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We investigate theoretically the effects of chemical composition and shape on the electronic states in
InAs/GaAs self-assembled quantum dots, by using an eight-band strain-depkngedamiltonian. For a
number of InAs dots with different shapes, and especially with different gallium concentration profiles, we
found various ranges of separation between electrons and holes. We show that gallium diffusion changes the
confining potential for both electrons and holes through the strain profile in the dots, leading to totally different
hole states from those in pure InAs dots. We also compute the electron-hole separation as a function of electron
and hole energy levels. For the same gallium concentration profile, pyramidal dots exhibit the inverted align-
ment with the largest electron-hole separation compared with other two types, truncated-pyramidal and lens-
shaped dots. Our calculations agree well with recent experinierifg. Fryet al, Phys. Rev. Lett84, 733
(20001
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As a typical example of zero-dimensional semiconductorin the inset of Fig. 1, with a 17.4 nm base and 8.4 nm height,
structure! InAs/GaAs self-assembled quantum dBAD’s) that is similar to SAD’s studied in the Stark effect
have attracted considerable interest for the investigation aéxperimenf Although gallium could diffuse in any portion
new physicéand potential applications in optoelectronics.  of InAs SAD that is embedded in the GaAs matrix, we as-
Although a large amount of effort has been expended at boteume this most likely occurs at the base. The structure con-
experimental studi@sand theoretical modelingthere are tains five In_,GaAs layers at its base, with decreasing
still many uncertainties, such as chemical compositamd  linearly from 50% at the bottom with intervals of 10%. The
shapé which play an important role in the electronic prop- band structure along the growth direction through the center
erties of SAD’s. Recent experiments on Stark effect specef the SAD is shown in Fig. 1. For comparison, the various
troscopy on SAD’'s(Ref. 6 investigated the effect of con- band edges of a pure InAs SAD with the same size are rep-
centration distribution of gallium on the electronic states inresented in dashed lines.

InAs SAD’s, and established a relation between the Stark In pure InAs SAD’s, the confining potential for heavy
shift and the electron-hole vertical separation. In particularholes(higher valence bandncreases linearly from the base
an inverted electron-hole alignment, i.e., the hole is localizedo the apex, while for electrons it is relatively flat throughout
towards the dot apex above the electron, was found. This
surprising result was attributed to the influence of gallium
diffusion in the SAD base, which squeezes the hole states L5p
towards the dot apex, while barely modifying the electron
states.

In this work, we address the issue of the universality of
electron-hole alignment inversion in SAD’s. For this pur-
pose, we perform a theoretical study of the electron-hole
vertical separation in InAs/GaAs SAD'’s, concentrating on
the effects of gallium diffusion into InAs islands, and on the
shape of the structures. For a number of InAs dots, we found
various ranges of vertical separation between electrons and
holes, depending on their shapes, sizes, and especially the .
amount of gallium diffusion in the dots. All three types of —0.5} ]
SAD’s considered in this study, namely, pyramidal, trun- 0 2 4 6 8 10 12 14 16
cated pyramidal, and lens-shaped, could exhibit an inverted
electron-hole alignment, contrarily to predictions based on a

one-band modél‘.) _ . FIG. 1. Band structure along thH®01] direction through the
Our model implements an eight-band strain-dependententer of the dot. The dot bottom and top are at 2.7 and 11.1 nm,

k-p Hamiltonian;* for which the strain is calculated by us- respectively. Dashed lines are for a pure InAs dot and solid lines are

ing linear continuum elastic theofy.The electronic struc- for the dot with gallium diffusion as shown in the inset. Inset:

ture is solved in the framework of the envelope functionschematic view of a truncated pyramidal dot characterized by five

formalism by using the Lanczos algorithm. graded In_,GaAs layers, withx decreasing linearly from 50% at
First, we consider a truncated pyramidal structure, showithe base by intervals of 10%.

Energy bands (eV)
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FIG. 3. Top: calculated energy level shifts, bottom; center of
FIG. 2. Probability density isosurfaces of the ground states Of‘nass as a function of the number of, }§Ga, ,5As layers in the

electrons(dark) and holes(light gray). The upper panel is for the pottom of the dot. The cross markers are for electrons and circles
pure InAs dot and the lower panel for the dot with gallium diffusion for holes.

as shown in the inset of Fig. 1.
Now, we investigate the dependence of the electron-hole

the structure, which results in stronger hole confinement irfeparation on the amount of gallium diffusion in a InAs py-
the dot bottom. As seen in the figure, the presence of diffamidal SAD consisting of severalIn,GaAs layers with a
fused gallium shifts the band edges at the bottom of thé&onstant composition=0.25. The structure has a 18.6 nm
structure for both electrons and holes. As the offset betweeRase and a 9.6 nm height. Figure 3 shows the calculated
valence bands in the dot is much shallower than between thghergy levels and the corresponding center of mass as a func-
conduction bands, the gallium diffusion imposes a more retion of the number of diffusion layers. The energy levels are
markable effect on hole confinement than on electron condiven in reference to the pure InAs SAD. When the number
finement. of diffusion layers isn=16, the structure is a homogeneous
Figure 2 shows the wave functions of the ground electrorNo.7sGa 2AS SAD. As seen in Fig. @), both energies of
and hole states. The upper panel is for the pure InAs SADeglectrons and holes increase almost linearly up+dal0 and
and the lower panel for the structure with gallium diffusion. remain unchanged far=10. In the latter situationn(=10),
The overlap between the wave functions of electrons anglectron and hole states are localized near the bottom of the
holes is hidden by the dark isosurfaces of electron wavétructure[see Fig. 8)], so, the change of composition in the
functions. The calculated vertical separation between théegion around the pyramid tip has little effect on the energy
electron state and the hole state is 11.{ufiper pangland  levels. This result also implies that, fo 10, the InAs pyra-
—4.8 A (lower panel, respectively. Here, we adopt the rule mid could be regarded as aylnGa, ,sAs SAD with In-rich
that the electron-hole separation is positive if the groundcomposition near its apex.
electron state is localized towards the dot apex above the In Fig. 3(b), we show the behavior of the center of mass
ground hole state and negative in the opposite situation. F&®f the electron and hole states which is calculated from the
the pure InAs SAD, it is found the hole state is localizedbottom of the dot. Ain=0, which corresponds to pure InAs
closer to the dot bottom, in agreement with Fig. 1, but, this iSSAD’s, the hole state is localized 1.1 nm below the electron
due to the different influences of strain on electrons andtate. While both electron and hole states move towards the
holes rather than to the heavier hole effective mass: electrofiot apex with the addition of the first few gallium layers, the
states are more sensitive to hydrostatic strain componentshift of the hole state is larger than for the electron state,
while hole states are more affected by biaxial strain comporesulting in inverted electron-hole alignment between3
nents. In SAD’s with gallium diffusion, both electron and andn=9. We notice that the electron state begins to move
hole states are pushed away from the bottom towards the ddown aftern=6 while the hole state reverses its trend after
apex. However, as the hole state cannot occupy the space=8. Especially, the hole state is found to drop abruptly
near the apex around the central axis, its wave function dedelow the electron state ai=10, after which, positive
velops new “wings” around the facet edges because of theelectron-hole separation that converges to its value in homo-
strong local confinement. These wings are responsible for thgeneous Ip,:Ga »sAs SAD’s, is recovered. This result im-
inversion of the electron-hole alignment, found plies that INnAs/GaAs SAD’s with homogeneous composition
experimentally’ throughout the structure could not exhibit inverted electron-
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TABLE I. Calculated center of mass of electron stateg) (@nd M
of hole states B,), and their separatioR,— P, for a number of IFT % x oy (@
InAs SAD’s with different shapes, sizes, and gallium concentration - ot x
profiles. All the length is in units of nm. £ %
RS £ X
= - x X
Type Shape Size Composition| Pe Ph Pe—Ph] = x x
- ® x
1 | pyramid | 18.6x9.6 T | 326 | 3.89 |-0.63 £ N
X X
i - 2 -3 . . . .
2 | pyramid | 18696 S [322] 364 |-042 2 77 035 036 037 038 039 04 041 042
3 | pyramid | 18.6x9.6 I 32 {401 |-081 @ . . . .
Lo
4 | pyramid | 18.6x9.6 J |321] 33 }-0.00 ..% 1 %o o (b)
5 | pyramid | 186x96 || _J | 349|471 ]-1.22 g o °
= S
6 | pyramid | 18.6x9.6 J1 32 | 339]-019 s %
= 2 -1
7 | pyramid | 18.6x9.6 | 334 | 469 |-135 = &f °
8 | pyramid | 18.6x0.6 |] | 324 328 |-0.04 -2 ° °
9 | pyramid | 18.6x9.6 T | 334 [ 3.99 [-0s65 1 _ ° 5 o
— -
10 pyramid 18.6x9.6 I 1317] 396 |-079 051 052 053 054 055 056 057
11 | pyramid | 186x96 || T | 3.2 358 [-0.46 Energy levels (eV)
12 | pyramid | 18.6x9.6 -H_—/_r 3.08 | 321 | -0.13 FIG. 4. Electron-hold separation versus energy levels of elec-
13 | truncated | 17.4x3.6 1.43 | 131 | 0.12 trons(a) and holegb) for a number of gallium diffusion profiles as
14 | truncated | 17436 | | | 18 [ 195)-015 listed in Table | and shown in Fig. 3.
15 | truncated | 18.6x8.4 1323|398 ]-075
16 | truncated | 17.4x84 | | J 1329|377 ]-048 We also investigated lens-shaped InAs SAD’s for which

the base diameter and height are the same as those of the
pyramid structure in Fig. 3. The center of mass and the
hole alignment, which was predicted earlier with the one-éleéctron-hole separation in lens-shaped SAD’s as a function
band modet® of energy levels for a number of gallium diffusion profiles

Besides gallium concentration profiles with linear gradingith linear grading and nonlinear grading are shown in Fig.
(Fig. 1) and steplike gradingFig. 3), we have also consid- o It is seen that lens-shaped SAD’s share a similar feature
ered other possibilities, including the combinations, of lineatVith the pyramidal structures since the center of mass of
and steplike grading, and nonlinear grading. Most of thes&!€ctron states varies less than hole states. However, lens-
diffusion profiles consist of a number of,[@a,_,As layers ~Shaped structures of similar size as pyramids exhibit smaller
in the bottom of InAs SAD’s, wittx<0.5. The number of electron-hole separatiorisee Fig. &) and §d)]. This can
diffusion layers does not exceed 8. Table | lists a number of€ €xplained as follows: In pyramidal structure, as seen in
InAs SAD of different shapes, sizes and gallium concentraF'9- 2, the hole wave function leaks partially outside the
tion profiles(along the growth directiorand the correspond- Structure by developing “wings” around the facet edges.
ing center of mass of the electron state and the hole state. For

pure InAs SADs, there is no gallium inside the island, so the
corres . . o 4.4 (@) x (b)
ponding composition profile is flat. ,ex?‘ -
For truncated pyramidal structures, the electron-hole 42 * 5
separation is less pronounced because of the stronger con- X * x 0 §
finement along the growth direction. For a truncated pyramid E 4 X o g
of 3.6 nm height and 17.4 nm bagmse 14 listed in Tablg,| DY * -0.5 é‘
the electron-hole separation is only 1.2 A without gallium & x x &
diffusion and—1.5 A with the same gallium concentration E 033 034 035 033 034 035 | &
profile as shown in Fig. 1. For pyramidal structures, the de- 2 (© o o @ g
pendence of the positions of electron and hole states on their ﬁé 45 ® ) 05 &
energy levels is shown in Fig. 4. The energy levels are given S 4 0% o o ° g
in reference to the middle of GaAs band gap and the hole o 0 =
energies are given in their absolute values. Electron-hole 3.5 o o g
separation is shown to vary roughly betweeB80 and 10 A. 3 o ° 03

The result illustrates such a basic feature as the decreasing
separation between the electron and the hole state with in-
creasing electron and hole energies. For both large positive
and negative electron-hole separation, an obvious saturation FIG. 5. Center of mass and electron-hole separation versus en-
is observed, which sets the upper limit on the separation irrgy levels of electronga),(b) and holes(c),(d) for a number of

the dot. gallium diffusion profiles of lens-shaped dots.

0.53 0.54 0.55 0.53 0.54 0.55
Energy levels (eV)
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While the lens-shaped SAD provides a more wider regiortrons and holes is generally larger for higher structures; that
than in pyramids to accommodate the hole inside the struds the reason why truncated pyramids have smaller electron-
ture, the hole wave function is generally found to stay insidehole separation. Let us point out that our model does not take
the structure away from the apex. Hence holes are confineiéito account excitonic effects in the calculated electron-hole
in a narrower region, resulting in smaller electron-hole sepaalignment. Given the attractive nature of this interaction, ex-
ration in comparison with the pyramidal structure. citon binding would reduce the particle separation without
Besides the electron-hole separation, the gallium difoSiOTbroducing major effects on the electronic states. Indeed, as
also gffects the optical transit_ion energy, and especially _th?ne Bohr radius is much larger than the dot size, excitons
transition  strength. Calculations show that a negative,ny perturb the electron-hole system without affecting the
electron-hole separation is associated with larger transitiog; .o tion of their alignment. Therefore, based on energetic

energy compared with pos_ltlve Sep‘?‘r_a"of‘- The result al.S(&onsiderations, we can expect our calculated results to be at
demonstrates that the optical transition in structures with

. DS .
negative electron-hole separation is not as strong as that with ost overestimated by 10-209%. Hence, for structures with

positive separation. For instance, the transition strength bes_|m|lar sizes as SAD's studied experimentally, we found in-

comes three times smaller as the electron-hole separatiélr?rted electron-hole alignments that are consistent with the
changes from 1 nm te-1 nm®® experiment for several gallium diffusion profiles character-

In conclusion, we studied the electron-hole separation iffz€d Py linear grading or steplike grading. However, :[he in-
InAs SAD’s due to the effect of gallium diffusion and dot Verted alignment is not a universal property of SAD’s, but
shape. We found that diffused gallium into InAs SAD’s im- ultimately depends on diffusion profile and dot size that are
poses a different effect on the effective confinement of elecimposed by fabrication processes.

trons and holes, leading to inverted electron-hole alignment This work is supported by ARO Grant No. DAAD 10-99-

for specific gallium diffusion profiles. We also found that . . . .
hole states are more sensible to gallium diffusion, especiall 0129 and the National Computational Science Alliance,
rant No. ECSO00002N.

for pyramidal SAD structures. The separation between elec*
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