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SiGE'Si(001) Stranski-Krastanow islands by liquid-phase epitaxy: Diffuse x-ray scattering versus
growth observations
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Ex situobserved growth stages of LPE-SiGé0Bil) Stranski-Krastanow islands with a germanium content

of 10% give clear evidence of a rapid shape transition at one third of the final island height. The island shape
changes from a lenslike type without a top facet to truncated pyramids{ ditt} side facets and af®01) top

facet. High-resolution x-ray diffraction has been applied to islands with higher germanium content of about
30%. Experimental results are compared with respective kinematical scattering simulations based on finite
element calculations for the strain field. From these simulations the three-dimensional germanium composition
profile inside the islands can be extracted and it substantiates a similar growth scenario with a distinct shape
transition at one third of the final island height also for this germanium concentration range. We attribute the
observed finite island size to a distinct nucleation problem at the island bottom caused by exceptional high
strain energy around the island corners in combination with a strain driven wetting layer depression.
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[. INTRODUCTION However, all the direct methods can provide structural infor-
mation only for a comparatively limited number of objects.
In the past decade ambitious efforts have been undertakdndirect methods are able to compensate this lack in a
for the fabrication and investigation of low-dimensional complementary way, although reliable information regarding
semiconductor structures. As soon as a charge carrier is spa-particular individual type will be available only in case of
tially confined to lateral dimensions smaller than the DeBro-a monodisperse distribution.
glie wavelength the according density of states will drasti- High-resolution x-ray diffraction(HRXRD) has been
cally change with respect to bulk material, which promiseswidely used for strain analysis in QD’s, eg° which con-
new fascinating electronical and optical properties. In prin{firms the important role of interdiffusion as an effective way
ciple, the confinement can be obtained in one, two, or evenf elastic relaxation during growth. Previously, different ger-
three dimensions. Quantum d@€D) with zero-dimensional manium profiles within free standing SiGe SK islands have
properties represent the outmost degree of confinement prbeen proposed: a linear increase of germanium for islands on
destinating them for exceptional optoelectronical devices aa Si111) substraté? a guadratic increase in case of SiGe/
quantum dot laserssingle electron transistofspr single  Si(001) island$’ and a stepped germanium profif'® Re-
electron memory devices. cently, Denkeret al*® have reported on a lateral composition
For the fabrication of zero-dimensional structures of highprofile inside self-assembled SiGe dots of081). By selec-
density along with outstanding degree of uniformity thetive etching technique the authors observed a strong silicon
Stranki-KrastanowSK) growth modé has been widely used intermixing in the island corners, whereas the edges, the is-
for different material combinations. The accumulated defordand top and the inner part of the island remain germanium
mation energy during heteroepitaxial growth can be partiallyrich. Lateral transport governed by three-dimensional strain
relieved by forming three-dimensional dislocation-free is-distribution and local incorporation probabilities have been
lands on top of a wetting layer because the energy reductiodliscussed in addition as further key parameters for the final
associated with elastic relaxation exceeds the increase in surencentration profile within SK islands.
face energy. In the present paper we will reconstruct how island evo-
A purposeful fabrication and application requires a de-lution in the system SiGe/@i01) takes place in detail. We
tailed understanding of the growth process. Therefore thergot evidence for a characteristic growth transitionhds,
is a practical need for precise characterization of morphowhich can be directly interconnected to a certain germanium
logical properties as shape, size, chemical composition, angrofile depending on the particular growth mode. We could
strain profile. A large variety of direct and indirect methodstrace the island evolution by different growth stages only in
have been applied, among them scanning probe techniquease of comparatively low germanium contents. Since is-
as atomic force microscogAFM) (Refs. 5 and fand scan- lands with a higher lattice mismatch with respect to the sub-
ning tunneling microscopy. Furthermore scanning electrorstrate material grow increasingly faster, there is no direct
microscopy(SEM) as well as transmission electron micros- access to different stages of growth. From HRXRD experi-
copy (Ref. 7 can reveal reliable structural properties. Furtherments along with various kinematical scattering simulations,
on Raman scattering can provide information concerningvhich reveal a certain germanium profile we argue that even
composition and strain in free standing and capped isl&ndsin that case the proposed growth scenario remains the same.
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Furtht_armore we will focus on the rgther frequently _dlscgssed u( ﬁi + ;k)% G(ﬁi). 1)
guestion why the observed only misfit dependent final island
siz&" keeps finite. We will explain this in terms of a sustain- whereR; is the position of théth supercellr, denotes the
able nucleation problem at the island bottom along with aposition of thekth atom in the supercell. In general the dif-
wetting layer depression. fusely scattered amplitud@gisr,se CAN be calculated as a
The present paper is organized as follows. An introductiorcoherent sum over all illuminated scatterers,
to the simulation procedure will be given in the following
section. Section Il briefly describes sample preparation. Sec- = ideal/ 3, = .
tion IV refers to the expgrimental setup zfnd F'[)hep(:lpplied scat-Ad”f“S(Q)oczi zk: {e" (R +rexdig[(Ri+ry)
tering techniques, whereas in Sec. V concentration profiles L L o
revealed by respective simulations will be discussed versus +u(R+r)ll- e (Ri+ryexdiq(Ri+r, 1},
direct growth observations. Finally, in Sec. VI we will @)
present our conclusions.
wherep'®f andp'?®?' are electron densities of adeal and a
referenceattice, respectively. It has to be noted that most of
Il. THEORY the intensity has to be treated dynamically. Whereas only a
small fraction—the scattering by highly distorted parts of the
Kinematical scattering simulations have been performeq:rystm_can be calculated kinematically. It was shdtthat
in order to evaluate the diffusely scattered intensity patterns, our case the chemical composition within an island de-
Although different groups pursue analytical methods to calacto exclusively enters the diffuse scattering via a certain
culate the strain field, e.g., within burfédand freestanding strain profileG(R) and not directly by the atomic form am-

1 3 7 ’, 4 H
quf?q?;%? ryz‘yvellrnedg’b ?.L: q ghéssésl S’Dr?e \?ggtl-nm:ﬁgoé}gl i plitudes. A detailed discussion of this treatment has been
Sy ) url ! | QD's neglecting SUC Hublished elsewheré.

anisotropy® there is still a lack of analytical solutions for the
strain field within mesoscopic structures taking into account

the elastic properties. Alternatively, numerical finite element Iil. SAMPLE PREPARATION
method(FEM)_is as a very powerful too_l for stra;in ag%lysis. The samples were grown with liquid phase epitékpE)
It has been widely used for mesoscopic structirés™ using a slide-boat reactor. In contrast to other growth tech-

Islanq sgape and size serve as input parameters for _FEMques as molecular beam epita$ylBE) or metal organic
cal_culanor’r as well as composition profile, corr_espondmg chemical vapor deposition LPE operates comparatively
lattice parameters andg\;he elastic constanjs for Siy xG&  ¢loser to thermodynamical equilibrium. Consequently, LPE-
assuming Vegard's law. Shape and size have been previ- grown islands exhibit a similar shape for an extended con-
ously determined by direct methods. A wetting layer of cOn-cenration range which consists of truncated pyramids with
stant 2 nm thickness has been considered within the FE 111} side facets and af001) top facet with a nearly con-
model. Previous investigations confirm a strong elastic intergiy aspect ratio of island base aldig.0] to island height
action between substrate and island. It has been shown th _
there is a remarkable influence to the strain profile into the 14 ansure a high purity of the epitaxial layers the entire
supstrgge at least dovyn to a depth equivalent to the iS|a”Qrowth process has to be performed under a pure hydrogen
height™ Thus, according to the concrete geometry of theymosphere. In a first step the components Si and Ge are
investigated islands lateral and vertical dimensions of thgged in a Bi-solution which will be homogenized for sev-
entire model are 260 nm and _100 nm, res_pectlvely_, Whlcf}sral hours at growth temperature of 973 K to equilibrate the
ensure a realistic elastic behavior. To establish quasmenodgystem thermodynamically. Averaged germanium contents of
boundary conditions the FEM nodes within the outermosigo, (sample shown in Fig.)4and 30%for diffuse scattering
planes of the substrate have the freedom to exclusively relax,q Fig. )] in the solid phase correspond to germanium
within those planes. , _ _mol fractions of 0.0046 and 0.0103 in the liquid phase, re-

Since finite element method is a continuum theory it ré-gnecively. Afterin situ desorption of the natural oxid layer at
mains still impossible to take an atomistic structure of me-g3q ¢ the Si-Ge-Bi solution is brought into contact with the
soscopic objects correctly into account. Consequently, Wepsirate material. To initialize the growth an oversaturation

have to simplify the model defining FEM cells with typical |55 established by choosing a growth temperature up to 2 K
dimensions between 5 A and 50 A. Usually the grid has ta)e|ow saturation temperature.

be arranged more dense in areas with high strain energy, e.g.,
at the interface island/wetting layer and near the edges. In an
intermediate step the deformation field has to be interpolated
onto a regular grid of a mesh sizewhich is usually still Direct imaging techniques as AFM and SEM have been
larger than an interatomic distance corresponding to supegpplied to characterize morphological properties like island
cells. However, this treatment is (any valid under the as=jze and shape. HRXRD and grazing incidence small angle
sumption that the local displacemantwithin a supercell is x-ray scattering have been used to get access to inherent
negligible with respect to the displacement of the supercelproperties as concentration and strain profiles. X-ray scatter-
itself, thus ing experiments were performed by using synchrotron radia-

IV. EXPERIMENT
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tion as provided by BW?2 station at Hasyl@DESY) using a
monochromatized well collimated beam with an x-ray en-
ergy of 8 keV and a typical energy band width ah/\
=10 *. Typical beam spots are 0.5 mm by 2 mm with re-
spective beam divergences within and perpendicular the scat-
tering plane of 5Qurad and 20Qurad. A linear position sen-
sitive detector with a spatial resolution of 8in was placed
750 mm behind the sample, whereas the resolution perpen-
dicular to the scattering plane amounts te 403 A1,

V. RESULTS AND DISCUSSION
A. Island evolution

Elastic lattice relaxation during heteroepitaxial growth
may occur through the transition from a flat surface to an
undulated surface. In case of;SiGe /Si(001) the originat-
ing pattern exhibits preferential directions along the elasti-
cally soft(100) directions of the cubic diamond lattice. It has
been shown that during later growth stages separated islands
appear exactly at the crest of the ripple pattern. Thus, the NM : ; A
final island positions have been discussed interms of aripple 560 L+ /&
pattern’ However, positional correlation could also be ; ;
found in case of high Ge content 0.15)—uwithin a con- 374 mEmt ke
centration window without a proof of a ripple pattern. 187
Since at lower Ge contents a variety of different island
stages remain at the surfacepastgrowthanalysis opens a 0" '
detailed morphological view to the island evolution. The re- 0 092 184 276 368 Pm
ConStrUCt?d sequence can b(? s.ubd'lv.IQed. into three main FIG. 1. Atomic force micrograpftop) and corresponding height
St?‘ges’ Fig. 1.‘ At the very beanmg mlt.lal ISlar.'d stagms rofiles (bottom) taken on a sample with a comparatively low ger-
arise from a tiny surface l_Jnd}JIat!on by Increasuggly S_teepeﬁwmium content of 10%. A large variety of different island shapes
boundary planes up to an inclination angle-e16.9°, Wh'Ch_ and sizes has been recognized at special growth conditions. At
nearly corresponds tfl15-type facets (15.8°). During this 5 critical height the shape changes rapidly from a flat lense (@ipe

first step no top facets are present and the islands (_exhibitl@ truncated pyramidgb). Afterwards the growth happens along
lenslike shape. Onc¢l115 facets are present the island (oo1) (o).

shape undergoes a rapid change by forming truncated pyra-
mids with an(001) top facet,{111} side facets, and a qua- Fig. 3(b). Strain induced wetting layer depression has also
dratic base. With respect to the final island heighthe been observed for MBE and other material systefis=®
growth mode alters exactly &/3. However, this transition Figure 4 depicts a fully developedQiGe, o9 island with a
happens as fast as nonintermediate stage could be observédal aspect ratio island base/height of nearly two. The image
There are two conceivable scenarids: either the growth clearly reveals the microstructure of th&01) edges, which
performs by different side facets down {11} or (ii) there  are made of smafl111}-type facets.
is vertical growth alond003) filling up the volume between Thus, the lateral island dimension still increases after for-
previous{115 and final{111}. In the following section we mation of a truncated pyramid due to additiofall} slabs.
will present results clearly indicating patfi). At the end of  Because there is no two-dimensional nucleation{ 1}
transition @=b) truncated pyramids with111} side facets subsequent slabs exclusively nucleate at the island bottom.
and an(001) top facet have evolved. It should be mentionedHowever, they do not grow into spatially complete facets
that the island base width slightly decreases during this stegince they stop in the island’s corners at the bottom. FEM
Finally—after an(001) facet is present—the growth almost calculations predict a strongly enhanced strain energy nearby
exclusively takes place vertically. However, there is also ahese corners, see Fig(aB indicating a reason that the
lateral island broadening, whose microscopic nature throvgrowth process initially suspends around these points. Later
light to the phenomenon of a finite island size. on nucleation will be completely suppressed after a strain
The characteristic scaling l&wfor the final island size induced wetting layer depression. For MBE grown islands it
weex~293is frequently discussed in terms of an inverse qua-has been showrthat the depth of a wetting layer depression
dratic strain dependence. Regions of comparatively highinearly scales with island diameter and self-limits after a
strain energy tend to be resolved during subsequent growttertain island size is achieved. Taking both, the observed
and can serve as a monitor of strain distribution. Figure 2Zvetting layer depression and the calculated enhanced strain
shows a typical cloverleaflike wetting layer depression in theenergy around the island corners, into account the final island
vicinity of a Sk G 1 island, whose patrticular shape reflects size can be explained rather in terms of a kinetically caused
the fourfold symmetry of the strain energy distribution, seenucleation problem than a transport phenomenon. We pre-
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[110]
—>

FIG. 4. Scanning electron micrograph of g §Ge, oo/ Si(001)
island. The(101)-edges show a pronounced dissection indicating to
a suspended nucleation at the island bottom.

[nm]
122.2
81.5 _ _ _
However, diffuse x-ray scattering can be applied as an excel-
lent tool to reveal structural details of the island evolution.
= Since the actual growth mechanism significantly influences
0 2.58 516 7.74 1032 [um] the amount of germanium incorporated a growth scenario
FIG. 2. Atomic force micrograph of a sample containing 10% Cr?UId be ded;;ced ffohm a certain concentrat_lon prm;l_lle. Furlzj
germanium. Due to high strain energy in the vicinity of an islandt er reaSP”S Or_ ar_1 in Omogeneous ge,r_man'um protiieé cou
the wetting layer was depressed. Lateral dimension of this depreQ€ @n anisotropic incorporation probability, strain dependent
sion is in the order of the island size itself. lateral transport, and an impact of the actual moment of evo-
lution, which directly refers to a time-dependent composition

sume that the absence of further nucleation even holds as'jthin the solution. Namely, the last point attracts particular
key argument to a finite SK-island size in case of othernterest since atomic force micrographs of a sample contain-
growth techniques. ing locally different island densities prove a sequential nucle-

ation, where the islands appear one after another in chains
along (10(2 directions at the end of an already existing
formation?

In the preceding section we have proposed a three-step We investigated two-dimensional intensity distributions
island nucleation process reconstructed frdinectimaging.  around symmetrical as well as asymmetrical reciprocal lat-
There is a strong indication that &th/3 the growth mecha- tice points applying HRXRD. Figure(B) shows the mea-
nism distinctly changes from a rough growth ma@erre-  sured intensity distribution around the(@4) reciprocal lat-
sponding to lenslike island shape®wards a faceted one tice point, which will actually appear out of the measured
(truncated pyramids In case ofx>0.15 a direct view to area(at g, =4.628 A 1), whereas the cloud of diffuse in-
temporary morphological stages gets impossible, because ansity originates mainly from the scattering at coherently
individual island passes extremely fast through subsequestrained SiGe islands. It contains information regarding is-
stages, inducing island ensembles of high monodispersityand size and shape as well as strain state, chemical compo-

sition, and positional correlation.

40.8

B. High-resolution x-ray diffraction

100 nm 2 Lateral ordering satellites nearby the c'rys_tal _truncati_on
[110] [J/m] rod have been observed up to third order indicating a high
| 3.96E+7 . . N
! 3 80E+7 degree of island correlation along tk&00) direction. The
' averaged peak distance afj=0.0022 A" corresponds to
3.68E+7 . T ) . . .
3 54E+7 A =285 nm, which coincides with the island-island spacing
3.40E+7 within an island chain detected by AFM. The convolution
m 3.26E+7 theorem states that the diffusely scattered intensity by an
‘f‘ 312E+7 ensemble of equivalent objects gets a simple product of dif-
RESE’S u| 2.98E+7 fuse scattering by a single individual times an interference
H b = a . 2.84E+7 function. Thus, regardless of correlation effects, scattering
I 7 2.70E+7 from an island ensemble can be treated exactly the same way
T TT1 LT T

as a single individual scattering process.
FIG. 3. Finite element calculation of the strain energy density in  AS a final outcome of an iterative evaluation process con-
vicinity of a Si,-Ge, 5/Si(001) island,(a) denotes regions of an sidering various island shapes and concentration profiles we

increased strain energy density & the typical fourfold symme-  will present two kinematical scattering simulatiofiSigs.
try of the far field. 5(a) and Fc)] which basically refer to exactly the same is-
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ass FIG. 5. Diffusely scattered intensity around
_ 004 reflection(a) and(c) kinematical simulations
< 456 for different models andb) respective measure-
2 s ment. The strong feature on the right-hand side in

(b) is caused by a detector artefact.
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&
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land shape revealed by AFM: a truncated pyramid withment models, will be unable to reproduce a narrow crystal
{111 side facets and afD01) top facet with a base width truncation rod. Also the ratio between the integrated intensi-
along[110] and height of 130 nm and 65 nm, respectively.ties of x-ray scattering from the islands and substrate is not
However, the considered Ge distributions slightly differ re-accessible by our calculations. Moreover, the most distinc-
garding the two possible scenarios for the microscopical native features of the diffuse scattering from islands are located
ture of transition &=b) ath/3 as proposed in the preceding apart from the substrate Bragg peak. Therefore, we have de-
section. fined a range of interest for the correlation analysis. Taking

Since the islands may elastically relax during their evolu-jntg account the symmetry of reciprocal space intensity dis-
tion increasing lattice parameter towards the apex will b&inution for the 004 reflection with respect to thgy, axis,

favored in general. However, a linear increase of germaniunye haye limited ourselves to a rectangular region defined by
concentration could be excluded by comparison with respecs —4.52...4.56 A-! andqyee="0.006 - -0.030 AL,

tive simulations indicating a discrete concentration profile. Inq The correlation coefficients have been calculated accord-
order to prove whether the growth transitioa=¢b) (the . . -

. ing to the conventional definition,
change from{115 towards{111}-type facets, respectively
performs similar to the precedingonfacetedor to the sub-
sequenfacetedgrowth mechanism the particular germanium
content has been used as a sensitive probe. Both models
assume a fixed germanium content of 30% withiah/3.

The simulation shown in Fig.(6) considers a truncated
pyramid of 25% Ge covered by 55iG&, ;—a linear and only
height-dependent germanium gradient, which has been alvhere¢ and » are the experimental and simulation datasets,
ready proposed for LPE-SiGe islandsHowever, in the respectivelycou(7,£) denotes the covariance, and finally V
present paper we compare this with a more sophisticategihd E are the variance and mathematical expectation value,
germanium distribution shown in Fig.(& an embedded respectively. Basically, the modulus of the correlation coef-
pyramid of 25% within the island bottom surrounded by aficient K is equal to one in the case of a linear dependence
Sip./G&.3 matrix. The recently reported three-dimensionalpeyeen datasets and is equal to zero in the case of purely
concentration profile inside MBE-grown SiGe islands onjgependent datasets. Additionally, the correlation coeffi-
Si(001) obtained by selective etching technique proves &i;ent, due to the generic properties of mathematical expecta-
higher germanium content around the island aexnpared  {ions, is a noise proof. So, the correlation analysis could be
with that in the island corneysss well'°A priori this particu-  performed on the raw data without any scaling adjustment,
lar distribution does not exclude the two models proposegn order to reveal the minor features of the reciprocal space
here because crystal growth from the liquid phase providegensity distribution, intensities should be, naturally, repre-
different growth conditions rather close to thermodynamicsented in a logarithmic scale. However, the dynamical range
equilibrium. This leads to—as the most obvious feature— the experimental data is rather limited. The weak diffusely
different planar island orientations and correspondingscattered intensities are superimposed by a background in-
faceting for MBE- and LPE-SiGe islands, which could mo- tgnsity, while the simulations are free of this experimental
tivate various concentration profiles as well. feature. This fact enforces us to shift the calculated intensity

Due to the models’ particular inner structure the respeciaximum to the experimental one in the region of interest,
tive averaged germanium contentshold x*>x°. Conse- and to add a smooth experimental background. The given
quently, the center of diffuse intensity shifts from aroundprocedure was absolutely identical for both island models,
030;=4.555 A1 towardsq§y,=4.560 A1, including scaling coefficient and background level. Corre-

In order to avoid any subjectivism when comparing ex-sponding correlation coefficients were calculated, line by
periment and respective simulations, a quantitative correlaine along thegg, direction in the mentioned range of inter-
tion analysis has been used. First of all it is noteworthy toest. Standard subroutines of two-dimensional interpolation,
state that simulations due to the finite size of our finite elewith averaging ovelyy, range, and vice versa were used.

:Cov(é,n): E((p—En)({§—E&))
WeéWn  JE(n—EnAE(E-EH?

K(&n) ©)
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Finally, we obtainedK values of 0.84 for the model in Fig. phenomenon of a finite island size during SK-growth mode
5(c) and a distinctly smaller value of 0.60 for the model into a twofold nucleation problem at the island botto(M:
Fig. 5a). areas of exceptional high strain energy in vicinity of the is-
This difference is mainly caused by regions @fy,; land corners predicted by FEM calculations acts as a lateral
smaller than 4.54 A, which are comparatively far away nucleation barrier for the outmo$f11}-type slabs, and fi-
from diffuse maxima, and are sensitive for the particularnally, (ii) a strain driven wetting layer depression completely
three-dimensional germanium distribution. For these regionprevents ongoing nucleation at the island bottom.
alone the correspondinl values are 0.78Fig. 5(c)] and Various growth stages observed &y situAFM at germa-
0.32[Fig. 5(@]. This result indicates a growth mode for the nium contents below 15% reveal a three-step island nucle-
transition @=b), which is rather similar to the growth via ation process, wherein the island shape undergoes a signifi-
different side facets up to115. cant change at one third of the final height from a lenslike
In order to estimate the absolute accuracy of our treatmeriype towards facetted islands. Since the incorporated germa-
two-dimensional reciprocal space mgRSM) based on ob- nium content probes the particular growth mode we applied
jects similar to model Fig. ) have been calculated, how- HRXRD along with kinematical scattering simulations at
ever, taking into account slightly different germanium con-samples where temporary growth stages could not be ob-
tents. The final intensity distribution arising from a coherentserved. From a discrete concentration change at exaf3ly
summation of various RSM’'s shows a significant changewve conclude that the proposed island nucleation process re-
with respect to the measured distribution only in case thanains the same even in case of higher concentrations.
absolute germanium content changes more tha86. Thus,
there is no indication to a concentration spread along differ-
ent islands within the island ensemble. ACKNOWLEDGMENTS
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