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The influence of growth temperature in the regime of dome formation in Stranski—Krastanow growth is
studied systematically on a series of Ge of081) samples. A combination of complementary x-ray scattering
methods is applied, in order to resolve the island size, their strain state, and the composition distribution. The
composition is determined using anomalous x-ray diffraction at high momentum transfer in combination with
atomic force microscopy and from x-ray reciprocal space mapping. For growth temperatures between 620 and
840 °C, the maximum Ge content of the as-grown islands decreases from about 70 to about 22%. The results
are corroborated by a selective etching study of the Ge islands.
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I. INTRODUCTION fraction has been applied in Refs. 23 and 24. More recently,
the use of a selective etching technique was also used to
The self-organized growth of nanometer-sized islands hagetermine the lateral composition profile in uncapped pyra-
been intensively studied in the last decade using differentid islandst®22 The same method was also combined with
material combinations like InAs/GaA®or a review see, €.g., anomalous diffraction to determine the composition in Ge-
Refs. 1 and Ror Ge/S#> and various deposition methods dome islands grown at 600 % However, a detailed analy-
like chemical vapor deposition or molecular beam epitaxysis of the SiGe intermixing as a function of temperature in
(MBE). If the island sizes are in the range of the de BroglieGe-dome islands is still lacking.
wavelength of the charge carriers, quantization effects be- |n this paper, we use anomalous x-ray diffraction at high
come important. Therefore, these low-dimensional systemgomentum transfer to determine the composition of mono-
offer a unique opportunity to probe quantum effects. In parmodal distributions of Ge domes grown at temperatures be-
ticular electronic and optical properties are expected to resutiveen 620 and 840 °C. The results are compared with x-ray
from the three-dimensional charge carrier confinement in theeciprocal space maps that yield the strain and the composi-
islands and the zero-dimensional density of states. Amongon in the islands. The composition profiles are also com-
the different material systems, the simple GEBL) system  pared with selective etching experiments that allow to iden-
can be considered as a prototype for understanding the futiify the Ge rich regions of the islands by comparing atomic
damental physical properties related with heteroepitaxiaforce microscopy images before and after etching. The paper
growth. The growth of Ge on §101) has therefore been is divided in four parts: After the introductiotSec. ), the
investigated by many different experimental methd®3he  experimental methods are presented in Sec. Il starting with
growth starts in a layer-by-layer mode but, due to the 4.2%nomalous diffraction at high momentum transeart A),
lattice mismatch between Ge and Si, the strain energy accontinuing with isostrain scatterirgart B) and x-ray recip-
mulated in the planar layer can be relaxed through nucleatiorocal space mappingpart O. In Sec. Ill we discuss the

of three-dimensional islands on top of a 3—4 ML thick wet- experiments and results in detail, a summary is given in Sec.
ting layer. Depending on the amount of deposited Ge and thpy.

substrate temperature, different island morphologies were

observed. At moderate temperatures of about 50q{2Q%} Il. EXPERIMENTAL METHODS
facetted and elongated “hut clusters” with edges aligned
along (100 directions appear while at slightly higher tem- ] ] ) )
peratures of 580 °C, a bimodal mixture consisting of square- The atomic scattering factor for x rays varies considerably
shaped pyramids bounded by fda05} facets, and multifac-  for X-ray energies in the vicinity of an atomic energy level.
etted “dome”-shaped islands was observed. Finally, afhe use of this resonant energy dependence in x-ray scatter-
temperatures higher than 600 °C, the majority of the island¥d experiments is known as anomalous scattetnign a _
are dome-shapeldror any applications of these islands, it is 9eneral expression, the atomic scattering factor can be writ-
important not only to understand the growth mechanism buten in the form

also to know the compositional state in the islands. This _ , e

important question was only recently the subject of several HQB =1 +F'(B) +if"(B), @
investigation$-2° X-ray-based methods were used to deter-wherefy(Q) describes the dependence of the scattering fac-
mine the composition in SiGe islan¥'%?anomalous dif-  tor on the momentum transfe). f,(Q) decreases with higher

A. Anomalous diffraction at high momentum transfer
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momentum transfer, as a result of the spatial distribution ofection terms is generally done by an energy-dependent mea-
the scattering electrons of the atom. The complex resonanggirement of absorption, being a measureff¢g). The ab-
correctionf’(E) +if"(E) becomes important when the x-ray sorption is measured with high energy resolution in the
energyE approaches an absorption edge. For typical x-raicinity of the absorption edge, and supplemented by tabu-
energies used in crystallography, the affected atomic energyq valuegwe used those of Ref. 2Tor the remaining part

levels concern in general the inner shells. For a SiGe alloy, n ; - -

X ; 'of the energy spectrum. The calculation of the dispersive part
the qnly.accessmle absorption edge that can be used for di 7(E) from 31):3 mpeasureﬂ’(E) is done via a Kramers—Kronigljo
fraction is the GeK edge. Here, the electron shells respon-

sible for the resonant correction terrfiE) and f'(E) have transfomation. The values for the momentum dependent part
an electron density distribution with a maximum in the vi- fo(Q) of Ed. (1) are calculated using the parameterized
cinity of the nucleus. Their localization in space justifies themodel according to Ref. 28.

disregard of their dependence on the momentum traiggfer For kinematic scattering, the diffracted intensity of a
The resonant correction$(E) and f”(E) being small com- Bragg peak is proportional tdf(Q,E)|>. When f(Q,E)
pared tofy(Q) in the case of forward scatterin@e., atQ  changes for two energids andE,, one can therefore deter-
=0) therefore gain in importance if the scattering experi-mine the ratio between the average moduli. Considering an
ments are carried out at higQ values. To determine the g0y of Sj;_Ge, the diffracted intensity at all fundamental
composition in a SiGe alloy, a change in the scattered inteng 4 reflections of the diamond structure is proportional to
sity in the vicinity of the GeK edge can be atiributed to a the square of the average alloy scattering fattdihe inten-

certain Ge concentration, if the dependence of @yon Q : . .
andE is quantitatively known. The determination of the cor- sity ratio for the two probed energi&s andE, then reads

2| clfo, (Q) +feq +ifge 1+ (1-0lfo (Q) + 5 +ifg] 2
= c[fo, (Q) + f’GeE2 + if’éeEZ] +(1-0)[fo (Q) + 5 +ifg]

e, _|Tg

2

I E» sz

To exploit the momentum dependence f@& the experi- be the quantity probed by the measurement of scattered x-ray
ments should be performed at a high indexed Bragg refledntensities, it is most suitable to check the validity Q)|

tion. Furthermore, the two energi€s and E, were chosen as derived from Eq(1). This is done by a comparison of the
below the GeK-edge energy to avoid a rise of the scattered intensities from pure Ge for a range of energies and
momentum-independent scattering contribution of the imagidifferent Bragg reflectiongdifferent momentum transfers
nary partifg, at values too close or at tiieedge. In addition  with the theoretically derived values. To assure the propor-
this prevents an increased background due to Ge fluores-
cence. Figure (B) shows line plots of the resonant correc-
tions for Ge in the vicinity oiEKGezll 103 eV. Two vertical
lines mark the energie§;=11 043 eV andE,=11 102 eV.

In Fig. 1(b) the momentum dependence of the real parts of
feeandfg; are plotted for these energies. The relative change
of fgeincreases dramatically for high€ values. This leads 11050 11100 11150
to an important enhancement of the anomalous effect and Energy (€V)
therefore to an increase in the intensity ratio in E2). Ex- 20 T T
cept for the Ge content all quantities in Eq.(2) can be ®) £
calculated or measured independent of the diffraction experi- rolf(E))
ment. Asfg; and fg; are constant in the considered energy
interval, the measured intensity ratio can be unambiguously
linked to the Ge content. An important point for the concen-
tration determination by anomalous scattering is the quanti-
tative reliability of the determination dffs4Q,E)]| for the
concerned energy rangesid momentum transfers. Sources o 1 2 3 a4
of errors lie in the absorption measurementfgf, the reli- Q (nn”
ability of the tabulated values, and the integration range cho-

sen for the evaluatiorig, Furthermore it seems to be ad-  F|G. 1. (a) Resonant correction terni§, andfZ. in the vicinity
equate to have a measure in order to confirm the validity obf the K-absorption edgeb) Real part of the complex atomic scat-
the momentum dependency RfQ) calculated according to tering factors for Géfull and dashed lingat the energies marked in
Ref. 28. As the modulus of the atomic scattering factor will(a), and real part ofg;
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B sl ' ' ' ' sity minimum for the Geg(004) reflection lies at 11 103 eV,
whereas for th€008) reflection it is found 1 eV below thk
edge at 11 102 eV. This is explained by the strong influence
of the momentum transfer on the real part of the atomic
scattering factor. With decreasirigGS(Q) for high Q values,

(004)

5

i

=

L L Il ’ . .

érv 11080 11060 1108 11100 11120 the rgal partfo_ (Q)+fge dec.reases. A§ the imaginary part
= . . - - - contains noQ dependence, its steep rise at eedge be-
)

2

B
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g

=23
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comes a more important contribution to the absolute value of
|fcd for high momentum transfer. It, hence, causes a rise in
intensity at theK edge for thg008) reflection and thus shifts
the minimum inl«|fg4E)| to lower energies than thk

' - - - edge. The change of the maximum value for the intensity
11040 11060 11080 11100 11120 ratio between thé€004) and the(008) reflection clearly un-
' © ' ' ' ' derlines the benefit gained by performing anomalous scatter-
5l | ing at high momentum transfer. A study of this influence on

(004) a number of Bragg reflections in the SiGe system has been

published earlie??

(008)

Ratio I(E,)/I(x)
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11040 11060 11080 11100 11120 B. Shape analysis in isostrain scattering
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In order to investigate the correlation of strain and lateral
size in quantum dots, Keget al. have published a method
called isostrain scatterirfd.It is based on the fact that two
regions with different lattice parameter scatter at different
’ , , positions in the radial directiof{|Q) in reciprocal space. A
11080 11100 11120 scan perpendicular to this direction, a so-called angular scan,
Erergy (eV) therefore has a line shape that is entirely defined by size and
shape in real space of the region with the corresponding lat-
tice parameter. Recently, this method has been combined
with anomalous diffraction in order to correlate strain, com-
position, and size of SiGe islandsIn this report, we use the
the scattered x-ray intensity &;=11043 eV and all other mea- (800) In—.plane reﬂecuo.ns of our samples to determine the

o o composition as a function of lattice parameter by anomalous
sured energies in the vicinity of the Geedge at th€004) reflec- - ; -
L L diffraction from the radial scans. In a second step, angular
tion in (c) and the(008) reflection in(d). . . ) X
scans are recorded perpendicular to the radial direction. For
any of these, the lateral size of a region with distinct lattice

tionality between the modulus of the atomic scattering factoh,;-ameter is determined. As uncapped epitaxial islands relax

with the integrated intensity of a Bragg reflection, the puren,nsionically from bottom to the top, the lateral size of the
Ge sample used for such a calibration measurement has to e domes decreases with increasing relaxation. This fi-

a kinematic scatterer, i.e., multiple scattering events have 1y |imits the resolution of the isostrain scattering method.
be negligible. We used here a 30 nm thick highly mosaic Geg the form factor for a region with common lattice param-

film grown at 150 °C on $001) to fulfill these requirements.  g(er giso expands in radial direction, the overlap of these
Additionally, absorption corrections can be neglected for degions in reciprocal space becomes more important for

30 nm large scattering object, even for x-ray energies abovg,oaq shape functions, thus for regions that are small in real
the K-absorption edge. This simplification also holds for all gn5ce As the strain broadening of Bragg reflections increases
investigated samples in this work. Figureg)2and 2b)  jith momentum transfefwith the order of the reflectiorbut
show such a calibration measurement for the diffracted inghg gjze broadening stays constant, the size resolution also
tensities (crossep across the(004) reflection () and the  jenends on the chosen Bragg reflection. As shown in Ref. 29
(008) reflection (b) as a function of energy. Both measure- g |attice parameter discriminatiae/a is possible when the
ments are compared with the calculated energy dependenggnition
of the diffracted intensityfull lines). In Figs. Zc) and Zd),
the intensity ratio between the measured intensityEat
=11043 eV and all other measured points in the curve is 2m < %Q (3)

a

(008)

N BN
T T T T

Ratio I(E, )/I(x)

11040 11060

FIG. 2. (a) and(b) Measuredcrossesand calculatedfull line)
integrated intensities of th@®04) (a) and(008) (b) Bragg reflections
of a thin Ge film as a function of energy across thelGeege.(c)
and(d). Measuredcrossesand(calculated intensity ratio between

plotted (crossesfor both reflections. The full lines represent R

the calculated intensity ratios according to Eg). for c=1

with the theoretical input values fofp (Q), fedE), and s fulfilled, whereR is the lateral size of an isostrain volume.
f&d(E) determined as described earlier. Figure 2 shows #s an example, for two regions differing by 0.3% in lattice
good agreement between the calculated and measured intggarameter, and at the momentum transfer of tHé® re-
sity ratios for pure Ge. It is important to note that the inten-flection, the size limit lies at abol®=45 nm.
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TABLE I. Growth parameters of the investigated samples. The
amount of Ge deposited by MBE is given in atomic monolayers.
Si-(224) The base width and the height of the islands is deduced from AFM
scans. The dome width is slightly overestimated due to the AFM tip
convolution effect.

Ge-
content

a‘!a Sample A B C D
a; Tetragonal T (°C) 620 700 750 840
’ dge (ML) 67 11 11 6
Dome-width(AFM) (nm) 87 143 170 338

Dome-height as growfAFM) (nm) 19 36 34 37

. . . . . Dome-height after etchinAFM) (nm 13 36 34 37
FIG. 3. Relaxation triangle in reciprocal space for a SiGe alloy d BFEM) (nm)

epitaxially grown on SD01). As an example, the vicinity of the
asymmetric S224) Bragg point is sketched.

relaxed and the pseudomorphic case. A change in relaxation
] ] between these extreme states will lead to an intensity distri-
C. X-ray reciprocal space mapping bution along an isocomposition line as indicated in Fig. 3. In
The second x-ray method giving access to strain and inerder to analyze the reciprocal space maps, we assume SiGe
terdiffusion of self-organized islands is x-ray reciprocalislands with the shape of a rotational paraboloid with base
space mapping. The method is based on the knowledge afidth and height according to the atomic force microscopy
the elastic properties as well as the lattice parameters of S{AFM) data. The Ge composition inside the island is chosen
Ge, and SiGe alloys. In the case [@01] as the growth to vary in a square-root manner from a valyeat the island
direction, one considers the Poisson-ratig, to calculate bottom (the wetting layer is assumed to have the same
the response of a crystal that is deformed from its nativechemical compositionto a valuec, at the island top.
lattice constanta to a valueg in the growth plane. The From this composition profile, the strain field inside the
corresponding change of the lattice parameter in growth diisland is calculated using finite elements, taking the aniso-

rectiona, is then calculated by tropic elastic behavior of SiGe into account. For the elastic
constants, we use a linear interpolation between the values of
- + ;
alza<1+Mﬂ’>_ (4)  Siand Ge.
a l-wi From the displacement field integrated from the strain, the

We can therefore measuaganda, which is the response to scattered intensity distribution is calculated by means of the
a and use the knowledge abouy, to derive the equilib- distorted wave Born approximation, as described in detail in

rium lattice parametea. Together with the lattice parameter R€f- 16. The values, andc, are varied iteratively, until a
interpolation in SiGe alloy&3!this leads to a determination goo_d correspondence between simulation and experiment is
of the composition of the SiGe alloy. In the Stranski—achieved.

Krastanow growth mode of islands, the material is partially

elastically relaxed, with the degree of relaxation increasing Ill. EXPERIMENTS

with the height inside the islands. In order to obtain informa-
tion about strain and composition, the scattered intensity in
the vicinity of asymmetric Bragg reflections is  The investigated samples were grown by solid source mo-
measured®?% In Fig. 3, the situation is sketched for SiGe lecular beam epitaxybase pressurex 107° mbayp. Si was
islands on S001) in the vicinity of the(224) Bragg point of  evaporated with an electron beam evaporator while Ge was
Si. As Ge has a larger lattice constant than @k,  evaporated from an effusion cell. The typical deposition rates
=564.6 pmag;=543.1 pm, one expects to observe the scat-are 0.1 and 0.005 nm/s for Si and Ge, respectively. After
tered intensity from crystalline Ge or SiGe alloys to be closeroxide desorption and growth of a 100 nm thick Si-buffer
to the reciprocal origin than the Si-reciprocal lattice point. Inlayer, 6-11 ML Ge were deposited at various temperatures
the case of perfect pseudomorphic growdfrag), the scat-  ranging from 620 to 840 °C. The substrate temperature is
tered intensity from the distorted crystal will be found at thecalibrated by measuring the voltage over a thermocouple
sameQ, value as the Si-Bragg point at a distance@a  mounted on a-Si(001) wafer under identical growth condi-
which is purely defined by the composition. For completetions which results in an accuracy of 20 °C. Table | presents
relaxation, the crystal will be cubic and hence its scatteredhe sample structure as well as the width and height of the
intensity will be found on the “cubic path,” i.e., the connec- islands deduced from AFM scans.

tion between the origin of reciprocal space and the Si- Atthe growth temperatures used, dome shaped islands are
reciprocal lattice point. A change in composition by enrich-commonly observed. The Ge deposition was chosen so that a
ment in Si of the SiGe alloy will in both cases shift the monomodal distribution of dome islands was obtained. Fig-
intensity towards the Si-Bragg point. Thus a variation ofure 4a shows a 1 10 um AFM image from the sample
composition will lead to an intensity distribution in a radial A. We can easily see that a very homogeneous distribution of
direction from the Si-reciprocal lattice point for both, the dome islands is obtained. A statistical analydtigs. 4b)

A. Sample growth
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-(2) 6.7 ML Ge-at 620°C < "~ = (@)

lattice planes
(vertical to surface)

FIG. 6. Scattering geometries as used in the x-ray experiments.
(a) Grazing incidencék;) and -exit(k;) of the x-ray beam allows to
excite diffraction from lattice planes perpendicular to the surface.
The momentum transfeé thus lies in the sample surfacd) The
coplanar diffraction geometry for [®01] surface. Incidentk;) and

40f(b) scatteredk;) x-ray beams lie in the same plane then the surface
normal.

830
€ [
520 +5.5 % 4°> > [232% sections of the samples show that the islands are not dislo-
5 20l cated and contain no stacking faults. More informations
210 about growth can be found in Ref. 10. In order to quantify

0 ‘ 0 - the composition in the islands, we first investigate the islands

10 14 18 22 26 30 60 80 100 120 140 using anomalous diffraction.
Island height (nm) Island diameter (nm)
FIG. 4. (a) AFM image (10X 10 um) obtained after deposition B. Anomalous diffraction

of 6.7 ML Ge at 620 °C(b) island height distributior(c) island

diameter distribution. The anomalous diffraction measurements were performed

at the beamline IDO1 at the European Synchrotron Radiation
and 4c)] shows that the island height distribution can beFacility in Grenoble, France. Radial scans across(&)
fitted with a Gaussian curve having a full width at half maxi- Surface reflection were recorded using the grazing incidence
mum (FWHM) of +5.5% while the island diameter distribu- diffraction setup as sketched in Figia Figure 7a) shows
tion has a FWHM of only 3.2%. At higher growth tempera-

tures, the dome size increases but the aspect ratio remains 25.I(a) T s
almost constant in the temperature range from 620 to 750 °C, '

as can be obtained from AFM images shown in Fig. 5. For 20¢
growth at 840 °C, the aspect ratio is drastically different and 1.5¢ ; X
one observes an intermediate shape between pyramids and 10} N

domes. The AFM images of all investigated samples are
shown in Fig. 5. Transmission electron micrographs of cross

Intensity (arb. units)

s \\\j

0.0

%5 910 915 R0 N5 930
Qg ()

Qang (nm-l)

45 45.4 45.8 46.2

FIG. 7. (a) Radial scans for two energieg;=11043 eV
(crossepandE,=11 102 eV(dotg across th€800) in-plane reflec-
tion of sample B.(b) In-plane reciprocal space map of tk#00)

FIG. 5. AFM images(1x 1 um?) of the investigated samples. reflection composed of a series of angular scans, perpendicular to
The growth temperature increases fr@nthrough(d) as indicated.  the scan direction iifa).

<100>—» (O 40 nm
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075 18 T=620°C 4 of the Ge content as plotted in Figs(ag-8(c), follows a
kol - PN | ? similar behavior for growth temperatures from 620 to
- v o - -3—§ 750 °C. One observes an extended region between the recip-
% 0.45¢ o Py rocal positions of the Si substrate and the SiGe island where
3 030} " ] g only Si contributes to the diffracted signal. Scattering in this
3 015! -lﬁ region is thus caused by strained Si in the substrate area
0.00l== = below the _SiQe igland. This region shriqks with hig_her ter_n—
(b) T=700°C peratures, indicating that the substrate is !ess tensﬂg sjramed
0.75 \ ‘ i 13~ for higher growth temperatures. The maximum strain in the
0.60 ) ; Si can be determined from these graphs to be 0.78%
B o] PN A T bhE 620 °0), 0.6% (B, 700 °Q, 0.5% (C, 750 °Q, and <0.1%
£ b - = (D, 840°0. It is visible from Figs. §)—8(c), that in the
&g Fi & EY: temperature regime below 800 °C, the Ge concentration
0.15¢ ‘/_/ ;o = evolves abruptly at a certain lattice parameter position at the
0.00 0 substrate/island interface. Beyond this point, the composition

(c) T=750°C gradient inside the island shows a rather flat evolution, how-

075 5 ever, with a slightly higher gradient for higher growth tem-
. 060F o peratures, indicating increasing intermixing. The data dem-
5 gas| r1E onstrate that despite the intermixing of the islands, a
g 030l i %’ relatively sharp interface between the Si substrate and the
8 3 SiGe island remains. If SiGe intermixing would take place
0151 /\/ = through the bottom interface, a smooth evolution of the com-
0.00 : 0 position could be expected. Hence, our results indirectly sup-
075, @) T=840°C ‘ 4 port growth models, which suggest that Si diffusion is
' \ = strain-driver?919.20Since the regions around the circumfer-
L 0% ! L 3 ence of the islands are the ones with the highest strain values,
2 045 ) g Si diffuses mainly from there into the islands, leading to the
=] - 12 & y g
S 030} “‘ % formation of trenches around the island bases. The sample
F "’%-Ifh o 1€ grown at 840 °C shows a qualitatively different behavior,
0.15 ot E
000 . ‘ -/ %L 0 which is also corroborated by the other methods as explained
' 9.5 91 915 92 925 later. _ _
Q,,4(nm™) For each sample, a series of angular scans at different

radial positions was recorded. They are plotted as an inten-
FIG. 8. Ge contentline plots extracted from radial scans across sity map in Fig. 7b) for the (400 reflection. The black

(800) in-plane reflection for two different energigs)—(d) represent  dashed line aQ,,4=0 represents the radial scan direction, for
increasing growth temperature of the samples from Table I. On thgyhich the scan iffa) is recorded. It is the direction in which
sameQ scale, the diffracted intensity at tHB00) reflection as re-  the |attice parameter distribution is measured. Two white
corded at 11 043 eV is plottetonnected dojs Horizontal lines  qashed lines indicate angular scans. As a guide to the eye,
indicate the bandwidth of the Ge concentration inside the islands ag,|| white lines indicate the maxima positions of the finite
determined by x-ray-reciprocal space mapping. size oscillations. These fringes are present in the angular

two radial scans for the energid§=11043 eV (crossep  SCans at a fixed positio@,,q and are caused by the well-
andE,=11 102 eV(dots for the sample B, grown at 700 °C. defined finite size of the diffracting region with a common
The silicon (800 Bragg peak situated at 92.55 fhis not lattice par_ameter. Their _enlargement for smaldey (i.e., for
shown to the full intensity. The intensity distribution between!@rger lattice parameterss caused by the fact that the more
90.5 and 92.0 nnt is attributed to the strained SiGe island. rélaxed parts of the domes are found at the apex, where the
For momentum transfers higher than 92.0"hione observes lateral size of the island is smaller. They finally vanish in the
no change in the scattered intensity between the two spectrW-Qraq '€gime, as the diffracting regions are too small to
Therefore this region corresponds to pure Si and, hence, reFf,ulﬂll t_he resolut_lon criterion from Eq(3). A comparison of_
resents the scattering from strained Si below the SiGe island€ Widths obtained from the angular scans with AFM line
As 92.0 nm? correspond to a lattice parameter of 546 pm,S¢ans is used to link the lattice parameter with a certain

the maximum strain in the Si at the surface amounts to 0.698€ight above the substrate surface. As the dependence be-
for this sample. With the knowledge about the atomic scat{Ween lattice parameter and Ge concentration has been deter-
tering factors of Si and Ge and the use of E2), one can mined before, this allows to establish the Ge content as a

now extract the Ge content in reciprocal space from the scarfgnction of the height inside the island. The result is shown
in Fig. 7(a). The results of this procedure are shown for allfor the growth temperatures 620-750 °C in Fig. 9.

four samples in Figs.(@&-8(d) as a full line. For clarity, the
scattered intensity distribution across 890 reflection is
plotted(connected dojs Both curves allow a better interpre- For all investigated samples, coplanar reciprocal space
tation of the Ge distribution inside the islands. The evolutionmaps were recorded in the vicinity of t224) Bragg reflec-

C. Reciprocal space maps
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: TI:6200C | - 3.0
2 _25 55
E 2.0
Ez‘;‘z et L 15
8 ) e »1’03 ;
0.15p i 5
=
o I | | - 3.0 :
00 (b) T=700°C 2.5 E
B o4s! i ﬁ
| 35
o L 15 S
9 030+ ,...../
(B ..u.}-.—-o‘ﬁo-nn...-. _ 10 E
0.15 5osessfese"* It
0.00% s o loo |
0.75 o |
0.60F (c) T=750°C 50 5 |
‘§ 045 : %
| | 15 | 45 é\
S 030t m
3 Ry 175 |
0.15f, i 4 ;55
0.000 5 1'0 1‘5 2|0 0s
heigth (nm) 3‘5

32
FIG. 9. Ge-contentline ploty as a function of height for the
growth temperature regime 620-750 °C. The lattice parameter re-
laxation Aa/a with respect to the lattice parameter of Si; a
=543.1 pm is added as full symbols.

(c) 750° %

K 1 55

tion in coplanar scattering geometry as shown in Fidp).6

The measuared two-dimensional datasets are plotted in Figs.
10(a)-10(d) (left panel3. Beside the substrate peak and the
truncation rod, the diffuse intensity distribution originating
from the SiGe islands is visible below the reciprocal lattice
point of Si. The scattered intensity distribution originating
from the SiGe islands has an elongated shape that is almost
parallel to the isocomposition lines. This intensity streak ap-
proaches the Si-Bragg point for higher temperatures, without
changing its inclination with respect to the isocomposition
lines. It, hence, clearly pronounces a rather small gradient of
the Ge content inside the island. The absolute gradient con-
tributes to a variation of 20% of the Ge concentration
throughout the island. The growth characteristics seem not to
change between 620 and 750 °C. The average Ge content
decreases for higher temperatures, but all samples show
small composition gradients inside the islands. The strain in
the islands ranges from almost pseudomorphic at the base to
almost relaxed at the apex. For temperatures higher than
800 °C the AFM images show an intermediate shape be-
tween domes and pyramids, and the growth behavior is dif-
ferent from that observed for 620—-750 °C. The intensity dis-
tribution in Fig. 1@d) no longer has the elongated shape FIG. 10. (Colon Reciprocal space maps of tfi224) reflection
along the isocomposition lines. We believe that this is due tdor four samplegleft), together with their finite element simulations
the reduced strain, which results from enhanced SiGe intelright). The isocomposition lines correspond to the Ge concentra-
mixing: For low average mismatch values, pyramidal-shapedions 30, 40, 50, 60, and 70%.

islands are thermodynamically more stable than dome-

shaped one¥2*The results of the calculated intensity dis- the right panels of Figs. 18-10(d). The position and shape
tribution based on finite-element simulations are presented iof the SiGe-island peaks are reproduced very well in the

log(Intensity) (arb. u.)

log(Intensity) (arb. u.)

q, (m™) q, m™)
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g 15f (a)' ' ' ' T grown at 620 °Gsample A, panefa)] and at 700 °Gsample
= 10} Lomm T =2 ] B, panel(b)] before and after etching in a hydrogen peroxide
g‘) 5t ] solution. The shown profiles are averaged over a large en-
T 0" - s s s semble of dome islands. When the island growth temperature
_ increases to 700 °C or more, only small changes occur after
g 30 etching as can be seen in Fig.(BL As we could expect, a
%20’ higher growth temperature leads to an enhanced intermixing
ko 10 with Si. From the etching experiments, we can conclude that
0E ’_6'0 20 20 0 20 40 60 the average Si content in the island is higher than 35%. This
Width (nm) is confirmed by anomalous diffraction as well as in the re-

ciprocal space mapping results. In neither of the cases a Ge
FIG. 11. (8—b) AFM cross-sectional profiles of Ge-dome is- concentration of more than 65% is derived for sample B.

lands grown at 620 °Ca) and at 700 °Qb) before(full line) and  Sample A, however, exceeds 65% Ge at the island apex as
after wet chemical etchingdashed ling in a hydrogen peroxide determined by both x-ray methods.
solution.

IV. SUMMARY

simulations. In the measurements pronounced diffused scat- We have investigated Systematica”y the intermixing in
tering around the Si-substrate peaks stems from point defectiGe islands on $901) as a function of substrate tempera-
and thermal diffuse scattering. These phenomena are n@ire during growth in the range from 620 to 840 °C. The
taken into account in the simulations. The obtained Ge conisjand size increases with growth temperature, whereas the
centration values at the bottom and the top of the islands arge content decreases. The evolution of the Ge concentration
added as horizontal bars to plots of the composition detefinside the islands has been determined by anomalous x-ray
mined by anomalous diffraction in Figs(e8-8(d). Obvi-  scattering and from x-ray reciprocal space maps. The results
OUS'y, both methods confirm each other well for the sample@f both methods agree very well, and are further corrobo-
grown between 620 and 750 °C. For growth at 840 °C, thqated by selective etching of Ge-rich parts of the islands. For
agreement between reciprocal space mapping and thgowth temperatures between 620 and 750 °C, the island for-
anomalous diffraction technique is somewhat worse. Asnation leaves a well-defined interface between the SiGe is-
mentioned before, the shape of the islands grown at 840 °@and and pure Si. The lattice parameter relaxes from almost
differs from the one grown at lower temperatures. The aspseudomorphic at the island base to completely relaxed at
sumption of a paraboloidal shape overestimates the elastie island top. Despite the pronounced SiGe intermixing, no
relaxation and hence might lead to the discrepancy in th@uring of the interface between the island and the Si sub-
concentration determination of the two x-ray diffraction strate occurs. This supports growth models suggesting Si in-
methods. terdiffusion from the rim of the island base rather than
through the whole bottom interface. At 840 °C a substantial
D. Selective etching change of island shape from domes to pyramids is observed,
In order to determine the Ge-rich portion of the pyramids,consistent with the thermodynamic equilibrium shape for in-
the samples were dipped for two minutes in a 3140  creased SiGe interdiffusion.
solution, which etches pure Ge and SiGe alloys with Ge
contents higher than 65% but neither Si-rich SiGe alloys nor
pure Sil%2235The comparison of AFM scans taken before  The technical support from the beamline staff at IDO1 at
and after etching allows us to identify the Ge-rich regions ofthe ESRF is greatly acknowledged. This work was supported
the dome islands. A qualitative comparison can therefore bby the FWF(No. 14684, Vienna and the EGNo. HPRN-
done with the results obtained by x-ray diffraction. Figure 11CT-1999-0123 “SiGeNe}! T.U.S. would like to thank the
represents AFM cross-sectional profiles of Ge-dome islandESRF for a grant.
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