlationsthe hole state: The electrons tend to be more delocalized than
(dashed lings The effect of the exchange and scatteringthe holes when the size is reducé®). The reduction of the
terms can be seen by comparing the dashed and the soliff content lowers the band offsets between the material in the
black lines(neglecting correlations and exchange integrals dot and the surrounding GaAs. This reduction delocalizes
Whereas the direct Coulomb energies merely shifts the Pllectrons more strongly than holes: The electrons tend to be
peaks, the exchange interaction splits®(") and shifts more delocalized than the holes when the In concentration is
(X*3, X**) peaks. Correlation effects tend to shift peaks toreduced.
the red by as much as 2 meV in the present dots. In fact, (ji) Alignment of peaks in different charged stat@he
neglecting the effect of correlations would result in a down-alignments evident in the spectrum of the negatively charged
ward shift by about 2 meV of tha™ andA™ curves in Fig.  dot (Fig. 1) can be understood from the different integral
2 and leading to the wrong conclusion that In rich dots ex-contributions shown in Fig. 3: Thé~, X2~ , X3~, andX2~

hibit a blueshift(redshify of the X~ (X*), sinceA™ andA™  peaks are predicted to be shifted from the fundamextal
would be negative. Th8* andB~ curves are nearly unaf- transition by A©, (A" +B7), (A" +2B —K,,.), and
’ 1 0 l 1

fected by correlations. - - : :
Our fgregoing analysis of the origins of the spectra aIIows(A, 2B - Keoel+‘]?qe2_‘]f2h0)' respectn{ely. For certain
us to comment on the spectroscopic observatiops(iii) ~ N€ights and composition8™ =Je ¢, —Je n, is close to zero
made above. which results in the alignment of the mg— and X~ peaks.
(i) Trends in X=X~ and X—X*. We saw that the For B~ to vanish, the states, and hy do not necessarily
shifts A* andA™ in Fig. 3 reflect the balance between like- need to be identical. Unlike the shifs® and A~ that in-
particle (ey—ey or ho—hg) and different-particle €,— hg) volved integrals overSlike states only €, and hg), B~
Coulomb interactions. In the lower panels of Fig. 4 the dif-involves aP-like state €;). In Fig. 4 theey, e; and hg
ference between the electrep and holeh, densitiespys is ~ charge densities are depicted. The overlap betvegemde,
plotted for a pure InAs and for andgGa,gAs dot. It shows, or hg is not a linear function of the localization anymore.
for both dots, thah, is morelocalizedin the growth direc- Both, an extremely localized or an extremely delocalized
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FIG. 5. (Color online
Electron-electron exchangke e,
and energy splitting between the
second and third electron staies
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statee, or hy would have no overlap witke;. Our calcula-
tions show, that at a certain compositi®0%) and height
(4.7 nm the contributions fronde . andJe  nearly cancel.

For a very small value oB~, the X3~ peak lies midway
between theX;™ and X~ peaks since it is locatele e, are therefore observed.

away from each. The®~ peak is aligned with thex3™ In summary, we have shown that the physics underlying
becausele e, — Je,n, N€arly cancel. The reason for this can- the spectra of charged quantum dots is very rich. The trends
cellation is the same as the one given for the cancellation ofbserved in the shiftd™ andA™ are shown to be related to
B~ sincee; ande, are very similar(see Fig. 4 We thus the crossover in the localization of electron and hole wave
predict the observation of the alignments of t& peak functions and correlation effects are shown to qualitatively
with the X2~ peak whenever the alignment of té¢~ and  change the conclusions. Quantitative predictions along with
X~ peaks is observed. a qualitative understanding of the experimentally observed
(iii ) Two additional lines in X~. For the initial state of alignment of certain peaks is given. A detailed balance be-

the X3~ transition, two configurations are possible: thetween exchange interaction and single particle energy is
“Aufbau” singlet hleZe? (right inset of Fig. 5 or the shown to be reflected in the spectra of ¥f& exciton where
“Hund” triplet hle2elel (left insed. The excitonic decay of & singlet-tripl_et transition is e)_(pecteédnd should be observf
the singlet configuration has one channel while the triplefible) as fun(_:tlon of the do_t h§|ght. Beyonq the understanding
configuration has two channele&@{eg or eéege;). Conse- of the_ physics, the_ quantitative results given here can serve
quently in the PL spectrum one would observe either a sing| S guide for exper!mentallsts Whe.n. analyzing charged exci-
line or two lines. Whether the singlet or triplet configuration on spectra, especially for the pqsmvely charged dots where
is preferred depends on the energy splitting betweerPthe only I|tt|_e has been reported until now. Conversely, our re-
sults might be useful for crystal growers who want to

!evels ((.31 ande,) and on thg magnitude of the exc.hangeachieve certain optical property by tuning the dot size and
interactionKe e,. Both quantities are plotted as function of composition

composition and size in Fig. 5 and are found to exhibit a
crossover as a function of height: tall dots preferring the This work was supported by the U.S. Department of
singlet configuration. The ground state of the onion@moid  Energy, SC-BES-DMS Grant No. DEAC36-98-G010337.

of all dots where both quantities are energetically similsr

in fact, a correlated state composed of a dominant singlet
componentresponsible for the stronger peak in the middle
of panelX3~ in Fig. 1) and a weaker triplet state component
(responsible for the two satellite peakall three transitions
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