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We adopt an atomistic pseudopotential description of the electronic structure of self-assembled, lens-shaped
InAs quantum dots within the “linear combination of bulk bands” method. We present a detailed comparison
with experiment, including quantites such as the single-particle electron and hole energy level spacings, the
excitonic band gap, the electron-electron, hole-hole, and electron-hole Coulomb energies and the optical
polarization anisotropy. We find a generally good agreement, which is improved even further for a dot
composition where some Ga has diffused into the dots.

I. USING THEORY AS A BRIDGE BETWEEN THE lomb energiesand qualitative(absence of polarization an-
STRUCTURE AND ELECTRONIC PROPERTIES isotropy in square based pyramidal d¥tsnissing energy
OF QUANTUM DOTS levels®?) As a result of these limitations these methods may

i , not offer a reliable bridge between the electronic and atom-
Self-assembled, Stranski-Krastanow grown semiconduGgiic structure.

t_or guantum dot_s _have_ recently received Considera_ble at_ten- In this paper, we offer a bridge between recent measure-
tion as they exhibit a rich spectrum of phenomena includingnents of theelectronic structureand measurements of the
quantum confinemerit® exchange splitting$, Coulomb  atomic structureof the dots using accurate theoretical mod-
charging/blockadé;** and multiexciton transition$!* Over  eling. Modeling can determine if the calculated electronic
the past few years a considerable number of high-qualitgtructure resulting from an assumed shape, size, strain, and
measurements of the electronic level structure of these detlloying profiles agrees with the measured electronic struc-
systems have been performed, using photoluminescendere or not. A theory that can perform such a “bridging
(PL),10:12.15-20 photoluminescence luminescence function” must be accurate and reliable. The pseudopotential
excitation*'* capacitancé;"'® and far infrared (FIR)  approach to this problem qualifies, in that any discrepancy
spectroscopy:?1 =26 These measurements have been able tdetween the predicted and measured electronic properties
determine the electronic level structure to relatively high precan be attributed to incorrectly assumed shape, size, or alloy-
cision. In parallel with these measurements, several group89 profile. We have studied a range of shapes, sizes, and
have also attempted to measure the geometry and compogilloy profiles and find that a lens-shaped InAs dot with an
tion of these dotd®1627-295¢ far, however, these measure- m_homogeneous Ga alloying profile is m_closest_agreement
ments have failed to provide details of the shape, size, inhd%ith current measurements. In the following sections we at-
mogeneous strain, and alloying profiles to a similar level offempt to provide a cqn3|stent t.heoretlcal interpretation of nu-
accuracy to that to which the electronic structure has beefl’€rous spectroscopic properties of InAs/GaAs dots.
determined. As a result, the size of the dots were often used

as adjustable parameters in models that fit experimental Il. OUTLINE OF THE METHOD OF CALCULATION

spectra. For example, using a single-band effective-mass We aim to calculate the energy associated with various

14 - “ . .
model, Dekelet al." defined an “effective shapetcuboid  g|acironic excitations in InAs/GaAs quantum dots. These en-

and “effective dimension” that reproduced the measured ex'ergies can be expressed as total-energy differences and re-

citonic transitions. Similar “palrabolic dot” models have quire four stages of calculation:
been assumed by Hawrylak al. (i) Assume the shape, size, and composition and compute
The accuracy of single-band and multiband effective-the equilibrium displacementVe first construct a supercell
mass methods was recently examined in a series Qfontaining both the quantum dot and surrounding GaAs bar-
papers®~3¥In these papers, the shape, size, and compositiofler material. The shape, size, and composition profile are
of nanostructures were arbitrarily fixed, and the electroniaaken as input and subsequently refined. Sufficient GaAs bar-
structure was evaluated by successively improving the basiser is used, so that when periodic boundary conditions are
set, starting from single-band metho@dfective masg go-  applied to the system, the electronic and strain interactions
ing to six- and eight-band methodk.p), and finally, using between dots in neighboring cells are negligible. The atomic
a converged, multiband approagiiane-wave pseudopoten- positions within the supercell are then relaxed by minimizing
tials). It was found that conventional effective-mass &npl  the strain energy described by an atomistic force ¥reldi
methods can sometimes significantly misrepresent the fulljncluding bond-bending, bond-stretching, and bond-bending/
converged results even when the shape, size, and composiend-stretching interactiorisee Sec. Il A. An atomic force
tion were given. The observed discrepancies were both quafield is similar to continuum elasticity approacfes that
titative (such as band-gap values, level spacings, Couboth methods are based on the elastic constf@ts;, of the
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underlying bulk materials. However, atomistic approaches TABLE I. Fitted bulk electronic properties for GaAs and InAs
are superior to continuum methods in two wafg,they can  using the screened atomic pseudopotentials, in(Bg.The hydro-
contain anharmonic effects, arib) they capture the correct static deformation potential of the band gap dng, levels are
point-group symmetry, e.g., the point-group symmetry of gdenoted byagy,, and ar,, - The biaxial deformation potential is
square based, zinc-blende pyramidal doCig,, since the denoted by and the spin-orbit splittings at tHés, andL;, points

[110] and[110] directions are inequivalent while continuum 2'€ denoted bo andA,.
methods® find C,, . More details of the atomistic relaxation

. . GaAs InAs
are given in Sec. Il A.
(i) Set up and solve the pseudopotential single-particle Property EPM Expt. EPM Expt?
equation A single-particle Schrdinger equation is set up at
the relaxed atomic position$R,,,}: Eqap 1.527 1.52 0.424 0.42
EXSU —2.697 —2.96 —2.330 —2.40
~ B 2 “ Ex1C 1.981 1.98 2.205 2.34
Hii(n=1-5V +% Vol =Rna) 1 (1) = €4i(r). Ex, 2.52 2.50 2.719 2.54
(1) E,_SU —-1.01 —1.30 —5.76 —6.30
) ) ) , = 2.36 1.81 1.668 1.71
The potential for the syste'm is written as asum of st.ram— : 0.066 0.067 0.024 0.023
dependent, scre_ened atomic pseudopotem_l(ajsthat are f|¢ i, [100] 0.342 0.40 0.385 0.35
to bulk properties extracted from experiment and first-
. . . mp[111] 0.866 0.57 0.994 0.85
principles calculations(see Sec. Il B. The Schrdinger 0
- L K S my,[ 100] 0.093 0.082 0.030 0.026
equation is solved by expandingin a linear combination of o _ 788 _g.a3 _6.79 57
bulk statesp,,, from bandsn, andk-pointsk, gap ' ' ' '
ar,. -1.11 -1.0 —0.826 —-1.0
0 b —1.559 —-1.7 —1.62 -1.7
gi(r)= E CrkPnk(T) 2 Ao 0.34 0.34 0.36 0.38
Ay 0.177 0.22 0.26 0.27

taken at a few strain values. The solution of Ed3.and(2)
provides the level structure and dipole transition matrix ele-Reference 41.
ments. More details on the solution of the Salinger equa-
tion are given in Sec. Il C.

(iii) Calculate the screened, interparticle many-body in-
teractions The calculated single-particle wave functions are
used to compute the electron-electron, electron-hole, and !ll. DETAILS OF THE METHOD OF CALCULATION
hole-hole directJqe,Jeh:Inn, and exchang&qe,Ken,Knh,
Coulomb energiegsee Sec. Il D.

(iv) Calculate excitation energies as differences in total,
many-particle energies-or example, the difference between
the total-energyE 4  hgeg] of a dot with a hole in leveh,
and an electron in leval, and the total-energfoq h3e3] of
the unexcited dot is

composition, and transition energies are more established.
We next describe the details of our method.

A. Calculation of equilibrium atomic positions
for a given shape

To calculate the relaxed atomic positions within the su-
percell, we use a generalization of the original valence force
field (G-VFP® model. Our implementation of the VFF in-
cludes bond-stretching, bond-angle bending, and bond-
length/bond-angle interaction terms in the VFF Hamiltonian.
This enables us to accurately reproduce €heg, C4,, and

E.d hoes]—Eod hoed]=(€e.— €n ) — Je .+ 2Ke O,
110801~ Eod Noo] = (€, = €n) = Jegn, 0 C 4 elastic constants in a zinc-blende bulk material. We have

€ho

)

where(in the absence of spin-orbit couplings,= 1 for trip-

also included higher-order bond-stretching terms, which lead
to the correct dependence of the Young’s modulus with pres-

let states, and O for singlet states. Analagous expressiorssire. The G-VFF total energy can be expressed as

exist for electron-addition experimentsee Sec. Il .

The main approximations involved in our method éae
the fit of the pseudopotential to the experimental data for
bulk materials is never perfe¢see Table)l and (b) we ne-
glect self-consistent iterations in that we assume that the
screened pseudopotential drawn from a bulk calculation is
appropriate for the dot. Our numerical convergence param-
eters arg(i) the size of the GaAs barrier separating periodic
images of the dots, an@i) the number of bulk wave func-
tions used in the linear combination of bulk banti€BB)
expansion of the wave functions. To examine the effects of
these approximations and convergences on the ultimate level
of accuracy that can be obtained with our methodology we

have first applied these methods to an InGaAs/GaAs quarwhere Ad;;=

nn;

EVFF E E —[a(l)Ad2+a(2)Ad3]

nn;

EI E B]Ik

a2a, — 0 0 L(RI—Ri)(Re—

Ri)

nn;

30
—cos6j,djjdf ]2+Z E ”k

|k

X[(Rj=Ry):(R¢—R;)—coséf, didy], (4

[(R— R)2 d?)/dS. HereR; is the coordi-

tum well (see Sec. Il E where experimental measurementsnate of atoni andd; and the idea{unrelaxe()l bond distance

of the shape, size,

between atom types of and j.

Also, 0 ik Is the ideal
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TABLE II. Input G-VFF parameterg, 3, ando to Eq.(4) and their resulting elastic constai@g,, C15,

andC,,.
B C12
a (10° dyne/cm) o a? Cu (10'* dyne/cnf) Cus
GaAs 32.153 9.370 —4.099 —105. 12.11 5.48 6.04
InAs 21.674 5.760 —5.753 —112. 8.33 4.53 3.80

(unrelaxed angle of the bond anglg—i—k. The =" de-
notes summation over the nearest neighbors of atohine

whereR,,, is the G-VFF relaxed position of th&th atom of
type «. Hereo ,(r) is a screened empirical pseudopotential

bond stretching, bond-angle bending, and bond-length/bondpr atomic typea. It contains a local part and a nonlocal,

angle interaction coefficients{’(=a), B, and oy are

spin-orbit interaction part.

related to the elastic constants in a pure zinc-blende structure The local potential part is designed to include dependence

in the following way:

[ 3
C11+2C12: 4—do(3a+,8—60'),
3
C11—Cio= d_O’B’

_\F[(a-l—,@)(aﬁ—a'z)—ZO'S-l-Za,Ba']
Cas= do (a+B+20)2

. (5

The second-order bond-stretching coefficieft) is related

on the local hydrostatic strain Te]:
01 €)=vsir;0)[1+ 7, Tr(e)], )

where they, is a fitting parameter. The zero strain potential
veY(r;0) is expressed in reciprocal spag@s

v(q)=a9(q%—ay)/[ae%9 ~ 1]. ®

The local hydrostatic strain, Tef, for a given atom aR is
defined ad)r/Qg—1, where()y is the volume of the tetra-
hedron formed by the four atoms bonded to the atorR.at

to the pressure derivative of the Young’s modulus by{), is the volume of that tetrahedron in the unstrained con-

dB/dP, whereB=(C,;+2C;,)/3 is the Young’s modulus.

dition. The need for explicit dependence of the atomic pseu-

Note that in the standatd VFF, which we have used dopotential on strain in Eq7) results from the following:

previously>’~3% the last terms of Eq(4) are missing, sar

While the description in Eq6) of the total pseudopotential

=0 in Eq. (5). Thus there were onlywo free parameters as a superposition of atomic potentials situated at specific
(a,B) and therefore three elastic constants could not, in gersites{R,,}, does capture the correct local symmetries in the
eral, be fit exactly. The G-VFF parameters and the resultingystem, the absence of a self-consistent treatment of the
elastic constants are shown in Table 1l for GaAs and InAsSchralinger equation deprives the potential from changing in
crystals. For an InGaAs alloy system, the bond-angle andesponse to strain. In the absence of a strain-dependent term,

bond-length/bond-angle interaction parametgyso for the

the volume dependence of the energy of the bulk valence-

mixed cation Ga-As-In bond angle are taken as the algebraigand maximum is incorrect. While self-consistent descrip-
average of the In-As-In and Ga-As-Ga values. The idealions show that the volume deformation potentia)
bond angledf, is 109° for the pure zinc-blende crystal. =dE,/dIn{ of the valence-band maximum iegativefor

However, to satisfy Vegas's law for the alloy volume, we GaAs, GaSb, InAs, InSb, and for all, Group-II-VI semicon-

find that it is necessary to ugd , » = 110.5° for the cation

mixed bond angle.

ductors, this qualitative behavior cannot be obtained by a
non-self-consistent calculation that lacks a strain dependent

As a simple test of this G-VFF for alloy systems, we Pséudopotential. _ o _ _
compared the relaxed atomic positions from G-VFF with 10 calculate the spin-orbit interaction, each wave function

pseudopotential LDA results for @.00) (GaAs), /(InAs),

superlattice where the/a ratio is fixed to 1, but we allow

must be represented by spin-up and spin-down components.
The additional term in the Hamiltonian, which describes the

energy minimizing changes in the overall lattice constanSPiN-Orbit interaction, is implemented @ispace as a maitrix

(aeq) and the atomic internal degrees of freedamf. We

find agq"=5.8612 A andug,”=0.2305, while the G-VFF

results areag, '""=5.8611 A andug, '""=0.2305. In

comparison the original VFF yielday;"=5.8476 A and

Ugq =0.2303.

B. The empirical pseudopotential Hamiltonian

We set up the single-particle Hamiltonian as

A= 29243 G, Ry, ©

(between plane wavie; andk,). More specifically, we have

Hso:Z [YVEOrL-]]. (9)

Here|l ) is the projection operator of spatial angular momen-
tum |, L is the spacial angular momentum operafos the
Dirac spin operatogmatrix between spin-up and -down com-
ponenty, and VP(r) is a potential representing the spin-
orbit interaction due to relativistic effects of core electron
states. In a plane-wave bagis;), and |k,), Hso can be
rewritten as
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TABLE Ill. Parameters for the GaAs and InAs screened atomiczone-center band gap, due to the lack of the ah@yaram-
pseudopotentials, in Ed7). This potential requires a plane-wave eter. The potential used here is identical to that used in Refs.

cutoff of 5 Ryd. 44 and 34.
Parameter In Ga AlnAs)  As (GaAg C. Calculating the single-particle eigenstates
a 644.13 432960 26.468 10.933 One could use a straightforward expansion of the single-
by 15126  1.7842 3.0313 3.0905  particle wave functions in a plane-wave basis set, as we have
& 15.201 18880 1.2464 1.1040  previously done in Refs. 37, 38, and 39. However, as was
8 0.35374 020810  0.42129 0.23304  shown in Refs. 34, 44, and 46, a more economical represen-
ay 21821 25639 0.0 0.0 tation is to use the LCBB methdt:**“®within the LCBB

the eigenstates of the pseudopotential Hamiltonian are ex-
panded in a basis of bulk Bloch orbitals

dP(cosby,k,)

4ir A A oA
Tdcosty, ]“‘“kz)'s H(N=2 3 o) s (e, (11)

n i
<k1|Hso|k2>:EI ?(2| +1)

* S0, . 2 where ug , (1) is the cell periodic part of the bulk Bloch
Xfo VI Dii(lkalnji(kglrrdr. 10 \ave function for structure, at thenth band and thékth
k-point. These states form a physically more intuitive basis
than traditional plane waves, therefore the number of bands
Here, 6y k, is the angle betweeky andk,, () is the volume andk' poinFs can be significantly reduced to keep oqu the
of the unit cell, andj, is a spherical bessel function. In our Physically important bands aridpoints (around thel” point

calculations, we have only included the effectslefl (p in t_h's casea_ This method was recently generahzgd to
. strained semiconductor heterostructure systémsd to in-
state$, and have used a Gaussian model\¥gF(r).

o clude to spin-orbit interactiof?. In this paper we use a
l? qub (©), ft he kinetic err: ergy Qf thfe E!ectrons hgs beenLCBB basis derived from four structures These structures
scaled by a factor of3. The origin of this term is as e (i) unstrained, bulk InAs at zero pressufié) unstrained,
follows: In an accurate description of the crystal band struc ulk GaAs at zero pressuréiii) bulk InAs subjected to the
ture, such as the GW meth8®ia general, spatially nonlocal gyain value in the center of the InAs dot, aind) bulk InAs
potentialV(r,r’), is needed to describe the self-energy termgiacted to the strain value at the tip of the InAs dot. By
In the absence of such a term, the occupied bandwidth of 8o nolating the strain profile between these four structures,
inhormogeneous electron gas IS too 'af9? co_mpared 0 tee hasis is able to accurately describe all the strain in the
exact many-body result. To a first approximation, howevergygiem The wave vectofk! used here include all allowed
the leading effects of this nonlocal potenfiélr,r’), can be 5,65 within 16r/L of the zone center, whete is the su-
represented by scaling the kinetic energy. This can be seglhycel| size. For calculations of electron states, the band in-
by Fourier transforming/(r,r") in reciprocal space, then  gicesn include only the band around thi&, point. For the
making a Taylor expansion afabout zero. We find that the | o states we also include the three bands around e

introduction of such a kinetic-energy scaling, permits & iny This basis set produces single-particle energies that are
simultaneous fit of both the effective masses and energ onverged with respect to basis size, to within 1 meV.

gaps. In this paper, we ff8=1.23 for both GaAs and InAs.
The pseudopotential parameters in E3.and (8) were

fitted to the bulk band structures, experimental deformation

potentials and effective masses and first-principles calcula-

tions of the valence-band offsets of GaAs and InAs. The Using screened Hartree—Fock theory, the energy associ-

alloy bowing parameter for the GalnAs band g eV) is  ated with loadingN electrons into a quantum dot can be

also fitted. The pseudopotential parameters are given iexpressetl as

Table Ill and their fitted properties are given in Tabfé We

see that unlike the LDA, here we accurately reproduce the _ ol ee e

bulk band gaps and the bulk effective masses. One signifi- EN_Z (e +%P )ni+i§<:j F=Kiomn;, - (12

cant difference in our parameter set, to that used in conven-

tional k.p studies, is our choice of a negative magnitude forwheree; are the single-particle energie%i‘?OI are the polar-

the valence-band deformation potentél, which we have ization self-energies of thith electron state];;® andK7;® are

obtained from LAPW calculatiorf€. the direct and exchange Coulomb integrals betweeritthe
The present InAs and GaAs pseudopotentials have beeind jth electronic states, ang are the occupation numbers

systematically improved relative to our previous InAs and(X;n;=N). As shown in Ref. 47, for free standing, colloidal

GaAs potentiald’3843-453ithough the functional form has guantum dots the dielectric constant inside the dot is dra-

remained the same. First, the pseudopotentials for InAs anghatically different to that outsidévacuum and hence the

GaAs used in Ref. 37, 44 did not include the spin-orbit in-polarization self-energ;élip"', is very significant 1 eV).

teraction. In Refs. 38, 43 and 45 we used potentials thaFor self-assembled InAs dots embedded in GaAs, the dielec-

included the spin-orbit interaction, but were not able to si-tric constants of InAs and GaAs are similare,(

multaneously, accurately fit the electron effective and the=12.3,10.6) and we calculate this term ad meV. The

D. Constructing the energies of different electronic
configurations
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resulting effect on single-particle enerdifferencesds there- — —
fore a fraction of an meV and so we choose to neglect this | (@) QW Excitonic Transitions
term. The direct and exchange Coulomb energies, are de i
fined as @z
=
2 2 =
|¢i(r1)| |¢j(r2)| o Calculation
ij= = drydry, k3
e(ry—rp)[ry—ry )
g
T (r) gilro) g (ro)i(r) £
Ki,:f f = ——drydr,, (13
e(ri—ro)|ri—ry 1
where ¢ is a phenomenological, screened dielectric . . . .
functiorf® containing a Thomas-Fermi electronic component 1.2 1.3 1.4 15 16 17
and an ionic component from Ref. 48. Our exchange auto- Energy (eV)
matically includes both short- and long-range components.
Denoting electron levels a,e;,e,, . . ., hole levels as 1.52
ho,h¢,hy, ..., and thenumb(_ar of electrons and holes s 150 4 | (b) QW Band Gap |
andM, the total energ¥Eyn, IS 148
1.46 | —e— Expt. [Ref.45]
Emn=2 —€nmi+ >, (Jihjh_Kihjh)mimj'*'E €N =~ O EPM
i ' i<] P D 444 |
B 1.42
[T 1
+2 (K= (5" -Knim;, G
1<j ] 1.40 -
(14 1.38
wheren; andm; are the electron and hole occupation num-  1.36
bers, respectively, and;n;=N and ;m;=M. Using Eq. 134 . . . . . . . .
(14), in the strong confinement regime where kinetic-energy 2 4 6 8 10 12 14 16 18 20
effects dominate over the effects of exchange and correla QW Thickness (ML)
tion, the energy of a single exciton created by the excitation .
of an electron from hole stateto electron staté can be FIG. 1. (&) A comparison of EPM calculated and measured elec-

tron to heavy-hole transition energies in a 96 A, JiGa,sAs
guantum well embedded inside a GaAs matrix. The vertical lines

Eﬁxc”onz (€e— Eh-)_‘]jeih+ Kjeih5so- (15)  mark the positions of the EPM calculated transitiofs. The cal-

! : culated band gap of andn,Ga, ,6As quantum well as a function of

To study charged dots, if one assumes the electron states atethickness.
occupied in order of increasing energ§ufbau principlg,*°
the total energy of a dot charged withelectronsEy, is mental spectra occtftat 1.275, 1.395, and 1.538 eV. Our
calculated transitions occur at 1.290, 1.404, and 1.545 eV,

expressed as

Eod €5]=0, respectively. Figure (b) compares the band gap of a
Ing.»Ga 76AS quantum well as a function of its thickness.
Em[eé]zeeo, The measured band gapgor quantum wells with thick-
nesses of 6 and 18 M{monolayey are 1.458 and 1.351 eV.
Eoz[eg]:zfeoJr NI Our calculated values are 1.466 and 1.366 eV.
Eog[eéei]=(26eo+ €e) T[Jey 00t 23ey 0]~ Key o IV. PHYSICAL QUANTITIES TO COMPARE
WITH EXPERIMENT
Eodefel]= (2ec,+ 2€c)) The quantities we use to characterize the electronic struc-
ture are illustrated in Fig. 2, which shows a schematic layout
+[JeO'eo+Jel'el+4JeO'el]_2Keovel' of the electron and hole single-particle energy levels in a

(16) quantum dot. Assuming that all levels are spatially nonde-
generate(thus having only spin degeneracyve mark the
electron levels asj,e;,e,, ... and the hole levels as
hg, hi, andh,. The leveley is sometimes called $-like,”

To test the above methods, we first calculated the energywherease; ande, are called ‘p-like,” and e; ande, are
levels in a quantum well, and compared the results with exealled “d-like.” Since the GaAs environment of the InAs
periment. In Fig. a), we compare the calculated electron- dots is largely unstrained, it is convenient to set as a refer-
heavy-hole transition energies for a 96 A, hGa-fAs  ence energy the valence-band maxim(WBM) of GaAs as
guantum well inside a GaAs matrix. The peaks in the experiE=0, and the conduction band minimu@BM) of GaAs as

E. Quantum well tests
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GaAs Ga,In, As GaAs
A [ AWL(e)
6,8, WL
AE(e)
T, €,,€;
Y \ Al e
7y 0
FIG. 2. Schematic single-particle electron and
hole energy levels for lens-shaped, InAs quantum
E,—E,—J. = g dots embedded within GaAs.
Frao* Pro
h
A 0
h,
AE(h)
he | wL
¥ i AWL(h)

E=1520 meV. All energy levels can be referenced with re-This ratio can deviate from unity due to three reasdas;
spect to these band edges. The dots have different dimensions in tHeL0] and[110]

For theelectron levelsthe quantities that we consider are directions. We refer to this as the geometric factoy. The

(i) the number of dot-confined electron stafis, (ii) the  atomistic zincblende symmetry makes the two directions
spacingss,= €e, — €¢, between ‘S-like” and “ p-like” elec-  symmetry inequivalent even if the lengths along the two di-
tron states,(iii) the splitting op,= €e, ™ €e, between the rections are equal. We refer to this as the “atomic symmetry
“ p-like” electron states(iv) the spacingd, 4= e€e,— €, be- factor.” One manifgstation pf this affec'F is that if the_ strajn is
tween “p-like” and “ d-like” electron states(v) the “bind- calcul_ated atomistically, it is dlffer_ent in the tW(_) directions
ing energy” of the first electron levad,, with respect to the ©Ven in the absence of a geometric faéﬁ)(,'c) A piezoelec-
GaAs conduction-band minimurmE(e)=EGaAspBM—€eo, tric field that breaks the symmetry'. Previous stutfiégmve
(vi) the position of the bottom of the band for the two- shown that this effect is negligible in InAs/GaAs dots so we

dimensional(2D) InAs “wetting layer” (WL) with respect will neglect it here.k.p calculations neglect the “atomic
to the GaAs CBMAE) = Egaaecam— EL). . (vii) interelec- symmetry” factor(except for the small effect of strain asym-

. ce oo . metry), but retain the “geometric factor.” Pseudopotential
tron d'reCt‘]ei € and exchange(eiyej Coulomb energies. calculations retain both effects. For example, irsquare

For thehole levelswe consider:(i) the numberNy, of  pased pyramidwhere by definition the “geometric factor”
dot-confined hole statesii) the intraband spacings of the does not contributek.p produces\ = 1, while pseudopoten-
hole levels &’ = e, — ey, (iii) the “binding energy” of the tial theory gives\ =1.2(see Table IV. This shows that there
first hole levelh,, with respect to the GaAs valence-bandis not a simple mapping from dot shape to polarization an-
maximum, —AE(h) = Egaasysm+ €n,, (iv) The position of isotropy .
the top of the band for the 2D InAs WL with respect to the  (iii) Excitonic dipole: As the center of the electron and
GaAs VBM, AE\(/C)L: — Egansvaut Ew)L (v) Interhole di- ho_le wave functions do n.ot exa_ctly C(_)lr_lmde with each cher,

' it is possible that an exciton will exhibit a detectable dipole

rectJ!", and exchang&!", Coulomb energies.
i i moment,

Finally, for therecombination of electrons and holese
consider: - -
. dn e =(n|r|thn ) — (e [r|e). 18
(i) The excitonic energie&**'°", as defined in Eq(15). hi e (g [T, <<//ej| |‘//ej> (18
By subtracting calculated values for the single-particle ener- The quantities defined above characterize the electronic

gIes e, and_ehi from measured ODI'C‘T’“ excitation energ|e§ structure. Next, in Sec. V, we extract all of these quantities
one can estimate the electron-hole direct Coulomb energiggom our calculations, and in Sec. VI we extract measured

Jhiej- values of these quantities from the available experiments.
(ii) The ratio of absorption intensities for light polarized
along the[110] and[110] directions, defined as V. THEORETICAL RESULTS
Pl10] <z//eo|r[110]| l//h0>2 The electronic structure of a series of GalnAs/GaAs self-

=—— = — > (17)  assembled quantum dots was calculated using the methodol-
Pli1o) <¢eo|r[110]|¢ho> ogy described in Sec. Il. We have chosen to focus on the
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TABLE IV. Calculated single-particle electron and hole energy-level spacings, electron and hole binding eAdyel), electron-
electron and electron-hole Coulomb energies, excitonic band gap all in meV, exciton dipole moment and polarization anisotropy for
lens-shaped and pyramidal (& ,As quantum dots embedded within GaAs.

Lens calculations Pyramid calc. Lens expt.
(@ (b) (0 (d) (e ) (@
Geometry 252x35 A 275x35 A 252x25 A 252x35 A 252x35 A 275x35 A 200x100 A 7
% Ga at base, tip, average 0,0,0 0,0,0 0,0,0 15,15,15 30,0,15 15,15,15 0,0,0
dsp=©€1— € 65 57 69 58 64 52 108 50
Spd=€3— € 68 61 67 60 63 57 64 48
Spp=€2— 61 2 2 2 2 3 2 26 2
e,—ey(157) 20 20 18 21 20 17 19
Sgq=€s— €3 4 3 4 4 3 1 23
hg—hy 8 12 16 13 14 11 15
h;—h, 7 6 5 5 6 5 20
h,—h, 6 10 14 13 14 9 1
AE(e) 271 258 251 209 192 204 171
AE(h) 193 186 174 199 203 201 198
Jege, 31 29 32 29 31 28 40 23
eoes 25 24 26 24 24 24 35 24
eje; 25 24 26 25 24 26 36 ~18
‘]hoho 30 27 39 32 28 30 31
eoho 30 28 35 31 29 29 31 33.3
heeo 0.15 0.13 0.14 0.15 0.1 0.12 0.2
€0—ho=Jegn, 1032 1016 1131 1080 1125 1083 1127 1098
dey.n, (A) 0.16 -0.37 0.5 0.5 1.2 0.5 3.1
A=P110:P10 1.03 1.01 1.04 1.05 1.08 1.08 1.20

well-established “lens-shaped” dot geometry from Refs.calculationd*"*8525%nd we include it here for comparison
5-12. The shape of this dot is shown in Fig. 3. The profile ispurposes. In the following sections these two geometries will
obtained by selecting the section of a pure InAs sphere thdie referred to as the “lens” and the “pyramid.” The results
yields a circular base with diameter 252 A and a height ofof our calculations are shown in Table IV and Fig. 4.

35 A. The main experimental uncertainty about this dot is the
composition profile. It is not known if the dots are pure InAs
or if Ga has diffused into the dots. For comparison, we also
calculate the electronic structure of a square based InAs Figure 4 shows the calculated square of the envelope
pyramid with a base of 113 A and a height of 56 A. This isfunction for the electron states in the pyramidal- and lens-
not believed to be a realistic geometry, however, it has beeshaped InAs/GaAs quantum dots. For the lens-shaped dot,
used as a benchmark for many previous theoreticalhe electron states can be approximately interpreted as eigen-

states of thel, operatort Here we plot only the first six

-Lens -pyramid bound states correspondinglte=0, =1, and=2. The first
- stateey, hasl,=0 and is commonly described adike as it

has no nodes. The; ande, states havd,==*1, and are

p-like with nodal planeg110 and (110). Thee;, €4, and
35A 100 A eg states havé,= =2 and 0, respectively, and are commonly
described asl,2 2, dyy,, and Z, respectively. Due to the
underlying zinc-blende atomistic structure, thg symmetry
Top View is reduced tcC,, . Hence, theg, to e states correspond to
the a;, by, by, a;, a,, and a; irreducable representa-

tions of theC,, group, rather than eigenstates iof. This
allows state®,, e3, andeg to couple. This coupling is evi-
200 A dent, for example, in the larger charge density alphi0]
compared td 110] in the e; state, due to its coupling with
e;. The observable effect of thiS,, symmetry is to split the
e; ande, p states,,, and thee; ande, d statesqq. The
alignment of thee; and e, p states along th¢110] and

FIG. 3. Assumed model geometry of the lens- and pyramidal-[lTO] directions also results from the underlying zinc-
shaped quantum dots. blende lattice structure. Note, this analysis neglects the ef-

A. Confined electron states

Side View

252 A
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FIG. 4. (Color) Top view of the calculated electron and hole wave-functions squared for lens- and pyramidal-shaped InAs quantum dots
embedded in GaAs, with bases of 252 and 113 A and heights of 25 and 56 A. The yellow and green isosurfaces represent 20% and 60% of

the maximum charge density.

fects of the spin-orbit interaction, which reduces t@g, splitting of the twop statesé,,=e,—e; are 2 and 26 meV,
group to a double group with the same single representatiorespectively. The calculated values of the electron binding
for all the states. In our calculations the spin-orbit interactionenergy, AE(e), are 271 and 171 meV, respectively. The
is included, but is produces no significant effects for theglectron-electron direct Coulomb energia@Ss, | ngeel, and

(0}
electron states. ee ;
The electron states in the pyramidal dot also belong to théleoel in the lens and pyramidal dots are calculated as 32, 25,

C,, group and show a one-to-one correspondence with thosgnd 25 meV and 40, 35, and 36 meV respectively. On ap-
in the lens-shaped dot. However, there are only five boun®lying a magnetic field in the growth direction, we calculate
states in the pyramidal dot due to its smaller size. Here w@n increase in the splitting of the twistates €,-e,) in the
define an electron state as bound if its energy is below that dens-shaped dot from 2 to 20 meV. Details of this magnetic-
the unstrained, bulk GaAs conduction-band edge. field calculation will be given in a future publicaticf.Fi-

The calculated values of treep andp-d energy spacings, nally, the energy of the electron wetting-layer leveE()

dsp, and, dyq, for the lens- and pyramidal-shaped dots, arewith thicknesses of 1 and 2 ML, is 15 and 24 meV below the
65 and 68 meV and 108 and 64 meV, respectively. TheCBM of unstrained bulk GaAs.
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Single Exciton Spectrum for
252x35 A lens shaped pure InAs Dot
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FIG. 5. (Color) The single exciton absorption spectrum for a pure InAs, lens-shaped dot with a base of 252 A and a height of 35 A. The

absorption peaks are calculated from E#5). The ratios of the dipole matrix elements for light polarized alpby0] and [1?0] are
calculated from Eq(17).

B. Confined hole states tions and additionak;—h,, e,—h;, es—h,, ande,—h,

Figure 4 shows calculated wave functions squared for théra.nsition_s are strongly aIIo_wed. The ratio of the polarization
hole states in pyramidal- and lens-shaped InAs/GaAs quarnisotropiesh are shown in Table V. As a result of the
tum dots. Unlike the electron states, the hole states cannot f@cular symmetry of the lens-shaped dot, we calculate a po-
approximated by the solutions of a single band Hamiltonian!arization ratio ofs =1.03 for theey-h, transition. This value
Instead there is a strong mixing between the original bulkS In contrast to that calculated value for a pyramidal dot of
Bloch states with'g, andI';, symmetry. The larger effec- A=1.2.7 For the higher-angular momentum transitions we
tive mass for holes results in a reduced quantum confinemeffid larger deviations from unity. The magnitude of the ratios
of the hole states and consequently many more bound hof@!lows the polarization of the wave functions shown in Fig.
states. Only the six bound hole states with the highest enerdy FOr example, we find ratios greater and then less than
are shown in Fig. 4. unity for thee,-h, ande,-h, transitions, as reflected by the

The calculated values of thg-h,, hy-h,, andh,-h, hole ~ elongations of the; ,h; ande,,h, wave functions along the
level spacings for the pyramidal- and lens- shaped dots are §110] and[110] directions.

7, and 6 meV and 15, 20, and 1 meV respectively. The cal- We calculate ground-state electron-hole direct Coulomb
culated hole binding energieAE(e), are 194 and 198 meV. energies,Jgg‘ho, of 37 and 31 meV in the lens-shaped and
We calculate the highest-energy hole level in pure InAs wet-

ting layers, AE{") , with thicknesses of 1 and 2 ML to reside ~ TABLE V. Calculated polarization anisotropy,= P110:P11o,

30 and 50 meV above the VBM of unstrained bulk GaAs.for lens-shaped and pyramidal (& _,As quantum dots embedded

The hole-hole Coulomb energieky, , are 25 and 31 meV. Within GaAs.

Lens Pyramid

C. Electron-hole excitonic recombination Geometry 25%35 A 200x 100 A

Figure 5 shows our calculated single exciton absorption® G2 at base, tip, average 0,00 0,00
spectrum for a pure InAs, lens-shaped dot with a base of 252 eo—ho 1.03 1.20
A and a height of 35 A. The energies of each of the absorp- e,—h, 0.82 2.40
tion peaks are calculated from E€L5). The ratios of the e,—h, 1.27 0.52
dipole matrix elements for light polarized alofg10] and es—hs 0.73 4.6
[110] are calculated from Eq17). Figure 5 illustrates that, e,—h, 1.23 0.63

for a lens-shaped dot, both the conventiogah h; transi-
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pyramidal dots. The calculated ground-state electron-holeecond energy difference was measured at 50.1 meV. Drex-
exchange energiels’,g(')‘hO are an order of magnitude smaller, ler et al® also used infrared transmission spectroscoégy to

H _ 21,26
with values of 3 and 0.2 meV. These yield excitonic bandMeasure an energy spacinfy,=41 meVv. Paret al.

gaps of 1.03 and 1.12, respectively. The calculated excitonipave also perfor med mfrared—absorpﬂon measurements on
dipoles[Eq. (18] are 3.1 and 0.16 A, respectively. A posi- truncated pyramidal dotg with a base of 180 A anq he|gh.t of
tive dipole is defined as the center of the hole wave functior™ 69 A. In these experiments, no gate voltage is applied,
being located above the center of the electron wave functiorNd therefore the excitations take place from the ground state
of the sampleskqy. They observe multiple infrared- absorp-
tion peaks between 89 and 103 meV. These could be asso-
ciated either with thes-p spacing of the electron levels or
spacings of the hole statésee below.

A. The intraband s-p and p-d electron energy spacings Itskevich et al1® perform high-power PL measurements
of pyramidal dots with a base of 150 A and a height of 30 A.
This high-power excitation is able to simultaneously load
multiple excitons into the dots. Due to state filling, these

VI. ANALYSIS OF PERTINENT EXPERIMENTAL
MEASUREMENTS

Measurements of the spacing betweendfeande;-like
electron levels ¢-like and p-like) are based on infrared ab-
sorption. For the lens-shaped dots, Friekeal. load elec- . : )
trons into the dots by growing a sample consisting of a _ult|ple excitons wil occupy groqnd statee,ho) and
n-type doped layer, a tunneling barrier, a layer of INnAs/GaAs igher (€1.€2,ho,hs,hy) smgle-partlclg levels. Therefore
lens-shaped dots, a GaAs spacer, and a GaAs/AlAs showe PL_me_asurements are able to S|mgltane0usly measure
period superlattice. By applying a voltage between therecomblnatlon .between'electrons occupyingéhe e, e,
n-doped layer at the bottom of the sample and a Cr contac@"d€s levels with holes in théag, hy, hy, andhs levels. In.
grown on top of the SPS, electrons are attracted from thgeneral, to describe the total-energy differences associated

n-doped layer into the InAs dots. Infrared photons were usedith decay fromN to N—1 excitons occupying a dot, re-
to excite electrons from the occupieg level into thee, quires a treatment that includes the exchange and correlation

level. Neglecting the small exchange energy, the energy d”l_)etween _mul_tlple occupational cor?flgura_ltlons_ of lklea_nd
ferences for the, — e, excitations when one and two elec- N—1 excitonic states. Such a configurational interaction ap-
trons are present in the dot are proach has previously been considered for model parabolic

dots' and will be discussed for realistic dots in a future

on[ei]_ on[e(l)]:(eel_ Eeo)’ publication®® qu the purposes of this c!iscussion, we Iimit
ourselves to discussing the energy differences associated
Eoz[eéei]— Eoz[eg]: (Eel_ feo)+[~’§f,eo—~’§§,eo]- with the lowest-energy configurations on tReexciton state,

(19 i.e., those predicted by the Aufbau principle. Within this ap-

proximation, the peaks in the high-power, PL spectra can be
The first of these energy differences yields a direct measurenterpreted as corresponding[&ee Eq(16) where exchange
ment of thes-p energy spacinggs,, of 49.1 meV. The is neglectedl

)_Jeh

€g.hp’

Peak 1: Ejj[hgeg]—Eqo=(€e,~ €n

0

Peak 2: Eafhihiefei]—Exdhjedl=(ec,—en) = Jen +2[ =35 —Jorp + 365 ¢ + 3001 1,

2
Peal3: Erfhinihihieieletel] - Eadhinintedetet]= (o, en) ~I20 + 23 [ 920, — 380 + 327 40, ).

(20

Note, peak 3 is not assigned to a recombination f@mo  tions in the above discussion also introduces an error of
h, as this is almost degenerate with peak 2. Itskewdthl. +5 meV.

assume thati) the Coulomb integrals in the square brackets
on the right-hand side of Eq20) cancel,(ii) that J‘;:'ho

=J¢", =J¢8", -, and(iii) that the hole spacings, .., 5n.n., _

e1.hy” “eghg (it PACING®ngh,: Ohyh, For the lens-shaped dots, the capacitance-voltage spec-
are small compared to the electron level spacings. With thesgoscopy of Frickeet al” can be used to estimate the splitting
assumptions the spacings between peaks 1 and 2 and peakgfdhe p states5,,, by loading two electrons into the dot and

and 3 can be assigned to thep andp-d energy spacings. exciting them using FIR spectroscopy. The relevant energy
They find spacingsis, and 6,4 of 75 and 80 meV, respec- (ifferences are

tively. Our calculations suggest that assumptiongii), and
(iii) probably introduce errors of~=*=10, ~*=5, and
+10 meV, respectively. The neglect of exchange interac-

B. The intraband electron p-level splitting

Eod egei] —Eod €5]= (e, €c,) +[Jef e, It e 1.

€1.€g €0:€p
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1al1_ 27— - +rJjee  —gee 7. their dot geometry, predict an electron binding energy of 80
Fod €€ ]~ Eod €0]= (e, ™ ce) Ve, 007 Jeg ] (21 meV for gots witr): b%ses of 250 A. Taret al>® measured
the spacing of the electron wetting layer to both the GaAs
By assuminglg® . =J¢’ . . the difference in the two above CBM and thee, level and hence deduced a value for the
expressions yields the energy spacng— €e,- They find a electrqn binding energ\AE(e), of ~80 meV, for dots with
value of~2 meV. To measure the effect of a magnetic field@" estimated base of 130 to 170 A.
on the splitting of thep states, Frickeet al.” use infrared
absorption to measure the above energy differences in anE. The position of the electron and hole wetting-layer level

applied magnetic field. At a field of 15 Tesla they measure The presence of a distinct wetting-layer signal in the PL

an energy spacing of 19 meV. spectra of a sample of self-assembled quantum dots is the
hallmark of a high-quality sample. In samples where the wet-
C. The intraband hole energy spacings ting layer has “dissolved” due to the growth conditions, it is

g likely that the geometry and composition of the quantum

In Ref. 23, Sauvaget al. used polarized photoinduce X ’ )
intraband absorption spectroscopy to measure the eneré{gs will also have dramatically altered from their uncapped

spacing between the lowest-hole statigg, and the hole S te

P 10
state with a single node in the growth directidng,. This In the lens-shaped InAs dots, Schmdtal.™ observe PL
corresponds tfsee Eq(16)] emission from the ground state of the wetting layer at 1.34

eV. Photovoltage measuremefitsn the same samples show
E1 hdoes] — Evndl hipses] a strong peak corresponding to absorption into the ground
state of the wetting layer at 1.35 eV. There are currently no
= (€ngyy™ fhooo)+[J§:,h000—~]§:,h001]- (220 measurements available for the position of the individual
) oh eh ) electron and hole wetting layers in the lens-shaped InAs/
By assuming thale p, =Je ', Sauvageet al. estimate  GaAs quantum dot samples. In Ref. 24, Sauveigal. grow
the hgor-hogo SPacing to be~120 meV. Notehyg, is almost  lens-shaped InAs dots with an estimated base of 150 A and a
certainly higher in energy than states with nodes perpendictheight of 30 A on a substrate that isdoped with silicon.
lar to the growth direction due to the smaller dimension ofThis n-doping loads electrons into the, state in the dot,
the dot in the growth direction. Recently, Sauvageal®®  which they excite into the wetting layer using infrared exci-
used midinfrared unipolar photoluminescence to measure adation. In these samples they estimate the wetting layer to be
ditional hole splittings betweehn, and hole states with nodes 150 meV above the, level. In Ref. 23 Sauvaget al. load
perpendicular to the growth direction. The measungeh; electrons into thee, state of similar dots using an optical
andh;-h, splittings were 33 and 30 meV, respectively. interband pump. Subsequent infrared absorption places the
Tang et al>® measure activation energies for excitationswetting layer 190 meV above theg state. Tangt al*® mea-
from hy andh; to the hole wetting layer of 48 and 30 meV, sure thermal transfer of holes to the wetting layer, and obtain
respectively, implying aig-h; spacing of~18 meV. a spacing between the, level and the hole wetting layer,
AE{) of ~48 meV. They also measure thermal transfer
D. The electron and hole binding energiesAE(e) and AE(h) from an excited state, possibly involvifdy, which places

There have been no direct measurements of the eIectr(}rqe hole wetting layer-30 meV below then, level.

or hole binding energy for lens-shaped InAs dots. However, _

it has been measured in other dots by several groups using a T+ The number of confined electron and hole states

range of technigues. Berrymaet al'’ placed pyramidal The actual number of confined electron and hole states in
InAs dots estimated to have a base of 100 A and height of 1§ self-assembled InAs/GaAs quantum dot depends on the
A in a p-n junction and measured the temperature depensize and composition of the dot. Early single band, effective-
dence of the ac conductance as a function of frequencynass calculatiorié for pure InAs pyramidal dots with a base
These measurements predict a hole bindiddz(h), of  of 120 A and height 60 A predicted only a single bound
~240 meV. When subtracted from the bulk GaAs band gapelectron state and several bound hole states. Consequently,
this yields a value for the electron binding energ¥(e), of  many experiments were then interpreted in this light. More
~60 meV. The authors obtain similar results from accurate multibané.p®®>"°®and pseudopotentidI®® calcu-
temperature-dependent Hall measurements of thermal holations have predicted five or more bound electron states in
trapping. Itskevichet al!® measured the pressure at which the same dots.

PL measurements could detedf a X crossing in pyramidal The high-power PL experiments of Itskeviehal 1° show
InAs/GaAs quantum dot samples. By extrapolating these Plthe gradual disappearance of five peaks as a function of ex-
measurements back to zero pressure they were able to dernal pressure. This is interpreted as direct evidence for five
duce a value for the electron binding energyiz(e), of  confined electron levels in their samples. The single dot,
~50 meV. ltskevichet al!® also used high-pressure PL to multiexciton measurements of Deked al'* require the as-
measure the energy difference betweenXhglevel in bulk  sumption of at least three bound electron states to explain
GaAs and théng level in the quantum dots. By extrapolating their experimental spectra. Similarly, the capacitance-voltage
this value back to zero pressure, they predict a value for thepectroscopy of Fricket al.” shows two peaks correspond-
hole binding energy,AE(h), of ~250 meV. Brunkov ing to the capacitance aflike states and the nearly degen-
et all® performed capacitance-voltage spectroscopy meaerate p-like states, providing evidence for at least three
surements, which when fitted to a capacitance model fobound electron states.
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G. Electron and hole Coulomb and exchange interactions be located~4 A above the center of the electron wave

By loading multiple electrons and holes into quantum dotgunction (positive dipolg. Fry et a|_2.o also perform single-
it is possible to measure the Coulomb and exchange intera®and, effective-mass calculations, in an attempt to isolate the
tions between these additional electrons and holes. The magtigin of this dipole. They predict that in the absence of
nitude of these interactions is a function of the shape of th@lloying the dipole is—3 A, i.e., the opposite sign, but a
electronic wave functionésee Sec. )land provides an addi- linear composition profile with Gglng sAs at the base and
tional quantity to test the accuracy of theoretical models. pure InAs at the top of a truncated pyramid with a base of

To study electron-electron interactions, Frickeal” use 155 A, and height 55 A, reproduces the correct dipole of 4 A.
the same experimental setup discussed in Sec. VI A. Frorithey suggest that this alloying profile explains the observed
Eg. (16) we see the energy differences corresponding to thelipole. We have repeated these calculations and confirm that,
peaks in the capacitance voltag€\() spectra associated within a single-band model, such a composition profile
with loading one and two electrons into tleg level in the  causes both electrons and holes to move up in the dot com-

dots is pared to their positions in a pure InAs dot. The heavier ef-
L fective mass of the holes, results in less kinetic energy asso-
Eoil €51~ Eoo= €e,, ciated with confinement at the top of the dot and hence the
holes move up more than electrons on the introduction of Ga,
Eoz[eﬁ] — on[eé] =€t Jgseol (23 producing the correct dipole. However, when we repeat these

calculations in the more sophisticated, multiband LCBB ba-
The electron-electron Coulomb interactidf; . , can there-  sis used here, we find significant heavy hole-light hole mix-
fore be directly measured as the splitting of these @\ ing in theh, state, which acts to reduce the above effect and

eaks. They find a value oF° . ~23 meV. From Eq(1g  Produce a smaller dipole of-1 A, in contradiction with
\?ve see thai/ %o A9 xperiment ¢4 A).

Jef . =358 . +(50.1-49.1) =24 meV. (24)
0f1 Fo%o VIl. COMPARISON OF EXPERIMENT AND THEORY
Finally by fitting four equidistant bell curves to tl@&V spec-

: . _ ; In Table IV we show the results of our calculations for
tra corresponding to loading three, four, five, and six elec-pure InAs, lens-shaped quantum dots embedded within GaAs

trons into the dots, an approximate value for the. Chargi”%olumn(a)]. Table IV also shows the experimentally mea-
energy between the states,Jg°. , of ~18 meV is ob-  gyred splittings of the electron levels, the electron-electron,
tained. From Eq.(16) we see that the spacingB,,—Eg;  and electron-hole Coulomb energies, the magnetic-field de-
=Jer e, t 205 ¢, While Ege—Egs=3J" ¢ +2J¢°. and  pendence, and the excitonic band gap measured in Refs. 7
hence the approximation of equidistant peaks will introduce2nd 11. The agreement between the measured energy level
some error into this estimate fag° , . spacings, Coulo_mb energies, and magnetic field-response
11 with our theoretical lens-shaped model is generally good.
Both the model and experiment fin@) a large spacing,
H. Electron-hole excitonic recombination 5Sp' (~50-60 meV) between thelike e, state and the

To our knowledge, there have so far been no measurdXlike e; state (i) a small spacingg,,,(~3 meV) between
ments of the polarization anisotropy in the lens-shaped dothe two p-like e; and e, states, andiii) a large spacing
discussed here. The polarization anisotropy dph; exci- (~55 meV) between the-like e, state and thal-like e;
tonic recombination in InAs/GaAs was measured by Yangstate.
et al,*>%for InAs dots formed by fouf136 faceted planes These electron level spacings are similar to those found
with bases ranging from 150 to 250 A and a base to heighfor Pyramidal quantum doté [see Table IV, column(g)].
ratio of 4:1. They found a ratio oke, n,=1.2 and\,,,, ~ However, in the pyramidal dot, the spacings of the pitke
—1.3. Yanget al1>®performedk.p calculations for this dot  2ndd-like states g, 44, are larger26 and 23 mey. Both

o “ - » the model and experiment also find similar values for the
geometry, which include the “geometric factor” but not the .
“atomic symmetry factor” discussed in Sec. IV. They find CO_ILf:?mb eTer?'fsé(eoﬁol) ang'J(deloho) (~25 me\fgé h
Ne,h,=1.8 and)\92'h2=3.5. The authors suggest thep € calcuiate ole binding energy oBE(h)

. . L . =193 meV is in good agreement with those of Berryman
simulations of the measured polarization ratio can be used tg; ;17 (~240 meV) and Itskevictet al® (~250 meV)
deduce the geometric shape anisotropy. However, we derrb ) - i .

. L r calculated electron binding energida€(h), are consid-
onstrate here that when the atomic symmetry factor is in . N inaing giag(h) '

. ot . erable larger(271 me\} than those of Berrymaret all’
cluded an anisotropy O)ﬁeo,ho_l-?’ is obtained even for a (~60 meV) and Tanget al®® (~80 meV). We attribute

square based pyramid. Thu&.p simulations lacking the thjs difference to the larger size of our dots. The assumption
“atomic symmetry” factor cannot be used to reliably deduceof a pure InAs dot also affects the comparison. The agree-
the geometric shape anisotropy. ment improves when we include Ga in our désee Sec.

To our knowledge, there have so far been no measurey|| B).
ments of the excitonic dipole in lens-shaped InAs dots. Fry The calculated electron-electron and electron-hole Cou-
etal?® used photocurrent spectroscopy within an appliedomb energies are in reasonable agreement with those ex-
electric field to measure the excitonic dipole momem'ic,,ej tracted from Refs. 7 and 11. For the integrals

[Eq.(18)]. They find the center of the hole wave functions to Jg% ', Je% . Je, anngé‘hO we calculate values of 31, 25,
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25, and 37, respectively, compared to measured values of 28|l directions producing a dot with a uniform Ga composition
24, 18, and 33.3 meV. Galn;_,As, and(ii) Ga diffuses up from the substrate, as
The calculated polarization anisotropies,for thees-hy  suggested in Ref. 20. To investigate the effects of these two
recombination in lens and pyramidal shaped, pure InAs dotgethods of Ga in-diffusion on the electronic structure of the
areA=1.03 and 1.2, respectively. A future measurement ofjots, we compare pure InAs dots embedded in GaAs with
this anisotropy ratio for lens-shaped dots would provide argg in, _,As, random alloy dots embedded in GaAs, where
important piece of evidence for determining the detailed getne ga compositiony, (i) is fixed at 0.15column (d)] and
ometry of the dots. _ _ _ (ii) varies linearly from 0.3 at the base to 0 at the top of the
Irll.the lens-shaped dot we find a difference in the averagg [column (e)].
positions of theh, ande statesdy, ¢, of around 1 A. This Table IV shows that increasing the amount of Ga in the
is smaller than the value we calculate for a pyramidal quangots acts to decrease the electron level spacidgs: (from
tum dot, where we find the hole approximately 3.1 A highergs to 58 forx=0.15. It also acts to increase the excitonic
than the electron. _band gap from 1032 to 1080 and 1125 meV, respectively.
In summary, the assumed lens-shaped geometry, With f,o electron binding energyAE(e), is decreased by the

pure InAs composition produces a good agreement Witi -diffusion of Ga(from 271 to 209 and 192 me\while the

measured level splittings, Coulomb energies, and magnetic- N : . :
field dependence. A closer inspection of the remaining dif(-hOIe binding energyAE(h), is relatively unaffected. This

ferences reveals that the calculations systematiecalbres- significant decrease in the elect.ron b‘”di.”g energy consider-
timate the splittings between the single-particle electronably 'mp_rog’f; the agreement with experiments on other dot
levels (5sp: 65 vs 50 meV,5,4: 68 vs 48 meY andunder- geometries:

estimatethe excitonic band gaf032 vs 1098 me)\/ _ As w@th changing the size of the dots, we fi_nd that Ga
in-diffusion has only a small effects on properties that de-

pend on the shape of the wave functions. The calculated
electron-electron and electron-hole Coulomb energies are al-
Focusing on the lens shape only, we examine the effect ahost unchanged, while the average separation of the electron
changing the height and base of the assumed geometry. Calnd hole d, e increases from 0.16 to to 0.5 and 1.2 A and
culations were performed on similar lens-shaped, pure InAg,e polarization ratioy, and magnetic-field response are also
dots wherg(i) the base of the dot was increased from 252 tounchanged
275 A, while keeping the height fixed at 35[Bolumn (b)] ' - — -
) ' Table IV sh that the d t tribution to the in-
and(ii) the height of the dot was decreased from 35 to 25 A, abie TV Snows fhat the dominant contibution 1o mhe in

while keeping the base fixed at 252[#olumn(c)]. It shows crease in the excitonic band gap anq rEdUCt'O.n in electron
binding energy results mostly from an increase in the energy

that decreasing the height of the dot increases the quantu the electron levels as the Ga composition is increased
confinement and hence increases the splittings of the electrc:’ﬂ. comp ) '
is can be understood by considering the electronic prop-

and hole levels §,: from 65 to 69 meV andShO,hl: from 8 , ;
0 16 D ing the heiaht of the dot al s t erties of the bulk Gdn,; _,As random alloy. The unstrained
0 16 meV). Decreasing the height of the dot also acts 10, 10 pang offset between GaAs and InAs-BO meV>°

increase the excitonic band gap from 1032 to 1131 meV b hile the conduction-band offset in 1100 meV and hence

pushing up the energy of the electron levels and pushin hanging the G i h | ffect th
down the hole levels. Conversely, increasing the base of th anging the %a composition, has a large efiect on the
nergy of the electron states and only a small effect on the

dot decreases both the splittings of the single-particle level§
(8sp: from 66 to 61 meV and the band gafl032 to 1016 hole states. S

eV). These small changes in the geometry of the lens-shaped !N summary, the effect of Ga in-diffusion is to reduce the
dot have only a small effect on electronic properties thaSPacing of the electron levels while significantly increasing
depend on the shape of the wave functions. The electrorfheir energy and hence increasing the band gap. We find that
electron and electron-hole Coulomb energies remain relaenly the average Ga composition in the dots is important to
tively unchanged, the magnetic-field induced splitting remairtheir electronic properties. Whether this Ga is uniformly or
at 20 meV, the polarization anisotropy, remains close to linearly distributed throughout the dots has a negligible ef-
1.0 and the excitonic dipoledy, e remains negligible. In fect.

summary, reducing either the height or the base of the dot

increases quantum confinement effects and hence increases
energy spacings and band gaps, while not significantly ef- VIIl. DISCUSSION
fecting the wave functions.

A. Pure InAs dots: The effects of shape and size

The effects of changing thgeometryof the lens-shaped,
_ pure InAs dots on the single-particle energy levels can be
B. Interdiffused In (Ga)As/GaAs lens-shaped dots qualitatively understood from single-band, effective-mass ar-

We next investigate the effect of changing the composiguments. These predict that decreasing any dimension of the
tion of the quantum dots, while keeping the geometry fixeddot, increases the quantum confinement and hence the
There have recently been several experinf@its®suggest-  energy-level spacings and the single-particle band gap will
ing that a significant amount of Ga diffuses into the nomi-increase. Note that as the dominant quantum confinement in
nally pure InAs quantum dots during the growth process. Wehese systems arises from the vertical confinement of the
investigate two possible mechanisms for this Ga in-diffusionglectron and hole wave functions, changing the height has a
(i) Ga diffuses into the dots during the growth process fromstronger effect on the energy levels than changing the base.
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As increasingdecreasingthe dimensions of the dot acts some Ga in-diffusion within the quantum dot. When Ga in-
to decreaséincrease both the level spacings and the gap, it diffusion is included, we obtain an excellent agreement be-
is clear that changing the dot geometry alone will not signifi-tween state of the art multiband pseudopotential calculations
cantly improve the agreement with experiment as this reand experiments for a wide range of electronic properties.
quires a simultaneousecreasen the energy-level splittings we are able to predict most observable properties to an ac-
andincreasein the band gap. However, Ga in-diffusion into cyracy of=5 meV, which is sufficient to make predictions

the dots acts tdncreasethe band gap of the dot while of hoth the geometry and composition of the dot samples.
decreasing the energy-level spacings.

Table IV shows that adopting a geometry with a base of
275 A and a height of 35 A and a uniform Ga composition of
Gay 19Nng gsAs produces the best fit to the measurements in
Refs. 7 and 11. We thank J. Shumway and A. Franceschetti for many use-

In conclusion, our results strongly suggest that to obtairful discussions and their comments on the manuscript. This
very accurate agreement between theoretical models and ework was supported DOE—Basic Energy Sciences, Division
perimental measurements for lens-shaped quantum dots, oné Materials Science under contract No. DE-AC36-
needs to adopt a model of the quantum dot that include99G0O10337.
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