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Abstract: Grazing incidence small angle X-ray scattering (GISAXS) and atomic force
microscopy (AFM) experiments are employed to study self-assembled InAs quantum dots
(QDs) grown by molecular beam epitaxy (MBE) on GaAs (001). The GISAXS spectra show
pronounced non-specular diffuse scattering satellite peaks with high diffraction orders up to
+3aong[110], [1-10], and [100] sample azimuthal orientationswith respect to theincoming
beam, indicating alateral ordering of the InAs QDs. The correlation lengths of the lateral dot
distribution arefound to beidentical along [110] and [1-10] but smaller along [100] direction.
Theratio of the mean dot—dot distances along [100] and [1-10] azimuthsis determined to be
1.13, indicating the anisotropic ordering of QD distribution. Broad diffraction peaks are
observed at larger scattering angles and associated to dot facet crystal truncation rods (CTR).
We determine {111} -like facets along [110] and [1-10] sample azimuths, and {101}-like
facets along [100] azimuth.

INTRODUCTION

Itiswell known that in the heteroepitaxy of material swith alargelattice mismatch to the substrate (e.g.,
SiGe on S or InAs on GaAs) small droplets are formed in the so-called Stranski—Krastanow growth
modeif acritical layer thickness of awetting layer isexceeded [1]. Studieswith atomic force microscopy
(AFM) or transmission electron microscopy (TEM) revea that the dots can be coherently strained,
dislocation-free, and have in the case of InAs on GaAs diameters of afew 10 nm with a surprisingly
narrow size distribution [2]. A few years ago the first experimental evidence for the existence of zero-
dimensional el ectronic statesin self-assembled InAs quantum dots (QDs) was obtained with capacitance
and far-infrared spectroscopy [3]. Since then, this type of QD has been studied very intensively by
means of a wide spectrum of techniques in view of both fundamental aspects, as well as potential
technological applications [4]. The atomic-like electron states have been probed by, e.g.,
photoluminescence [5,6], cathodoluminescence [7], capacitance measurements [8], and far-infrared
spectroscopy [9,10], as well as ballistic electron emission spectroscopy [11].

Great effort is also devoted to characterization, understanding, and improvement of the structural
properties of such QD nanostructures, asreportedin, e.g., [12—16]. The dot formation processisthought
to be entirely driven by the strain relaxation induced by the large strain energy associated with the
lattice mismatch of up to 7%. In models for strain-induced self-assembling and ordering it is pointed
out that vertical stacking of many layers of QDs, separated by thin spacer layers, may enhance the
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lateral and vertical ordering as well as the size homogeneity [14]. Experimental studies qualitatively
verify the theoretical predictions [12]. It has been shown experimentally that the strain field of a QD
extends far into the underlying wetting layer and substrate [17,18]. This strain field surrounding each
QD may induce dot—dot interaction that strongly influences the growth of neighboring dots and thus
causes short-range ordering of neighboring dots. This scheme has been applied to interpret the vertical
ordering in a multilayer of INAs-GaAs QDs [7,19]. Experimentally, high-resolution X-ray diffraction
plays an important role in the study of the structure in the vertical stacking InAs QD sample [15].
However, as to a single dot layer structure, there is little experimental knowledge about the lateral
ordering character of QDs, and X-ray diffraction measurements are difficult since the volume fraction
of InAs dotsisvery small; hence the scattering intensity generated from InAs QD is very weak.

The shape of InAs QD is also debated intensively. For example, an accurate calculation of the
electronic structure depends critically on the assumptions of the QD shape[20]. Square-based pyramids
[21,22], lens shapes, and conical dot shapes[5] have been proposed, and complex numerical modelsare
developed to predict the dot shape, e.g., an octagonal -based shape predicted by Moall et a. [23]. Various
experimental techniques like atomic force microscopy (AFM) [24,25], reflection high-energy electron
diffraction (RHEED) [26,27], scanning tunneling microscopy (STM) [28,29], and transmission elec-
tron microscopy (TEM) [2,7,12] have been employed in order to determine the shape of the dots.
However, the results of the above techniques so far do not provide a uniform picture for the shape of the
QDs.

In order to study the distribution and shape of the uncapped InAs QD single layer experimentally,
in the present work we perform novel high-resolution GISAXS experiments [30] employing synchro-
tron radiation. The grazing incidence of the high-flux synchrotron radiation beam probes the crystal
surface up to adepth of only afew nanometers so that the volume fraction of InAsis strongly enhanced
in comparison to the conventional scattering geometry. Furthermore, as compared to AFM measure-
ments arelatively large area contributes coherently to the scattering so that the statistics of the measure-
ments is improved. In addition, the GISAXS technique allows the determination of the facet families
and the average facet sizes of the InAs QDs. Most importantly, it provides us an opportunity to investi-
gate InAs QD layersburied beneath a GaAs cap layer that would obstruct AFM studies. Such studiesare
presently under way.

SAMPLE GROWTH

Two types of samples are prepared in a conventional MBE system (Riber 32) with base pressure of
1 x 101! mbar. In situ RHEED was used to monitor the growth process. The InAs growth speed was
0.07 ML/sasdetermined from the RHEED oscillation frequency during GaAsand Ga, gl ny ;Asgrowth,
and the arsenic flux corresponds to a flux gauge reading of 1 x 10-6 mbar. After oxide desorption, a
200-nm-thick GaAs buffer was grown on (001) GaAs substrates at 600 °C. The RHEED pattern showed
a2 x 4 reconstruction with surface diffraction streaks. Afterwards, the substrate temperature was decreased
down to 500 °C, resulting in a change of the GaAs surface reconstruction to c¢(4 x 4) with surface
diffraction streaks (Fig. 1a). After the Indium shutter was opened, the reconstruction features
instantaneously disappear, but still the RHEED patterns show a two-dimensional surface morphology
(Fig. 1b). Thetransition from 2D to 3D InAsgrowth wasfound to beat 1.7 ML InAsdeposited. At this
point, the 2D diffraction spots disappear (Fig. 1c) before new 3D-type diffraction spots emerge. In
Fig. 1d the diffraction pattern observed at 2.1 ML InAscoverageisdisplayed. It has been changed from
2D surface-related features to 3D bulk diffraction spots due to the transition of the growth mode from
layer to idland growth. It can be clearly seen that the 3D diffraction spots are decorated with additional
weak intensity tails, so-called chevrons [27]. We note that besides the 3D diffraction spots there till
exists a surface specular beam spot at which no chevron is attached. We terminate the InAs growth after
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Fig. 1 In situ RHEED patterns observed during MBE growth of InAs on GaAs (001). (a) substrate at 500 °C,
(b) start of InAs growth, (c) transition to 3D growth, (d) 2.1 ML InAs deposited, and (€) after deposition of the
GaAs cap. The arrow in Fig. 1d indicates the specular beam spot.

e

2.1 ML deposition. In thefirst type of samplesthe InAsdot layer was covered after 30 sdelay timewith
a 5-nm-thick GaAs cap that was grown at the same substrate temperature as the InAs layer. The
corresponding RHEED pattern is presented in Fig. 1e showing a surface specular beam spot only. From
thisweinfer that the GaAs cap layer has considerable roughness [31]. Thefirst type of samplewas used
to characterize the surface and interface structure by grazing incidence X -ray reflectivity, crystal truncation
rod, aswell as X-ray standing waves [31]. The second type of sample was grown very similarly except
that the sample wasrotated during InAs growth and no cap was deposited. While samplerotation prevents
us from monitoring the InAs growth with RHEED, it will improve the homogeneity of the QD size and
distribution on the wafer. The RHEED pattern before and after deposition of the InAs layer does not
differ from the previous samples. In the following, we focus on our studies of the second type samples.
They remained uncapped for our AFM measurements and in order to increase the intensity in our
GISAXS experiments. As soon as the growth was finished, both types of samples were quenched by
stopping the substrate heater.

RESULTS AND DISCUSSIONS

AFM measurement of InAs QDs

The topology of our InAs QDs wasfirst investigated using a Topometrix-AFM with a cantilever tip of
10 nm diameter. The AFM measurement were taken with a scan range of 1 x 1 um2. Fig. 2a shows a
zoom of atypical AFM image. A quantitative analysis of the AFM image indicates that the dots exhibit
anarrow size distribution. The average dot height and lateral size are determined to about 4 + 1 nm and
30+ 10 nm respectively. The dot density isabout 5.0 x 1010 cm—2. The lateral ordering of the dots can
be evaluated by a one-dimensional Fourier transformation of the AFM image. In Fig. 2b the result for
the [110] direction is presented. We find aweak satellite peak indicated by the arrow asin Fig. 2b. The
existence of the satellite peak isadirect evidence for alateral ordering of the InAs QDs. From the peak
position, we estimate the mean dot—dot distance to be about 67 + 8 nmin the [110] direction. In [1-10]
direction the satellite peaks are much weaker and hence the mean dot—dot distance can hardly be
determined. We note that the above distance is a scale of the laterally periodic distribution or “most
frequent” dot—dot separation, and it may differ from an average distance determined from the above-dot
density assuming a perfect square lattice. The shape of the QD facets cannot be determined from our
AFM measurements since the size of these is beyond our instrumental resolution.
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Fig. 2 AFM image of self-assembled InAs QDs. Left shading at an angle of 45° to the horizontal direction is
processed to the AFM image in order to enhance visibility (a). One-dimensional Fourier transformation of
1x 1um2AFM imagein [110] direction (b).

GISAXS measurement

GISAXS measurements were performed at the DESY undulator beamline BW1 at a wavelength of
1.17 A. The GISAXS setup is shown schematically in Fig. 3. The incidence angle o; relative to the
sample surfaceis0.18°, which isbelow thetotal external reflection angle of 0.20°. Theilluminated area
on the sample is 16 x 2 mm2. At this incidence angle the penetration depth of the incoming beam is
about 6 nm. Therefore, thereflection intensity isenhanced and very sensitiveto thetop InAsQD surface
layer. Profiles of the scattered intensity are collected by a position sensitive detector (PSD), which is
mounted parallel to the sample surface at an exit angle of o. In order to enhance the scattering intensity
relative to the very strong specular beam, the detector is slightly moved out of the specular beam
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(o4 > o). Dueto the size of the dlits used in the experiments, the resolution parallel to PSD islimited to
2.1 x 103 A-1 . With this resolution a mean dot—dot distance of up to 300 nm can be determined.

Mean dot—dot distance determination

We have performed GI SA XS measurements of self-assembled InAs QD for different sample azimuthal
orientations Q. As sketched in Fig. 3, the azimuth is changed with an angular step of 5° by rotation
around the sample surface normal. We chose —10° < Q < 110°, where Q = 0 is set at [110] azimuthal
direction. Wefind nonspecular satellite peaksin all azimuths, although in some cases, the satellite peaks
are weak. As an example, we present GISAXS satellite peak profilesin Fig. 4 for [1-10], [110], [100]
azimuths. Satellite peaks located nearly symmetrically at both sides of the specular beam (g, = 0 A-Y)
are clearly resolved for these three azimuths. Most importantly, in our case they exhibit high orders of
satellite peaksin above azimuths, i.e., £1, 2, +3 orders. By comparison with reference sampleswhich

Ox

—

Fig. 3 Schematic illustration of GISAXS
experimental setup. oy; _incidence angle,
o4 _ exit angle. The dotted line
collimates to the incoming beam. Q
denotes the angle of sample rotation
around the surface normal.

T T T T
Specular beam

Fig. 4 The logarithmic GISAXS
intensities along q, of self-assembled
InAs QDs for different azimuthal
sampl e orientations with respect to the
incoming beam. For clarity, the upper
curves are displaced by a magnitude
relative to the lower one, respectively.
The central peak at g, = 0 isfrom the
specular beam intensity. The satellite
peaks with higher orders are indicated
by £1, +2, £3. The additional broad

] maximain GISAXS at g, = +0.07 A1
L L L ] areindicated by thick arrows. The

Intensity (arb. units)

-0.1 0.0 0.1 incidence angle & equalsto 0.18°,
q P which is below the total external
x (A ) reflection angle.
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contain no QDs and show no satellite peaks, we can conclude that the satellite peaks are caused by
diffuse scattering of the InAs QDs. The occurrence of well-resolved scattering peaks and their higher
orders are a strong indication of ordering in the dot arrangement.

The mean dot—dot distance <d> is determined by the first satellite peak position with respect to
theorigin, i.e,, <d> = 2n/q, [30]. In[110] and [1-10] azimuthswe find the same value <d> = 64 £ 2 nm,
whereas in [100] azimuth the data yield <d> = 72 + 2 nm. We note that the value measured in <110>
azimuth compares well with the mean dot—dot distance determined from our AFM data. Comparing the
valuesfor the mean dot—dot distance found in our GISAXS experimentsin <110> and <100> directions
we determine aratio R = <d>;y/<d>;_;5 =1.13. This value indicates ordering since it is significantly
larger than the value of R = 1.0 expected for anisotropic dot distribution. However, it isstill smaller than
R = 1.41 which would be expected for a perfect square lattice.

Mean correlation length of the lateral dot distribution

For an appropriate fit to the GISAXS intensity we use a sum of a Gaussian function for the specular
beam and L orentzian functionsfor the satellite peaks. From thefits, we can determine full width at half
maximum (FWHM) values of the first order satellite peaks. The FWHM of the satellite peaks may
either originate from a large-scale dot density inhomogeneity or from afinite correlation length of the
short-range order. AFM measurements on different parts of our wafer show the dot density to be very
homogeneous. We thus regard the FWHM valuesin our case mainly dueto thelocal disorder among the
nearest neighbors of each dot row in a certain azimuth as described by Schmidbauer et al. [30]. Thena
correlation length of the dot distribution can be obtained that quantitatively reflectsthe degree of ordering
inthe lateral dot distribution. By an appropriate deconvolution of the FWHM of the satellite peaks with
an instrumental resolution function, we obtain the standard deviation of the dot—dot distance along
[110] and [1-10] and [100] azimuths[32]. Assuming short-range order type of the correlation function
[30] thisimplies correlation lengths of L = 102 + 5 nm along [110] and [1-10] azimuthsand 90+ 5 nm
along the[100] azimuth, respectively. Thisindicatesthat the ordering of the dot distribution along [110]
and [1-10] is dlightly higher than along [100] azimuth.

Spatial distribution of integrated intensity of satellite peaks

We determine the integrated intensities <d> of the satellite peaks at different azimuths and present the
values normalized to the corresponding specular beam intensities in Fig. 5. The integrated intensity
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Fig. 5 Normalized integrated intensity <d> distribution of the satellite peaks versus sample azimuthal
orientations with respect to the incoming beam. [110] azimuth is set to 0° of azimuthal orientation. For each
azimuth the integrated intensity is normalized by the corresponding specular beam intensity. In the figure the
<®> valueis presented with respect to the intensity observed in [1-10] azimuth.
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Fig. 6 The sketch of InAs QD shape as determined by the facet families and dot geometry. The lateral bottom
size dong [1-10] direction is estimated by AFM.

distribution has three maxima located at angles 0°, 45°, and 90°, respectively. These reflect enhanced
ordering of thelateral dot distribution in the corresponding azimuthal orientations, i.e., [110], [100] and
[1-10]. The peak widths of the distribution in Fig. 5 reflect the deviation of the dot position from a
straight row. For example, in [1-10] direction we find an azimuthal width of 20° which isin close
correspondence to the observation on SiGe/Si [30]. In addition, we note the smaller azimuthal width
along [1-10] azimuth as compared to [110] azimuth in Fig. 5, suggesting the higher ordering along
[1-10] azimuth than along [110] azimuth.

QD facet shape determination

Intriguingly, we find additional, broad maxima in the GISAXS intensity curves located at
a, =+ 0.07 A-L. They are highlighted by arrowsin Fig. 4. Since the PSD is located at finite values of g,
rather than g, = 0 in our experiment, the broad maxima may result from the CTR intensity of the InAs
QD facets. In order to clarify this we have investigated the dependence of the facet CTR peak position
in g, with different values of q, for azimuthal orientations of [110], [1-10], and [100], respectively. We
find that the facet CTR istilted with respect to the [001] surface normal by 54.1° aong [1-10] azimuth.
This strongly suggests that the peaks are associated to CTR intensity of the {111} facet family. The
same facet family isalso observed along [110] azimuth. Intriguingly, our investigation in [100] azimuth
indicates that our dots are not only formed by {111} facets but also contain facets of the {101} family.
Thus, the InAs QDsformed with these facets have an octagonal -based shape. We note that our observation
partially corresponds with TEM investigations by Grundmann et al. [ 7] where other facets are inferred
besides the facets of the {011} family. Furthermore, the determination of {111} and {101} families of
InAs QD facetsin our case is also in good agreement with a finite element calculation for equilibrium
surface state InAs QDs [23]. Other facets have been inferred from STM measurements ({ 113}, {114},
and {215} facet families [28,29]), from AFM data ({410} family [25]), and from RHEED patterns
({113} [26], {136} facet families [27]). In our experiments we do not resolve indications for such
facets. A detailed discussion of thefacet CTR will be published in aforthcoming publication [32]. From
the broadening of the facet CTR peaks an estimate can be given for the average facet size[30,33]. In our
case we get afacet width of approximately 8 + 2 nm. From thiswe calculate a dot height of about 5 nm,
which isin good agreement with our AFM data. Combining our resultsfrom AFM and GISAXS on the
facet size and families, and the dot diameter and height, we suggest a dot shape as sketched in Fig. 6.
The dots have facets of {111} and {101} families which are truncated by a (001) top surface facet.
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CONCLUSIONS

We employ RHEED, AFM imaging, and synchrotron radiation experimentsto study structural properties
of self-assembled InAs QDs on (001) GaAs. In particular, here we employ GISAXS, which represents
apowerful technique to obtain information on the geometry of the dot shape as well asthe distribution
within the plane of the wetting layer. Important structural parameters characterizing thelatera distribution
and the shape of InAs QDs are derived in the present work. The shape of InAs QDs s determined as a
truncated octagonal-based pyramid, which is in good agreement with the result of finite element
calculation for the equilibrium surface state of INAsQDs[23]. Lateral ordering of the InAsQD distribution
isfound at least along <110> and <100> azimuths. For our sample we find a mean dot separation of
64 nm in <110> directions. The azimuthal dependence of the satellite peak position of GISAXS points
to an anisotropic dot distribution with alarger dot separation of 72 nmin <100> direction. This may be
attributed to strain field anisotropies. Further studies are needed to clarify thisissue.
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