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The observation of atomic ordering and signatures of defects in self-assembled Ge islands using

x-ray diffraction techniques have been previously treated as unrelated subjects. However, mutual

understanding can be achieved when both subjects are studied in a common frame. Here, we report

on measurements and analysis of both defects and atomic ordering in Si1�xGex islands epitaxially

grown on Si(001) substrates as a function of growth temperature. By using x-ray diffraction and

mapping around a bulk forbidden reflection, defect sizes, and in-plane spacing between nearby dis-

locations are extracted and related to the composition of the islands. The results fit well with an in-

dependent determination using selective wet chemical etching and atomic force microscopy

measurements. Moreover, the temperature dependence of the ordered domain size is discussed.

Although both atomic ordering and defect formation take place independently in the system, it is

found that the relaxation provided by the onset of defects does not affect the formation of ordered

domains, recently pointed out to be stabilized by strain and surface equilibrium on islands facets.
VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4942530]

I. INTRODUCTION

Strain driven self-assembly can be considered nowadays

as one of the easiest ways to form nanostructures. Among

the different strained material combinations investigated so

far, the Ge/Si(001) system is often considered as a model

system due to its simplicity. After completion of a 3–4

monolayer (ML) thick wetting layer, three-dimensional (3D)

islands form as a result of partial strain relaxation. As the Ge

coverage increases, at constant temperature, the coherent

(i.e., defect-free) island morphologies are known to evolve

from rough, unfaceted prepyramids, to truncated pyramids,

pyramids, transitional domes, domes, and eventually to

barns.1–5 During the past several years, the compositional

state of these islands has been the subject of numerous inves-

tigations using many different techniques (see Ref. 6 as a

review). The results provide evidence of significant intermix-

ing with Si coming either from the substrate or from surface

diffusion.7,8 In addition, x-ray studies reveal that part of the

Ge and Si atoms belonging to dome-shaped islands—in

which pronounced alloying takes place—exhibit long-range

order of atomic species with the appearance of superstructure

reflections at forbidden reciprocal lattice positions.9,10 Such

an atomic arrangement follows an in-plane organization pre-

viously observed in thin films.11 By comparing SiGe islands

grown by different techniques, surface diffusion and inter-

mixing at steep facets were identified as key parameters for

achieving atomic ordering.10 This was recently confirmed by

the work of Vantarakis et al.,12 who demonstrated that order-

ing in dome-shaped islands, which is a surface-related phe-

nomenon, is mainly due to thermodynamics of the growing

facets. The main source of ordering is the {15 3 23} facets,

while the {105} and {113} facets contribute less. In all these

measurements, however, only coherent island ensembles

were considered with a negligible fraction of islands contain-

ing defects. Since strain is a key issue in semiconductor

nanostructures, it is crucial to understand the evolution of

atomic ordering once the islands are partially or fully strain-

relaxed.

When the Ge deposition is further increased and the

amount of material deposited passes a given threshold, the

islands reach sizes at which it becomes energetically favour-

able to introduce dislocations. The onset of plastic relaxation

can be recognized when large superdomes are observed to

form1,4,13,14 in addition to elastic strain relaxation still pres-

ent in coherent islands. The critical size for dislocation intro-

duction has been a long standing problem, which has been

addressed both theoretically15,16 and experimentally.13,14,17

In situ transmission electron microscopy (TEM)13,14 obser-

vations of superdome growth have revealed an intriguing

cyclic growth mode. The islands grow vertically but sud-

denly expand laterally each time a new dislocation is intro-

duced. Atomic force microscopy (AFM) measurements17

0021-8979/2016/119(8)/085704/10/$30.00 VC 2016 AIP Publishing LLC119, 085704-1
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performed after selective wet chemical etching of the islands

revealed nearly concentric ring-like structures similar to

tree-rings, confirming thus the cyclic growth mode. In addi-

tion, recent investigations showed that the rings are regularly

spaced (except for the first ring) forming a regular network

of dislocations.18 The spacing between rings was measured

by AFM and corroborated by He ion microscopy character-

izations. A simple model taking into account the energy

gain, the energy cost, as well as the interactions between

neighbouring dislocations was able to predict correctly the

spacing between the rings. The ring spacing was, however,

experimentally determined once the islands were etched by

considering the footprints left by the islands on the surface.

Different types of dislocations can be found in SiGe

superdomes, and their differences can be ascribed mainly to

the growth temperature. At high temperatures (T > 600 �C),

60� type-dislocations are usually introduced. This temperature

range was also found to induce atomic ordering of Si and Ge

atoms inside the resulting islands. At low temperatures, how-

ever, the islands grow relaxed from the outset with pure edge

dislocations14 such as 90� Lomer type-dislocations. The latter

can be dissociated into two partial dislocations and stacking-

faults. Both of them accommodate misfit strain at the Ge/Si

interface as dislocations at the interface reduce the total free

energy of growing islands.19 Finally, dislocated islands also

contain {111} stacking-faults, which nucleate at the Ge/Si

interface and can be found at any temperature when island for-

mation is observed.20

Diffuse scattering of x-rays has been successfully used

for the detailed investigation of defects in two-dimensional

(2D) layers or crystals.21,22 Exact analytical expressions

have been given for the scattering of defects very close to

Bragg reflections.23,24 However, close to allowed Bragg

reflections, the investigation of the structure of defects inside

3D islands is either difficult or impossible: the scattering

contribution of defects inside 3D islands is weak due to the

small number of atoms forming the defect and is thus hidden

by the broad diffuse scattering from the nanostructures.

Similarly to TEM,25,26 we have demonstrated that the use of

forbidden reflections in x-ray diffraction made possible the

detection of defect types, their average size, and strain field

inside Si crystals,27 as well as in Ge islands grown on

Si(001).28 The technique makes it possible to study planar

faults (stacking-faults), twin faults in nanostructures, and the

structure of the core of defects in a Si crystal. Since some

forbidden reflections are also able to detect atomic ordering

of Si/Ge species, one can pick up a reciprocal space condi-

tion in which both signatures show up, allowing a direct

evaluation of both phenomena.

In this paper, we consider island ensembles consisting

of both coherent and dislocated islands with a significantly

larger fraction of dislocated islands. We show that mapping

around the bulk forbidden (200) reflection allows us to deter-

mine the temperature dependence of the size of both atomi-

cally ordered domains and defects as well as in-plane

spacing between nearby dislocations while still preserving

the islands. It also permits to relate these results to the com-

position of the islands. The obtained results fit well with an

independent determination using selective wet chemical

etching and extensive atomic force microscopy measure-

ments. How ordering and defects can be correlated inside the

nanostructures will be discussed. This shows that x-ray dif-

fraction can provide useful structural information without

the need of destructing the islands. The paper is organized as

follows: after giving some experimental details on the

growth and characterization techniques (Section II), we dis-

cuss the morphology of the islands (Section III A), the analy-

sis of defects using the forbidden (200) reflection (Section

III B), the dislocation network (Section III C), the island

strain field (Section III D), and finally, the atomic ordering

and surface kinetics (Section III E). The results are discussed

in Section IV before summarizing (Section V).

II. EXPERIMENTAL

The samples studied in this work were grown by solid

source molecular beam epitaxy on p-type Si(001) substrates

having a very low miscut (less than 0.1�). After deoxidation

at 950 �C, the substrate temperature was ramped down to

460 �C, and a 100 nm thick Si buffer layer was grown at a

rate of 0.1 nm/s while ramping the substrate temperature

from 460 �C to the desired island growth temperature. After

a 5 s growth interruption, 15 ML of Ge were deposited with

a growth rate of 0.03 ML/s at a fixed substrate temperature

in the range from 620 �C to 800 �C. The samples were stud-

ied both by x-ray diffraction measurements and extensive

atomic force microscopy measurements with selective wet

chemical etching. One piece of each sample was etched with

a mixture of ammonium hydroxide and hydrogen peroxide,

NH4OH:H2O2 (1:1), or in a buffered solution of hydrofluoric

acid, hydrogen peroxide, and acetic acid, HF:H2O2:

CH3COOH (1:2:3), namely, BPA.29 These etchants are

known to selectively remove Si1�xGex over Si.30,31 The sur-

face morphology was then imaged by a commercial open-

loop AFM operated in tapping mode. We used Si tips having

a radius of curvature of approximately 5 nm. We chose scan-

ning parameters to limit as much as possible scanning arti-

facts. Other pieces of the same samples were studied by

grazing-incidence x-ray diffraction (GIXD) at beamline

ID01 (ESRF). A monochromatic x-ray beam of 11 keV

(wavelength k of 1.1271 Å) was used. The suppression of the

contributions of the higher harmonics of the x-ray beam was

achieved by two mirrors. All samples were illuminated at a

grazing angle of 0.14�, below the critical angle of total exter-

nal refection for Si (ac¼ 0.161�). This condition establishes

a penetration depth of few tens of nanometers, allowing for a

partial suppression of the signal from the Si substrate, and a

relative enhancement of the signal diffracted by the Ge

islands. The exit angle af was collected from 0� to 1.5� by a

linear Position Sensitive Detector (PSD) perpendicular to the

sample surface. All direct- or reciprocal-space notations refer

to the bulk Si unit cell aSi¼ bSi¼ cSi¼ 5.431 Å and a ¼ b
¼ c ¼ 90�. The Miller indexes (h, k, and l) are expressed in

reciprocal-lattice units (r.l.u.) of Si. The average island com-

position (xGe) determined using x-ray anomalous diffraction

is �ð5065Þ%; � ð4065Þ%; � ð3565Þ%, and �ð3265Þ%
at 620 �C, 700 �C, 740 �C, and 800 �C, respectively, in good

agreement with the results obtained by AFM.18
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III. RESULTS

A. Atomic force microscopy

Figures 1(a)–1(c) show AFM images obtained upon

deposition of 15 ML of Ge on Si(001) at three growth tem-

peratures. One can recognize different island morphologies

such as coherently strained domes (D) and barns and larger,

multifaceted superdomes (SD). The main differences

between the samples are the island average size and den-

sity, which increases and decreases with temperature, as a

result of larger SiGe intermixing and coarsening. Both

coherent barns and superdomes exhibit {111} facets at their

periphery.32 Figure 1(d) displays the evolution of the aver-

age {111} island facet size and the average diameter of

coherent islands measured by AFM. They were calculated

by averaging the values measured by AFM over an area of

8� 8 lm2. First, AFM images in which the contrast is

proportional to the local surface slope with respect to the

(001) plane allow the identification of the 111 facets close

to the island base. Taking z-profiles of individual islands

further identifies them. Figures 1(e) and 1(f) display the

z-profile of one of the superdomes grown at 620 �C and

700 �C, respectively. These slope histograms highlight the

{111} facets at the periphery of the superdomes. We then

compute, for each island contained in the AFM image, the

area of the 111 facets. The obtained values were then cor-

rected assuming a convolution between the real sample sur-

face and the tip shape (radius of curvature of about 5 nm).

Both the average {111} island facet size and the average di-

ameter of coherent islands increase with temperature. The

facet size tends to scale with the island base diameter. The

evolution of the {111} facets is discussed here to compare

it in the following with the evolution of the size of the

{111}-type defects.

FIG. 1. AFM images taken after deposi-

tion of 15 ML Ge at 620 �C (a), 700 �C
(b), and 800 �C (c). Most of the islands

are coherent domes (D) and superdomes

(SD). The color scale, which indicates

the slope, applies to the three AFM

images (a)–(c). (d) Evolution of the av-

erage {111} island facet size and coher-

ent island average base diameter for

different growth temperatures. The

shading allows steep and shallow facets

to be distinguished according to the

local surface slope with respect to the

(001) plane. (e) and (f) z-profile of one

of the superdomes grown at 620 �C and

700 �C, respectively.

085704-3 Richard et al. J. Appl. Phys. 119, 085704 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  134.94.122.86 On: Thu, 12 May 2016

11:33:53



Figure 2 shows AFM images of the same surface area

measured before and after selective wet chemical etching in

a BPA solution. The dislocated islands leave behind a com-

plex footprint with a tree-ring structure on the surface. The

tree-ring structure consists of neighboring circular plateaus

all surrounded by nearly concentric rings (see inset of Fig.

2(b)). The central Si plateau is interpreted as the original

island base prior to introduction of the first dislocation. The

different concentric rings are explained as a result of the

cyclic growth mode,17 in which an island rapidly expands in

lateral direction after introduction of a dislocation and then

grows without lateral expansion until the next dislocation is

introduced. The distance K between the different concentric

rings (see inset of Fig. 2(b)) gives an estimation of the aver-

age distance between dislocations inside the islands.

B. Analysis of defects using the (200) forbidden
reflection

Measurements in the vicinity of basis-forbidden reflec-

tions can reveal details about the presence of defects in Si/Ge

crystals.27,28 In particular, the structure factor of a non-

deformed unit cell at the (200) reflection verifies F0(200)¼ 0

in Si and Ge. This is therefore a suitable position in reciprocal

space to look either for defect scattering or atomic ordering.

Figures 3(a) and 3(b) display the three dimensional in-

tensity distribution around the diamond unit cell basis-

forbidden (200) reciprocal space position, where the l direc-

tion represents the intensity distribution along the linear de-

tector, for islands grown at two different temperatures. In

these reciprocal space maps, the scattered intensity is con-

centrated in streaks along the h111i directions. According to

previous studies,27,28 the rod-like intensity along h111i is a

characteristic of {111} stacking-faults (SFs) or twin faults.

Figure 3(c) shows a scheme of a {111} stacking-fault, which

lies in {111} planes, displaying the h1�10i and h11�2i crystal-

lographic directions useful for its characterisation using

x-ray scattering.

To quantify the evolution of the average size of the

{111}-type defects as a function of growth temperature,

the full width at half maximum of the streaks was fitted

along the h1�10i; h11�2i, and h111i directions using a sum of

FIG. 2. Example of AFM images of

the same surface area prior to (a) and

after (b) selective wet chemical etching

in a BPA solution (deposit of 15 ML

Ge grown at 800 �C). The color scales

in the left and right panels correspond

to slope and height, respectively. The

average distance between the tree-ring

structures is noted K.

FIG. 3. Three dimensional intensity

distribution around the (200) forbidden

reflection (logarithmic scale). The scat-

tered intensity is concentrated in

streaks along h111i directions for sam-

ples grown at 620 �C (a), at 700 �C (b),

and at 740 �C (c), respectively. (d) A

scheme of a {111} stacking-fault

showing the crystallographic directions

useful for its characterisation using

x-ray scattering.
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three-dimensional Gaussian functions. This makes it possible

to estimate the average size of the {111}-type defects as a

function of temperature. The results are shown in Fig. 4(a).

Note that the signal was too weak to fit the rod-like inten-

sities observed for the sample grown at 800 �C. In Figs. 3(a)

and 3(b), the reciprocal space width of the streaks decreases

with increasing temperature, meaning that the size of the

{111}-type defects in the {111} planes increases with tem-

perature as observed in Fig. 4(a). For instance, the length of

the {111}-type defects increases from 13 6 5 nm at 620 �C to

21 6 5 nm at 740 �C. The {111} rod-like scattering in the vi-

cinity of the (200) reflection could also be the signature of

scattering by the {111} facets located close to the base of the

barns/superdomes. However, the average size of the {111}

facets plotted in Fig. 1(d) is up to three times larger than the

size obtained by the fit of the streaks, indicating thus that the

rod-like intensity at this reciprocal space condition is not

coming from the {111} island facets.

The analysis of the streaks in the h111i directions also

offers the possibility to get a qualitative insight of the relative

number of defects tied up in stacking-faults from the integrated

intensity of the streaks. Figure 4(b) displays an estimation of

the average integrated intensity of the {111}-type defects as a

function of growth temperature. A decrease in the integrated

intensity is observed with temperature, implying that the num-

ber of {111}-type defects are decreasing with temperature. At

higher temperatures, the decrease of the number of {111}-type

defects could be due to material transport (coarsening), as the

density of islands decreases with temperature (see Figs.

1(a)–1(c)) and/or possibly by self-healing of the stacking-

faults. Figure 5 displays the reciprocal space maps around the

basis-forbidden (200) and allowed (400) Bragg peaks for all

investigated samples. The intensity was integrated along l, i.e.,

along the [001] direction. Consequently, close to the basis-

forbidden (200) reflection, the integrated hump-like intensity

follows the projected h110i directions in the plane. The inte-

grated intensity coming from the {111}-type defects is clearly

decreasing as a function of growth temperature.

FIG. 4. Evolution of the size (a) and of the integrated intensity (b) of the

{111} stacking-faults as a function of growth temperature.

FIG. 5. (a)–(d) (200) reciprocal space

maps for the four samples grown at a

temperature of 620 �C, 700 �C, 740 �C,

and 800 �C, respectively. The signal is

concentrated in streaks along

h111i; i:e:; along h110i in the plane

after integrating the signal along the

[001] direction. (e)–(h) (400) recipro-

cal space maps with contour levels for

the four samples grown at a tempera-

ture of 620 �C, 700 �C, 740 �C, and

800 �C, respectively. One part of the

signal is also concentrated in streaks

along h111i; i:e:; along h110i in the

plane after signal integration along

[001]. The black and white crosses

indicate the position of the (200)Si or

(400)Si Bragg and the (200)Ge peak at

h � 1.917, respectively. The position

of (400)Ge peak is out of the frame in

Figs. 5(e)–5(h). The dashed lines

denote the trajectory, along which the

line scans in Fig. 6 were performed.
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Close to an allowed Bragg reflection G, the defects can

cause an asymmetry of the diffuse scattering (usually called

Huang scattering) along the qr(¼ 4p=k sinð2h=2Þ, where 2h
is the scattering angle) direction, which is strain sensitive.

This provides information about the sign of the long-range

distortion field of the lattice structure surrounding the

defects.33 The scattering from interstitial-type defects, which

expand the lattice, exhibits a higher diffuse intensity I for

G:dqr > 0 (dqr being the deviation of a point in the recipro-

cal space along the qr direction from the Bragg reflection

G), while the opposite happens for vacancy-type defects,

which contract the lattice.

On the contrary, close to forbidden reflections, the

displacement-scattering term can be neglected and the diffuse

scattering stems only from the defect cores, i.e., by the atomic

positions in the defect cores.27 Interstitial-type defects result

from a local lattice compression and will exhibit a higher dif-

fuse intensity for G:dqr < 0 in contrast with allowed Bragg

reflections. The opposite will be observed for vacancy-type

defects. The asymmetric intensity distribution of the streaks

with higher intensity for G:dqr < 0 (see Figs. 5(a)–5(d)) indi-

cates that the {111} defects are interstitial-type defects and

proves the extrinsic nature of the stacking-faults.

In a cubic diamond structure, extrinsic stacking-faults

(ESFs) are formed when two additional {111} atomic layers

are inserted into the lattice. As a consequence, the ESFs lie in

{111} planes and consist of two parallel {111} planes sepa-

rated by the distance D. From previous results, it follows that

the two inserted planes which form the extrinsic stacking-

faults are compressed: D� D0 < 0, where D and D0 are the

experimental and nominal distances between the two inserted

planes forming the stacking-fault. Note that, for instance,

D0 ¼ aSi

ffiffiffi

3
p

=4 if the stacking-faults are bounded by Frank

loops with Burgers vector b ¼ aSiGe=3h111i, where aSiGe is

the average island lattice parameter (see Ref. 28 for details).

Intensity streaks are less visible in the reciprocal space

maps around the allowed (400) Bragg reflection. Nevertheless,

in Figure 5(f), where the diffracted intensity has been inte-

grated along the l-direction, it can be observed that a part of

the diffuse scattering is concentrated in intensity streaks along

the h110i directions. A three-dimensional intensity map (not

shown here) reveals that the intensity streaks along h110i are

projections of h111i streaks on the h110i directions in the

{001} plane. The signal could come from diffuse scattering ei-

ther from {111} stacking-faults or {111} facets. From the fit of

the width of the h111i rods, which gives a size of �39 nm for

the sample grown at 700 �C, it follows that the diffuse scatter-

ing near the (400) reflection comes from the {111} facets of

the islands, since the determined value is in good agreement

with the facet size measured by AFM (see Fig. 1(d)). The

(400) allowed reflection is sensitive to the form factor of the

islands, whereas the (200) forbidden reflection is sensitive to

the local truncation of the unit cell symmetry (induced, for

instance, by defects).

C. Dislocation network

The evaluation of reciprocal space positions and widths

for the (200) scattering features allows for obtaining

structural parameters related to the defects inside islands

which contain dislocations. The superdomes are character-

ized by misfit dislocations (MDs) at the island/substrate

interface. If we assume that the effective strain induced by

defects is given by the average relaxation of defects observed

at the (200) forbidden reflection, then the average in-plane

distance between two dislocations is K ¼ beff=�200,34 where

beff is the effective Burgers vector of the dislocations, and

�200 is the average strain value measured from defects at the

(200) forbidden reflection. 60� dislocations are commonly

observed in SiGe islands at high growth temperatures.13,14

Their effective Burgers vector contributing to the in-plane

relaxation is beff ¼ aSiGe
ffiffi

2
p cosðp=3Þ.18

To access the average strain of defects with respect to

the Si substrate, �200, which is given by Dh=hSi; i:e:; here

(h200 � 2)/2, the h200-position of the center of the “X” fea-

tures (see Figs. 5(a)–5(d)) was determined. The h200-position

also corresponds to the h value at the maximum of intensity

of the peaks observed at the (200) forbidden reflections in

Fig. 6(a), where the radial scans around the (200) forbidden

reflection are displayed. The trajectory of the radial scans is

shown as a dashed line in Figs. 5(a)–5(d). The absolute value

of �200 changes with temperature and decreases from 1.84%

at 620 �C to 0.71% at 800 �C. The in-plane distance between

two interfacial 60� dislocations then evolves from 11 6 5 to

27 6 5 nm with increasing temperature from 620 �C to

800 �C (see Fig. 7(b)).

FIG. 6. Radial scans (shifted vertically to improve clarity) around the

diamond unit-cell basis-forbidden (200) (a) and allowed (400) (b) reflections

as a function of growth temperature. “C” and “SD” label the scattering posi-

tions of the coherent islands and superdomes.
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Figure 7(a) displays the average ring width at the left and

right sides of the central plateau (see Fig. 2) obtained from

extensive measurements on a sample grown at 740 �C. The

first value of the ring width corresponds to the island base di-

ameter before the introduction of the first dislocation so that

variation in size is expected depending on the different condi-

tions occurring at the very first plastic event. The ring width

after the injection of the first dislocation has been revealed as

a good estimation of the average distance between disloca-

tions.18 The evolution obtained from x-ray diffraction fits well

with this independent determination based on combined selec-

tive wet chemical etching and extensive AFM measurements

of the ring width versus number of rings of the SiGe islands

(see Fig. 7(b)). The distance between dislocations increases

with temperature, meaning that intermixing delays the forma-

tion of dislocations. Recently, a model, which includes suita-

ble energy gain and cost as well as mutual interactions

between dislocations, was able to predict the spacing between

tree-rings, i.e., the self-ordering of dislocations inside SiGe

islands in a quasi regularly spaced network.18

D. Island strain field

The reciprocal space maps around the (400) Bragg

reflection allow to infer the relaxation of the grown islands

(see Figs. 5(e)–5(h)). The intensity along the radial direction

clearly extends to lower h values (i.e., larger lattice parame-

ters) for lower temperatures as a consequence of reduced

SiGe intermixing. Such effect is shown in Fig. 6(b), where

the radial scans around the (400) allowed reflection are dis-

played. In Fig. 6(b), at all temperatures, the diffuse signal is

composed of two humps. The humps close to the Si(400)

Bragg peak can be attributed to scattering from coherent

defect-free islands (i.e., pyramids, domes, and barns). The

hump signal closer to the position of the Ge Bragg peak (h �
3.834) originates from partially strain-relaxed islands, such

as dislocated superdomes. Indeed, the larger lattice parame-

ter of these islands, closer to the value for bulk Ge if com-

pared to the coherent island hump position, can only be

explained by the occurrence of plastic relaxation as coherent

islands are much more strained by the Si substrate. The same

effect was also reported on InAs:GaAs islands.35

The scattering from coherent islands and superdomes is

labelled “C” and “SD” in Fig. 6(b). At the right side of the Si

Bragg peak, the diffuse scattering is decreasing as a function

of growth temperature. This signal can be associated with

the diffuse scattering from Si atoms of the substrate in

regions surrounding the islands that are subjected to com-

pressive strain as higher values in reciprocal space imply

smaller lattice parameters, i.e., compression. Consequently,

the Si substrate is more compressed by the islands grown at

lower temperatures having a higher Ge content. Figure 8(a)

displays the evolution of the volume of the coherent and

incoherent islands as well as the volume ratio of the incoher-

ent/coherent islands as a function of temperature by fitting

gaussian curves to the radial scan humps of the coherent

islands “C” and superdomes “SD” in Fig. 6(b). The volume

of coherent islands decreases with temperature, while the

volume of superdomes increases. This can be explained by

anomalous coarsening, with material being transferred from

coherent islands to larger superdomes.4

The ability from x-rays to quantitatively depict the strain

relief after the introduction of defects is discussed below. From

the h position of the diffuse signal of the coherent islands and

superdomes, their average in-plane elastic strain with respect

to Si can be determined. The average in-plane elastic strain,

�==, of the dislocated islands is given by �== ¼ Da=a� beff=K,

where Da=a ¼ Dh=h is the average lattice mismatch between

the superdomes and the substrate. beff=K; i:e:; the strain

induced by the introduction of dislocations, can be calculated

from the K values obtained at the (200) forbidden reflection or

by selective wet chemical etching. The elastic strain of the

coherent islands with respect to Si is directly given by

Da=a ¼ Dh=h, which is calculated from the h position of the

coherent island hump. These values are plotted as a function of

temperature in Fig. 8. They all decrease as a function of tem-

perature as a result of enhanced intermixing. The elastic relaxa-

tion of coherent islands and superdomes is rather comparable,

meaning that when superdomes form, elastic relaxation stops

being effective, and then plastic relaxation sets in. Our samples

contain a significant fraction of dislocated islands coexisting

with coherent islands. This enables us to distinguish separate

contributions in the radial scans and thus to estimate separately

the elastic strain relaxation for both coherent and dislocated

FIG. 7. (a) Statistical analysis of the ring width as a function of number of rings

measured at the right and the left side of the central plateau from AFM micros-

copy images of a dozen of islands growth 740 �C. (b) Evolution of the inter-

dislocation distance K given by etching (ring width) and x-ray diffraction.
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islands. This is a major result, which has not yet been obtained

since in most cases only coherent island ensembles were ana-

lyzed. Figure 8(c) also displays the evolution of the average

strain of superdomes given by �SD ¼ ðaSD � aalloyÞ=aalloy,

where aSD and aalloy are the average lattice parameter of

the superdomes (provided by determining the center of mass of

the peak of the superdomes in the radial scan) and the lattice

parameter of a SiGe alloy having the same average Ge concen-

tration as the superdomes, respectively. The average Ge con-

centration of the superdomes was obtained from anomalous

diffraction at the (400) reflection. �SD provides quantitative

information about strain in incoherent islands, demonstrating

that they are not totally relaxed.

E. Atomic ordering and surface kinetics

For all samples, one observes a double-peak feature

along the k transversal direction at the intersection of the

h111i streaks in the (200) reciprocal space map. Figure 9(a),

which corresponds to a zoom of the (200) reciprocal space

map at the intersection of the h111i streaks for the sample

grown at 700 �C, clearly displays the two-peak structure,

which was previously observed by Malachias et al.9 in

FIG. 8. (a) Volume of coherent and incoherent islands and volume ratio of

incoherent/coherent islands obtained by fitting gaussian curves to the radial

scan humps in Fig. 6(b). (b) Evolution of the average in-plane elastic strain

�== (red) of the dislocated islands (disl.) and of beff=K (black) as a function

of growth temperature. (c) Evolution of Da=a of the coherent islands (coh.)

and of the average strain of superdomes, ðaSD � aalloyÞ=aalloy, as a function

of growth temperatures.

FIG. 9. (a) Zoom of the (200) reciprocal space map (sample grown at

620 �C) at the intersection of the h111i streaks, where signatures of ordered

domains are observed. The dashed line labeled (1) denotes the trajectory,

along which the line scan labeled (1) in Fig. 3(b) was performed. (b)

Angular scans at the h position of maximum of intensity of the scattering

from ordered domains for three growth temperatures. hD200i indicates the

average size of the ordered domains supposing two ordered domains along

the [010] or [100] direction, which are separated by an antiphase boundary.

(c) Models of dome-shaped islands with the three types of facets {105},

{113}, and {15 3 23} and of ordered domains (red and blue circles), which

are separated by an antiphase boundary.
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dome-like islands. The structure was described as the signa-

ture of chemically ordered alloys in SiGe islands, which are

separated by antiphase boundaries. The antiphase boundaries

explain the nodal plane observed at k¼ 0. To evaluate the

average size of the ordered alloy domains inside the SiGe

islands, we suppose that the islands are only composed of at

least two ordered domains, which are separated by an anti-

phase boundary along the [010] or [100] direction. As the

same diffraction pattern is observed for all {200} types of

reflection,36 this implies that the model of domain distribu-

tion must follow a four-fold symmetry in real space, such as

the one from steeper (high index) facets, with antiphase

boundaries along the h010i directions to create the observed

minimum at qa¼ 0. By contrast, no minimum of intensity is

observed along the radial qr direction, which is strain sensi-

tive. The gradient of deformation and the distribution of

domains and island sizes entail a broad scattering along the

radial direction and may hide any minimum of intensity in

this direction. Another possibility to obtain two distinct lobes

without a minimum along the radial direction is that the sam-

ple is composed of two types of islands with ordered

domains separated by either [100] or [010] anti-phase boun-

daries. As the initial surface is both 2 � 1 and 1 � 2 recon-

structed and as atomic ordering may be linked to this initial

surface reconstruction, these two types of islands may coex-

ist. Summing incoherently the diffraction patterns of these

two types of islands suppresses any minimum of intensity

along the radial direction.

X-ray profiles along the [010] direction in reciprocal

space measured at the maximum of intensity of the double-

peak feature and at three temperatures are displayed in Fig.

9(b). The size D of the ordered domains was fitted using the

following relation:36

A qað Þ /
eiqaD � 1

eiqaaSi � 1
þ ei qa pþDð Þþpð Þ eiqa DþDDð Þ � 1

eiqaaSi � 1
; (1)

where qa ¼ 2p:k=aSi is the angular reciprocal space vector,

and p is the size of the antiphase boundary, which separates

the ordered domains. As we do not have pure order data, it is

difficult to extract a value for p. We fix it to zero so that the

value obtained for D corresponds to the maximum possible

size of the ordered domains. The fits give an average maxi-

mum size of 30, 54, 75, and 160 nm for the samples grown at

620 �C, 700 �C, 740 �C, and 800 �C, respectively. The

domains have just the size to fit two domains laterally

arranged inside a coherent dome (see the measured average

base diameter plotted in Fig. 1(d) and the drawing in

Fig. 9(c), which shows one possibility of arrangement of the

ordered domains inside the coherent domes). As already

observed by Malachias et al.,9 the size of the ordered

domains increases with temperature probably as a result of

the enlargement of the islands with intermixing. The inte-

grated intensity of the curves gives an indication of the vol-

ume of the ordered domains. It is maximum at 620 �C, where

the Ge composition of the islands has been found equal to

0.5, implying that a maximum degree of ordering is observed

at 620 �C. Since previous works12,36 point out the develop-

ment of ordered domains in steeper facets, if four domains

are in the same islands and separated by h100i antiphase

boundaries, the measured size of the ordered domains would

be too large to fit the domains in coherent islands, meaning

that ordering would exist in dislocated islands. This means

that from the average domain size measured ordering would

also exist in dislocated islands, where steeper facet sizes still

increase upon Ge deposition. In addition, for the samples

studied in this work, the ordered domain size has shown no

direct relation to the width of the defect-free region observed

by AFM in the center of the islands (see Fig. 7(b)). In the

samples grown at 700 �C, 740 �C, and 800 �C, the ordered

domain size is larger than the width of the central defect-free

region of the islands, and much larger than the ring widths

found by AFM, indicating that the atomic ordering is not

constrained nor suppressed by the introduction of defects.

Hence, such observation supports the actual scenario dis-

cussed in Ref. 10, in which ordering arises as a result of sur-

face kinetics driven alloying at the h113i and h15 3 23i steep

island facets.10 Interestingly, for all samples, the double-

peak feature is localized at the same h position, which is at

the intersection of the h111i streaks in the (200) reciprocal

space maps. This reveals that the ordered domains are local-

ized inside the same relaxed regions as the {111} stacking-

faults, i.e., at the bottom part of the islands.

IV. DISCUSSION

From the data presented above, one can infer that two

main informations can be extracted from the (200) forbid-

den reflections. First, the double-peak feature which has

been associated to presence of ordered domains separated

by antiphase boundaries. Second, the X-like features (not

observed in defect-free islands by Malachias et al. in

Ref. 9) are the signature of the presence of defects along

the h111i directions.

For all growth temperatures, strain relaxation occurs

elastically and plastically in superdomes, most notably by

the generation of misfit dislocations for the second case,

showing an important temperature dependency. The islands

grown at low temperature show a higher gradient of relaxa-

tion than those grown at high temperature. Selective wet

chemical etching studies have shown that the substrate sur-

face topography under islands containing several disloca-

tions is a quasi periodic structure which looks like annular

rings of a tree. The ring period characterizes the average dis-

tance by which the lateral boundary of the island grows

between two sequential dislocation events in the island,

which allows to determine the in-plane distance between

interfacial dislocations. This distance can also be determined

by x-ray diffraction close to the (200) forbidden reflection,

as demonstrated above. In addition to dislocations, the

h111i-type defects have been observed. Their size increases

along the h1�10i and the h11�2i directions as a function of

growth temperature (see Section III A), obviously as a result

of island enlargement with temperature. The number of

h111i-type defects were observed to decrease with tempera-

ture. All values quantified here and discussed above were

retrieved by a non-destructive method. These last two results

cannot be retrieved by any other experimental technique.
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The origin of the stacking-faults is also a matter of dis-

cussion in the actual scenario. The stacking-faults can be

associated with MDs at the interface as a part of dissociated

MDs. Split threading segments of MDs are the sources of

stacking-fault generation as previously studied theoreti-

cally37 and experimentally38–40 in SiGe/Si heterostructures.

According to the average measured size of the stacking-

faults, the stacking-faults should extend from the interface,

probably linked to a MD line, throughout to the island sur-

face. In our island ensembles, the superdomes have shown to

be full of defects. The presence of these defects is likely to

alter the symmetry of the strain distribution, giving raise to

undesired effects for possible electronic applications of these

islands.

V. CONCLUSION

In summary, we have demonstrated that diffuse x-ray

scattering around a bulk forbidden reflection is well suited to

get complementary valuable information on defect size, dis-

tance between nearby dislocations, and atomic ordering in

Si1�xGex islands. The obtained x-ray results fit quite well

with an independent determination by combining selective

wet etching and extensive atomic force microscopy measure-

ments. They provide important complementary information

with respect to microscopy techniques such as AFM and

TEM and information, which are not at all available by other

techniques. Finally, we also show that plastic relaxation does

not affect the appearance of atomic ordering, which in turn

does not require a particular strain condition to be stabilized.
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