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Evolution of hexagonal lateral ordering in strain-symmetrized PbSe/Ph_,Eu,Te
guantum-dot superlattices
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Lateral ordering and size homogenization of self-organized PbSe quantum dots in strain-symmetrized
PbSe/PtEu, _, Te superlattices is studied using atomic force microscopy. For superlattices with the number of
superlattice periods varying frohi=1 to 100 it is found that a nearly perfect hexagonal two-dimensi@izl
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, froim 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
guantum dot arrays are formg&0163-18299)02139-6

[. INTRODUCTION the partition of the dot material between the wetting layer
and the quantum dot islands changes with increasing number
The spontaneous formation of three-dimensid8)) is-  of superlattice periods. Thus, in spite of the lateral ordering
lands in strained layer heteroepitaxy has recently evolved a®ndency in each dot layer, the overall size homogenity in the
a technique for the fabrication of self-assembled quantunmultilayers is not necessarily improved. In addition, the de-
dots! =3 It is based on the fact that for highly strained het-gree of lateral ordering achieved up to now has been rather
eroepitaxial layers an abrupt transition from two-dimensionalimited. Furthermore, because of the existing lattice misfit
to 3D growth occurs in the Stranski-Krastanow growthbetween the superlattice stack and the substrate or buffer
mode, with the formation of coherent islands on the surfacdayer, strain relaxation and defect formation sets in after the
after completion of the 2D wetting layer. Such defect-freegrowth of a few superlattice periods, as shown, e.g., in Ref.
islands embedded in a higher band-gap matrix material havé5. This results in changes of the electronic properties if a
proven to exhibit excellent electronic properties due to thecritical number of periods is exceeded, and poses severe
effective quantum confinement of the charged carriers in allimitations on the number of superlattice periods that can be
three directions. For practical device applications, howeverdeposited in order to induce a lateral ordering of the 3D
the considerable variations of size and shapes within theslands during growth.
large ensemble of quantum dots has remained a critical issue. In the present paper, we have studied the evolution of
In  multilayers of self-assembled quantum dots,lateral ordering in self-assembled quantum dot
theoretical® as well as experimental wdti® has shown that  PbSe/PgEu, _, Te superlattices. In these structures, the layer
the vertical interaction of dots via their elastic strain thicknesses and the composition of the, Rl _,Te spacer
fields'®!! may lead to a gradual improvement in size ho-layers were adjusted to achieve a full strain-symmetrization
mogenity, as well as to a more uniform lateral island spacof the superlattice stack with respect to the PbTe buffer
ing. This self-organization is a result of the overlap of thelayer. This allows the fabrication of superlattices with an
localized strain fields of neighboring buried islands, with aarbitrary number of periods without changes in the strain
preferred nucleation of subsequent islands on the surfacgatus of the layers and without risk of misfit dislocation
where the elastic energy exhibits a local minimtHil?  formation. We find that a particularly efficient lateral order-
However, in SiGe/Si or InAs/GaAs quantum dot superlat-ing of the PbSe dots takes place, with the formation of a
tices, it has been found that in spite of the lateral orderinghearly perfect hexagonal 2D lattice of dots already after a
tendency between vertical columns of self-assembled dots, faw superlattice periods. A detailed analysis of the evolution
substantial increase of the island size as well as lateral islanof the dot arrangement by atomic force microsc@pyM)
separation occurs during superlattice grodffEven more, reveals that the dot sizes, the dot spacing and the wetting
several groups have observed a shift of the onset of 3D idayer thickness are essentially constant throughout the whole
land formation to smaller critical coverages of the wettingsuperlattice stack. Therefore, remarkable homogenous 3D
layer as the superlattice growth proceéd¥ This was at- quantum dot arrays are formed. This is explained by the
tributed to surface segregation as well as to the influence afonvertical alignment and th®BCABCvertical stacking se-
the local strain fields of buried islands. As a consequencejuence of the PbSe dots in the superlattices that arise from
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the very high elastic anisotropy of the IV-VI semiconductor Eqtrain= N(M €2+ M,€3), 2)
materialst?
where M, are the elastic energy moduli of the biaxially
Il. EXPERIMENT strained layers, which are determined by the elastic constants

) of the layer materials and by the growth orientatiastis of
The samples were grown by molecular-beam epitaxy Ofng piaxial straip For the (100 growth orientation, M

2-4 pm fully relaxed PbTe buffer layers predeposited on_ C11—C1o)(Crit+ 2C1)/cy;, and for (111 growth M
(.111) oriented B_.aE substrates. For all samples, the superlat-: 6Caq(C11+2C1)/ (Ca+2C15+4Cyy) (Ref. 17 with ¢;; be-
tice stack consisted of 5 monolayefdL) PbSe alternating jnq the elastic constants of a cubic material. The in-plane

with 470 A of PhEw, _,Te, using growth rates of 0.08 ML/S  |agice constang, e Of a free-standing superlattice is then
and 3.5 A/s, respectively, and a substrate temperature o \

. : btained from the minimization of the total strain energy
360 °C. The evolution of surface structure and surface MOTith respect toa, s, which leads to the condition that the

phology was monitored byn situ reflection high-energy gy ain thickness produet d; of the two individual superlat-
electron diffraction(RHEED) during growth using an elec- ice layers is roughly equaI or more precisely

tron gun operated at 35 keV. To study the evolution of Iatera} ’ '
ordering, samples with superlattice periods frovs=1 to

100 were prepared, where the last PbSe quantum dot layer (€,1d1)/ (€ 2d2) =K. ()
was left uncapped for further analysis. After growth, the . . are the in-plane layer strains of the two layers, which are
samples were rapidly cooled to room temperature to freeze ip,|5teq 108, free DY €1 1= (8, ree—ai)/a; andK is a constant

at is determined only by the elastic energy moduli and the

the epitaxial surface morphology. The surface structure wag,
imaged by atomic force microscogpFM) directly after re- elastic constants of the layer materials with
Te superlat-

moval of the samples from the molecular-beam epitaxy Sys'=(M1/a1)/(M2/a2). For the PbSe/REU,
tem. AFM measurements were carried out using an AUtOsi-as considered her&=1.32 (=1 forX PbSé and=2 for
Probe CP AFM and sharpened Micro- and Ultralevers oftpbl EuTe), and it is close to one also for many other
Park Scientific Instruments. Special image processing soft- at;z);ials cor,nbinations.

ware was developed for real-space statistic analysis of the For a strain-symmetrized superlattica, yee mMust be

dot size dlstr!bunons on the one hand, and for frequenqéqual to the lattice constant of the substrate or buffer layer
space analysis of ?he degree of Iatera}l orderln_g using fz_asé . Then, ¢ ; are just given by the lattice mismatch of the
Fourier transformation and autocorrelation function anaIyS|sI;yer mat’er”i’élls with respect ta,, and Eq.(3) defines the

S .

thickness ratio between the layers required to fulfill the strain
IIl. SAMPLE STRUCTURE symmetrization condition. For our dot superlattices, where
A crucial aspect of our work was the adjustment of theth® material and thickness of the dot lay8rML PbSe as
ternary composition of the Rb,Eu,Te spacer layers, in or- Well as the Pb_,EuTe spacer thicknes@70 A) vas fixed,
der to achieve a full strain symmetrization betweentére  Strain-symmetrization is achieved fey ppe,re= 0.245%, i.€.,
sily strained PbSe layers and tempressivelystrained & PR-xEuTe temary composition 0k=0.07. Although,
Pb,_EuTe layers. If the in-plane lattice-constat yee Of Eq. (3)_ is strlctly_ vaI|d_ only for 2D multilayers, high-
the free-standing superlattice stack matches the lattice cof€Solution x-ray diffraction spectra show that for the such
stanta, of the PbTe buffer layer, an arbitrary number of determined parameters the main superlattice diffraction peak
S y . . .
superlattice periods can be deposited on the buffer laye?’ our dot samples coincides with that of the PbTe buffer
without misfit dislocation formation and without a change in 12Y€r- Thus, this expression is a good approximation for the
the strain status of the epitaxial layers as growth proceedStrain-symmetrization condition in quantum dot superlattices
Since the PbSe dot layers are under tensile stfmiice 25 Well
mismatch of—5.54% with respect to the PbTe buffer layer
strain symmetrization can be achieved only by using a spacer IV. RESULTS
layer material that has a lattice constant larger than PbTe. ) . .
This is the case for the ternary PREu,Te, for which the The evolution of surface structure during superlattice
lattice constant increasgsonlinearly with increasing Eu  9rowth was monitored bin situ reflection high-energy elec-
contentt® tron diffraction (RHEED). Figure 1 shows the the specular
For pseudomorphic 2D superlattices with coherent interSPOt intensity and of two 3D transmission diffraction spots
faces, the in-plane lattice constant. that is assumed by a recorded during the growth o_f the first and 30th Pl:_)Se layer in
free-standing superlattice stack removed from its substrate & PbSe/PfEu, _,Te superlattice(full and dashed lines, re-

determined by the minimization of the total strain energy.SPectively as a function of PbSe coverage. Also shown are
For a given in-plane lattice constaat s, within the super- the RHEED patterns before and after the onset of 3D island-

lattice, the in-plane strain in each layer is given by: ing at 0.5 and 4 ML PbSe coveragtp panel of Fig. 1
During the growth of the PbSe wetting layer, the RHEED
(ay,sL—ao;) intensities remain constant and equal to that of the
fi:T', (1) 2D Ph _,Eu,Te spacer layer. At a critical coverage of 1.4
il

ML, weak chevron-shaped 3D transmission spots start to ap-
whereay; is the bulk lattice constant of the layer mateiial pear in the RHEED patterns, but an abrupt transition to a 3D
The total strain energ¥,.i, in a superlattice stack withl  transmission diffraction pattern takes place only at 2.3-ML
periods is then given by coverage where the specular spot completely disappears.
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During the growth of the Ph ,Eu,Te spacer layers, the in-
tensity changes are reversed and a 2D reflection diffraction
image is recovered after about 200-A-layer thickness. Thus,
a 2D surface is restored once the PbSe islands are completely
buried by the spacer layer.
As is evident from Fig. 1, the characteristic two-step is-
———— landing process during PbSe growttand the 2D surface
3D (042) 4 recovery during the spacer growth are exactly reproduced
during each superlattice period, and even after 30 periods,
] the samebsoluteintensity changes take place. In particular,
B the critical coverage at which PbSe islanding occurs remains
3 constant throughout superlattice growth, indicating that the
—— 1stlayer ] distribution of material between the wetting layer and the

LN L L N B S S B BN S

intensity

———- 30th Jayer islands does not change within the superlattice stack. In ad-
dition, the RHEED measurements also indicate that the cov-
erage at which the PbSe islands are completely buried by the
e . 2D spacer layer remains constant. This is a first indication

: '(')‘ S— '1 R ; — ; = "'1 — that the PbSe island size does not change significantly during

superlattice growth.
Pb ML . . .
Secoxerage [VIL] Figure 2 shows a series of AFM images of the last un-

FIG. 1. Top panel: RHEED patterns observed during the Phs€apped PbSe dot layer of samples consistiniy sfl, 10, 30
dot layer growth of a PbSe/Rbu,_,Te superlattice structure of and 100 superlattice periods. For the single |gyég. 2(a)],
PbSe coverages of 0(8) and 4 monolayergb). Lower panel(c): the PbSe islands are distributed randomly on the surface
Evolution of the intensity of the specular spot and t6&3 and  without any preferred lateral correlation direction. With in-
(042 transmission spots during the growth of the first and the lasicreasing number of superlattice periods, a rapidly progress-
PbSe layer of a 30-period PbSe/Bh, _,Te superlattice plotted as  jng ordering of the dots occurs. Already after 10 periods, the
a function of PbSe coverage. The arrows indicate the critical COVyots are preferentially aligned in single and double rows

erages for 3D islandin =1.4 and6=2.3 monolayers. — o ,
g g at; ¢ Y along the(110) directions on the surfaciig. 2(b)]. Mea-
surements on samples with less than 10 bilayers show that

L

w

60_""|" 'I""l""l_ »““\““I""I""I_ _“"I""I""\““F_ _""I""I""I""I_
EVE h=89A 11 h=119A 1F he=l120A4 ¢ h = 120A]1
Z30F +14% 1t +27% ¢ et L I +10% 1
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FIG. 2. Upper panel: Atomic force microscopy images@um?) of (a) a single layer of self-assembled PbSe quantum dots and of the
last PbSe layer of PbSe/fhy, _,Te superlattice stacks with a number of superlattice periods @¢by1®B0 (c), and 100(d). Center panel:
Corresponding Fourier transform power spectedt side and autocorrelation spectra XL um?, right sidg. 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 density, and the
full lines are Gaussian fits of the histograms.



PRB 60 EVOLUTION OF HEXAGONAL LATERAL ORDERING IN . .. 11527

this ordering commences first with the formation of small 130 L L =
. . (a) 3800
patches of hexagonally ordered regions, which subsequentle 120 o -
enlarge and join to form row-type structures. With further < 3 750 g
increasing number of bilayers, larger and larger ordered re-jg,;“‘) E =
gions are formedlsee Figs. &) and 2d)]. For samples with & 100 3 200 5
N>30, the perfect hexagonal arrangement is disrupted only % - — & 675 ga'
by single-point defects, such as missing dots, dots at intersti- ;) ==+ ; ————————] 450
tial positions, or occasionally, by additionally inserted dot s 40 FFT peak (b)_; . o
rows (“dislocations”). +H 30 height distr. E % i
The development of the lateral ordering was determinedz 20 . E 350:
by Fourier transformatiofiFFT) as well as auto correlation E 10 —3 300 =
(AC) analysis of the AFM images as shown in the center 0 ; 3250 §
: . . 3 L =]
panel of Fig. 2. Whereas the FFT power spectra yield infor- A . C1 w0 90200
mation on preferred spatial frequencies, the AC spectra indi- 0 20 40 60 80 100

cate the degree of self-similarity in the real-space images, number of bilayers
i.e., in our case the lateral extent of the ordered dot domains. FIG. 3. Dot parameters plotted as a function of the number of

.The FFT p.OWer SpeCtrum of te=1 single dot layer AFM PbSe/PkEw, ,Te superlattice periodsa) Average height(dots,

image exhibits a broad ring around the frequency origin. By : ) .

fittin ts through the ring in several directions with Gaus_Ieft ordinatg and average lateral separation of dots in ¢(A&0)
ting cuts bto_ug erng K it f about 1 directions determinded from the separation of the satellite Fourier

sians, we obtain a mean peak position of about & eaks(squares, right ordinate(b) Full width at half maximum

c.orres.ponding to an averagg dot diStance, of.800 A. The rel FWHM) of the satellite FFT peaks and of the dot-height distribu-
tive width (FWHM) of this ring of =47% indicates a sub- o (dots and squares, respectively, left ordipateand

stantial variation of the lateral dot separation. This width iSreq| density of the PbSe ddsiangles, right ordinate
essentially independent of the surface direction, i.e., no pre-

ferred lateral alignment of the islands exists in any surfac
direction. In addition, the AC spectrum of the AFM image
(see Fig. 2 does not exhibit any structure outside of the

c_entral maximum, .”?d'ca“”g the lack of any lateral correla- So far, we have addressed only the lateral ordering ten-
tion of the dot positions.

| he FET ¢ f the 10 bil dency of the PbSe dots. To gain information on the influence
n contrast, the power spectrum of the NaYer ordering on the dot size variation, we analyzed the evolu-
sample [Fig. 2b)] clearly shows six pronounced side

! di . f therda of tion of the island height distribution as a function of the
maxima, corresponding to a mean spacing of ther 0 superlattice periods. The lowest panel in Fig. 2 shows the

590 A along(112). Side maxima appear also in the AC Gaussian-fitted height histograms of the PbSe dots deter-

spectrum, which indicates that the next-nearest neighbors ¢hined from the statistical evaluation of severak 2-um?

the dots are aligned along t&10) directions, with a pre- AFM images with a minimum of 750 single PbSe dots for

ferred dot-dot distance of 680 A within the rows. Apart from each sample. The obtained average island heights and the

the six side maxima, the FFT power spectrum also exhibits &eight variations are plotted in Figs(a® and 3b), respec-

well defined ring at a special frequency of one-third of thetively, versus number of superlattice periods. For the single

side peaks, and this ring also exhibits a hexagonal symmetry2bSe dot layer, at 5 ML coverage the average island height is

From a closer inspection, it is found to be due to the “miss-89 A with a variation of +14%. In spite of the fact that

ing rows” in the dot arrangement, which forms a lateral ordering sets in already after the first few superlattice

(3x1)-like missing-row “superstructure” because on aver- periods, the dot height distribution at first actually broadens

age every third dot row is missirjgee Fig. 2b)]. to =27% after 10 superlattice periods, and only thereafter
For the 30- and 100-period superlattices, the peaks in thdecreases to reach a value of afl0% for N=100. A

FFT spectra drastically sharpen, and many higher-order satomplementary transient behavior is observed for the areal

ellite peaks are observééfigs. 2c) and 2d), respectively. dot density[see Fig. 8)], which at first decreases up to 10

As shown in Fig. &), the relative FWHM of the satellite bilayers and then gradually increases again for higker

peaks, mainly reflecting the variation of the mean dot-doWith respect to the island shapes, we find no indication that

distance, narrows from about47% for the single layer to the ordering process influences the dot shape, i.e., the three-

+6% for the 100-period superlattice, i.e., the dot-dot spacindold {100} faceted pyramidal shape already determined for

during superlattice growth becomes increasingly well dethe single layer$ remains unchanged.

fined. In addition, the AC spectra reveal the formation of

large perfectly ordered dot domains, with a correlation of the

dot position over up to ten nearest-neighboring dots. In order V. DISCUSSION

to determine the average domain size of the ordered regions, |n contrast to the vertical alignment observed for I1I-V

the heights of the side peaks along {iid0) directions inthe  and group-IV quantum dot multilayefs™ the layer-to-layer
AC images were determined. Defining a domain cutoffdot correlation in our PbSe/RBu, _,Te quantum dot super-
where the peak height is reduced to one tenth of the centrttices is not parallel buinclined to the growth directiort?
maximum, average domain radii of 1, 2, 5, and 6 times theAs shown by theoretical calculations, this is due to the very
average dot spacing are obtained for the superlattices withigh elastic anisotropy of the IV-VI lead salt materials as

=1, 10, 30, and 100 periods, respectively. The correspond-
ing domain sizes are indicated by the hexagons in the AC
images of Fig. 2.
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well as the choseif111) growth orientationt® As a result, this transition also the average PbSe dot height within each
fcc-like ABCABCvertical stacking sequence is formed in the superlattice layer remains constant throughout the whole su-
superlattices where the lateral dot separation within the PbSgerlattice growth, which is another indication that the thick-
dot layers is exactly defined by the thickness of the ness of the wetting layer remains unchanged.
Pb,_,EuTe spacer layel? This is due to the fact that the It is noted, that our results are in clear contrast to the
inclined interlayer dot correlation angle of 39° with respectobservations for dot superlattices of other materials systems.
to the surface normal is independent of the spacer layefFor SiGe/Si dot superlattices, e.g., Teichetral® reported a
thickness, as was determined by high-resolution x-raythreefoldincrease of the SiGe dot size and of the lateral dot
diffraction? For the constant Rh,Eu,Te spacer thickness spacing when the number of periods increases fkoil to
of 470 A in the superlattice samples of this work, this corre-30. In addition, an increase of dot size and dot spacing by a
lation angle leads to a preferred lateral separation of the dofsctor of 1.5 was reported for InAs/GaAs superlattites.
of 680 A within the growth plane, which corresponds to aEven more, for these materials systems the size homogeni-
dot density of 250um™2 for a perfect hexagonal 2D dot zation and the degree of lateral ordering in the dot superlat-
lattice. As shown in Fig. 3, this is indeed the dot separatiortices was not very large. This marked different behavior is
and density observed for the superlattice samples with mordue to the differentertical correlation of the dots in these
than 30 superlattice periods. superlattices, in which due to the much smaller elastic an-
The initial transient behavior of the dot density as well asisotropy of the materials as compared to the IV-VI com-
the initial increase of the dot-size variation in the superlat-pounds the dots in the superlattice strongly tend to be aligned
tices can therefore be understood in terms ofiamatchof  parallel to the growth direction. Our results provide clear
the areal dot density in the first PbSe layer with respect to thevidence for the fact that the self-organization mechanism
preferred density in the dot superlattices. The former is dedue to nonvertical dot correlations in superlattices is much
termined only by the growth conditions and the PbSe layemore efficient than in systems where the dots are vertically
thickness'® As is evident from the AFM image of the 10- aligned. This is in agreement with our recent theoretical
period superlattice, this lattice misfit is initially accommo- studies described in Ref. 19.
dated by a high density of defects and missing rows in be-
tween hexagonally ordered dot regions. These defects and VI. CONCLUSION
missing rows are not only the origin for the decrease in the

. L In conclusion, we have determined the evolution of lateral
overall dot density, but also cause an initial increase of the

dot-size variation, because the size of the dots near defects(i)srderlng n self-organlze_d PbSeAQEln_ll,X_'l'e quantum dOt_
superlattices. Due to strain symmetrization, dot superlattices

found to deviate from those within the ordered regions. On

the other hand, once the preferred lateral dot separation }g!th large number of superlattice periods could be prepared

enforced after a sufficient number of superlattice periodsw'thm.jt s_train relgxatiqn by misfit dislocati_on fqrmation.
with decreasing defect density in the 2D dot lattice a sub-.':romln situ reflectpn hlgh—.energ'y e[ectrqn diffraction stud-
stantial improvement of the overall size homogenity within €S @S well as atomic force investigations it was demonstrated

the dot layers occurs. that remarkable homogenous 3D ordered arrays of PbSe dots

This interpretation is further supported by the dependencglr:sb;ta‘;nmesd'i:]noi?msgﬁ:'slgg :r?eoit:\]-erlzgr?; zuz(e;ir:]att:;etr?; aéirt;
of the lateral dot separation on the number of superlattic y ' P b b 9 '

periods shown in Fig. &), as determined from the separa- ir;le d?; sgez,ngnciﬁgeig::‘edr;al rglrﬂgizw:snsgr?tti\gﬁenctgr?s\t,\;itt_
tion of the satellite peaks in the FFT images. Clearly, one Callb g 'ay y

see that even for the 10-period superlattice, the lateral d& roughout the whole superlattice growth. This yields a sig-

separatiorwithin the ordered regions is already equal to therllflcarlt improvement of the size homogenity of the quantum

fixed value of 680 A enforced by the spacer thickness, an&iOtS' which is of crucial importance for device applications.
the same value is a!so observed for the super'lattices'\'/vith ACKNOWLEDGMENTS

larger number of periods. Therefore, a very rapid transition }

from the initial dot spacing, determined merely by the This work was supported by theNB Jubilaumsfonds,
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