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In this paper, we present theoretical analysis and computation for tuning the ground state (GS)
photoluminescence (PL) emission of InAs/GaAs quantum dots (QDs) at telecommunication
window of 1.3-1.55 um by optimizing its height and base dimensions through quantum mechanical
concepts. For this purpose, numerical modelling is carried out to calculate the quantized energy
states of finite dimensional QDs so as to obtain the GS PL emission at or beyond 1.3 um. Here, we
also explored strain field altering the QD size distribution in multilayer heterostructure along with
the changes in the PL spectra, simulation on post growth thermal annealing process which
blueshifts the operating wavelength away from the vicinity of 1.3 um and improvement of optical
properties by varying the thickness of GaAs spacing. The results are discussed in detail which will
serve as an important information tool for device scientist fabricating high quality semiconductor
quantum structures with reduced defects at telecommunication wavelengths. © 2012 American

Institute of Physics. [http://dx.doi.org/10.1063/1.4739457]

. INTRODUCTION

Recent years witness extensive investigation on self-
assembled InAs/GaAs quantum dots (QDs) for optoelec-
tronic devices such as lasers and photodetectors'™ due to its
unique 9 like density of states, size dependent photolumines-
cence (PL) spectra, low threshold current, and high charac-
teristic temperature. So as to utilize the improved optical
properties of QDs in fibre optic communication, a variety of
researches were conducted for extending the ground state
(GS) PL emission at the high bit rate telecommunication
wavelengths of 1.3-1.55 yum.*"'? Important to mention some
of the few researches such as the use of metamorphic buffer
layers for efficient emission towards 1.55 um (Refs. 9-11) as
well as 1.4 ym emitters with narrow linewidth.'? Redshift in
the GS PL peak can also be observed in multilayer QD struc-
ture which allows to increase in QD size as compared to its
single layer counterpart.'*'* However, this also depends on
the strain driven vertical ordering of underlying QDs of var-
ied size distribution which dictates the number density and
distribution of the QDs in the upper layers. The major diffi-
culty which arises during the growth of QDs is the dot size
inhomogeneity and generation of non-radiative recombina-
tion centers as defects, which limit the device performance.
Hence, post growth thermal annealing can be carried out
which improves QD size homogenization and reduction of
structural defects,15 16 thereby enhancing the device effi-
ciency. However, interdiffusion of gallium and out-diffusion
of indium from the QDs on annealing leads to blueshift of
the GS PL peak away from the 1.3—1.55 um region, which
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impedes the design plan of QD devices applicable for high
bit rate optical communication.

In view of the above, we present this paper to provide
detailed information to the device scientist about the QD
dimensions and distribution which can exhibit longer wave-
length PL emission at the telecommunication wavelengths
for optical communication as well as reduced blueshifts
upon annealing. Here, quantum mechanical models and con-
cepts are used to compute the transition energy state of the
QD for different dimensions. To predict the alteration of the
QD size in multilayer heterostructure, the size distribution of
the QDs is also calculated from lower to upper layers which
modify QD bandstructure. The degree of blueshift in the GS
PL peak caused by In/Ga interdiffusion at each annealing
temperature is also explained and computed using Fick’s dif-
fusion model. We further explored the effect of different
GaAs spacer thickness on the dot size distribution and emis-
sion from the heterostructure.

Il. THEORETICAL MODEL

A. Calculation of quantized energy states
of InAs/GaAs quantum dots

Three dimensional Schrodinger’s equation given by Eq.
(1) is solved to obtain the quantized energy states of elec-
trons and holes in the quantum dot using a simple model
based on single-band effective-mass approximation

%v(m#() wm) VO =B, ()

Although several well known complex models were reported
over the years such as k.p models and pseudopotential

method, however, this effective mass approach can be well

© 2012 American Institute of Physics
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suited for calculating the ground state energies of the QD in
which lays our interest, and it also takes minimum simula-
tion runtime. Since most of the experimental and theoretical
works exhibited truncated pyramidal InAs/GaAs QD
heterostructure,'’2° we have used same type of structures in
our simulation which was performed using NEXTNANO soft-
ware.”' Several researches on quantum dot nanostructures
used this particular simulation code to obtain the electron
and hole wavefunctions and eigenstates.>** Our simulation
is carried out for different QD height and base dimensions
with 0.5 nm wetting layer in a simulation box of dimensions
(QD base size +6) x (QD base size + 6) x (QD height + 7)
nm>. The whole simulation area is discretized into grids
having 0.5 nm xy in-plane and 0.25 nm vertical grid spacing.
NEXTNANO software also includes calculation of strain and
Poisson’s equation solver to account for the electrostatic
interaction energy between the electron and hole charge
densities in the QD. The GS PL peak energy of the QD is
calculated by

EPL = EnQDe + Eg + EnQDln (2)

where E, is the bandgap of InAs and E,op. and E,gp, are
the ground state energies of electron and holes, respectively,
in the QD.

B. Size distribution of quantum dots in multilayer
heterostructure

Here, we have assumed sparse array distribution of dot
island with an average dot density of 1.5 x 10'® having large
spacing between the islands in the first layer of our high mis-
fit (7% misfit between InAs and GaAs) multilayer QD heter-
ostructure. The evolving strain field due to the lattice
mismatch from the first layer causes the modification of the
QD size distribution in each successive layers of the QD col-
umn. This strain in the surface of the embedding QD layer is
expressed as>*

e(x) = —e(Laep) L1+ )2+ )
—n(1+1) 722+ ), 3)

where &(Laep) = 0.5EL/L7,,; E is a coefficient related to mis-
fit and elastic constant of truncated pyramidal QD, and L is
QD width. The base centre of the QD is taken as the origin
(x=0),{=(x+L/2)/Laep, n = (x = L/2)/Lgep, and Lgep, is
the depth of the embedding layer.

Since, the lattice of InAs is greater than GaAs, the
region between the QD island becomes compressed (com-
pressive strain) while the regions above the islands expands
(tensile strain). The strain given in Eq. (3) is thus the tensile
strain above the QD island of the embedded layer. It is
assumed that the islands in next layer preferentially nucleate
over this tensile region which enhances dot base size and
lowers the strain energy by minimizing the misfit between
the island and the spacer layer. Hence, the base size of a par-
ticular QD in the multilayer depends on the base size distri-
bution and the formation of the tensile area produced by the
embedded QDs in the preceding layer. On the average, the
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FIG. 1. Sketch of the simulation box containing the InAs/GaAs QD
structure.

QD base size L and the tensile region which it produces in a
particular layer will bear the same ratio to the summation of
all the nucleated QD base size and its total tensile region.
The surface strain dependent QD size distribution in a given
layer is thus defined as

===, @)

where L; is the base size of the ith layer nucleated QD,
L, =>"(L;) is the sum of base sizes of all nucleated QDs, T;
is the extent of the ith layer tensile region produced by the
nucleated QD structure and Ty, = > (Ty;) is the total tensile
area produced by all the buried QD islands.

C. Annealing induced interdiffusion in quantum dots

It is well established that post growth annealing causes
In/Ga interdiffusion in the QD structure.!*1%1%2-27 Simula-
tion is carried out to interpret this interdiffusion process in
our optimized QD structures whose operating wavelengths
extend to 1.3 um wavelength as well as the QDs of various
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FIG. 2. Computations of the GS PL peak for fixed QD bases with varying
heights.
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TABLE I. Optimized QD dimensions at which the GS PL emission occurs
beyond 1.3 um wavelength.

QD base (nm) QD height (nm) GS PL emission peak (qm)
10 23 1.31
15 20 1.30
20 14 1.32
25 4 1.33

size distributions in the single and multilayer heterostructure.
We used Fick’s second law of diffusion for the same as given
below
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where x(r,t) is the position dependent indium fraction in
In,Ga;_,As QD with t duration of the diffusion process and
D is diffusion constant of InAs in the QD heterostructure.
Here, we have isolated each of the QDs from the distribution
and carried out simulation by considering a cuboidal simula-
tion box containing the QD centrally placed as shown in Fig.
1. The box has the dimensions: 3.5 times QD height x 2
times QD base x 2 times QD base. We imposed Dirichlet’s
boundary condition and neglected the coupling and influence
of the QDs in the neighbourhood. It is assumed that the QD
and the barrier material are purely composed of InAs and
GaAs, respectively, and hence we have considered x =1 for
asgrown InAs QD material and x = O for GaAs barrier. To
obtain, the In composition of the annealed heterostructure,
Eq. (5) is solved in three dimensions by discretization in
both time and space with t=30s for the annealing time.
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FIG. 3. QD base size distribution in the multilayer heterostructure with (a) A distribution, i.e., maximum number of QDs in the distribution have base width of
10nm and 23 nm height, (b) B distribution, i.e., maximum number of QDs in the distribution have base width of 15nm and 20 nm height, (c¢) C distribution,
i.e., maximum number of QDs in the distribution have base width of 20 nm and 14 nm height, and (d) D distribution, i.e., maximum number of QDs in the dis-

tribution have base width of 25 nm and 4 nm height, in the first layer.
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Arrhenius-type temperature dependence of the diffusion
coefficient is taken to account for the variation in properties
with annealing temperature T (Ref. 28)

E,
D = Dy exp (— ﬁ)’ (6)

where Dy is the proportionality constant and E, is the activa-
tion energy of the diffusing species.

In this manner, we obtained asgrown and annealed
composition profile of indium for all the QDs of various
dimensions in the single and multilayer structure. The
position-dependent bulk band gap after interdiffusion is
obtained from the following empirical relation involving
indium content x in In,Ga;_,As (Ref. 29)

E, = 1.519 — 1.584x + 0.475x°. 7)

lll. COMPUTATION AND SIMULATION RESULTS

In this section, we present our computational results.
Fig. 2 represents the computations of the GS PL peak for dif-
ferent QD height and base dimensions. Here, we have chosen
QD base sizes from 5 nm to 30 nm and varied the QD height.
It can be seen that for all fixed base size of QDs, the GS PL
peak can be extended to longer wavelength with increase in
QD height. The optimized QD dimensions whose GS PL
peak emission just reaches the shorter wavelength side of the
telecommunication window at 1.3 um wavelengths is tabu-
lated in Table I. As the computations are done keeping the
conditions suitable for minimizing defects and dislocations,
we neglected higher QD coverage or larger dimensions for
longer wavelength emission near 1.55 um as it may lead to
the nucleation of large sized ripened QDs undergoing strain
relaxation through the formation of V-shaped structural
defects.**?! For the same reason, lower base QD size of
5nm is not included in Table I as it requires larger height of
26 nm for extending the PL emission to 1.3 um. We also
neglected larger base dimension of 30nm as it may lead to
coalescence with other QD and misfit dislocations.*

Fig. 3 shows the base size distribution of single layer,
third layer, and sixth layer of the QD heterostructure stack for
a typical spacer layer thickness of 10nm. For the first layer,
we have assumed inhomogeneous base-size distribution with
the maximum number of QDs having the optimized dimen-
sions given in Table I. These QD size distributions are named
as A, B, C, and D, respectively. A distribution is defined as
the maximum number of dots in QD assembly having 10 nm
base-width and 23 nm height. Similarly, B, C, and D distribu-
tions are defined as the maximum number of dots in the as-
sembly having 15nm base-width and 20nm height, 20 nm
base-width and 14 nm height, and 25 nm base-width and 4 nm
height, respectively. The QD aspect ratio and the number den-
sity are also considered same for each distribution. The base-
size distribution of the upper QD layers is computed through
our model. The integration of all the electron transitions aris-
ing from single or multilayer QD ensemble having these var-
ied size distribution contributes to the total PL spectra. The
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QD having a particular dimension whose number is maximum
in the distribution contributes to the most intense PL. emission
at the corresponding wavelength due to the maximum number
of such electronic transitions. Hence, the GS PL peak of the
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FIG. 5. Computed values of the GS PL peak at different annealing tempera-
tures for (a) A and B distributions for the single layer and its altered distribu-
tion in the multilayer (six layer stacking) (b) same for C and D distributions.
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PL spectra is the most number of 1-1 electron transitions aris-
ing from the QD whose number is utmost in the distribution.
This procedure is employed in calculating the GS PL peak for
the A, B, C, and D distributions in single layer and its calcu-
lated distribution in the multilayer structure. Again coming
back to Fig. 3, it can be seen that for all the distributions, the
QD base size gradually becomes homogeneous to a narrow
range with expansion of the smaller bases and contraction of
the larger ones. Our calculations revealed that the smaller QD
bases produce larger tensile region above itself as compared
to its own base size. Larger tensile area thus causes more
expansion of the QD island bases in the succeeding layer.
This tensile strain is maximum at the base of the InAs dots
over GaAs, which relaxes gradually as it moves towards the
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periphery. Therefore, we have also taken this into considera-
tion that even though there is increase in QD base size in the
succeeding layer, the height remains the same. However, the
tensile area produced by larger QDs is not so large as com-
pared to its base width. This slows the QD growth in the suc-
cessive layers and causes the size to shrink. Since the
maximum number of QDs for A distribution has smaller base
of 10nm, its size increases in the succeeding layers. This
causes significant red-shifts in the GS PL peak with increase
in the number of QD stacking as seen in Fig. 4. This red-shift
occurs up to the 4th layer stacking after which it becomes con-
stant due to homogenization of QD size in the upper layers.
This is in conformity with other experimental results of multi-
layer QD exhibiting energy red-shift as compared to single
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FIG. 6. QD distribution after the third layer stacking of multilayer for GaAs spacer thickness (S) of (a) 4nm, (b) 8 nm, (c) 12nm, and (d) 17 nm. The figure
depicts that as the spacer thickness is increased, the QD size distribution narrows down to shorter range.
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layer sample.'*** B distribution has greater number of larger
base sized dots than A but lesser than C and D. The tensile
strain so produced for B distribution also increases the QD
base widths and its number. This causes larger red-shift as
compared to A. C and D distributions have maximum number
of QDs with larger bases of 20 and 25 nm, respectively. Ten-
sile region produced by these QDs shrinks the size of the suc-
ceeding QDs in the upper layers. The tensile region of
enlarged QD bases also increases the probability of strain field
overlapping with the adjacent QD which may be another rea-
son for shrink in size in the subsequent layers for fixed QD
density. This ascribes to the corresponding blueshift in the GS
PL peak with increased QD stacking.

Computation on the changes in the GS PL peak on post-
growth thermal annealing is carried out for single layer and
multilayer structures. Here, we have chosen 650-750°C
annealing temperatures since experiments by other researchers
demonstrated that these are the optimized annealing tempera-
tures which reduce non-radiative recombination centers and
improve material quality.'>'® Fig. 5 depicts the blueshift of
the GS PL peak for single layer and sixth layer stacked QDs
for each of the distributions A, B, C, and D at these annealing
temperatures. Notable blueshifts are not seen for A, B, and C
distributions in single layer and multilayer structures at each
of these annealing temperatures. However, for D distribution,
one can observe larger blueshifts with increase in annealing
temperatures for both single and multilayer stackings. This
may be explained on the basis of traverse area for out-
diffusion of indium adatoms from the QDs. Maximum number
of QD in A distribution has base size of 10nm with 23 nm
height. This makes larger traverse area for indium adatoms to
diffuse out of the QD with increase in anneal temperature,
resulting in suppressed blueshift. In the same multilayer struc-
ture, the traverse area further increases with increase in QD
base which thus causes no alteration in the PL emission wave-
length. The same reason ascribes to B and C distributions for
single and multilayer heterostructures where maximum num-
ber of QDs has base size of 15 nm and 20 nm with 20 nm and
14 nm height, respectively. For D distribution, the QD heights
are comparatively much shorter thus decreasing the traverse
area for indium. This leads to quicker out-diffusion of indium
from the QDs as the annealing temperature is increased caus-
ing larger blueshifts.

From all these studies, it can be seen that QDs in A and
B distributions show larger red-shift in multilayer stacking
and negligible blue-shifts upon annealing. Amongst the two,
there are chances of V-shaped defect formation’®>' due to
larger QD height in A distribution. Largest red-shift is seen
for B distribution with increased stacking enabling the tuning
of the PL emission well above the telecommunication
window for effective optical communication. Hence, this B
distribution is chosen for studying the effect of spacer
layer thickness on optical properties of the QDs. In this
respect, a number of researches were conducted to study the
effect of spacer layer thickness in improving the optical
properties.** 7 Here, we have assumed initial B distribution
of QDs in the first layer and explored the variation of spacer
layer thickness on the dot size distribution in successive
multilayers. Our intension is to find the optimum spacer

J. Appl. Phys. 112, 024315 (2012)
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thickness of the multilayer heterostructure which can initiate
homogenous dot size distribution and extend the PL emis-
sion further into the telecommunication window of the near-
infrared spectrum. Our calculations revealed that as the
spacer layer thickness is increased, the tensile strain above
the QDs is also increased. As explained earlier, larger tensile
region increases the base widths of smaller QDs and slows
the growth or shrinks the size of the larger ones. This causes
better homogenization of QD size with increase in spacer
thickness. Fig. 6 presents the histogram of dot sizes with dif-
ferent spacer thickness in the third layer of the heterostruc-
ture which illustrates our interpretation. By our previously
discussed methodology, we also calculated the GS PL emis-
sion of the QDs from its size distribution with increase in
stacking. Our result is presented in Fig. 7. It is seen that for
thinner spacing thickness of 4 nm, there is an initial red-shift
of the GS PL peak followed by blue-shift below 1.3 um after
5th layer stack. However, a larger red-shift is seen with suc-
cessive stacking for spacer thickness of 8nm. Further
increase in spacer thickness to 10, 12, and 17 nm also causes
pronounced red-shift but not as large as caused by 8nm
spacer. This behavior cannot be properly interpreted as this
depends on variety of factors such as alteration of QD bases
due to tensile strain produced by different spacers, dot den-
sity, dot size distribution, dot coalescence, and other factors.
However, the dot size homogeneity with 8 nm spacer is not
as good as compared to 12 and 17 nm spacers as can be seen
from Fig. 6. Thus, although we can have larger extension of
PL emission wavelength with 8 nm spacer, we have to com-
promise with size homogeneity which reduces PL linewidth.
In order to have both the aspects, one can suitably choose
spacer thickness of 12 or 17 nm or within this range, which
can provide better optical property of the QD for its opera-
tion in the telecommunication window region.

IV. CONCLUSION

In summary, we presented a theoretical study to calcu-
late the quantized energy states of quantum dots to optimize
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the QD dimensions for tuning the PL emission at 1.3 um.
This was followed by the investigation on the QD size distri-
bution in multilayer QD heterostructure. Our computations
revealed largest GS PL peak red-shift with multilayer stack-
ing when B distribution (maximum number of dots having
15 nm base-width and 20 nm height in the QD assembly) is
chosen in the first layer. Simulation also depicted lesser
emission blueshifts for QDs having A, B, and C distributions
in single-layer as well as in its multilayer even up to 750°C
annealing. Our computation demonstrated that by choosing
B distribution and suitable spacer thickness of 12—17 nm,
one can suitably extend the PL emission from the multilayer
structure within the telecommunication window along with
lower FWHM or linewidth. Our results, thus, provide an im-
portant implication for quantum device structures where
improved optical quality induced by annealing and opti-
mized GaAs spacer thickness can be effectively utilized for
optical communication in 1.3—1.55 pum.
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