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Vertical coupling and transition energies in multilayer InAsÕGaAs quantum-dot structures
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Vertically ordered quantum dots in multilayer InAs/GaAs structures have attracted large interest in recent
years for device application as light emitters. Contradictory claims on the dependence of the fundamental
transition energy on the interlayer separation and number of dot layers have been reported in the literature. We
show that either a blueshift or a redshift of the fundamental transition energy can be observed in different
coupling conditions and straightforwardly explained by including strain, indium segregation, and electron-hole
Coulomb interaction, in good agreement with experimental results.
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INTRODUCTION

The interest in the fabrication of diode lasers emitting
the 1.3-mm wavelength range has steadily increased in
last few years due to the fact that such lasers are key c
ponents of fiber-optic-based communication networks.
particular, quantum-dot~QD! structures obtained through th
self-organized growth of three-dimensional islands of In
on a GaAs substrate are currently considered highly prom
ing candidates for photonic applications at 1.3mm. In fact,
reduction of the ground-state transition energy of the Q
toward the 1.3-mm region has been already demonstra
when the dots are deposited by atomic layer molecular b
epitaxy ~ALMBE ! rather than standard molecular bea
epitaxy1 ~MBE!; further tuning of the fundamental transitio
energy has been shown to be possible in multilayer st
tures, obtained by successive deposition of InAs QD lay
separated by GaAs spacers of appropriate thickness, du
the possibility of controlling the electronic coupling amon
electrons and holes in the strain-induced vertical ordering
the dots into wirelike dot columns.2,3 We want to show that
the interplay of strain and electron-hole Coulomb interact
can result in an increase or in a decrease of the ground-
transition energy for an increasing number of dot layers,
pending on the thickness of the GaAs spacer layers. We
show that the experimental results for the ground-state t
sition energies, as obtained from the photoluminesce
spectra, can be nicely reproduced within a simple theoret
model for the calculation of the electronic states in the
systems once strain, indium segregation,4 and Coulomb ef-
fects are duly taken into account.

I. SAMPLES AND EXPERIMENTAL DATA

The InAs/GaAs QD structures were grown by ALMBE
They consist of stacked layers of InAs QD’s separated
PRB 620163-1829/2000/62~15!/10220~6!/$15.00
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GaAs spacer layers. The samples differ for the numbeN
embedded of QD layers (N51 – 9) and the thicknessD of
the GaAs spacers (D55.6– 15 nm!. The GaAs buffers were
deposited at 600 °C by MBE in order to optimize the mo
phology; the growth was interrupted for 210 s before a
after the deposition of each InAs cycle to stabilize t
ALMBE growth temperature of the InAs QD’s (460 °C) an
of the GaAs spacers (360 °C). The low growth temperat
of the spacers was chosen in order to reduce the interac
between QD’s and upper confining layers. The InAs cov
age was 3 monolayers~ML ! in all the layers. A transmission
electron microscopy~TEM! ~110! cross-section of a QD
structure with five embedded layers of InAs QD’s separa
by 10-nm-thick GaAs spacers is shown in Fig. 1. Moreov
we point out that in a statistical analysis of the TEM imag
we observe both stacked QD’s with the same size
stacked QD’s with sizes that slightly increase as we move
the upper layers~actually, the QD height is more or les
constant, while the diameter increases!, but the latter case
seems more frequent.

The photoluminescence~PL! spectra were taken, after ex
citation of the sample, with a frequency-doubled Nd:yttrium
aluminum-garnet laser, by using standard photon-coun
techniques. A Hamamatsu photomultiplier tube~PMT! with
InxGa12xAs photocathode was used for photon detecti
The samples were mounted in a cold-finger cryostat ope
ing between 10 and 300 K. We plot in Fig. 2 the fundamen
transition energies versus the number of QD layers at 10
for different layer separations (D55.6 nm, squares;D510
nm, circles;D515 nm, diamonds!.

Either a blueshift or a redshift of the PL peak depend
on the spacer thickness, for increasing number of the stac
QD layers, is clearly observed. We refer the reader to Re
for details on the PL spectra.
10 220 ©2000 The American Physical Society
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II. MODEL AND NUMERICAL METHOD

The simplest model for describing a sing
InxGa12xAs/GaAs QD is an envelope function approxim
tion using a one-band Hamiltonian with constant effect
masses, and a three-dimensional potential that has the
geometrical shape of the QD and includes a constant6 or
numerically computed7 strain contribution. More recen
models are based on multibandk•p Hamiltonians and real-
istic strain distributions.8–11 Furthermore, an alternative ap
proach is based on pseudopotential calculations.12–14Finally,
indium segregation effects and the Coulomb interaction m
be considered.

Here, we adopt the following approach. We use a o
band Hamiltonian with constant effective masses. Moreo
an analytical approximation of a realistic strain distributi

FIG. 1. ~110! cross-sectional TEM image of a structure consi
ing of N55 embedded layers of InAs QD’s, separated by 10-n
thick GaAs spacers. The image was taken under~002! dark field
conditions that enhance the compositional contrast between
and GaAs.

FIG. 2. Experimental transition energies~points!, at T510 K,
and calculated transition energies~lines! with Coulomb corrections
versus the number of QD layers for different layer separations.
me

st

-
r,

is used, and also the indium segregation is taken into
count. Finally, the Coulomb interaction is computed pert
batively. The one-band approximation gives significative d
ferences in the calculation of the excited states, but o
small corrections for the ground states;8,9 since here we are
interested only to the latter, this simplified approach is jus
fied.

A. Potential model

The potential is defined as follows. We suppose that
QD has a cylindrical symmetry and a Gaussian height pro
with standard deviations and maximum heighth ~in fact,
the shape and the dimension of the QD’s depend on
growth conditions and, for example, QD’s with eith
cylindrical17–19 or pyramidal7,10,16 symmetries can be ob
tained!. Moreover, we must take into account that the Q
resides on a continuous wetting layer with thicknessd. The
confinement potential for a single QD can be written as

Ve~r,z!5Ec~x„z,S~r!…,z,S~r!!2Ec„0,z,S~r!…, ~1!

Vhh~r,z!5Ev
hh
„0,z,S~r!…2Ev

hh~x„z,S~r!…,z,S~r!!, ~2!

Vlh~r,z!5Ev
lh
„0,z,S~r!…2Ev

lh~x„z,S~r!…,z,S~r!!, ~3!

wherex„z,S(r)… is the indium composition, depending bo
on the nominal composition, and the indium segregat
length,4 while the functionsEc ,Ev

hh , andEv
lh , are the edges

of the energy bands of the InxGa12xAs. For a more detailed
discussion, and a definition of the previous functions,
Ref. 15. In Fig. 3, we show the density plots of the single Q
potential.

The potential for the QD array is the sum of a give
number of single QD potentials shifted by the layer sepa
tion. The model is a good approximation when the separa
is not too small and the QD islands are well defined a
distinct; otherwise the strain effects modify the single Q
potential. In this case, however, the simple superposition
the single QD potentials still should be a reasonable appr
mation, and should give qualitatively correct results.

-
-

s

FIG. 3. Confinement potential for a single QD~indium segrega-
tion length .3 ML! for ~a! electrons and~b! heavy holes in the
~100! plane through the top of the dot. The gray scale is the sa
for all plots.
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10 222 PRB 62S. TADDEI et al.
shown in Ref. 20, no major deviations are expected from
results obtained by superposing the strain fields acting
isolated dots, as assumed in our calculations, where the
teraction of the QD strain fields has been neglected, as
as the dot separation exceeds 2–3 nm as in our case. M
over, as shown in Ref. 20 no further contribution is given
the piezoelectric field to the ground-state electronic energ

Furthermore, according to the TEM images, we assum
that the QD heights are constant, while the aspect ratio~QD
height to base size ratio! slightly decreases as we move to t
upper layer. Finally, the potential parameters~island dimen-
sion, aspect ratio variation, and segregation length! have
been fixed in order to fit both the structural properties~TEM!
and the photoluminescence spectra. Once the potential is
fined, the transition energies are computed asDEa5Ea

e

1Ea
hh ( lh)1Eg

GaAs1EC, whereEa
e andEa

hh ( lh) are the single-
particle confinement energies,Eg

GaAs is the energy gap be
tween the valence and conduction bands of the GaAs, anEC
is the Coulomb energy.

B. Bound state computation

The computation of the bound states of a general mu
well three-dimensional potential, where slight tunneling
fects must be taken into account, is not a simple task. H
we use the Green function deterministic numeri
method,15,21,22 ~GFDNM! which has the following usefu
properties:~a! it has very good accuracy for tunneling pro
lems; ~b! the propagator for a multidimensional quantu
system can be factorized as a tensorial product of o
dimensional matrices multiplied by a diagonal tensor, w
much less effort both in terms of CPU time and memo
requirements;~c! we can choose an appropriate distributi
of grid points, according to the shapes of the wave functio
in order to obtain good accuracy with a quite small num
of points. In the following, we give a brief description of th
method. A more detailed discussion can be found in the
erences given above.

The short time propagator,K(r ,r 8;«), determines the
evolution of a quantum system in a small time interval«,
relating the wave functionc at the timet01« to the wave
function at the timet0, by

c~r ;t01«!5E •••E K~r ,r 8;«! c~r 8;t0! dr 8. ~4!

For the computation of the bound states, it is convenien
use the Euclidean formulation~imaginary time!, because the
numerical integrations are more stable and accurate. In
following, therefore,K(r ,r 8;«) denotes the Euclidean sho
time propagator. If we now consider the case of a thr
dimensional potential with a cylindrical symmetry, th
propagator can be written in the following way:

K~r ,r 8;«!5 (
m52`

1`
1

Arr8
gm~r,z,r8,z8;«!

1

2p
eim(u2u8),

~5!

wherer[(r,u,z) are the cylindrical coordinates. Since th
azimuthal quantum numberm is conserved, the contribution
of different values ofm can be separated. In fact, if we defin
the cylindrical wave functionsf (am)(r,z), by
e
n
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c (am)~r !5
f (am)~r,z!

Ar

eimu

2p
, ~6!

where c (am)(r ) are the complete eigenfunctions of th
Hamiltonian, they satisfy the integral equation

E E gm~r,z,r8,z8;«!f (am)~r8,z8!dr8dz8

5e2«E(am)f (am)~r,z!. ~7!

Equation~7! can be approximated by

(
j 151

Mr

(
j 251

Mz

~ g̃m
« ! i 1 ,i 2 , j 1 , j 2

f (am)
j 1 , j 2.e2«E(am)f (am)

i 1 ,i 2 , ~8!

where

~ g̃m
« ! i 1 ,i 2 , j 1 , j 2

[E E gm~r i 1
,zi 2

,r8,z8;«!

3 l j 1
~r8!,l j 2

~z8!dr8dz8 ~9!

and the functionsl i(x) are interpolating functions@we use
piecewise polynomials; in such a case, the coefficientsf (am)

i 1 ,i 2

are just the values of the cylindrical wave function in the g
points (r i 1

,zi 2
)#. If the functionsl i(x) and the propagator ar

given, the integrals~9! can be calculated by analytical o
numerical techniques. Unfortunately, an explicit general
pression for the finite time propagator does not exist. Ho
ever, an approximate expression for the short time cylind
cal propagator, correct up toO(«), is given by

gm~r,z,r8,z8;«!5km
r ~r,r8;«!kz~z,z8;«!e2«V(r,z),

~10!

where

km
r ~r,r8;«!5A mr

2p«
A2pmr

rr8

«
e2mrrr8/« I mS mr

rr8

« D
3e2mr(r2r8)2/2«, ~11!

kz~z,z8;«!5A mz

2p«
e2mz(z2z8)2/2«, ~12!

mz and mr are the effective masses for the motion alongz
and in the layer planes, respectively,I m(x) are the modified
Bessel functions, andV(r,z) is the potential. Therefore the
eigenvalue equation~8! can be written as a tensorial produ
of one-dimensional matrices multiplied by a diagonal tens
Finally, Eq. ~8! is solved by a Lanczos-Arnoldi method.23

C. Coulomb corrections

If we neglect exciton-exciton interaction and use stand
perturbation theory, we can estimate the Coulomb correc
to the transition energy. In fact, the exciton binding ener
EC can be written
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EC52E dredrhc (am)
e* ~re!c (a8m8)

h* ~rh!
e2

4pe0e r

1

ure2rhu

3c (am)
e ~re!c (a8m8)

h
~rh!, ~13!

wherec (am)
e and c (a8m8)

h are the single-particle wave func
tions in the envelope function approximation. If we empl
the Green function expansion formula and cylindrical co
dinates, Eq.~13! becomes

EC52
e2

4pe0e r
(
l 50

1`

Cl , ~14!

where

Cl5E dredrhdzedzh

~r21z2!,
l /2

~r21z2!.
( l 11)/2

Je
l ~re ,ze!Jh

l ~rh ,zh!

~15!

and

Jl~r,z!5uf (am)~r,z!u2Pl~z/Ar21z2!. ~16!

Moreover, by using the expansion

r ,
l

r .
l 11

5
r e

l

r h
l 11

u~r h2r e!1
r h

l

r e
l 11

u~r e2r h!, ~17!

we obtain

Cl5E dredze$Je
l ~re ,ze!@~re

21ze
2! l /2I 1

l ~re ,ze!

1~re
21ze

2!2( l 11)/2I 2
l ~re ,ze!#%, ~18!

where

I 1
l ~re ,ze!5E drhdzh~rh

21zh
2!2( l 11)/2Jh

l ~rh ,zh!

3u~rh
21zh

22re
22ze

2!, ~19!

I 2
l ~re ,ze!5E drhdzh~rh

21zh
2! l /2Jh

l ~rh ,zh!

3u~re
21ze

22rh
22zh

2!. ~20!

These expressions can be computed numerically once
cylindrical wave functions,f (am)(r,z), are given. Then we
can calculate the sum~14!, which is rapidly converging.

III. NUMERICAL RESULTS AND DISCUSSION

In Fig. 4, we show the calculated electron and heavy-h
wave function projections along thez axis, for different layer
separations. This figure clearly shows different localizat
properties of the electron and the heavy-hole wave functio
We see that the electrons are affected by the coupling
tween the stacked QD’s already for layer separations of
order of 10 nm, while the heavy holes are affected by
coupling only for smaller GaAs spacer thicknesses. The
plications of such a behavior of the carrier wave functions
the PL lifetimes in these structures have been already
cussed in Ref. 5, and found to be in good agreement with
-
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e
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experimental data. In Ref. 5, however, the photolumin
cence spectra were not fitted, since only the qualitative ch
acter, i.e., the relative localization properties of the electr
and the heavy holes, was important. Here we made a m
accurate fitting with a more precise choice of the effect
masses and the band offset in the potential model~see Ref.
15!; as a result, the localization properties of the carrier wa
functions turn out to be interchanged with respect to Ref
but this fact does not affect the conclusions obtained the

FIG. 4. Electron~black! and heavy-hole~gray! wave function
projections along thez axis for an array of 9 staked QD’s:~a! D
515 nm; ~b! D510 nm; ~c! D55.6 nm.
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10 224 PRB 62S. TADDEI et al.
In Fig. 5, we show the calculated fundamental transit
energies without Coulomb corrections versus the numbe
QD layers for different layer separations. This graph does
explain the blueshift and redshift of the photoluminesce
spectra reported in Fig. 2. In fact, the different behavior
the fundamental transition energies with respect to differ
spacer thicknesses can be explained only by adding
electron-hole Coulomb interaction. This interaction d
creases when the number of layers increases, due to th
localization of the wave functions either of the electron alo
or of the electron and the heavy hole together, in the in
mediate@10 nm, Fig. 4~b!# or strong@5.6 nm, Fig. 4~c!# cou-
pling regime, respectively. In Fig. 6, we plot an estimate
the Coulomb corrections versus the number of QD layers,
different layer separations. In the intermediate coupling
gime, the plotted values are the averages of the correct
obtained for the different degenerate heavy-hole gro
states.

The calculated fundamental transition energies with C
lomb corrections versus the number of QD layers for
layer separations of the actual samples are plotted in Fig
The theoretical curves fit the experimental results quite w
at least for layer separations that are not too small. In
strong coupling regime, we do not have a good fit of t
experimental data, as expected, but we still have a reason
agreement.

We would like to note that, since the indium distributio

FIG. 5. Calculated fundamental transition energies without C
lomb corrections versus the number of QD layers for different la
separations.
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in the QD is not uniform and the carrier wave functions a
partially extended outside the QD island, the dielectric co
stante r is a function of the position. In order to get a re
sonable approximation, we used a value (e r.14) between
those of bulk InAs (e r515.2) and bulk GaAs (e r512.5).
Finally, we observe that recent pseudopotential calculati
have shown that the envelope function approximation ov
estimates the electron-hole Coulomb energy.24 However, in
QD’s of this dimension these corrections do not change
nificantly the main features of our results.

CONCLUSIONS

We have investigated the effect of vertical coupling
the electronic levels and transition energies in multilay
InAs/GaAs quantum-dot structures, grown by ALMBE, as
function of the GaAs interlayer spacer thickness. Go
agreement between the transition energies measured from
photoluminescence spectra and the calculations has
found, and the importance of taking into account the var
tion of the electron-hole Coulomb interaction as a function
the strength of the vertical coupling has been clearly sho
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FIG. 6. Calculated Coulomb corrections versus the numbe
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