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Vertical coupling and transition energies in multilayer InAs/GaAs 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.

INTRODUCTION GaAs spacer layers. The samples differ for the nunmfber
embedded of QD layerdN=1-9) and the thicknesB of
The interest in the fabrication of diode lasers emitting inthe GaAs spacerdX=5.6—15 nn). The GaAs buffers were
the 1.3um wavelength range has steadily increased in thgjeposited at 600 °C by MBE in order to optimize the mor-
last few years due to the fact that such lasers are key comsnology; the growth was interrupted for 210 s before and
ponents of fiber-optic-based communication networks. INyger the deposition of each InAs cycle to stabilize the
particular, quantum-ddiQD) structures obtained through the ALMBE growth temperature of the InAs QD's (460 °C) and

self-organized growth of three-d|mensu_3nal |slands of InA_:sOf the GaAs spacers (360 °C). The low growth temperature
on a GaAs substrate are currently considered highly promlséf the spacers was chosen in order to reduce the interaction
ing candidates for photonic applications at uf. In fact, P

reduction of the ground-state transition energy of the QD,Sbetween QD’s and upper (_:0nf|n|ng layers. The InA_s covers
toward the 1.3xm region has been already demonstratec?9€ Was 3 monolayet#iL) in all the layers. A transmission
when the dots are deposited by atomic layer molecular beaf€Ctron microscop(TEM) (110 cross-section of a QD
epitaxy (ALMBE) rather than standard molecular beam structure W|th five embedded Igyers of Ir.1As.QD s separated
epitaxy (MBE); further tuning of the fundamental transition by 10-nm-thick GaAs spacers is shown in Fig. 1. Moreover,
energy has been shown to be possible in multilayer strucve point out that in a statistical analysis of the TEM images
tures, obtained by successive deposition of InAs QD layer¥ve observe both stacked QD’s with the same size and
separated by GaAs spacers of appropriate thickness, due $¢acked QD’s with sizes that slightly increase as we move to
the possibility of controlling the electronic coupling among the upper layergactually, the QD height is more or less
electrons and holes in the strain-induced vertical ordering ofonstant, while the diameter increasesut the latter case
the dots into wirelike dot columrfs® We want to show that seems more frequent.
the interplay of strain and electron-hole Coulomb interaction The photoluminescend®L) spectra were taken, after ex-
can result in an increase or in a decrease of the ground-staggtation of the sample, with a frequency-doubled Nd:yttrium-
transition energy for an increasing number of dot layers, dealuminum-garnet laser, by using standard photon-counting
pending on the thickness of the GaAs spacer layers. We als@chniques. A Hamamatsu photomultiplier tulRMT) with
s_h_ow that th_e experlment_al results for the ground-_state trann Ga,_,As photocathode was used for photon detection.
sition energies, as obtained from the photoluminescence¢ne samples were mounted in a cold-finger cryostat operat-
spectra, can be nicely feproduced within a simple th.eoret|ce}hg between 10 and 300 K. We plot in Fig. 2 the fundamental
model for the calc_ula.tlon of the electronic states in thesg,,nsition energies versus the number of QD layers at 10 K,
systems once strain, indium segregafteamd Coulomb ef- for different layer separationd(=5.6 nm, squaresd =10
fects are duly taken into account. nm, circles;D =15 nm, diamonds

Either a blueshift or a redshift of the PL peak depending
on the spacer thickness, for increasing number of the stacked

The InAs/GaAs QD structures were grown by ALMBE. QD layers, is clearly observed. We refer the reader to Ref. 5
They consist of stacked layers of InAs QD’s separated byor details on the PL spectra.

I. SAMPLES AND EXPERIMENTAL DATA
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FIG. 3. Confinement potential for a single Qibdium segrega-
tion length=3 ML) for (a) electrons andb) heavy holes in the
(100 plane through the top of the dot. The gray scale is the same
for all plots.

FIG. 1. (110 cross-sectional TEM image of a structure consist-
ing of N=5 embedded layers of InAs QD’s, separated by 10-nm-is used, and also the indium segregation is taken into ac-
thick GaAs spacers. The image was taken un@? dark field  count. Finally, the Coulomb interaction is computed pertur-
conditions that enhance the compositional contrast between InAbatively. The one-band approximation gives significative dif-
and GaAs. ferences in the calculation of the excited states, but only

small corrections for the ground stafeSsince here we are
Il. MODEL AND NUMERICAL METHOD interested only to the latter, this simplified approach is justi-

fied.
The simplest model for describing a single

In,Ga, ,As/GaAs QD is an envelope function approxima-
tion using a one-band Hamiltonian with constant effective
masses, and a three-dimensional potential that has the sameThe potential is defined as follows. We suppose that the
geometrical shape of the QD and includes a conStant QD has a cylindrical symmetry and a Gaussian height profile
numerically computed strain contribution. More recent with standard deviationr and maximum heighhb (in fact,
models are based on multibakdp Hamiltonians and real- the shape and the dimension of the QD’s depend on the
istic strain distribution§~*! Furthermore, an alternative ap- growth conditions and, for example, QD’s with either
proach is based on pseudopotential calculatién¥'Finally,  cylindrical'’*° or pyramidal%*® symmetries can be ob-
indium segregation effects and the Coulomb interaction musiained. Moreover, we must take into account that the QD
be considered. resides on a continuous wetting layer with thicknds3he
Here, we adopt the following approach. We use a oneconfinement potential for a single QD can be written as
band Hamiltonian with constant effective masses. Moreover,
an analytical approximation of a realistic strain distribution V&(p,2) =E(x(z,S(p)),z,S(p)) —Ec(0.2,S(p)), (1)

A. Potential model

1.00 , , , , V"(p,2)=E}"(02,S(p))— E;"(x(z,S(p)),2,S(p)), (2)
or b ] V"(p,2)=E,(02,S(p)—E,'(x(z,8(p)),2,S(p)), (3
] wherex(z,S(p)) is the indium composition, depending both
S 105 ] on the nominal composition, and the indium segregation
2 1 length? while the functionsE, ,E"", andE!", are the edges
? ] of the energy bands of the,JGa _,As. For a more detailed
g 1037 ) discussion, and a definition of the previous functions, see
Ref. 15. In Fig. 3, we show the density plots of the single QD
101k ] potential.
] The potential for the QD array is the sum of a given
number of single QD potentials shifted by the layer separa-
0.99 o 2 2 6 8 70 tion. The model is a good approximation when the separation

is not too small and the QD islands are well defined and
distinct; otherwise the strain effects modify the single QD

FIG. 2. Experimental transition energiésoints, at T=10 K,  potential. In this case, however, the simple superposition of
and calculated transition energig@imes) with Coulomb corrections  the single QD potentials still should be a reasonable approxi-
versus the number of QD layers for different layer separations. mation, and should give qualitatively correct results. As

number of QD layers
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shown in Ref. 20, no major deviations are expected from the biam(py2) €M
results obtained by superposing the strain fields acting on Biam)(1) = L—,
isolated dots, as assumed in our calculations, where the in- \/E 2m
teraction of the QD strain fields has been neglected, as long , )
as the dot separation exceeds 2—3 nm as in our case. Mor@hereé ¢(am(r) are the complete eigenfunctions of the
over, as shown in Ref. 20 no further contribution is given byHamiltonian, they satisfy the integral equation
the piezoelectric field to the ground-state electronic energies.

Furthermore, according to the TEM images, we assumed I r oA Ao
that the QD heights are cgonstant, while thegaspect Qb f J In(p.2,p",2'38) b(am)(p’,2")dp"d2
height to base size rajislightly decreases as we move to the — a—E(am) 7
upper layer. Finally, the potential parametésdand dimen- =& "M dam(p.2). @)
sion, aspect ratio variation, and segregation lendtave
been fixed in order to fit both the structural propertieEM)
and the photoluminescence spectra. Once the potential is de- Mo M
fined, the transition energies are computed A&8,=E | EZ AT ¢J'1xl'2:eng(am)¢il,i2 ®)
+ED" M+ ES¥ %+ B, whereES andE!" ™" are the single- == Im)iy iz iy i2 P (am) (am)”’
particle confinement energieE,SaAS is the energy gap be-
tween the valence and conduction bands of the GaAsEand Where
is the Coulomb energy.

(6)

Equation(7) can be approximated by

(aﬁw)il,iz,jl,jzzf fgm(Pil-ZizaP',Z'E)

The computation of the bound states of a general multi- X1;.(p")lj,(z')dp'dZ’ 9)
well three-dimensional potential, where slight tunneling ef- ! 2

fects must be taken into account, is not a simple task. Hergng the functions;(x) are interpolating functionfwe use
we use the Green function deterministic numer'calpiecewise polynomials; in such a case, the coeﬁicieﬂr@ﬁ%

method,®*** (GFDNM) which has the following useful are just the values of the cylindrical wave function in the grid
propertiesi(a) it has very good accuracy for tunneling prob- points @il,ziz)]. If the functionsl,(x) and the propagator are

lems; (b) the propagator for a multidimensional quantum™ . .
system can be factorized as a tensorial product of onediven, the integralg9) can be calculated by analytical or

dimensional matrices multiplied by a diagonal tensor, withhumerical techniques. Unfortunately, an explicit general ex-
much less effort both in terms of CPU time and memoryPression for the finite time propagator does not exist. How-
requirements(c) we can choose an appropriate distribution €Ver, an approximate expressmn'for'the short time cylindri-
of grid points, according to the shapes of the wave functions¢al propagator, correct up ©(e), is given by
in order to obtain good accuracy with a quite small number
of points. In the following, we give a brief description of the Om(p,z,p",2";8)= k’r’n(p,p';s)kZ(Z,Z';s)e_sv(p'Z),
method. A more detailed discussion can be found in the ref- (10
erences given above.

The short time propagato(r,r';e), determines the Where
evolution of a quantum system in a small time intergal
relating the wave functiony at the timety,+¢ to the wave ) L \/ m, \/ pp pp’
function at the timet,, by Kin(p.p"58)= 2me s m

B. Bound state computation

Xe—mp(p—p')z/Zs, (11)

w(r;to+s)=f f K(r,r';e) (r';to)dr'.  (4)

For the computation of the bound states, it is convenient to , , m, _. (2—2")22¢
K(z,2';8)=\ 5 —e ™ . (12

use the Euclidean formulatiqimaginary time, because the

numerical integrations are more stable and accurate. In the
following, therefore K(r,r’;e) denotes the Euclidean short m, and m, are the effective masses for the motion alang
time propagator. If we now consider the case of a threeand in the layer planes, respectively(x) are the modified
dimensional potential with a cylindrical symmetry, the Bessel functions, an¥(p,z) is the potential. Therefore the

propagator can be written in the following way: eigenvalue equatiof8) can be written as a tensorial product
e of one-dimensional matrices multiplied by a diagonal tensor.
Ko S 1 on(pzp' 2 ) 1 Qim(9-0") Finally, Eq.(8) is solved by a Lanczos-Arnoldi methdd.
1 18 = Y 1 1 1 18 a L
m< o /_pp, m{pP p 27_[_
) C. Coulomb corrections

wherer=(p, 6,z) are the cylindrical coordinates. Since the If we neglect exciton-exciton interaction and use standard
azimuthal quantum numben is conserved, the contributions perturbation theory, we can estimate the Coulomb correction
of different values ofn can be separated. In fact, if we define to the transition energy. In fact, the exciton binding energy
the cylindrical wave functiong,m(p,2), by Ec can be written
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2
Eo= [ Orenfim (W e e (B o |
c € (am)’ 7€/ (a’m?) dmepe, |re_rh|
. 0.25 | 1
X {/,(eam)(re) w(a/m')(rh)l (13)
0.20 - E
where y/(,; and zﬁ?a,m,) are the single-particle wave func-
tions in the envelope function approximation. If we employ .. | ]
the Green function expansion formula and cylindrical coor-
dinates, Eq(13) becomes 650 |
E ¢ § c (14 o005 | .
€7 Amepe, SH '
where 00 /s o 15 320 45 60 75 90 105 120 135 150
(p2+22)”2 z (nm)
I_ < Al |
c —J dpedphdzedzhm\]e(ﬁe,Ze)Jh(Ph.Zh) (b) ‘ ‘
(15 i
and 0.25 .
3'(p,2) =] ¢ (am)(p.2)|*P(Z/p*+2°). (16) 020 - |
Moreover, by using the expansion 0.15 -
rl rL r'h 0.10
1= T = re) 7 0(re—rp), (17 T
r~ Mh re
) 0.05 |-
we obtain
%016 0 10 20 30 40 60 70 80 90 100
ClZJ dpedze{‘JL(Pevze)[(Pg_l_zg)”ZIll(Pe’ze) 2 (nm)
+(p§+ Z§)7(|+l)/2| Iz(PevZe)]}v (18 (C) : : :
where
0.20 | -
Ill(PeaZe):f dpndzy(pitz0) "2 (py 2zn)
0.15 | .
X 0(ph+zh—pe—2a), (19
0.10 -
(pe 2= | dpndiz(o+2) 23 pn.20)
0.05 |
X 0(petza—ph—2h)- (20
These expressions can be computed numerically once th g9 : = = :
cylindrical wave functionsg,m(p,z), are given. Then we S e 184 280 W2 204
can calculate the surti4), which is rapidly converging. z (nm)

FIG. 4. Electron(black and heavy-holdgray) wave function
projections along the axis for an array of 9 staked QD’¢a) D

In Fig. 4, we show the calculated electron and heavy-hole=15 nm;(b) D=10 nm;(c) D=5.6 nm.
wave function projections along tlzeaxis, for different layer
separations. This figure clearly shows different localizationexperimental data. In Ref. 5, however, the photolumines-
properties of the electron and the heavy-hole wave functionsence spectra were not fitted, since only the qualitative char-
We see that the electrons are affected by the coupling beacter, i.e., the relative localization properties of the electrons
tween the stacked QD’s already for layer separations of thand the heavy holes, was important. Here we made a more
order of 10 nm, while the heavy holes are affected by theaccurate fitting with a more precise choice of the effective
coupling only for smaller GaAs spacer thicknesses. The immasses and the band offset in the potential mdésiet Ref.
plications of such a behavior of the carrier wave functions ori5); as a result, the localization properties of the carrier wave
the PL lifetimes in these structures have been already difunctions turn out to be interchanged with respect to Ref. 5,
cussed in Ref. 5, and found to be in good agreement with thbut this fact does not affect the conclusions obtained there.

IIl. NUMERICAL RESULTS AND DISCUSSION
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-, . . FIG. 6. Calculated Coulomb corrections versus the number of
FIG. 5. Calculated fundamental transition energies without Cou-QD lavers for different laver separations
lomb corrections versus the number of QD layers for different layer Y y P '

separations. in the QD is not uniform and the carrier wave functions are

In Fig. 5, we show the calculated fundamental transitionpartia"y_eXtendEd_ outside the QD island, the dielectric con-
energies without Coulomb corrections versus the number oftante, Is a fun_cnon of the position. In order to get a rea-
QD layers for different layer separations. This graph does notPNable approximation, we used a valug=(14) between
explain the blueshift and redshift of the photoluminescencd10S€ Of bulk InAs €=15.2) and bulk GaAs ¢ =12.5).
spectra reported in Fig. 2. In fact, the different behavior ofrinally, we observe that recent psegdopotenna}l ca!culauons
the fundamental transition energies with respect to differenf@ve shown that the envelope function approximation over-
spacer thicknesses can be explained only by adding thgStimates the electron-hole Coulomb eneftiiowever, in
electron-hole Coulomb interaction. This interaction de-QD'S Of this dimension these corrections do not change sig-
creases when the number of layers increases, due to the daficantly the main features of our results.
localization of the wave functions either of the electron alone
or of the electron and the heavy hole together, in the inter- CONCLUSIONS

m_edlate[_lo nm, Fig. @)] or stro_ng[5.6 nm, Fig. 40)] cou- We have investigated the effect of vertical coupling on
pling regime, respectively. In Fig. 6, we plot an estimate Ofye glectronic levels and transition energies in multilayer
the Coulomb corrections versus the number of QD layers, fo[, as/GaAs quantum-dot structures, grown by ALMBE, as a
d@fferent layer separations. In the intermediate coupling "®function of the GaAs interlayer spacer thickness. Good
gime, the plotted values are the averages of the correctiong,eement between the transition energies measured from the
obtained for the different degenerate heavy-hole grounghnqtojuminescence spectra and the calculations has been

states. » . found, and the importance of taking into account the varia-
The calculated fundamental transition energies with Cousjon, of the electron-hole Coulomb interaction as a function of

lomb corrections versus the number of QD layers for théne srength of the vertical coupling has been clearly shown.
layer separations of the actual samples are plotted in Fig. 2.

The theoretical curves fit the experimental results quite well,

at least for layer separations that are not too small. In the

strong coupling regime, we do not have a good fit of the Work at LENS was supported by the European Commu-

experimental data, as expected, but we still have a reasonabtty under the TMR Programme, Contract No.

agreement. ERBFMGECT950017. This work was also supported by
We would like to note that, since the indium distribution CNR-Progetto Finalizzato MADESS II.
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