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Evolution of hexagonal lateral ordering in strain-symmetrized PbSe/Pb12xEuxTe
quantum-dot superlattices

M. Pinczolits, G. Springholz,* and G. Bauer
Institut für Halbleiterphysik, Johannes Kepler Universita¨t, A-4040 Linz, Austria

~Received 29 April 1999; revised manuscript received 8 July 1999!

Lateral ordering and size homogenization of self-organized PbSe quantum dots in strain-symmetrized
PbSe/PbxEu12xTe superlattices is studied using atomic force microscopy. For superlattices with the number of
superlattice periods varying fromN51 to 100 it is found that a nearly perfect hexagonal two-dimensional~2D!
lattice of PbSe dots is formed on the surface already after a few periods. A detailed analysis of the dot
arrangement shows that within these superlattices, the in-plane spacing of the dots as well as the dot sizes
within each PbSe layer remain essentially constant throughout the whole superlattice growth. This marked
different behavior as compared to other self-assembled quantum dot superlattice systems is explained by the
special ordering mechanism in our material system that is characterized by the formation of a non-vertical
alignment of the PbSe dots in the superlattice stack due to the very high elastic anisotropy of the IV-VI
semiconductors. In addition, fromin situ reflection high-energy electron diffraction measurements it is found
that the critical coverage for PbSe islanding, and thus the material distribution between the wetting layer and
the islands are not changed within the stack. Therefore, remarkable homogenous three-dimensionally ordered
quantum dot arrays are formed.@S0163-1829~99!02139-6#
d
tu
t-

na
th

ac
ee
a
th
a
e
th
su
ts

in
o
ac
he

a
fa

at
in
ts
la

i
ng

e
c

er
ber

ing
the
e-

ther
sfit
ffer

the
ef.

if a
vere
be

3D

of
ot

yer

ion
ffer
an
ain
n
r-
f a
r a
ion

ting
hole

3D
the

rom
I. INTRODUCTION

The spontaneous formation of three-dimensional~3D! is-
lands in strained layer heteroepitaxy has recently evolve
a technique for the fabrication of self-assembled quan
dots.1–3 It is based on the fact that for highly strained he
eroepitaxial layers an abrupt transition from two-dimensio
to 3D growth occurs in the Stranski-Krastanow grow
mode, with the formation of coherent islands on the surf
after completion of the 2D wetting layer. Such defect-fr
islands embedded in a higher band-gap matrix material h
proven to exhibit excellent electronic properties due to
effective quantum confinement of the charged carriers in
three directions. For practical device applications, howev
the considerable variations of size and shapes within
large ensemble of quantum dots has remained a critical is

In multilayers of self-assembled quantum do
theoretical,4,5 as well as experimental work6–9 has shown that
the vertical interaction of dots via their elastic stra
fields10,11 may lead to a gradual improvement in size h
mogenity, as well as to a more uniform lateral island sp
ing. This self-organization is a result of the overlap of t
localized strain fields of neighboring buried islands, with
preferred nucleation of subsequent islands on the sur
where the elastic energy exhibits a local minimum.4,10,12

However, in SiGe/Si or InAs/GaAs quantum dot superl
tices, it has been found that in spite of the lateral order
tendency between vertical columns of self-assembled do
substantial increase of the island size as well as lateral is
separation occurs during superlattice growth.6,7 Even more,
several groups have observed a shift of the onset of 3D
land formation to smaller critical coverages of the wetti
layer as the superlattice growth proceeds.13,14 This was at-
tributed to surface segregation as well as to the influenc
the local strain fields of buried islands. As a consequen
PRB 600163-1829/99/60~16!/11524~6!/$15.00
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the partition of the dot material between the wetting lay
and the quantum dot islands changes with increasing num
of superlattice periods. Thus, in spite of the lateral order
tendency in each dot layer, the overall size homogenity in
multilayers is not necessarily improved. In addition, the d
gree of lateral ordering achieved up to now has been ra
limited. Furthermore, because of the existing lattice mi
between the superlattice stack and the substrate or bu
layer, strain relaxation and defect formation sets in after
growth of a few superlattice periods, as shown, e.g., in R
15. This results in changes of the electronic properties
critical number of periods is exceeded, and poses se
limitations on the number of superlattice periods that can
deposited in order to induce a lateral ordering of the
islands during growth.

In the present paper, we have studied the evolution
lateral ordering in self-assembled quantum d
PbSe/PbxEu12xTe superlattices. In these structures, the la
thicknesses and the composition of the PbxEu12xTe spacer
layers were adjusted to achieve a full strain-symmetrizat
of the superlattice stack with respect to the PbTe bu
layer. This allows the fabrication of superlattices with
arbitrary number of periods without changes in the str
status of the layers and without risk of misfit dislocatio
formation. We find that a particularly efficient lateral orde
ing of the PbSe dots takes place, with the formation o
nearly perfect hexagonal 2D lattice of dots already afte
few superlattice periods. A detailed analysis of the evolut
of the dot arrangement by atomic force microscopy~AFM!
reveals that the dot sizes, the dot spacing and the wet
layer thickness are essentially constant throughout the w
superlattice stack. Therefore, remarkable homogenous
quantum dot arrays are formed. This is explained by
nonvertical alignment and theABCABCvertical stacking se-
quence of the PbSe dots in the superlattices that arise f
11 524 ©1999 The American Physical Society
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the very high elastic anisotropy of the IV-VI semiconduct
materials.12

II. EXPERIMENT

The samples were grown by molecular-beam epitaxy
2–4 mm fully relaxed PbTe buffer layers predeposited
~111! oriented BaF2 substrates. For all samples, the super
tice stack consisted of 5 monolayers~ML ! PbSe alternating
with 470 Å of PbxEu12xTe, using growth rates of 0.08 ML/
and 3.5 Å/s, respectively, and a substrate temperatur
360 °C. The evolution of surface structure and surface m
phology was monitored byin situ reflection high-energy
electron diffraction~RHEED! during growth using an elec
tron gun operated at 35 keV. To study the evolution of late
ordering, samples with superlattice periods fromN51 to
100 were prepared, where the last PbSe quantum dot l
was left uncapped for further analysis. After growth, t
samples were rapidly cooled to room temperature to freez
the epitaxial surface morphology. The surface structure
imaged by atomic force microscopy~AFM! directly after re-
moval of the samples from the molecular-beam epitaxy s
tem. AFM measurements were carried out using an Au
Probe CP AFM and sharpened Micro- and Ultralevers
Park Scientific Instruments. Special image processing s
ware was developed for real-space statistic analysis of
dot size distributions on the one hand, and for freque
space analysis of the degree of lateral ordering using
Fourier transformation and autocorrelation function analy

III. SAMPLE STRUCTURE

A crucial aspect of our work was the adjustment of t
ternary composition of the Pb12xEuxTe spacer layers, in or
der to achieve a full strain symmetrization between theten-
sily strained PbSe layers and thecompressivelystrained
Pb12xEuxTe layers. If the in-plane lattice-constantai ,free of
the free-standing superlattice stack matches the lattice
stant as of the PbTe buffer layer, an arbitrary number
superlattice periods can be deposited on the buffer la
without misfit dislocation formation and without a change
the strain status of the epitaxial layers as growth proce
Since the PbSe dot layers are under tensile strain~lattice
mismatch of25.54% with respect to the PbTe buffer laye!,
strain symmetrization can be achieved only by using a sp
layer material that has a lattice constant larger than Pb
This is the case for the ternary Pb12xEuxTe, for which the
lattice constant increases~nonlinearly! with increasing Eu
content.16

For pseudomorphic 2D superlattices with coherent in
faces, the in-plane lattice constantai ,free that is assumed by a
free-standing superlattice stack removed from its substra
determined by the minimization of the total strain energ
For a given in-plane lattice constantai ,SL within the super-
lattice, the in-plane strain in each layer is given by:

e i5
~ai ,SL2a0,i !

a0,i
, ~1!

wherea0,i is the bulk lattice constant of the layer materiali.
The total strain energyEstrain in a superlattice stack withN
periods is then given by
n
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Estrain5N~M1e1
21M2e2

2!, ~2!

where Mi are the elastic energy moduli of the biaxial
strained layers, which are determined by the elastic const
of the layer materials and by the growth orientation~axis of
the biaxial strain!. For the ~100! growth orientation,M
5(c112c12)(c1112c12)/c11, and for ~111! growth M
56c44(c1112c12)/(c1112c1214c44) ~Ref. 17! with ci j be-
ing the elastic constants of a cubic material. The in-pla
lattice constantai ,free of a free-standing superlattice is the
obtained from the minimization of the total strain ener
with respect toai ,SL, which leads to the condition that th
strain-thickness producte i ,idi of the two individual superlat-
tice layers is roughly equal, or more precisely,

~e i ,1d1!/~e i ,2d2!5K. ~3!

e i ,i are the in-plane layer strains of the two layers, which
related toai ,free by e i ,i5(ai ,free2ai)/ai andK is a constant
that is determined only by the elastic energy moduli and
elastic constants of the layer materials withK
5(M1 /a1)/(M2 /a2). For the PbSe/PbxEu12xTe superlat-
tices considered here,K51.32 (i 51 for PbSe andi 52 for
Pb12xEuxTe), and it is close to one also for many oth
materials combinations.

For a strain-symmetrized superlattice,ai ,free must be
equal to the lattice constant of the substrate or buffer la
as . Then,e i ,i are just given by the lattice mismatch of th
layer materials with respect toas , and Eq.~3! defines the
thickness ratio between the layers required to fulfill the str
symmetrization condition. For our dot superlattices, wh
the material and thickness of the dot layer~5 ML PbSe! as
well as the Pb12xEuxTe spacer thickness~470 Å! was fixed,
strain-symmetrization is achieved fore i ,PbEuTe50.245%, i.e.,
a Pb12xEuxTe ternary composition ofx50.07. Although,
Eq. ~3! is strictly valid only for 2D multilayers, high-
resolution x-ray diffraction spectra show that for the su
determined parameters the main superlattice diffraction p
of our dot samples coincides with that of the PbTe buf
layer. Thus, this expression is a good approximation for
strain-symmetrization condition in quantum dot superlattic
as well.

IV. RESULTS

The evolution of surface structure during superlatt
growth was monitored byin situ reflection high-energy elec
tron diffraction ~RHEED!. Figure 1 shows the the specula
spot intensity and of two 3D transmission diffraction spo
recorded during the growth of the first and 30th PbSe laye
a PbSe/PbxEu12xTe superlattice~full and dashed lines, re
spectively! as a function of PbSe coverage. Also shown a
the RHEED patterns before and after the onset of 3D isla
ing at 0.5 and 4 ML PbSe coverage~top panel of Fig. 1!.
During the growth of the PbSe wetting layer, the RHEE
intensities remain constant and equal to that of
2D Pb12xEuxTe spacer layer. At a critical coverage of 1
ML, weak chevron-shaped 3D transmission spots start to
pear in the RHEED patterns, but an abrupt transition to a
transmission diffraction pattern takes place only at 2.3-M
coverage where the specular spot completely disappe
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FIG. 1. Top panel: RHEED patterns observed during the P
dot layer growth of a PbSe/PbxEu12xTe superlattice structure o
PbSe coverages of 0.5~a! and 4 monolayers~b!. Lower panel~c!:
Evolution of the intensity of the specular spot and the~513! and
~042! transmission spots during the growth of the first and the
PbSe layer of a 30-period PbSe/PbxEu12xTe superlattice plotted a
a function of PbSe coverage. The arrows indicate the critical c
erages for 3D islanding atuc

A51.4 anduc
B52.3 monolayers.
that
During the growth of the Pb12xEuxTe spacer layers, the in
tensity changes are reversed and a 2D reflection diffrac
image is recovered after about 200-Å-layer thickness. Th
a 2D surface is restored once the PbSe islands are compl
buried by the spacer layer.

As is evident from Fig. 1, the characteristic two-step
landing process during PbSe growth18 and the 2D surface
recovery during the spacer growth are exactly reprodu
during each superlattice period, and even after 30 perio
the sameabsoluteintensity changes take place. In particula
the critical coverage at which PbSe islanding occurs rema
constant throughout superlattice growth, indicating that
distribution of material between the wetting layer and t
islands does not change within the superlattice stack. In
dition, the RHEED measurements also indicate that the c
erage at which the PbSe islands are completely buried by
2D spacer layer remains constant. This is a first indicat
that the PbSe island size does not change significantly du
superlattice growth.

Figure 2 shows a series of AFM images of the last u
capped PbSe dot layer of samples consisting ofN51, 10, 30
and 100 superlattice periods. For the single layer@Fig. 2~a!#,
the PbSe islands are distributed randomly on the surf
without any preferred lateral correlation direction. With i
creasing number of superlattice periods, a rapidly progre
ing ordering of the dots occurs. Already after 10 periods,
dots are preferentially aligned in single and double ro

along the^1̄10& directions on the surface@Fig. 2~b!#. Mea-
surements on samples with less than 10 bilayers show

e

t

-

f the

ity, and the
FIG. 2. Upper panel: Atomic force microscopy images (333 mm2) of ~a! a single layer of self-assembled PbSe quantum dots and o
last PbSe layer of PbSe/PbxEu12xTe superlattice stacks with a number of superlattice periods of 10~b!, 30 ~c!, and 100~d!. Center panel:
Corresponding Fourier transform power spectra~left side! and autocorrelation spectra (131 mm2, right side!. Lower panel: Height histo-
grams of the PbSe dots determined from the AFM images. The abscissae indicate the dot height, the ordinates the areal dot dens
full lines are Gaussian fits of the histograms.
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this ordering commences first with the formation of sm
patches of hexagonally ordered regions, which subseque
enlarge and join to form row-type structures. With furth
increasing number of bilayers, larger and larger ordered
gions are formed@see Figs. 2~c! and 2~d!#. For samples with
N.30, the perfect hexagonal arrangement is disrupted o
by single-point defects, such as missing dots, dots at inte
tial positions, or occasionally, by additionally inserted d
rows ~‘‘dislocations’’!.

The development of the lateral ordering was determin
by Fourier transformation~FFT! as well as auto correlation
~AC! analysis of the AFM images as shown in the cen
panel of Fig. 2. Whereas the FFT power spectra yield inf
mation on preferred spatial frequencies, the AC spectra i
cate the degree of self-similarity in the real-space imag
i.e., in our case the lateral extent of the ordered dot doma
The FFT power spectrum of theN51 single dot layer AFM
image exhibits a broad ring around the frequency origin.
fitting cuts through the ring in several directions with Gau
sians, we obtain a mean peak position of about 12.5mm21

corresponding to an average dot distance of 800 Å. The r
tive width ~FWHM! of this ring of 647% indicates a sub
stantial variation of the lateral dot separation. This width
essentially independent of the surface direction, i.e., no
ferred lateral alignment of the islands exists in any surf
direction. In addition, the AC spectrum of the AFM imag
~see Fig. 2! does not exhibit any structure outside of t
central maximum, indicating the lack of any lateral corre
tion of the dot positions.

In contrast, the FFT power spectrum of the 10 bilay
sample @Fig. 2~b!# clearly shows six pronounced sid
maxima, corresponding to a mean spacing of the dotrowsof
590 Å along ^112̄&. Side maxima appear also in the A
spectrum, which indicates that the next-nearest neighbor
the dots are aligned along the^1̄10& directions, with a pre-
ferred dot-dot distance of 680 Å within the rows. Apart fro
the six side maxima, the FFT power spectrum also exhibi
well defined ring at a special frequency of one-third of t
side peaks, and this ring also exhibits a hexagonal symm
From a closer inspection, it is found to be due to the ‘‘mis
ing rows’’ in the dot arrangement, which forms
(331)-like missing-row ‘‘superstructure’’ because on ave
age every third dot row is missing@see Fig. 2~b!#.

For the 30- and 100-period superlattices, the peaks in
FFT spectra drastically sharpen, and many higher-order
ellite peaks are observed@Figs. 2~c! and 2~d!, respectively#.
As shown in Fig. 3~b!, the relative FWHM of the satellite
peaks, mainly reflecting the variation of the mean dot-
distance, narrows from about647% for the single layer to
66% for the 100-period superlattice, i.e., the dot-dot spac
during superlattice growth becomes increasingly well
fined. In addition, the AC spectra reveal the formation
large perfectly ordered dot domains, with a correlation of
dot position over up to ten nearest-neighboring dots. In or
to determine the average domain size of the ordered regi
the heights of the side peaks along the^1̄10& directions in the
AC images were determined. Defining a domain cut
where the peak height is reduced to one tenth of the cen
maximum, average domain radii of 1, 2, 5, and 6 times
average dot spacing are obtained for the superlattices
l
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N51, 10, 30, and 100 periods, respectively. The correspo
ing domain sizes are indicated by the hexagons in the
images of Fig. 2.

So far, we have addressed only the lateral ordering t
dency of the PbSe dots. To gain information on the influen
of ordering on the dot size variation, we analyzed the evo
tion of the island height distribution as a function of th
superlattice periods. The lowest panel in Fig. 2 shows
Gaussian-fitted height histograms of the PbSe dots de
mined from the statistical evaluation of several 232-mm2

AFM images with a minimum of 750 single PbSe dots f
each sample. The obtained average island heights and
height variations are plotted in Figs. 3~a! and 3~b!, respec-
tively, versus number of superlattice periods. For the sin
PbSe dot layer, at 5 ML coverage the average island heig
89 Å with a variation of614%. In spite of the fact tha
lateral ordering sets in already after the first few superlat
periods, the dot height distribution at first actually broade
to 627% after 10 superlattice periods, and only therea
decreases to reach a value of of610% for N5100. A
complementary transient behavior is observed for the a
dot density@see Fig. 3~b!#, which at first decreases up to 1
bilayers and then gradually increases again for higherN.
With respect to the island shapes, we find no indication t
the ordering process influences the dot shape, i.e., the th
fold $100% faceted pyramidal shape already determined
the single layers18 remains unchanged.

V. DISCUSSION

In contrast to the vertical alignment observed for III-
and group-IV quantum dot multilayers,8–11 the layer-to-layer
dot correlation in our PbSe/PbxEu12xTe quantum dot super
lattices is not parallel butinclined to the growth direction.12

As shown by theoretical calculations, this is due to the v
high elastic anisotropy of the IV-VI lead salt materials

FIG. 3. Dot parameters plotted as a function of the number
PbSe/PbxEu12xTe superlattice periods:~a! Average height~dots,

left ordinate! and average lateral separation of dots in the^1̄10&
directions determinded from the separation of the satellite Fou
peaks~squares, right ordinate!. ~b! Full width at half maximum
~FWHM! of the satellite FFT peaks and of the dot-height distrib
tions ~dots and squares, respectively, left ordinate!, and
areal density of the PbSe dots~triangles, right ordinate!.



he
bS
e
e
c
y
ra
s
re
do

a
t
io
o

a
lat

th
de
ye
-
o-
be
a
th
th
ts

O
n
d
ub
in

nc
tic
a-
ca
d
he
an
wi
io
he
e

ach
su-
k-

the
ms.

dot

y a
s.
eni-
lat-
is

e
an-

-
ned
ar
ism
ch

ally
cal

ral

ices
red
.
-
ted
dots
eri-
ots,
et-

ant
ig-
um
s.

g,
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well as the chosen~111! growth orientation.19 As a result,
fcc-like ABCABCvertical stacking sequence is formed in t
superlattices where the lateral dot separation within the P
dot layers is exactly defined by the thickness of th
Pb12xEuxTe spacer layer.12 This is due to the fact that th
inclined interlayer dot correlation angle of 39° with respe
to the surface normal is independent of the spacer la
thickness, as was determined by high-resolution x-
diffraction.12 For the constant Pb12xEuxTe spacer thicknes
of 470 Å in the superlattice samples of this work, this cor
lation angle leads to a preferred lateral separation of the
of 680 Å within the growth plane, which corresponds to
dot density of 250mm22 for a perfect hexagonal 2D do
lattice. As shown in Fig. 3, this is indeed the dot separat
and density observed for the superlattice samples with m
than 30 superlattice periods.

The initial transient behavior of the dot density as well
the initial increase of the dot-size variation in the super
tices can therefore be understood in terms of amismatchof
the areal dot density in the first PbSe layer with respect to
preferred density in the dot superlattices. The former is
termined only by the growth conditions and the PbSe la
thickness.18 As is evident from the AFM image of the 10
period superlattice, this lattice misfit is initially accomm
dated by a high density of defects and missing rows in
tween hexagonally ordered dot regions. These defects
missing rows are not only the origin for the decrease in
overall dot density, but also cause an initial increase of
dot-size variation, because the size of the dots near defec
found to deviate from those within the ordered regions.
the other hand, once the preferred lateral dot separatio
enforced after a sufficient number of superlattice perio
with decreasing defect density in the 2D dot lattice a s
stantial improvement of the overall size homogenity with
the dot layers occurs.

This interpretation is further supported by the depende
of the lateral dot separation on the number of superlat
periods shown in Fig. 3~a!, as determined from the separ
tion of the satellite peaks in the FFT images. Clearly, one
see that even for the 10-period superlattice, the lateral
separationwithin the ordered regions is already equal to t
fixed value of 680 Å enforced by the spacer thickness,
the same value is also observed for the superlattices
larger number of periods. Therefore, a very rapid transit
from the initial dot spacing, determined merely by t
growth conditions, to the preferred dot spacing in the sup
lattice stack takes place. As is evident from Fig. 3~a!, after
an
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this transition also the average PbSe dot height within e
superlattice layer remains constant throughout the whole
perlattice growth, which is another indication that the thic
ness of the wetting layer remains unchanged.

It is noted, that our results are in clear contrast to
observations for dot superlattices of other materials syste
For SiGe/Si dot superlattices, e.g., Teichertet al.6 reported a
threefoldincrease of the SiGe dot size and of the lateral
spacing when the number of periods increases fromN51 to
30. In addition, an increase of dot size and dot spacing b
factor of 1.5 was reported for InAs/GaAs superlattice7

Even more, for these materials systems the size homog
zation and the degree of lateral ordering in the dot super
tices was not very large. This marked different behavior
due to the differentvertical correlation of the dots in thes
superlattices, in which due to the much smaller elastic
isotropy of the materials as compared to the IV-VI com
pounds the dots in the superlattice strongly tend to be alig
parallel to the growth direction. Our results provide cle
evidence for the fact that the self-organization mechan
due to nonvertical dot correlations in superlattices is mu
more efficient than in systems where the dots are vertic
aligned. This is in agreement with our recent theoreti
studies described in Ref. 19.

VI. CONCLUSION

In conclusion, we have determined the evolution of late
ordering in self-organized PbSe/PbxEu12xTe quantum dot
superlattices. Due to strain symmetrization, dot superlatt
with large number of superlattice periods could be prepa
without strain relaxation by misfit dislocation formation
From in situ reflection high-energy electron diffraction stud
ies as well as atomic force investigations it was demonstra
that remarkable homogenous 3D ordered arrays of PbSe
are obtained. In comparison to other dot superlattice mat
als systems, in our samples the in-plane spacing of the d
the dot sizes, and the material distribution between the w
ting layer and the islands remain essentially const
throughout the whole superlattice growth. This yields a s
nificant improvement of the size homogenity of the quant
dots, which is of crucial importance for device application
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