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Coulomb interactions in small charge-tunable quantum dots: A simple model
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We present perturbation theory results for the Coulomb interactions between electrons, and between elec-
trons and holes, in small quantum dots. The results are used to model both capacitance and interband spec-
troscopy on charge-tunable, self-assembled dots. At the level of the experimental resolution, currently limited
by the inhomogeneous broadening in the dot ensemble, the model calculations reproduce the experimental
results extremely wel[S0163-18208)05747-9

I. INTRODUCTION gquantization energy which means that a quantum mechanical
description of the Coulomb effects is important. Second, the
The study of semiconductor quantum dots is motivated irdots are highly homogeneduso that simultaneous charging
part by interest in the Coulomb interactions between carriersf many 16 dots can be achievét. This is ideal for optical
confined on very small length scales. For quantum dots deexperiments.
fined by lithographic techniques, for instance post-growth We have incorporated InAs self-assembled quantum dots
processing of a two-dimensional electron gas in GaAs, it isn a field-effect structuré We have already reported the re-
possible to design highly tunable systeh<Coulomb block- sults of capacitané® and interband transmission
ade can be observed in the tunneling spectrum of such experiments! The capacitance spectrum shows single elec-
guantum dot as the potential of the dot is changed with retron charging peaks for the first eight electrons. However,
spect to the contact region. However, such dots are typicallglthough the effects of exchange and changes in the single
hundreds of nm in size so that the contribution of the quanparticle configuration in a magnetic field could be inferred
tization energy to the addition energies is very small. Al-from the datad® no detailed comparison with a model calcu-
though quantum mechanical effects are visible, much of théation was presented. In interband spectroscopy, shifts of
physics can be described by a classical model of théigher transitions were observed on occupation of the first
electrostatic$:® A recent approach has been to contact smalklectron state. This is also a consequence of the Coulomb
mesas in vertical tunneling structur&s.n this case, the interaction, in this case an interaction between the electro-
guantization energy and the Coulomb interaction energy arstatically stored charge and the optically excited electron-
comparable and the tunneling spectrum exhibits strong quarole pair. Some numerical results were presented in Ref. 11
tum effects, notably highly nonequidistant charging peaksbut without derivation. We present here also results of pho-
This phenomenon can be explained by the level structure dbluminescence experiments that show very clearly the ef-
the dot and the effects of the direct and exchangdects of the Coulomb interaction.
interactions’ It is of considerable interest to see how the The purpose of the present paper is to describe calcula-
optical response, both for interband and intraband excitations of the Coulomb interactions in self-assembled quantum
tions, changes with the electron occupancy. It is difficult todots with simple perturbation theory. The calculations give a
measure the optical response of a single dot and an ensemldenvincing description of our experiments. The results are
of dots is generally required. The challenge here is to makésted in a series of tables so that they can be applied to other
the dots homogeneous enough so that the dots all have thiot systems.
same electron occupation. With a lithographically defined It should be appreciated that the major limitation is the
system, this has only been achieved for dots a few 100 nm imhomogenous broadening in the experimental spectra due to
size and for electron occupancies up to three pef dot. dot to dot fluctuations. This limits the resolution of our ex-
Self-assembled quantum dots have much to offer thigperiments, and obscures any fine structure on the meV scale.
field. First, they are small with a lateral extent 620 nm It also limits the accuracy with which we can determine the
(Ref. 7, which cannot be realized lithographically. This dots’ parameters. The calculations do not take into account
small lateral size leads to large quantization energies, typimixing of single particle configurations through the Coulomb
cally tens of meV. The Coulomb interaction energy betweerinteraction, and therefore, also ignore any structure on the
two electrons confined in such a dot can be smaller than themeV scale. However, since our approach verifies that Cou-
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FIG. 1. Capacitance against gate voltage for a sample with gate
area 89um? at 23 T. The prominent maxima occur when electron
tunneling from the back contact into the InAs dots takes place.

Magnetic Field (T)

lomb interactions are important one can expect a rich struc-
ture at the meV scale in the interband optics. Calculations of g 2. A fan diagram of the charging maxima for the sample
photoluminescence from InAs dots as a function of electroyith 89 um? gate area. The gate voltages at which tunnellng occurs
occupatlon show a variety of polarization-dependentave been converted into energy with the lever am\ ~‘eV,,
splittings} but this fine structure has not yet been observedand a constant offset has been subtraésgehbols. The solid lines
Our results seem to describe the ensemble properties, bsttiow the results of the modeling of the addition energies, treating
they should be taken as a rough guide for spectroscopy othe Coulomb interactions with perturbation theory. The parameters
single dots. used areE¢=18.9 meV,m* =0.05",, and%Aw=49.7 meV.

Il EXPERIMENTAL DETAILS cisely, do not vary monotonically as they would in a purely
classical picture of the charging. Instead, they depend sig-
The samples, InAs dots on GaAs, were grown in thenificantly on the electron occupation.
Stranski-Krastanov mode, with dot densities in the range Second, we have measured the transmission of the de
10°—10'° cm 2.7 The dots are separated by a tunnel barriewvices in the near infrared in order to detect excitonic transi-
of undoped GaAs from am*-type layer that serves as a tions. Although the changes in transmission from the exci-
back contact. A GaAs/AlAs superlattice acts as a barrier tdonic absorptions are very smat,0.01%, we have managed
prevent electron tunneling to the surface. The coupling beto detect them by using a system with a very high dynamic
tween the dots and a metal electrode on the sample surfacer@ange and by removing the spectral response of the system
then purely capacitive. with a reference spectrum taken at a large and positive gate
We present results from three experiments. First, we haveoltage. At a large/; we can infer from the capacitance that
measured the capacitance between back contact and gate ithe dots are completely occupied with electrons and, there-
magnetic field applied along the growth direction. With gatefore, that the interband transitions are blocked. The capaci-
areas of a few mfmwe can resolve the single electron charg-tance of the large area sample used for the optical measure-
ing of the first electron statéhe s statd.’®> However, the ments is shown in Fig. 3. Figure 4 shows a set of
inhomogeneous broadening is too large for us to resolve thisansmission spectra taken at various voltages. It can be seen
single electron charging of the second sthe p statg. We  that the transitions disappear according to occupation simply
have, therefore, developed an on-chip capacitance Bfidgefrom the Pauli exclusion principle. Furthermore, however, it
so that the capacitance from smaller dot arrays can be dean be seen that the peaks move in energy with electron
tected. With this method, the Coulomb blockade of shp, occupation, as plotted in Fig. 5. This is a consequence of an
and d states can be resolved. A trace taken at 23 T for anteraction between the exciton and the electrons and is the
sample with 89um? gate aredabout 3500 dotsis shown in  focus of the present work.
Fig. 1. The maxima occur at gate voltages where electron Finally, we present in Fig. 6 photoluminesceri{e&) as a
tunneling takes place. We can convert the gate voltage intfunction of gate voltage excited with 7.2 W crhof 633 nm
an energy by assuming that the energetic position of the dotght. At large negative/ the PL is suppressed because the
changes linearly with respect to the Fermi energy, which igxcitons are ionized by the electric fieflAt higherV,, the
pinned by the high doping level in the back contact. In otherin-built field is screened out so that the dots fill W|th elec-
words, a change in gate voltageV, implies a change in trons from the back contact. We can deduce this by simulta-
energyAE=\" eAV where\, the lever arm, is 7 for the neously measuring the transmission: we measured a sample
present devices. In thls way we can generate the fan diagraapectrum without laser light, and a reference spectrum at the
shown in Fig. 2, a plot of the energies at which tunnelingsameV, with laser light. The resulting transmission spec-
occurs(after subtracting a constant offgseThe interest here trum is almost identical to the spectrum obtained with a ref-
is that the addition energies are not constant, or more preerence spectrum taken without laser lighvgt=0.5 V. Un-
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der these conditions, the PL is strong, but redshifted. At
higher V still, the first excited transition is also observed,
implying that the first excited-hole state is populated. This
occurs presumably because the hole capture probability has FIG. 5. Interband energy for the three transitisas, p-p, and
increased. The fundamental PL first blueshifts and then redd-d against the occupation number. The solid lines are the results of
shifts as more holes are added. The excited peak is redshiftdle perturbation theory calculations; the symbols the results of the
with respect to the corresponding feature in transmission bugxperiments. Fos-s, the transition is clearly blocked fo¢>2. We

then shifts slightly to the blue as additional holes are addedave plotted here the photoluminescence energies. To be consistent

All these shifts are consequences of the Coulomb interactioyVith the transmission experimeri refers to the total number of
electrons after the photon is emitted. For thel transition, only

those transitions withm|=2 are shown.
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Ill. CALCULATIONS

There are four major premises to the calculations wegween either two electrons, or between an electron and a
present. First, the quantization energies of both electronbole, in a single dot. The electron quantization energy has
(w) and holes & w},) are larger than the Coulomb energies. been measured to be 49 meV for the electrons by intraband
By Coulomb energies we mean the interaction energy bespectroscopy: and the Coulomb interaction between two

electrons has been estimated as 20 meV from capacitance
T y T y ] measurement?. This implies that the Coulomb effects can
be treated as perturbations to the single particle structure. In
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FIG. 6. Photoluminescence spectra taken at varigussing 7.2
FIG. 4. Transmission spectra taken at a series of gate voltagé& cm 2 of 633 nm excitation. The arrows are a guide to the eye
V, for a sample with gate area3 mn?. ~0.8 mnf was illumi- showing how the first peak, thes transition, first moves to the red
nated. The curves are labeled wify, and also with the electron (a—d), then to the blued—h) and then to the red agaim ¢ j).
occupation per ddi when this is single valued, and are offset from V,=-1.5, —1.2, —1.0, —0.85, —0.77, —0.66, —0.45, —0.06,
1 for clarity. 0.29, and 0.45 V for curvea—j.
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fact, detailed calculations of charging of InAs dots show that s, ho'
the configuration mixing through the Coulomb interaction is

weak!® Second, the lateral quantization energy is much 1
smaller than the vertical quantization energy. The dots are P, 2h0'—Shoc;
about 6 nm thick yet some 20 nm in diameter, which results

in vertical confinement energies almost an order of magni- 1
tude larger than the lateral confinement energies. We there- p., 2hw'+ Eﬁwc;

fore assume that the dots are two dimensional. Third, the
confining potentials are parabolic. This can be justified from
the energies of far infrared absorption on these dots that
show only a weak dependence on electron occupatitfor

a purely parabolic potential there is no dependence of the
resonance energy on electron occupationAlso, calcula- d o +him.
tions predict close to parabolic potentidfsalthough these o @ @er

should be taken with some caution in the absence of detaileice., the magnetic field lifts the degeneracies with respect to
information on the exact makeup of the dots. Finally, wem at B=0.2° We note at this point that, even at 20 T, the
neglect any dot-dot interactions. This is likely to be a verycyclotron resonance frequency is still considerably less than
good approximation for modeling the interband propertiesthe single-particle energy. The consequence is that the mag-
as in this case the light excites neutral electron-hole pairs thatetic field is a modest perturbation on the dots’ structure.
interact weakly when confined in different dots. Dot-dot in-  The single-particle wave functiong, conveniently listed
teractions have a modest effect on the Coulomb blocRéde, in Ref. 21, are parametrized by an effective length, which we
broadening the peaks slightly, and also increasing the sepaenote ad, for the electrons andi, for the holes. For in-
ration of the peaks slightly. However, for the separation bestance, thes-state electron wave function is

tween back contact and dots used here, the effects are very

d_, 3o’ —tho.;

do, 3ﬁw';

small. The average dot-dot separation is larger than the dis- . 1 21 2

tance from each dot to the back contact so that the highly Pe(r)= N exp(—r/2g).

conductive back contact tends to screen the dot-dot interac- e

tion. The effective lengtH is related to the effective mass*

A typical state involvesN electrons in a dot. Our ap- and frequencyw by
proach is to construct an antisymmetric wave function for the

electrons for a particular configuration from the single par- 3
ticle states and then to include the Coulomb interactions with le= " (2
first-order perturbation theory. When exciting an electron- m*w

hole pair in a dot occupied by electrons, we construct an with, obviously, a similar equation for the holes:
antisymmetrized wave functio, for the N+ 1 electrons,

and a total wave function by 4
Ih= T ()
mh (OF

W=We(ry, ... In+2) ¥n(rn), (1)
] ) ) i The lateral potentials of the dots are, therefore, specified by
where #,(ry,) is the single-particle wave function for the parameters, e.gw, w,, m*, andm? .

hole. This means essentially that any exchange interaction Tpa matrix element of the Coulomb interaction for a par-

between the electrons and the hole has been omitted. W'@ﬂ:ular stateW reduces to a sum of integrals involving the

%Bﬁc?%snusm\?vt:eozg g?égllggqﬁs%aelr?jrbmagglnct?]i%lrl)?ti?]rtemgljerl;legass states. For the interaction between two electrons in ba-
S ) . ) "Bjs statess(r) and ¢F(r), the integrals are of the form
analytically. We consider here the first three harmonic oscil- (1) vi(n) g

lator states, which we label a&sp, andd. At zero magnetic e? |¢?(r1)|2|l//}3(f2)|2
47T808rf f

field, thes level is twofold degenerate, thelevel fourfold, Eicj =

dr.dr,
and thed level sixfold with single particle energiday, 2o, [rai=ra
and Jiw, respectively. For the andd levels we classify the for the direct interactions, and
states with the quantum numbex, corresponding to eigen-

values of thel., angular momentum operator, as this is the e? Pi(r)* i (ro)* fi(ro) f(ry)
natural basis to use in a magnetic field applied alongzthe Ij:4,n_£0£ r—1,]

direction. Forp, m==*1; for d, m==*=2,0; we refer in the '

following to the states ap_, p,, d_, dy, andd,. Ina for the exchange. These integrals can be evaluated
magnetic field, it is convenient to define an effective fre-analytically?” we proceeded for instance by transforming to

drqdr,

quencyw’ where center-of-mass coordinates—r, andr,+r, in which the
integrals separate and become straightforward. We find for
' = \/m example that the direct interaction between wselectrons is
C ’
2
with w.=eB/m*, the cyclotron frequency. In magnetic EC = € \/Ei (4)
field, the single particle states have the following energies: 5 Amege, ¥ 21,
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TABLE I. The direct Coulomb energies Ej
= (€®/4mee,) [ i (r)|?e;(r)|?/|ri—r,|dr,dr, where they;
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TABLE Il The electron-hole  energies Ef"
=(e¥4mege,) [ [|Yf(re) 12| ¥f(rp) |2 |re—rpldredry, where the y;

are the eigenstates of the two-dimensional harmonic oscillator. Thare the eigenstates of the two-dimensional harmonic oscillator. The

units are €%/4meqe,) Ji2/l wherel is the effective length.

i — i Ef
S-S 1
S-P+ 73;
sd, 2
s-dg a
P+-P+ %
p+‘d+ 17_278
p.-do 2—1
d.-d, Tom
do-dg 3
d+'d0 éilg

in agreement with Ref. 23.

In Tables I and Il we list the direct and exchange interac-

tions between the various basis states in term&Sof Simi-
larly, for the interaction between an electron in steafér)
and a hole in stat¢1h(r), the matrix element of the Coulomb
interaction is

gon_ € leﬁre)lzw,-“(rh)lz
U Amegs, [re—rul

dredry,.

This energy can be interpreted as an exciton binding energy:

if an electron is in statg in one dot and a hole in stat;!qf‘

units aree?\m/4mege, . |, andl, are the effective lengths for the
electrons and holes, respectively.

YE(re) = ¢i(ry) EF"
1
1 212+12
od, }8I§+8I§Iﬁ+3lﬁ
8 (IZ+1757?
o, }4|;‘+4|§|ﬁ+3|;‘
4 (1Z+1h)52
1258+71342+ 211
P+-P+ ZW
0., i8|§+40|‘e‘lﬁ+23lﬁlﬁ+6lﬁ
16 (I2+17)7"2
0, dg }4I2+20|§Iﬁ+7|§|ﬁ+6|ﬁ
8 (13+15)™"?
4., i8I2+40|2Iﬁ+99|§|ﬁ+40|§|ﬁ+8lﬁ
64 (12+12)972
3 48+4152+3521% + 41215+ 418
do-do 16 (|§+|ﬁ)g/z

in an identical but well separated dot, the total energy is

reduced b)Eﬁh on confining the two carriers in the same dot.
Results for the direct electron-hole interactions are given irgx
Table Ill. It is particularly straightforward to incorporate the

magnetic field: one must simply include tBadependence of

TABLE II. The exchange Coulomb energies
W(r)* i (ro)* di(ro) i (r
Eﬁ:(62/477808r)f f !//.( 1) lp]( 2) lﬂ.( 2)1/’1( 1) drldrz

Iri—ryl

and |y, by replacingw and w, with o’ and wy, in the
pressions fol, andl,,, respectively??

The advantage of the present approach is simplicity. We
can compare experimental results with analytic expressions
for the Coulomb terms. The results are listed in Tables I-1lI
largely because they will also be useful for other semicon-
ductor quantum-dot systems where the dot parameters will
change but the basic form of the confining potential will stay

where they; are the eigenstates of the two-dimensional harmonicthe same. Furthermore, it is very hard at present to construct

oscillator. The units areef/4mege,) Var/2/1 wherel is the effective
length.

i — i Ej
S-P+ i
s-d, 3
s-do %
PP 16
p+‘d+ %3
p+-do o
p.-d_ 55
d.-do sz
d.-d dos

more accurate single particle states as the composition and
strain distributions in the dots are not known with any pre-
cision. Detailed calculations of the strain depend inevitably
on assumptions on the shape and composition of the dots,
which are hard to justify. Calculations of the addition
energies and exciton binding energi#s™ exist in which a
summation is performed over many states of a parabolic po-
tential. The use of just the first few states of a parabolic
potential, as used here, may well be just as good for our dots
because the higher order states do not exist. The dots studied
here have three to four bound electron states, and this is
representative: dots in other self-assembled systems may
have only a single bound electron st&t@r a maximum of
five, 2’ depending on the system.

The disadvantage of the present approach is that we have
not found the true eigenstates of the system. In Coulomb
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blockade, which measures differences in ground-state ener- TABLE IV. The cyclotron energied o of the magnetic-field-
gies, subtle shifts have, therefore, been neglected. In inteirduced transitions.

band spectroscopy, several transitions are expected for each

transition considered here, split by meV. These effects are | fiw.
obscured in the experiment by the inhomogeneous broaden- 105 ¢
ing. Both the experiments and the theory should be undert” SSP-P+P-p.d-d.—ssp.p.p_p.d_d z043Ess
stood as providing information on the Coulomb interactions?: SSP-P+—SSp.p- THES
with limited resolution. 3: sspp_p;p;—Sspp_p;d_ Lho' —5ES,
4: ssp.p_p.p.d_—sspp_p,d_d_ $hw' — 1o5sES,
IV. MODELING OF THE COULOMB BLOCKADE 5: ssp.p_ps—sspp_d_ 2w — ASEC
The ground-state energy for tiNelectron state is 6: sspp-p;d-—sspp.d.-d- Sho' - SHE

En=E*P(N)+E“(N)—\"'NeV,

where E3P(N) is the sum of the single-particle energies,
EC(N) the matrix element of the Coulomb interaction, and

—)ClNeVgj expresses the electrostatic energy due to th

electric field between gate and back contact. The energy

(neglecting a constant confinement energyve have ne-
glected here the interaction between the electron in the d

and its images in the back contact and in the gate, and alstﬁ)

any dot-dot interactions. For the one-electron state,

Ei=ho—\"'eV,.

hw can then be determined from the addition energy
N "le(Vi—V3) by subtracting ES;; we find fw=49.7

9 ss?
meV, which is in excellent agreement with the value ob-

®ained from far-infrared spectroscopy on the same samples.

measured from the Fermi energy pinned by the back contac?he magnetic-field dispersions

andVj give a value of

fwe effective massn* =0.05%n,. This is somewhat prob-
lematic as it is smaller than the value obtained from the
agnetic field dispersion of the far-infrared absorption
08n, and it leads to a conflict with Eg2). With m*
=0.057n, and#w=49.7 meV one would expett=52 A
which is smaller than the value deduced above from the Cou-
lomb blockade. However, these comments notwithstanding,

Tunneling of an electron into an empty dot occurs at a parwe do not believe that this represents a serious discrepancy

ticular gate voltagevy for which E;=0, i.e., for A ~'eV;
=fw. For two electrons, the ground-state energy is

Ey=2ho—2\"teVy+ES.

E¢. expresses the Coulomb repulsion between thestelec-
trons. Tunneling of the second electron into the dot occurs
Vi for which E,=E;, ie., for \"'eVi=fiw+ES. For
three electrons,

Es=4hw—3\ " teVy+ES+ 2ES,~ EX,
where now the exchange ener&ﬁp between ars and ap

of our model. The electrostatics of our device are complex,
and we have taken here a simplified view. We have tried
including the interaction with the image charges, but this
makes no significant difference to the overall agreement with
the experiment. It could be the case that the conversion of
the gate voltage into an energy simply with a lever arm is too
implistic. A further possibility is that the confinement po-

tential is not exactly parabolic, in which case E®). will not
hold exactly. The spirit of our calculation is to get agreement
at the 10% level, and in this sense Fig. 2 represents a suc-
cess.

At B=0 the four peaks representing Coulomb blockade in

electron plays a role. Using the results listed in Tables | andn€ p level are not equally spaced. In the modeling we find

II, we find that the tunneling conditiolE,=E5 occurs at
)Clevg:%aﬂr %Egs. In this way it is possible to calculate
the gate voltage‘sl'g at which tunneling occurs. The first two
addition energies are, therefore,

N te(Vi—Vy) =Eg,

1
NTe(Vg— Vo) =fo+ 7 ES.

) 1
N te(Vg—Vg) = S ES,
-1 5 4 _7 c
N~ te(Vg—Vg)= gEss,

N le(Ve-Vy) = %Egs,
We have determined which configurations of single par-
ticle states form thél electron ground states as a function of j e, the addition energy‘le(vg—vg) is much larger than
magnetic field. There are abrupt changes in the configurahe two neighboring addition energies. This is a consequence
tions at critical magnetic fields, as listed in Table IV. The of the exchange energy, and is entire|y reminiscent of
resulting ground-state energies are plotted as straight lines lund’s rule in atomic physics. For tié=4 ground state at
Fig. 2 and can be seen to reproduce the experimental datg=0 it is energetically favorable for the two electrons in the
extremely well. We make the following comments. p level to have the same spin, as this minimizes the total
We have adjusted all three parametersfiw, andm* to  energy by ap-p exchange term. To form the=5 ground
fit the data. The addition energy ‘e(V;—V;) determines state, the fifth electron is forced to have opposite spin to the
the Coulomb energ§c,, and hence with Eq4) the effec-  other two p electrons, which means that tunneling is not
tive lengthl .. We findES,=18.9 meV, and hende=76 A.  aided by an exchange term, hence the larger addition energy.
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There exists a critical magnetic fieIcBi) at which the lines in Fig. 3. For their samplefiw=ES,. Our theory,
N=4 ground state changes composition, fremp_p, to  although barely applicable in this case, predicts remarkably
ssp_p_. This is because thp_ state decreases in energy accurate critical magnetic fields, differing by ony20%
with increasingB. At a particular magnetic field, it becomes from the measurements. This would seem to confirm the
energetically advantageous for the twelectrons to occupy conclusion that our approach is a reasonable one in the limit
thep_ state. The loss of the exchange energy is compensatexf large confinement.
by a reduction in the single-particle contribution. We calcu-

late that the critical magnetic field is given by V. MODELING OF THE SHIFTS IN THE INTERBAND
SPECTRUM
3 ) . " :
ﬁwC:EEgs, The selection rule for the interband transitions Asn

=even from the parity of the electron and hole wave func-

_ o, _ tions. The transitions withm=0, which we denote as-s,
which we solve to giveB;=1.7 T using the parameters de- p-p and d-d, are dominant. We estimate that then=2

scribed above. This change in the single-particle configuragansitions. for instance-d, carry at most 5% of the inten-

tion gives a kink in the dispersion of both g andVg ity of the Am=0 transitions, and are therefore neglected.
peaks. Although this is not unambiguously observed in the=gr neutral dots, the exciton energies are

experiments it can be seen in Fig. 2 that the third and fourth

peaks in the capacitance do have a change of gradienBwith ESX= Egtho+hio,— E§2,

around 1 T. A similar effect occurs also in the=8 ground

state: the configuration changes fresp_p, . p_p,d_d. to ESX=Ey+2hw+2hw,— geh

ssp.p.p_p.d_d_ at alow magnetic fieIdEﬁ%=0.5 T). PP PP
At higher field, further changes in the configurations oc- E§§=Eg+3ﬁw+3hwh— EEQ,

cur as shown in Fig. 2. The behavior around 14 T is at first

sight rather complicated; however, it can be understood byhere E4 is the sum of the dot material band gap and
the critical fields in Table IV and by noting that the disper- z-confinement energies. These equations, with the electron-
sion of a particular tunneling peak is determined by the orhole Coulomb energies given in Table lll, are used to deter-
bital occupied by the final electron to tunnel in. R9,=5,  mineEy, 7wy, andly, from the measures-s, p-p, andd-d

the ground state issp_p_p. at low magnetic fields, chang- energies for neutral dots. We takeo=49 meV, as mea-
ing tossp_p_d_ atB2=14.6 T. Similarly, forN=6 it be-  sured with far-infrared spectroscopy, amd =0.07m,. The
comes energetically favorable in the measured field range tmass is the GaAs mass, and represents an average of the
occupy thed state. The ground state at low magnetic fieldmass deduced from capacitance and far-infrared spec-
(B< 53213_2 T) ssp.p_p.p. becomesssp p_p.d_ troscopies. The aim of the calculations is to model the shifts
and thenssp_p_d_d_ for B>Bf=15.2 T. Likewise, the of the transitions on occupation.of Fhe_ dots with electrons.
N=7 configuration changes ath: 138 T from [These can only be determined vy|th I|m|teq accuracy becau§e
ssp.p_p.p.d_tosspp_p.d d_. of the inhomogeneous broadening; at this level a change in

These effects cause the prominent anticrossings in thi1® Mass of-15% is immaterial. We therefore take also
data. It should be noted that the crossing points are quit@S 9iven by Eq(2) (1.=47 A), neglecting any anharmonicity
strongly influenced by the Coulomb effects and are not giver? the confining potential that one might be able to deduce
simply by the single particle terms. Neglecting the CoulombfTom the capacitance and intraband spectroscopy. Thee;energy
terms would shift the prominemt-d-like crossings to-17 T differences between the-s, p-p, andd-d transitionsE,,
in the calculations, which would be inconsistent with the — Ess andEgg—Epp and Eq.(3) give three equations for the
experimental results. The calculations underestimate the eparametersioy, Iy, andmy . The parameters are rather
ergies of)\*levg and)\*levg by ~5 meV. This might in-  sensitive to the two-energy differences, which can only be
dicate a worsening of the model's applicability for highly deduced to=5 meV because of the inhomogeneous broad-
charged states. However, another explanation can be put foening. However, one can expect thaf; is close to the
ward. A particular feature of the capacitance traces on smaheavy-hole mass of GaAs, which gives us confidence in the
area samples is the appearance of replica of the main tunnglarameters we get from numerically solving the simulta-
ing peaks, separated by5 meV from the main peak§. neous equationsfw,=25 meV, 1,=35 A, and mf
This implies a bunching in the density of states, arising pos=0.25n,. This means that the hole quantization energy is
sibly from monolayer fluctuations in the wetting layer. Plot- smaller than that of the electrons, and also that the holes
ted in Fig. 2 are the main peaks. If the amplitudes of thehave a smaller effective length.
subsidiary peaks change slightly with gate voltage then it On exciting an electron-hole pair in a charged dot, addi-
would be easy to pick out tunneling peaks in the spectra thatonal terms must be included to describe the exciton ener-
do not correspond to the same group of dots. This wouldjies. The electron in the electron-hole pair is clearly repelled
resolve the discrepancy in Fig. 2. from the negatively charged dot and this is represented by a

We do not see abrupt changes in gradient at the criticalerm increasing the exciton energy. On the other hand, the
magnetic fields as there is an averaging over the dot erhole is attracted by the negatively charged dot, decreasing
semble(symbols in Fig. 2 However, Taruchat al* have the exciton energy. Generally speaking, the attraction of the
measured a single dot and they have been able to obsertele dominates over the repulsion of the electron, causing
kinks in the energy spectrum, exactly as calculateolid  redshifts. The fundamental reason is that|,.%®
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0 s carried out exactly as for the electrons. Figure 7 reproduces

10 - the experimental data remarkably well if we assume that we
— - measure an average of the allowed transitionsssteePL is

07— — — shifted by~ —20 meV by the stored negative charge; adding

>

[

£

.‘%

& 0] — holes induces initially an upward shift ef5 meV but then a

& 40l , , . . . downward shift of~5 meV. Thep-p PL is visible as soon as

= 0 ! 2 3 4 5 the holep state is occupied and exhibits a shift of—25

% o7 pp meV with respect to thg-p absorption for neutral dots.

£ -104 Further holes cause an upward shift in fh@ PL energy, as

E 204 T — in the experimental spectra of Fig. 6.

g 207 - VI. SIMULATION OF THE TRANSMISSION SPECTRA

g '40 1 T T 1 1 1 . . . .

= 0 1 2 3 4 5 The linewidths of the interband spectra are determined by
Additional hole occupation the distribution in the size of the quantum dots. For neutral

dots, the linewidth of thes-s transition is 30 meV, signifi-
FIG. 7. Calculated photoluminescence energy for the transitiongantly higher than the linewidth of the charging peaks in the
s-s andp-p. It is assumed that the dots contain five electrons, onecapacitance spectra, 18 meV. The explanation is that the ca-
electron-hole pair and a variable number of additional holes. pacitance is broadened only by the distribution in the dots’

Figure 5 is a plot of the exciton energies as a function Oi_ground-state energy with respect to the Fermi energy, yet the

electron occupation. The sample used for these measurg]_terband spectrum has also a contribution from the holes.

mens has a larger gate area than the sample used for )" 9T [0 ke e srment cuantiaiue we ssene
capacitance measurements shown in Fig. 1. The Coulom 9

blockade of thes level is well resolved for the larger area ots’ thickn_ess, giving a Gau_ssian distribution of full width
sample, but the Coulomb blockade of théevel is not(see at_ half maX|mum(FWHM). I’ in the eIectrons—;tate energy
Fig. 3 'This means that we can chodée such that the vast with respect to the Fermi energy. These vertical fluctuations
maj.oriiy of dots haveN=0 N=1. or %:2 and alsoN give a contribution ofl"y to the broadening of the Coulomb
=6, but forN between 3 anéj 5 thére is inevitably a distribu- blockade peaks in the capacitance, but contribute 411’
tion’ in the electron occupancy to the interband spectra, the teeah’; arising from the holes.
The p-p transition exhibits t.he largest shifts. Fbr=1 There are also fluctuations in the lateral size of the dots that
the p electron excited by the photon and th(ele.ctron ca{n contribute to the measured linewidths. This implies that there
either have parallel or antiparallel spins. This leads to twdS & Gaussian distribution ihw+%w, whose FWHM,I'y,
ossible energy shift€® — ES" andES — EX —E®" which can be estimated from model calculations of the dots’ con-
gre ot resol\%/d e exmbriment FNE2. e shift i ning potential’® A FWHM in the lateral size distribution of
DEC _EX _2Eeh \hich is E\ excellént a reément with the 10% of the average size implies approximately a FWHM of
sp  —sp | sp'l 9 10 meV infiw+hoy. It might be thought that far-infrared
exﬁ)r?tgrr?srt]if Irescl)jr:.further ncrease of. the b exciton | SPECTOSCOPY measures this broadening directly as this tech-
energy doesgn?{’change in the experime,nt topvvﬁhin 10 meVnique is insensitive to fluctuations in the vertical confinement
) . ’ U= Vof the dots. It is striking that the measured widths of the
?S ex]E)Ii\llr}ed abor\:s/' we !{?](_evnabl_y avel\rlage '?hvelr a d'lsmbuintraband absorptions are very small, only 3 meV. However,
lon of N Tor €ach Vg In IS regime. INeVerineless, 1arge s inewidth may be reduced from the spread in the single-
shifts in energy with increasingl can be ruled out. The icle energy by interdot coupling® An equivalent effect

calculations reproduce this behavior approximately, if ong,,5q peen identified in the cyclotron resonance of highly lo-
averages over the various possible transitions shown in Fig.,jized electrons in the quantum lim#t32 We therefore fit

5 . . . I'y to the interband data. It is natpriori clear if there is any
The s-s transition d!sgpp%ars =2 through Pauli  cqpelation between the fluctuations in vertical and lateral
blocking; atN=1 the shift isE,—Ess which, at 4 meV, is  gjze \We assume that there is none, i.e., that for each vertical
just resolvable in the experiment. It is possible to follow thethickness there is the same Gaussian distribution in the lat-
s-s transition at higheN by PL experiments that have been grg| thickness.
reported by Schmidgt al.">on similar samples. A redshift ~ Tq simulate the transmission spectra of the dot ensemble,
was observed on occupation and the results are in brogge classify the dots with the-state energf,. The Gauss-
agreement with our perturbation theory estimates. We havgy distribution of Eo, N(Eo), acts then as a density-of-
excited the PL with visible laser light, as shown in Fig. 6. gtates function. We assume initially tht, is large and

For V4 around—0.8 V for this excitation density we fill the negative such that all the dots are neutral. Forgiseinter-
dots with electrons and we find a 20 meV redshift of the Plyand transition. the interband transition eneEfy is a func-

with respect to thes-s energy in transmission. This point is tion of En-

plotted in Fig. 5. At higheWN the dots progressively fill with

holes. Figure 7 shows a calculation of the and p-p PL ESXEq) =EEX+ (1+ a)E,y,
energies, assuming that the dots contain 5 electrons and one
electron-hole pair plus a variable number of additional holeswhere EZ is the averages-s interband energy. We have
When we have more than one hole, Et)) is extended so taken the average value Bf, to be zero. The absorption at a
that the hole wave function is also antisymmetric. This isparticular energyE is then given by
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2\In2 (= mission of light through a conducting sheet on the surface of
A E)= Ao gDy [? j N(Eo) a dielectric®® In turn, the conductivity can be described in a
\/;F1 e semiclassical approximatiofiand the momentum matrix el-
ement evaluated by making the standard separation of the
entire wave function as a product of a Bloch function and
which is also a Gaussian, centered Bt ES, but with envelope functior{the envelope functions being thi(r)

FWHM (1+ @) 22+ T'2. For thep-p transition for empty ~d€scribed above The result is
dots,

X exp{ — 4In2[ E— E&Y(Eo) 14T 3}dE,,

A he’NgoE,
0=
_ e 2 2VIN2 2E¥MgeoC(1+ \e,)
App(E)_2A0|<¢p|l//p>| 2\/—1_,
™ where E, is the Kane matrix element and,,, is the dot
P
o density.
X f N(Eq)exp{—4In2[E For largerV, the dots become charged and this effects the
- absorption through both Pauli blocking and the occupation
—ES)S(EO)]Z/(ZFl)Z}dEo- dependent shifts. The point is that the dots with a small

ground-state energy are occupied first and these dots tend to
The prefactor 2 arises because of the doubling in the degemave a small interband energy. We consider occupations up
eracy, and the FWHM describing the lateral fluctuationsto two electrons per dot. For eatty we divide the dots into
enters as P; simply because the lateral quantization con-three groups, those witN=0, those withN=1, and those
tributes 2¢w+fiw,) to the energy. The net width with N=2, according to theis-state energyy:

V(1+ @)?T'§+(2I',)? is larger than thes-s width. We note

that if the vertical fluctuations dominate@ {>T',), thes-s N=0: E¢> E8=)\_16Vg,
and p-p interband transitions would be equally broad. Con-

versely, if the lateral fluctuations dominatel&T ), the N=1: Ej<E<ES,

p-p transition would have twice the width of trees transi-

tion. The truth lies somewhere in between, lending support to N=2: Ey,<Ei= N eV, —ES,.

the assertion that both broadening mechanisms must be in-

cluded. The overlap integralsy?| ")|? are simply evaluated To all intents and purposes the dots are homogeneous

from the harmonic oscillator eigenstates; results are listed iknough that there are only ever two groupss=0 andN

Table V. =1, orN=1 andN=2, which contribute significantly to the
The proportionality constamty can be related to the mea- absorption. For each group, we integrate okgrand sum

sured absorption by using the standard formula for the tranghe absorption for the-s, p-p, andd-d transitions,

2\/?Km'ﬂ mh>|2{ f; N(Eo)exp{ —4In2[E— Ex{(E;0)1%/(m+1)°T'{}dE,

0

n
A(E)=A
(E) Omgp,d \/;F

EO
' f i N(Eo)exp—4In2[E~ET(Eo:1)]%(m+1)°T 1}dEq

0

+ f,EiN(Eo)exp{—ztlnz[E— Emm(E0:2)1%/(m+1)°T7}dEy¢, ©

ESX (Eo;N) refers to thes-s, p-p, andd-d, exciton ener- Shifets-r!ezandlh are exacetly as before, giving, for example,
gies (m=s,p,d) as a function oE, and electron occupation [(¥¢l¥5)|*=0.91 and[(yg|yp)[*=0.83. We determind’,
N. The average energies are all taken from the perturbatiofom the broadening in the capacitance, ilg=18.0 meV.

theory described in the previous section. Each integral in Eof* fough fit to the data then giveb,=13.3 meV anda
(5) re)(/juces to an error Ff)unction. g in.G. As expectedl’;<I'; anda<1. The simulated trans-

.mission curves for sever#l, are shown in Fig. 8 and can be

The parameters needed to generate S|mulated'transm|53|ggen to reproduce the intensities and forms of the resonances
spectra are determined as follows. We deterng, by  |ather well.

integrating the capacitance trace over the first two Coulomb  The s-s transition disappears on increasilg as thes
blockade peaks; for the sample studied here we Myg  level fills, but not without changes in the lineshape. These
=5x10° cm™?, and we takeE,=25.7 eV, the GaAs value, come about from the fact that the dots with=1 absorb
which is consistent with the use of the GaAs effective massmore weakly and also on average at a lower energy than the
not the InAs effective mass, for the analysis of the energydots withN=0. At aV just before thes-s transition disap-
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TABLE V. The overlap integralgyf|y!") where they; are the ; T y '
eigenstates of the two-dimensional harmonic oscilldtoandl,, are L0012 e =
the effective lengths for the electrons and holes, respectively. 05

1.0010 i
h h -0.57
U=y (Wiluy)
-0.62
1.0008 4
o 21d, -0.66 i
- -0.71
12+12 g i
e i % 10006 |——
p.-p el E -0.80
+ P+ e
12+12 I
o \3 = 0.38 )
1.0002 é
d,-d, < h2 093
le+1§ 09
1.0000 A
24,V 20, 102
do-do 212 12112 I
le+lh/  letli 0.9998 |- -
2_2 L 1 . 1 L
q Adnle—1h) 1.0 11 12 13
S- 2.,12\2
(Ie+1p) Energy (eV)

FIG. 8. Simulated transmission spectra. Each curve is labeled
with the gate voltage and offset from 1 for clarity. These results
pears completely, only a small subset of the dots can absorhould be compared to the experimental results shown in Fig. 4.
(those with particularly higltiy) and this causes a narrowing
of the line. This can be just made out in the experimenta
results. Changes in the lineshape occur also foptetran-
sition. Thep-p transition moves to lower energy in two steps
as the dots fill initially with one electron and then with two.
The d-d transition behaves analogously, except that here th

the Coulomb interactions with perturbation theory. The con-
ining potential is taken to be parabolic and two-dimensional.
The results are compared with the addition energies deduced
from capacitance measurements, and with exciton energies
deduced from transmission and photoluminescence spectros-
Sopy. The inhomogeneous broadening in the experimental
e'spectra limits the accuracy of the measurements on the one
; . o . hand and the accuracy with which the dot parameters can be
.The most obvious dlscrepan_cy n Fig. 8_'5 that the ranSyetermined on the other. Within these uncertainties, the cal-
mission at thep-p andd-d energies is lower in the measure- o tigng agree very well with the experiments. We have also

ments than in the calculations. It would appear that the doérgued that the inhomogeneous broadening obscures an ex-

absorption is superimposed on the low-energy tail of a Stron%ected fine structure in the energy levels of charged dots that

absorption at higher energy. The most likely explanation is.;qnot he treated with the present approach. It is hoped that

that it comes fromV-dependent absorption in the Wetting ;¢ fine structure can be resolved in the future by performing
layer. We occupy the wetting layer at the large and pos't'veexperiments on single, charge-tunable dots.
V, used for the reference spectryindicated by a rapid rise

in the capacitangeso it is very likely that the wetting layer ACKNOWLEDGMENTS
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and so the effects are largely smeared out.
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