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Effect of wetting layers on the strain and electronic structure of InAs self-assembled
guantum dots

Seungwon Leé&, Olga L. Lazarenkova, Paul von Allmen, Fabiano Oyafuso, and Gerhard Klimeck
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91109, USA
(Received 8 April 2004; revised manuscript received 16 June 2004; published 14 September 2004

The effect of wetting layers on the strain and electronic structure of InAs self-assembled quantum dots
grown on GaAs is investigated with an atomistic valence-force-field model and an empirical tight-binding
model. By comparing a dot with and without a wetting layer, we find that the inclusion of the wetting layer
weakens the strain inside the dot by only 1% relative change, while it reduces the energy gap between a
confined electron and hole level by as much as 10%. The small change in the strain distribution indicates that
strain relaxes only little through the thin wetting layer. The large reduction of the energy gap is attributed to the
increase of the confining-potential width rather than the change of the potential height. First-order perturbation
calculations or, alternatively, the addition of an InAs disk below the quantum dot confirm this conclusion. The
effect of the wetting layer on the wave function is qualitatively different for the weakly confined electron state
and the strongly confined hole state. The electron wave function shifts from the buffer to the wetting layer,
while the hole shifts from the dot to the wetting layer.

DOI: 10.1103/PhysRevB.70.125307 PACS nuniber73.21.La
I. INTRODUCTION Il. MODEL
Nanometer-size semiconductor quantum dots are the sub- A. Strain profile

ject of a rapidly developing area in semiconductor research,

as they provide an increase in the speed of operation and a Within an atomistic VFF modef; the elastic energy de-
decrease in the size of semiconductor devic€ne of the pends on the length and angle of the bonds that each atom

prominent fabrication methods for quantum dots is themakes \.N'th.'ts nearest neighbors. For each atothe elastic
nergy is given by

Stranski-Krastanov process. This method uses the relief ot
the elastic energy when two materials with a large lattice 3a 38(. . ré 2
mismatch form an epitaxial structure. During the epitaxial E=> —z(rﬁ -r5)2+ > _2<rij T+ —) . (D)
growth, the deposited material initially forms a thin epitaxial i 8ro (i) 8o 3

layer known as the wetting layer. As more atoms are deposﬁere’ 7. is the vector connecting the atoimto one of its

ited on the substrate, the elastic energy becomes too large Héarest] neighborg r is the unstrained bond length, and
form a dislocation-free layer, leading to the formation of aznq g are the atomic elastic constants for bond stretch and
cluster to relieve some of the elastic energy. In this manner, goq bend, respectively. The atomic constants are related to

quantum dot is “self-assembled” on top of the wetting layer,q constants(Cy1,Cy, Cas) Of the continuum elasticity
Although the self-assembled dot is grown on top of thetheory:

wetting layer, some theoretical studies omit the wetting layer
from their simulations without much justificatidn'® Other a+33 a-pB 4ap
studies including the wetting layer discuss little about its Cu=—" Clz:T' C44:a(a—+,8)’
influence on the properties of the self-assembled Hot$In

this paper we aim at presenting a more complete discussionherea is the lattice constant. All three of the continuum
of the effect of wetting layers on the properties of self-constants cannot be perfectly fitted with only two atomic
assembled quantum dots. In particular, we address two isonstantse and 8.1° For this work, the atomic elastic con-
sues:(i) How does the wetting layer affect the strain distri- stants are taken from Ref. 20. The resulti®yg andC,, from
bution in InAs/GaAs self-assembled doté} How does the Eg. (2) fit the measured values within a few percent error,
wetting layer affect the electronic structure of the quantumwhile the resultingC,, differs from the experimental value
dots? To answer the first question, we model the elastic erby about 10% for GaAs and 20% for InAsConstantsC,;

ergy with a valence-force-fieldVFF) model developed by and C,, are related to hydrostatic and biaxial strain, while
Keating®® For the second question, we model the electronidCy, is related to shear strain. For self-assembled quantum
structure with arsp’d®s* empirical tight-binding model. The dots where hydrostatic and biaxial stress are overall stronger
tight-binding parameters depend on the inter-atomic posithan shear stress, an accurate descriptio€,gfand C,, is
tions in order to incorporate the strain effect. The VFF andmore important than that a4 To improve the description
tight-binding model enables us to describe the dot geometr@f C4y, long-range Coulomb interactions should be included
interface, and strain effect at the atomic level. in the elastic energ}?

(2)
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B. Electronic structure GaAs z
In the framework of an empirical tight-binding model, the oam | InAs 2ML
effective electron Hamiltonian is described with a basis of * 18 om |
sp’d®s* orbitals and two spin states per atom, including f
nearest-neighbor interactions between the orbitals and in-

cluding the spin-orbit coupling:
9 P pling FIG. 1. Geometry of an InAs quantum dot with a wetting layer.

The dot is lens shaped with a base diameter of 18 nm and a height
of 2 nm. The wetting layer is 2 ML thick, which is roughly 0.6 nm.
The linex and z are the lines along which the strain profiles are
plotted in Fig. 2.

H= E 6i,y|i!yrs><i:7’ls|+ E ti,y;j,y’|i!yvs><jayl!s|
Lys NIRRT

+ E )\iys;iy's'“a%S><ia7"15’|, (3)
i,y .88 . WETTING-LAYER EFFECT

A. Strain profile
wherei andj index atoms;y and+y’ index orbital types, and

L : . We model a lens-shaped InAs quantum dot with a base
s ands' index spins. Parametegs ., denote the atomic en-

. . x . diameter of 18 nm and a height of 2 nm, as shown in Fig. 1.
€rgy, i ;j,, the neighbor-interaction, and,s;,s the spin-  rhe gaometry of a quantum dot grown by molecular beam
orbit coupling. The tight-binding paramete&,, tiyj,.  epitaxy varies widely with the growth conditidf:26The dot

Niysiy's are first determined by fitting the band edge energiegyeometry chosen for this work is within the experimentally
and effective masses of the unstrained bulk InAs and GaA§:hievable rang®2° It is known that strain in InAs/GaAs

crystals, using a genetic optimization algorithf¥3The re- | oterostructures penetrates deeply into the GaAs
sulting tight-binding parameters produce the correct band nsiratd32030To accommodate the long-ranged strain re-
edge energies to within a 0.1% accuracy and the correct efayation, we include a large GaAs buffé80x 60x 40 nm
fective mass to within a 10% accuracy. _ box) surrounding the InAs dot. A periodic boundary condi-
In order to incorporate the effect of the altered atomiciioy is imposed at the boundary for the strain calculation.
environment due to strain, the tight-binding parameters arftinimizing the total elastic energy with respect to atomic

modified. We use the model developed by Boykinal. as  gisplacements yields a strain distribution in the InAs/GaAs
follows # For the neighbor-interaction energy,; ,/, the di-  galf-assembled quantum dots.

rection cosines in the Slater-Koster table are used to describe Figyre 2 shows the resulting strain profile along the
the effect of the bond bend. The magnitude of the two-centegowth direction and in the growth plasee lines andz in

integrals in the Slater-Koster table is scaled to incorporatep;ig. 1). The strain penetrates into the GaAs buffer as deeply
the effect of the bond stretcht=U(do/d)”, whereUpis the  55'15 nm along the growth direction, and as widely as 5 nm
unstrained-crystal two-center integral, atdandd are the i the growth plane. To illustrate the effect of the wetting
unstrained and strained bond lengths, respectively. For thgyer on the strain distribution, the strain profiles of the dot
atomic energye; ,, the Lowdin orthogonalization procedure with and without a wetting layer are plotted together in Fig.
is used to obtain the modified atomic energy in a strained Besjdes the wetting layer region, the two strain profiles are
environment. almost identical within about a 1% relative difference. For
example, the inclusion of the wetting layer slightly changes
(t@‘ ot )2 €,,from 0.0333 to 0.0330, ar)el(x from —0.0653 to —0.0647
6. =9+ SK ., LY LYl @) at the center of the dot. This small change shows that the
by bRy Ei(°7)+5?°>, strain does not relax efficiently through the thin wetting
' by layer. Figure 2 also shows that shear strgijireaches 0.02
near the interface between InAs and GaAs in the growth
Here, | is the index for neighboring atoms. The superscriptplane3 Although the interface geometry is different between
(0) represents the energies for the unstrained crystal. Thine QD and the QD-WL structures, their shear strain distri-
modified atomic energy depends both on neighbor-atom erbution is almost identical. Overall, the wetting layer does not
ergies and neighbor-interaction energy. The description ofhange the strain distribution in the InAs dot and the GaAs
strained materials introduces two types of new parameters: luffer in terms of both hydrostatic/biaxial strais;) and
scaling exponenty for each two-center integral and an shear strair;).
atomic energy shift constait The new parameterg andK
are determined by fitting the band edge energies under hy-
drostatic and uniaxial straf:?® The resulting parameters
describe the band-edge-energy dependency on hydrostatic Within the strained structure, we calculate its local poten-
and uniaxial strain(i.e., deformation potentiplto within a  tial profile. The potential profile is obtained by computing
10% accuracy. Considering the uncertainty of the experimenthe band structure for a periodic lattice with the geometry of
tal values and a wide disagreement among the theoretictlhe local strained unit cell. Figure 3 shows the conduction
predictions for the deformation potentfdithe accuracy of and valence band edges of each unit cell along the growth
10% is reasonable. direction[001]. The valence band edge of unstrained GaAs is

iy

B. Potential profile
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FIG. 2. Strain profiles of a quantum dot without a wetting lag@D) and with a wetting layefQD-WL) along[001] and[100Q]. The
strain profiles are calculated by imposing a periodic boundary condition to a large GaAs (@0f¢60Xx 40 nm boy surrounding the
quantum dot. Besides the wetting layer region, the two strain profiles are almost identical with only a 1% relative difference. This shows that
strain does not relax efficiently through the thin wetting layer, and consequently the wetting layer does not change the strain distribution in
the dot and the buffer.

set to be zero as a reference energy. Strain effects are signifire calculated with a truncated GaAs buffeB0x 30
cant on both conduction and valence bands. The conductiok 15 nm boy instead of the large GaAs buffg60Xx 60
band edge in the strained dot shifts up from 0.6 @- X 40 nm boy used for the strain calculation. This method
strained InAs conduction band edge 1.0 eV, while the takes advantage of the spatial localization of the confined
valence band edge splits to two branches, the heavy- arffates, and significantly reduce the required computation
light-hole bands separated by 0.2 eV. The valence band eddéne. An energy convergence of 1 meV is obtained by vary-
for unstrained InAs is 0.23 eV. The order of the heavy- andNd the truncated buffer size. To eliminate spurious surface
light-hole bands in the dot is opposite the order in the bufferStates in the artificially truncated buffer, the dangling-bond
because the biaxial components,+e,,—2¢,, of the dot cnergies of s_urface atoms are raised by lC_%T:hls surface
strain and the buffer strain have an o)gposite sign. treatment efficiently eliminates all the spurious surface states

The difference in the potential profiles for a quantum dotWIthOUt changlng the conﬁned_states of.mte%st. . .
Table | lists the calculated single particle energies relative

without a wetting laye(QD) and a dot with a wetting layer to the GaAs valence band edge. As the wetting layer is in-

(QD-WL) is illustrated in Fig. 3. The inclusion of the wetting cluded, the lowest electron energy shifts down by 64 meV
layer extends the width of the confining potential well, butand thé highest hole energy shifts up by 46 meV, leading to
hardly modifigs thg hei_ght of the potential well. The chang_ethe reduction of the energy gap by 110 meS% ;elative
n th? potent!al height is abput 1 me\/. Thg smal] change '%hange. As a first-order effect, these shifts are attributed to
consistent with the small dlﬁerence in their §traln prOfIIeS'an increase of the width of the confinement potential in the
Due to the change of the material, the potentials in the Wetye ica| direction[001]. To estimate the effect of the width
ting layer region differ by 0.44 eV for the conduction band, ;hange we calculate the single-particle energies for a quan-
and by 0.36 eV for the heavy-hole band. tum dot with a disk beneath the de®D-Disk). The disk
thickness is the same as the thickness of the wetting layer.
The energies of QD-Disk are closer to those of QD-WL than
to those of QD. The difference between the energies of QD-
We next calculate the confined single-particle energies fobisk and QD-WL is attributed to the wetting layer region
the QD and QD-WL structures. The single-particle energiebeyond the disk region.

C. Single-particle energies

125307-3
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6 Substrate WL Dot Cap and hole wave functions obtained with the QD structure.
Sttt Factors 0.44 eV and 0.36 eV are the shift of the effective
L4 electron and hole potential energy in the wetting layer re-
| Conduction Band  f 4 gion, respectively. The resulting energies differ from the
12 - QD-WL energies by about 20 meV. The relatively large en-
L \ y ergy difference between QD-WL-Approx and QD-WL sug-
1 - — gests that the wave function of QD is considerably different
= F _ o 1 from that of QD-WL.
ED 0.8 - QD-WL | In addition to the energy gap, the effect of the wetting
3 - 1 layer on excited electron and hole levels is analyzed. As for
E 0.61- T the electron, the quantum dot without a wetting layer accom-
M i heavy hole 1 modates three bound levels, which are arie level and
04 B two p-like levels(excluding the spin degenergcyhe inclu-
02’_ i light hole sion of the wetting layer results in two additional bound
| valence Band levels with d-like symmetry. The twop-like levels are
0F — \ aligned along[110] and [110] directions, and are slightly
T R split by 0.4 meV, resulting from the anisotropy of the poten-
026 18 20 22 24 26 tial along[110] and[110] directions. We speculate that the

Atomic position along [001| (nm) anisotropy originates from the asymmetry of the potential
near the interface and is propagated from the interface to the
dot center through the strain relaxation. The tiviike levels
: , , : ' have the symmetry ad,, andd,._,2, and are split by 4 meV
line). The potential profiles are obtained by calculating the conduc- . Xy Xy

) P P y g ue to the zinc-blende crystal field. The hole has more bound

tion and valence band edges of the local strained unit cells along th@ . :
growth direction[001]. Beside the wetting layer region, the band levels than the electron due to its larger effective mass, but

edges for the two nanostructures are almost identical within 1 me\\N€ Symmetry and degeneracy of the first few hole levels are
variation. This shows that the inclusion of the wetting layer prima-Similar to those of the electron levels.
rily extends the width of the confining potential well without modi- ~ The energy spacings between the ground les4ike) and
fying the height of the potential well. the first excited leve(p-like) with and without the wetting
layer are compared for the electron and hole. As listed in
As another approximation for the wetting layer effect, weTaple |1, the electron energy spaciide, remains the same,
calculate. the flrst-qrder correcuqn due to the potentialyhile the hole energy spacin§E, changes by 3 meV12%
change in the wetting layer regio@QD-WL-ApproX) as  relative change The energy spacings are determined mainly
follows: by the lateral confinement rather than the vertical confine-
A ment, because lens-shaped self-assembled quantum dots
Eo(Approx) = E«(QD) — 0.44 | WL |1/e), ®  havea large aspect ratio. lla\lo changa\ig, sugges?s that the
- wetting layer does not change the effective lateral confine-
En(Approx) = E(QD) + 0.36(¢n|WL |¢#). (6)  ment range for the electron. In contrast, the decreaseEgf
suggests that the wetting layer increases the lateral confine-
ment range for the hole.
We further study the energy gap and spacing change with
TABLE . Energies of the lowest electraiEs) and the highest respect to the ratigy, of the dot height to the wetting-layer
hole (Ey) levels, the corresponding energy gafs,,), and energy ~ height. For a quantum dot with a larger heightnm) and
spacings between the first and second lowest electron (A& the same base diametdi8 nm), the inclusion of the wetting
and hole level(AE;) for an InAs quantum dot without a wetting layer (still 2 ML thick) leads to the change of the gap from
layer(QD), an InAs quantum dot with a wetting lay@@D-WL), an 1.103 eV to 1.050 e5% changg AE, from 0.051 eV to
InAs quantum dot with an InAs disk beneath the dQD-Disk),  0.047 eV(8% changg andAE, from 0.023 eV to 0.019 eV
and an InAs quantum dot with a first-order correction due to thg17% changg In comparison to the small dot discussed
potential change in the wetting layer regi@D-WL-Approx. The  aphove(see Table), the change in the gap is smaller for the
reference energy is the valence band edge of bulk GaAs. The energyrge dot, while the change in the spacing is larger. This
is in_ the unit of eV. The geometry of the quantum dot is illustratedj|| strates that the effect of the wetting layer on the energy
in Fig. 1. gap and spacing is sensitive to the height rajip The
smaller change in the gap can be explained by the small
relative change in the confinement potential width in the ver-
QD 1378 0158 1220 0.042 0025 :ir::alfdirtetﬁi?nth-rhel Iatrger Ch(??]gel in the spacir;fg i_s rﬁlalted tlo
e fact that the electron and hole are more efficiently local-
QD-WL 1314 0204 1110 0042 0.022 ized in the large dot than in the small dot. When the wetting
QD-Disk 1.337 0.192 1.145 0.047 0.024 layer is included, the localized wave functions spread to the

QD-WL-Approx ~ 1.334 0180 1.154 0.043 0.022 Wetting layer, leading to a larger spatial extent in the lateral
direction and thus to a small energy spacing.

FIG. 3. Potential profiles of a quantum dot without a wetting
layer (solid line) and a quantum dot with a wetting lay&tashed

Here, WL is the operator that projects the wave function
onto the wetting layer region, an, and ¢4, are the electron

Structure Ee Ep Egap AE, AEj,
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TABLE II. Distribution of the lowest electron and the highest =~ TABLE Ill. Spatial extents of the lowest electron and the high-
hole wave functions for a quantum dot without a wetting lay2b) est hole wave functions for a quantum dot without a wetting layer
and a quantum dot with a wetting lay@@D-WL). The weights of  (QD) and a quantum dot with a wetting layépD-WL). The QD
the wave function in the InAs dot, the InAs wetting layer, and thebase diameter is 18 nm, the QD height 2 nm, and the WL thickness
GaAs bhuffer region are listed. Note that the weight in the wetting2 ML. The spatial extents are estimated wilm:Vr’<|r—r0|2), Ax
layer for QD is the weight in the region where a wetting Iayerz\s’<(x—(x))2>, andAz= \,r((z—<z>)2>, wherer g is the position vector

would be located. of the center of mass, that is given &x),(y),(2)). The listez) is
the distance of the center of mass from the dot base{>arahd(y)
Electron Hole coincide with the dot center. The listed values are in units of nm.

Structure Dot WL  Buffer Dot WL  Buffer Structure State Ar Ax Az @
QD 043 010 047 082 006 0.12 QD Electron 499 329 175 071
QD-WL 043 015 042 072 017 0.1 QDWL  Electron 497 336 154 041
QD Hole 3.43 2.37 0.70 0.75
QDWL Hole 3.89 2.70 0.73 0.45

D. Single-particle wave functions

Since the wetting layer provides extra space for the elec-
tron and hole to be confined, the electron and hole wave\n empirical psudopotential calculation shows that the
functions are expected to change. The change in the wavgectron-hole alignment depends on the size, shape, and
functions is analyzed in two ways. First, the wave fUﬂCtiOﬂS|n/Ga composition prof”éx_leAn eight-band( p calculation
are integrated in three regions: the dot, the wetting layer, angredicts the measured alignment, hole above electron, only
the buffer. Table Il lists the resulting weights in the threewhen gallium diffusion is introduced near the top of the Hot.
regions. The electron wave function is weakly confined in
the dot region, whereas the hole wave function is strongly
confined in the dot. The difference between the electron and
hole wave function distributions is related to the light elec- | this section, we discuss the effect of the wetting layer
tron mass and the heavy hole mass. When the wetting laygj,y other properties of quantum dots besides strain, single-
is included, the electron wave function shifts from the bUfferparticIe energy, and single-particle wave function. Since the
to the wetting layer. In contrast, the hol_e wave function Shiﬁswetting layer considerably affects the single-particle wave
from the dot to the wetting layer. We find that for the large fynction. the wetting layer is also expected to influence the
dot discussed abowgeight 4 nm, the electron wave func- gjectrical and optical properties of self-assembled quantum
tion becomes more confined in the dot region and hence thgots. For example, the overlap between the electron and hole
effect of the wetting layer on the electron wave function\yaye function in the wetting layer increases fourfold when
distribution becomes similar to that on the hole wave funcype wetting layer is includegsee Table Ii. This will affect
tion. This shows that the shift trend of the wave function duehe oscillator strengths and photoluminescence polarization
to the wetting layer is related to the degree of the localizationjor inter-band transitions. Furthermore, the spatial extent of
of the wave function. the hole wave function increases, while that of the electron

Second, the spatial extents of the wave functions arg,ave function remains the sangsee Table ). This will
evaluated with(r-ro?), \(x=()?, and \{(z=(2)?),  |ead to a weaker excitonic binding energy. Finally, the spatial
wherer is the center of mass given yx),{y),(2)). The  extents of the wave functions in the vertical direction deter-
calculated expectation values are listed in Table Ill. The spamines the coupling between stacked quantum dots. When the
tial extent of the electron function is relatively unchanged,wetting layer is included, the vertical extent of the hole wave
while the extent of the hole wave function increases byfunction increases, while that of the electron wave function
0.46 nm. These trends are consistent with the wave functiodecreasegsee Table Ilj. This will lead to a larger inter-dot
weight shifts listed in Table 1l. The hole wave function coupling for hole levels but a smaller inter-dot coupling for
spreads from the dot to the wetting layer, leading to a largeelectron levels.
spatial extent in both lateral and vertical dimensions. In con- In the present study we do not take into account a non-
trast, the electron wave function moves from the buffer to theuniform In/Ga composition profile in the self-assembled dot.
wetting layer, leading to a smaller spatial extent in the verti-A large amount of In/Ga intermixing near the interface, in-
cal dimension and a larger spatial extent in the lateral dimenduced by a high growth temperature and post-growth thermal
sion. annealing, has been observed in self-assembled quantum

We also observe from the center of mégsthat both the dots. The main consequence of the In/Ga intermixing for
electron and hole wave function move toward the bottom othis investigation is that the confinement potential becomes a
the dot by 0.3 nm, when the wetting layer is included. How-gradually varying function rather than an abruptly-changing
ever, the relative distance between the electron’s and thiinction near the interface as shown in Fig. 3. Although the
hole’s center of mass is unchanged. For both QD and QDower In content in the dot and the wetting layer blue-shifts
+WL, the hole’s center of mass is above the electron’s bythe energy gap, we do not expect that the inclusion of the
0.04 nm, which was observed by a Stark effect experirfient. In/Ga intermixing alters the qualitative conclusion about the

IV. DISCUSSION

125307-5
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TABLE IV. Excitonic energy shell structure of self-assembled On the other hand, the spacing between the exciton levels
InGaAs quantum dots. The present calculation with the tight-agrees better with the experiment.
binding (TB) model is compared with a pseudopotentiaP cal-
culation and a photoluminescen@®lL) measurement. To compare .. CONCLUSION
with the energy of PL peaks, the energy spacing between the elec-
tron and hole level with the same symmetry is listed for the calcu- N summary, the effect of wetting layers on the strain and
lation. Symbolse and h stand for the electron and hole level, re- electronic structure of InAs self-assembled quantum dots is
spectively. Subscripts, p, andd represent the symmetry of the investigated with an atomistic valence-force-field model and
wave function. The dot geometries of the PP calculation and th@n sp’d®s* empirical tight-binding model. By comparing a
experiment are slightly different from the present dot geometry. Thedot with and without a wetting layer, we find that the inclu-
listed exciton energies for the experiment include an electron-holgion of the wetting layer weakens the strain inside the dot by
binding energy, while the listed energies for the present and pseud@my a 1% relative change while it reduces the energy gap

potential calculations do not. The pseudopotential calculations prenetween the confined electron and hole states by as much as
dict that the electron-hole binding energy for the lowest exciton] oy,

level is 35 meV. The small change in the dot strain indicates that strain
. relaxes little through the thin wetting layer. Overall, the wet-
TB calc. PP calc’ Exp. ting layer does not change the strain distribution in the self-
Geometry ~ 18x2nm  25X2.5nm  20X3nm  agsembled quantum dot. The large reduction of the energy
In/Ga composition InAs InAs InGaA$ gap in the quantum dot with a wetting layer is attributed to
e—h, 1.110 1.166 1.25 the increase in th_e width qf the confining p'otenti.al rather
than the change in the height of the potential. First order
&—hy 1.175 1.251 1.30 . . . -
_h 1231 1332 135 perturbation calculations or, alternatively, the addition of an
Ca™ ) ' ' InAs disk below the quantum dot confirm this conclusion. In
3 rom Ref. 3 a thin quantum dot, the effect of the wetting layer on the
bFrom Ref. 34 wave function is qualitatively different for the weakly con-

€An exact composition ratio of the dot is not known, but a signifi- fined electron and the strongly confined hole states. The elec-
cant amount of In/Ga intermixing is expected due to its high antron wave function moves from the buffer to the wetting
nealing temperature 850 °C. layer, while the hole wave function spreads from the dot to
the wetting layer region. The redistribution of the hole wave
effect of the wetting layer on the strain and the electronicl‘unction causes the increase of the effective lateral confin_e—
ment range and thus the decrease of the hole level spacing

structure of the self-assembled quantum dot. . . .
We finish the discussion by comparing the present resulté.Eh' Since the wetting layer considerably affects both the

. . . ingle-particle energy and wave function, the wetting layer
with relevant results from other theoretical calculations anazhould be included in the model in order to accurately model

experiments. No theoretical or experimental work studies “*the electric and optical properties of a single self-assembled
actly the same quantum dot as our modeled dot in terms o

. ! ; -dot and coupled quantum dots.
geometry and composition profile. Hence, the comparison is
applied to results available for a similar quantum dot: a
pseudopotential calculation for a lens-shaped dot with base
diameter 25 nm and height 2.5 nm without wetting Idyer  This work was performed at the Jet Propulsion Labora-
and a recent photoluminescence measurement for highly heery, California Institute of Technology under a contract with
mogeneous quantum dots with base diameter 20 nm anthe National Aeronautics and Space Administration. Funding
height 3 nm and obviously with wetting lay&.Table IV was provided under grants from ARDA, JPL Bio-Nano pro-
shows that the present tight-binding model generally undergram, and the NSEGrant No. EEC-0228390 One of the
estimates the exciton energy. This disagreement can be authors(O. L. L.) held a National Research Council Re-
tributed to the absence of In/Ga intermixing in our model.search Associateship Award at JPL.
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