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Controlling the self-organized growth of quantum dot superlattices to achieve perfect dot arrays has been
studied through three-dimensional computer simulations. A growth window has been identified in which the
self-organized quantum dots are arranged in a body-centered tetragonal superlattice with a fixed dot spacing
irrespective of growth rates. However, the size of the quantum dots can be tuned through the change of growth
rate. Surprisingly, the ordering of the self-organized quantum dot superlattices is controlled by the ordering of
strain energy density maxima, which is in contrast with the previous understanding that the ordering of the
self-organized quantum dot superlattice is controlled by the ordering of the strain energy density minima. This
provides a guideline for the fabrication of quantum dot superlattices.
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. INTRODUCTION ence of the buried islands?~*>?*#'|t is also believed that
elastic anisotropy plays a role in the orderi§:**Previous
Quantum dot superlattices are nanometer-sized semicoiesults under annealing conditions have shown that this or-
ductor structures, which are one of the most rapidly develdering can also be achieved by controlling the spacer layer
oping areas of current semiconductor research. They presefitickness and interruption tinfé.So far it is generally be-
the utmost challenge to nanotechnology, making possibléeved that this ordering is due to the ordering of the strain
fascinating novel devices, such as LED's, detectors, dat§N€rgy minimum on the spacer layer surfacé.***°How-
memory devices, lasers, and single electron transitfors. €Ver, it will be shown that this is not the only underlying

However, the fabrication of quantum dot superlattices with aohysic;l reason for the se_lf-?ssemlaly. he self oy of
uniform and regular array is still a challenging issue that " this paper, attention is focused on the sel-assembly o

defies practical applications. Due to the scientific interest anSg;ntﬁgﬁ%?]tssnggigﬁzz uonudtetggicrjzvr\::ir:‘g/ mzsz'vsieﬁraggtm”?
the wide potential applications, enormous effort has beeffoP . . . y pa
given to tackle this challeng. eters, which are crucial for controlling the self-organized

Th i ati f tum dots that i | rowth of quantum dot superlattices. It is found that the
€ sell-organization of quantum dots that Spontan€ousty, i rate, growth time, and spacer layer thickness are the
form during heteroepitaxial growth has recently been ob

: X - e ) ‘most important parameters for growing ordered arrays of
served in many materials s_ystef‘ng,prowdmg a potential - o,antum dot superlattices. Most importantly, it is observed
way to quantum dot fabrication. However, the present undergat there is a growth window in which a perfect body-
standing of the phenomenon of self-organization, which isentered tetragonalbct) quantum dot superlattice with a
essential to attaining this target, is still rudimentary. Thefixed lattice spacing can be achieved irrespective of growth
stringent requirements of small size, defect-free shape, untate. It is noted that the anticorrelation for this ordering is not
formity, and regularity make the growth of ordered quantumdue to the elastic anisotropy efféct: but due to the adjust-
dot superlattices through self-organization still a dauntingment of the spacer layer thickness, growth rate, and growth
task®~2°The central issue is to control the self-organization.time.

The formation of quantum dots in heteroepitaxial film  More interestingly, with the variation of the growth rate
systems is due to the morphological instability driven by thewithin the window, the size of the quantum dots can be tuned
strain energy reduction induced by the lattice mismatch bewhile the spacing of the bct quantum dot superlattice remains
tween the film and the substrate®® During the formation unchanged. Surprisingly, we have identified a new underly-
of defect-free dots, the total strain energy is decreased whileg physics for the ordering of the self-organized quantum
the total surface energy is increased. Since the total free ewlot superlattices, that is, the ordering can be controlled by
ergy is reduced, the surface roughening is energetically fathe ordering of the strain energy density maxima on the
vorable at long wavelengths, leading to the self-organizedpacer layer surface, which is in contrast with the common
formation of quantum dots. understanding that the ordering of the quantum dots in a

The self-organization of quantum dots along the growthsuperlattice is controlled by the ordering of the strain energy
direction during the growth of quantum dot superlattices haslensity minima. In addition, some of the previous results
shown a marked ordering with increasing number of growttrevealed in annealing conditiciscan also be extended to
layers. So far, no experimental method has succeeded in prgrowth conditions. The ordered bct superlattice can also be
ducing reproducibly identical ordered quantum dots in superebtained through annealing. The dot ordering is sensitive to
lattices. It is believed that this ordering is due to the influ-the spacer layer thickness. When the spacer layer is thin, a
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FIG. 1. The surface morphologies at the end of each dot layer growth. With the proper choice of system parameters, strong ordered dot
arrays are obtained after a number of superlattice growth perigdss, =0.005\,/ty and uo, =5Qwg; (b) 7, =0.008\(/ty and g,
=5Qw,; and(c) 5, =0.005\,/t, and uo, =80 w,. The same initial surface, spacer layer and interruption time are (Eeellateral size
is 32. Along the growth direction, the scale has been magnified oy 2.

vertical correlation is preferred, while when the spacer layer
is thick, a vertical anticorrelation is preferred. The current
predictions show that the anticorrelation is more effective to
achieve a strong ordering of quantum dots in superlattices.

II. FORMULATIONS

The island formation and arrangement of superlattices can A
be affected by many factors, such as, mismatch strain, spacer
layer thickness, surface mobility, interface diffusion, deposi-
tion rate and time, segregation, spacer layer surface rough-
ness, and buried island distribution. It has been shown that
the effect of segregation on the film surface and spacer layer
surface roughness appear insignificaffttherefore are not
considered here. In addition, it is believed that the interface
diffusion is significantly slower than the surface diffusion,
and hence is omitted. In this paper, the effects of strain mis-
match, deposition rate and time, spacer layer thickness, and
buried island distribution on the self-organized growth of
quantum dot superlattices will be examined.

In the current computer modeling, a three-dimensional ki-  FIG. 2. The unit cell for the bct superlattice. The quantum dot
netic model is developed to simulate quantitatively the dotarray adopts an alternativeBAB stacking sequence. The lattice
formation and ordering in superlattices under growth. It iSspacing along the growth direction ks, =5.2. The dots in the
capable of modeling heteoepitaxial thin film systems withgrowth plane adopt a squared lattice with spacigg-4.5.

-

N
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FIG. 3. The surface morpholo-
gies at the end of each dot layer
growth. The growth rate also af-
fects the ordering of dots in super-
lattices. (@) At a low growth
rate, 7, =0.002,/tg and uq,
=5Qw,, dot ripening occurs and
the density of dots gradually de-
creases,(b) At a high growth
rate, 7, =0.015/tg and ue,
=5Qw,, the formation of dots is
not complete(The lateral size is
32. Along the growth direction,
the scale has been magnified by
2)
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the Stranski-Krastano(SK) growth mode’° To model the  spacer layers. Subsequently, another transition layer and film
SK growth mode, the wetting layer on top of the substrate idayer are grown on the spacer layer surface. Again during the
modeled as a transition layer with a linearly varied mismatchgrowth, the film will roughen and form dots. This process is
strain along the growth directioli:??8The transition layer repeated and a multilayer quantum dot superlattice can be
can be assumed to be an intermixing phase of the substratdtained through computer simulations.
and the film?®?°|t is assumed that the transition layer is very ~ The growth of quantum dot superlattices is modeled using
thin so that it will not affect the morphologic evolution of the a thick large substrate bonded to a rigid foundation, and a
film surface. The substrate, dot, and spacer layers are elasthin transition layer is grown on the substrate to consider the
cally isotropic solids with the same elastic properties reprewetting effect. The simulation temperature is above the
sentative of semiconductors. The substrate and spacer layermughening transition temperature, hence, no faceted surface
are of the same lattice spacing, which is different from thatexists on the film surface. The surface of the transition layer
of the dot layers. is perturbed randomly to model the surface roughness. It
During epitaxial growth, the surface morphology will should be noted that without stress in the layer, the perturbed
evolve. Therefore, tuning the growth rate and growth timesurface simply decays and evolves into a flat surface. This
gives one an additional degree of freedom to control themeans that the collective fluctuation of the surfécapillary
self-organization of the epitaxial growth. After the formation wave$°3 is not included in the present continuum treat-
of the first layer of quantum dots, subsequently a spacer layenent. The film which is strained elastically is grown on the
is grown on the dot layer surface. Here it is assumed that thgansition layer. the film is unstable and will spontaneously
interface diffusion along the film and the space layer is negroughen and form dots because of surface diffuétof®
ligibly small**?° and the termination of the spacer layer sur-Here the film is treated as a linear-elastic solid and the dis-
face is flat''*?the shape and properties of the spacer layeplacement due to mechanical loading is small. Therefore,
are known and there is no need to model the growth othanges in shape caused by the elastic deformation do not
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FIG. 4. (Colon The contour
plots of the chemical potential at
different times during the fifth
film layer growth for the case of
Ny 20007)\0/t0 and Mo
=5Q0w,. () Before the fifth film
layer growth, the chemical poten-
tial maxima on the spacer layer
surface(red spot} are very regu-
lar, but the minima are notb) A
regular array of chemical potential
minima (blue spotg which corre-
spond to islands, form after the
deposition of the fifth layer starts.
It can be seen that each maximum
on the spacer layer surface corre-
sponds exactly to an anticorrelated
position, however, there is no such
one-to-one relationship between a
minimum and a dot(c) At the end
of the fifth layer growth, the
chemical potential minimablue
spotg evolve into a perfectly
regular array, which corresponds
to a perfectly regular island array.
(The lateral size is 32.

(c)

influence diffusion on the surface. potential differences between the vapor phase and the
Surface diffusion is driven by a variation in chemical po- surface® If the growth rate isvg and the vapor phase chemi-

tential which causes atoms to migrate from regions of highcal potential isuq, then,

chemical potential to those of low chemical potential. There

are two contributions to the chemical potential of an atom on

the surface of the thin filrfi: The first is the energy of the vg=1(to— ), )

surface itself, while the second is due to the elastic energy

stored in the volume of material associated with a surface

atom. Thus, the chemical potentjalis* where 7 is a growth parameter which depends on the stick-
ing coefficient, temperature, and the mass of the vapor atom.
w=Q(w—Ky), (1) The normal velocity on the surface in the reference con-

figuration at which material is deposited or evaporated from

wherew is the strain energy density on the film surfages  an element on the surface is related to surface diffusion and
the surface energy is the sum of two principal curvatures, deposition, that is,
and () is the atomic volume. The strain energy is given by
o= Cjjyejje/2, whereCyj are the elastic constants and
the strain fielde;; is a function of the displacement field v=DVZu+ n(mo— ), 3)
ui(x;), that is, e;=(u; ;+u;;)/2. It should be mentioned
that x is positive if the center of curvature is in the direction
of the outward pointing normal. The chemical potential of whereD is the material system parameter which is related to
the bulk is assumed to be zero. mass surface diffusion coefficient and temperature &b

For temperatures above the roughening transition temthe surface Laplacian operator. By assuming a symmetrical
perature one expects the Wilson-Frenkel growth mode, i.e., @ondition and applying the surface divergence theof8m
linear law to hold between the growth rate and the chemicaiay be rewritten in a weak form as
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This equation may be solved fet, using the finite element
method™® However, since Eq(4) is stiff due to the mean
curvature termx in the chemical potentiagk, a finite element
method with a semi-implicit Euler scheme is introduced to
solve this equation. The reference surface configuration is
perturbed by a small displacement along the normal di-
rection of the surface within a small time intervAk; u,
=y,At is chosen for the forward Euler numerical scheme.
The new surface curvature after the small perturbation is

K’=K+V§un+un(K2—2K), (5)

whereK is the Gaussian curvature. Replacirgn Eq. (4)
with ' and rearranging the equation, the semi-implicit
scheme may be written as

funavn+mﬂy[v§un+un(KZ—zK)](Dvga‘yn
s
—ndvy)dA
=AtQj (w— K)/)(DViﬁvn— novy) + nugdv,dA
s

(6)

and solved fow, using the finite element method. The equa-
tions governing surface diffusion of the film are completed
by the constraints at the surface boundaries. A symmetrical
condition is used to prescribe the behavior of the boundaries
and requires the mass flux and the tangential component of
the surface along the normal of the boundary to vanish.

The procedure of simulating the quantum dot superlattice
growth is as follows. The growth starts on the random sur-
face of the transition layer bonded on the substrate. To de- FIG. 5. Surface morphologies at the end of the fifth dot layer
termine the surface evolution, E¢6) is to be computed. growth withz, =0.005¢/to anduo, =80 w,. (a) Pits are formed
Suppose the shape of the film surface configuration at timefirst on the sur_face(b) The pits grow and exp_el the surrounding
is known. The deformation and diffusion that occur during amass-{(c) The pileup mass forms islandsl) A uniform and regular
subsequent infinitesimal time intendt is to be determined. amay of islands are formede) The dots still remain uniform and
First, the displacement field;, strain fielde;;, and strain regular but grow with an increase in growth tim&he lateral size
energy density distribution need to be computed. To do s is 32. Along the growth direction, the scale has been magnified
the equations of mechanical equilibrium using the configu- y2)
ration att as reference are solved. Secondly, based on the
surface configuration, the surface curvatures can be calcprocess of the quantum dot superlattice. It is noted that the
lated. Next, the surface diffusion equati®®) is solved to  stress analysis in the subsequent growth should include the
determine the velocity of the surface in the reference consubstrate and all spacer, transition, and dot layers. Since the
figuration at timet. The shape of the surface during the time surface configuration after each time intervel has been
interval At is then deduced. These steps are repeated to corshanged, finite element remeshing is required. In addition,
pute the shape of the surface during the dot layer growthwith the addition of the spacer layer and transition layer,
Once the first dot layer growth is finished, a spacer is addefinite element remeshing is also required.
on the dot layer. The spacer layer surface is assumed to be In this work, massive parametric studies to investigate
flat since the spacer surface roughness is neglected. On teplantum dot morphologic evolution and self-organization
of the flat spacer layer, another transition layer is addedduring the growth process have been conducted. To present
Then the second dot layer growth on the transition layer ighe results, a dimensionless length scale and time scale is
commenced. The calculation steps for the island formatiomised as followsh, =N/\g, t, =t/ty, where\y,=y/w, and
and evolution of the second dot layer are the same as the firs§= y3/(w3DQZ), wherewy is the strain energy density in a
dot layer. The procedure is repeated to compute the growtherfectly flat film.

195314-5



P. LIU, Y. W. ZHANG, AND C. LU PHYSICAL REVIEW B 68, 195314 (2003

Ill. RESULTS AND DISCUSSION growth window. First, after a few layers of superlattice
In the massive parametric studies, the effects of the simugrowth periods, the top dot arrays become increasingly uni-
form and regular. These ordered dots adopt a squared array.

lation size, the initial surface roughness, the spacer laye h ) f the d be | " h
thickness, the growth time, the growth paramejeand the € ;eparaﬂon_q _t e dots appears to be |.nse.nS|t|ve to the
variation of the initial random surfaces, the kinetic parameter

vapor chemical potentigky are investigated. Our parametric ; !
studies show that all the conclusions still apply as long as th@ and the vapor phase chemical potenjigl. Secondly, the
cell lateral dimension is larger than 16, the substrate thickdots in the two dot arrays separated by a spacer layer are
ness is larger than 5, and the transition layer thickness is leg§iticorrelated, i.e., the stacking sequence is of AfEAB
than 0.1. For all the simulation results reported here, thdéorm as shown in Fig. 2. The spacer layer thickness is re-
dimensionless length and width of our simulation cells aresponsible for this transition, which was also observed in the
the same, i.e., 32, the dimensionless substrate thickness agnealing case?. Thirdly, with the increase of deposition
8.0, the dimensionless transition layer thickness 0.1. rate, i.e., with the increase of the kinetic parametand the
The simulations have reproduced many interesting experivapor phase chemical potentjal},, the spacing and the pat-
mental observations, such as dot alignment, dot misaligntern of the dot arrays remain the same. However, the dot size
ment, and dot discontinuity.*® Of particular interest is the is increased with the increase of the deposition rate which
prediction that with a proper choice of system parameters, aan be seen from Figs.(d and Xc). Finally, within this
perfectly uniform and regular bct quantum dot superlatticewindow, as long as the initial film surfaces remain roughly
can be obtained. We found that when the dimensionleseandom, i.e., without strong preferential perturbation direc-
spacer layer thickness is chosen to be 2.5 and the dimensiotiens, the strong ordering of the quantum dot self-
less interruption time is 5, the dimensionless growth paramerganization is insensitive to the initial surface conditions.
etery, is between 0.00¢,/t, and 0.04,/ty and the dimen- It is showed that after a few periods of superlattice
sionless vapor chemical potentja), is between fwy and  growth, the arrangement of quantum dots in the superlattices
90wy, a strong ordering of quantum dots occurs and a peradopts a bct lattice with a squared array in the growth plane
fectly ordered quantum dot superlattice is obtained. Exand an alternativdBABstacking sequence along the growth
amples are shown in Fig.(d with 7, =0.005,/t, and direction. The unit cell for the bct superlattice is shown in
Mox =5Qwq, in Fig. 1Ab) with 7, =0.0084/ty and wue, Fig. 2. The lattice spacing of the dot array in the growth
=5Qwq, and in Fig. 1c) with 7, =0.005y/t; and wq, plane isa, =4.5. The lattice spacing along the growth direc-
=8Qwq. There are several features which characterize théon is b, =5.2. The basis vectors of the superlattice in the
strong ordering of the quantum dot self-organization in thereal space are

a a, /\2a2+b? a,/\2a2+bZ —b,/\2a+b? 0.548 0.548 —0.633
a=|a,/y2ai+b: a,/y2ai+b; b,/\2ai+bi |=|0548 0.548  0.633. )
@) | a,/J2a2+b2 —a,/\2a2+b2 b, /\2aZ+b? 0.548 —0.548 0.633

For a perfect body-centered cubic lattieg, /b, =1, how-  growth surface occur right above the buried dots, and there-
ever, for the current situations, the ratio is 0.87. The currenfore the dots in the multilayer should be aligned
quantum dot superlattice can be thought of as a perfect bodyertically?* while for elastically anisotropic materials, the
centered cubic lattice that is expanded by 13% along thstrain energy minima no longer occur right above the buried
growth direction. dots, therefore misalignment of the dots occlt$™® It is

In the growth window, the current ordered bct quantumbelieved that the strain energy density minima on top of the
dot superlattices can be tuned in two ways. First, the islangpacer layer surface provide the preferential sites for dot for-
spacing can be tuned by the change of the lattice mismatamation, and the ordering of the dot self-organization is due to
between the film layers and the substrate since the charactehe ordering of the strain energy density minima during the
istic wavelength in the system is inversely proportional to thefilm growth>12-15.20
square of mismatch strain. Therefore, with the increase of The results show that the current strong ordering of the
lattice mismatch between the spacer layers and the dot laylot self-organization is due to different reasons. First, the
ers, the dot size and spacing will be decreased and vicanticorrelation in the present case is not due to the elastic
versa. Secondly, the size of the dots can be tuned by thanisotropy,**but due to the effect of the spacer layer thick-
change of the growth rate. For an increase in the growth rateyess. Secondly, the strong ordering is also closely related
the dot size will increase while the dot spacing of the bctwith growth time and growth rate. At a lower growth rate,
superlattice remains the same. the surface diffusion rate may be relatively higher than the

The previous theoretical analyses predicted that for elasgrowth rate. As a consequence, island ripening occurs and
tically isotropic materials, the strain energy minima on thethe dot number density gradually decreases during the super-
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FIG. 6. (Colorn Normalized strain energy dis-
tribution on the surface at the end of the fifth dot
layer growth. The strain energy distribution be-
comes very regular on the fifth island layer sur-
face due to the interactions of the buried islands
and surface islands. The strain energy minima are
located on the island tops while the high strain
energy density is around the island bottom edge.
(The lateral size is 32. Only part of the substrate
is shown)

lattice growth as shown in Fig.(8. While at a higher derlying reason: From Fig.(d), it can be seen that the strain
growth rate, the surface diffusion rate may be relativelyenergy density minima are not only disordered, but are also
lower than the growth rate. As a consequence, the formatioghallow. Hence, they are unlikely to trap dots. However, the
of islands is incomplete as shown in Figbg Thirdly, the  strain energy density maxima are not only ordered, but also
strong ordering of the dot self-organization in the presenbf a high magnitude. During the superlattice growth, the film
cases is not due to the ordering of the strain energy densiaterial will diffuse away from the positions where their
minima atop of the spacer layer surfacé, *>*°but due to  sirain energy densities are maximum. In addition, due to the
the ordering of the strain energy density maxima on theigh surface chemical potentials at these positions, the depo-
spacer layer surface and the interaction between the surfacgion rate is low and, as a result, pits develop. Therefore, the

Egngfstsgiggfn?clgliT)c(j)':zlri?jsdingfci]gS?er\hc?rmsh;hgp;%gtﬁge rordered pits, rather than the ordered dots, first appear on the
surface before the fifth superlattice layer growtl. the growth surfaces as shown in Figh To reduce strain en-

spacer layer surface is flat, the chemical potential is equal g 9 the mass that is repulsed away from its neighboring pits

Qw.) It can be clearly seen that the strain energy maxima angends to increase its aspect ratio to form an island as shown

very regular, but the minima are not. Figurébyshows the n FE’; .E(b)‘ .5(C.)' r?inhcehth? stra(ijn. Tne(;gy. densli(ty at the
contour plot of the chemical potential distribution at the early€'9nPoring pits is high, the formed island tries to keep away

stage of the fifth film layer growth. It can be seen that bothfom the neighboring pits so as to reduce its energy. There-
the chemical potential minima and the chemical potentiafor® the most favorable place will be at the center among its
maxima form a regular array. Figuréch shows the contour Neighboring pits as shown in Figs(B, 5(c), that is, the
plot of the chemical potential distribution at the end of the@nticorrelated positiofa blue spot in Fig. @)]. A 3D strain

fifth film layer growth. The chemical potential minima de- €nergy contour at the end of the fifth dot layer growth is
velop a perfectly regular anticorrelated array, which corre-given in Fig. 6. The strain energy minima are located on the
sponds to a perfectly regular island array. Apparently, it carisland tops while the high strain energy density is around the
be seen that each maximum on the spacer layer surfadgland edges. The high strain energy gives rise to high sur-
shown in Fig. 4a) exactly corresponds to a correlated posi-face chemical potential, causing the mass on the wetting
tion without an island as shown in Fig(cl. However, there layer to diffuse to the island tops. Consequently, an ordered
is no such one-to-one relationship between the minima imot array is developed as shown in Fig&)4and 3d), 5(e).

Fig. 4@ and the minimathe island positionsin Fig. 4(c). It has been shown that the interactions between the sur-
Therefore, the previous understanding cannot explain thé&ce islands and the buried islands also contribute to island
surprising result in the present case since before the fifth filnordering®>2%?” This is also true in the present studies since
layer growth, the strain energy maxima are regular, but theéhe results show that no reorganization occurs once the or-
minima are not. Hence, the ordering of the dot self-dered island array is formed at an early stage. Hence, in the
organization in the early stage is attributed to the ordering ofjrowth window the interactions between the surface islands
the strain energy density maxima on top of the spacer layeand the buried islands not only favor the ordering at the early
surface, rather than the strain energy density minima on toptage of island formation, but also maintain the ordering at
of the spacer layer surface. Detailed study revealed the urihe subsequent growth stage.
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IV. CONCLUSIONS quantum dot superlattices was discovered. The ordering is

controlled by the ordering of the strain energy density
The computer simulations performed in this study havemaxima, rather than by the ordering of the strain energy

identified a growth window in which the growth of high- density minima. This provides a promising guideline for the

density, high-ordered quantum dot superlattices can be comabrication of novel quantum dot-based devices.
trolled. The perfectly ordered self-organized quantum dots

are arranged in a body-centered tetragonal superlattice. The
dot spacing is insensitive to growth rate, however, the size of
the dots can be tuned through the change of growth rate. A
physical phenomenon for the ordering of the self-organized The authors thank A. F. Bower for helpful discussions.
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