N

N

Coherent diffraction imaging of a single epitaxial InAs
nanowire using a focused x-ray beam
A. Diaz, C. Mocuta, J. Stangl, B. Mandl, David Combe, J. Vila-Comamala,
Virginie Chamard, G. Bauer

» To cite this version:

A. Diaz, C. Mocuta, J. Stangl, B. Mandl, David Combe, et al.. Coherent diffraction imaging of a
single epitaxial InAs nanowire using a focused x-ray beam. Physical Review B: Condensed Matter and
Materials Physics (1998-2015), 2009, 79, pp.125324. 10.1103/PhysRevB.79.125324 . hal-01254099

HAL Id: hal-01254099
https://hal.science/hal-01254099

Submitted on 12 Sep 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-01254099
https://hal.archives-ouvertes.fr

PHYSICAL REVIEW B 79, 125324 (2009)

Coherent diffraction imaging of a single epitaxial InAs nanowire using a focused x-ray beam
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The cross section of an InAs nanowire with a diameter of 150 nm epitaxially grown on a 111-oriented InP
substrate was characterized using a combination of x-ray scanning microdiffraction and coherent diffraction
imaging. Using an x-ray beam focused by a Fresnel zone plate, we were able to scan in real space and hence
localize single nanowires on the substrate in the as-grown epitaxial state. For one single nanowire, the three-
dimensional coherent intensity distribution in reciprocal space was mapped around the (111) InAs reflection.
Using phase retrieval algorithms, the cross section of the wire was reconstructed with a spatial resolution of

8 nm along one direction.
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I. INTRODUCTION

Semiconductor nanowires are very attractive from both
fundamental and applicative point of view. They represent
one-dimensional electronic systems with typical dimensions
in the range of 10-100 nm. Epitaxial growth is possible on a
wide range of substrates, rather independent of lattice mis-
match and surface orientation. This enables in particular the
epitaxial growth of III-V semiconductor nanowires onto Si-
based substrates, in which problems with extended defects
are avoided due to the small contact area with the substrate.
Hence the realization of optically active devices on a Si plat-
form is within reach. This combination of materials can also
be used for the fabrication of multijunction solar cells with
improved efficiencies.! For all these applications, precise
control of growth and resulting nanowire properties is man-
datory. Advanced characterization techniques for a minute
analysis of nanowires are thus of utmost relevance.

Scanning electron microscopy (SEM) is a widely used
technique for the characterization of shape and size of single
epitaxial nanostructures, but the crystal structure is not ac-
cessible. In combination with SEM, transmission electron
microscopy (TEM) can be used for the structure determina-
tion and the imaging of defects within the wires. However, in
these studies, nanowires need to be taken off the substrate
and transferred to another support. X-ray diffraction is an
established nondestructive technique for the determination of
structure, chemical composition, and strain fields within
crystals and for the characterization of nanostructures,>* be-
ing particularly suited for the study of self-assembled epitax-
ial nanostructures.’ Typically a beam of several hundred mi-
crons in diameter is used to illuminate many of these
structures simultaneously. Reciprocal space maps (RSMs)
around Bragg reflections are then compared with calculations
based on a model, determining the ensemble-average
properties.>~® Although this method is successful, it relies on
the choice of a usually simplified model and requires mono-
disperse systems, while during self-organized growth epitax-
ial nanowires often show a distribution of all structural pa-
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rameters. Moreover, the growth of nanowires is often
accompanied by other nanostructures during the self-
assembly, resulting in an overlap of the (different) diffraction
patterns and limiting the significance of such ensemble-
averaged measurements. This motivates microdiffraction ex-
periments on individual structures, as recently introduced by
Mocuta et al.’

Here we present a model-independent method for the
study of individual epitaxial nanostructures by means of co-
herent diffraction imaging (CDI).!° This emerging technique
allows for the three-dimensional (3D) imaging of nanostruc-
tures with a resolution of a few tens of nanometers.!! Itera-
tive phase retrieval algorithms'>!3 are used in order to re-
cover the electron density of a complex-valued object
directly from oversampled diffraction patterns.'* Strain im-
aging in a nanocrystal is made possible when CDI is per-
formed in the Bragg geometry.!>!® For this purpose, an ef-
fective complex-valued electron density is considered, the
phase of which is the projection of the displacement field
onto the probed Bragg vector.!” This imaging technique re-
quires a coherent illumination of the sample and its reso-
lution depends on the extension of the measured coherent
diffraction pattern. However, while third generation synchro-
tron sources deliver highly intense (partially) coherent
beams, the coherent flux at the sample position is still too
low to address nanostructures within a 10 nm range reso-
lution. Therefore, in order to achieve a sufficiently strong
scattered signal, CDI experiments using highly focused
beams have been introduced.'® The wave-front curvature
produced by a Fresnel zone plate (FZP) is used to improve
the convergence of the iterative algorithm.' Kirkpatrick-
Baez focusing mirrors have been employed to measure the
coherent x-ray diffraction pattern of a silver nanocrystal at a
Bragg reflection.?? Moreover, it has been shown that the in-
crease in the coherent flux density at the sample position
allows for the reconstruction of the electron-density distribu-
tion of a Au nanostructure with an improved resolution of
about 5 nm.?! It has been demonstrated that, under the con-
dition of coherent illumination of the focusing lens, the
diffraction-limited spot has a coherence length which is
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FIG. 1. (Color online) (a) Sketch of the setup. A focused x-ray
beam is Bragg diffracted by a single InAs nanowire of 150 nm
diameter. A 3D calculation of the expected scattered intensity close
to the InAs (111) reflection is shown (isointensity surface). (b) Dis-
tribution of InAs wires on a selected sample area obtained by scan-
ning x-ray diffraction microscopy (linear intensity scale I,). It shows
the projection of several wires along the direction of the incident
x-ray beam. The red ellipse indicates the corresponding size of the
beam.

larger that the focal spot, enabling coherent diffraction
experiments.?!

In this paper we investigate a single epitaxial InAs nano-
wire grown on an InP (111) substrate using CDI. While CDI
has been previously used for the imaging of individual nano-
wires detached from the substrate using partially coherent
radiation,?? here we are able to analyze a single nanowire in
its as-grown state due to the efficient focusing of an x-ray
beam in the diffraction limit.

II. EXPERIMENTAL

As a model sample we used InAs nanowires grown by
metal-organic chemical vapor deposition on a 111-oriented
InP substrate.?* From previous TEM studies** and from finite
element method (FEM) calculations (not shown here), it is
known that the nanowires, although epitaxially grown, are
fully relaxed except for a small region at the wire/substrate
interface. These calculations show that significant strain val-
ues extend into the wire along the wire axis only for a height
roughly corresponding to the wire diameter. The wires have a
hexagonal shape, as shown in Fig. 1(a), with an average
diameter of 150 nm and a height of a few microns. The wires
grow with a random spatial distribution on the substrate with
an average interwire distance of a few microns.

The x-ray diffraction experiment was performed at beam-
line IDO1 at the European Synchrotron Radiation Facility
(ESRF) in Grenoble, France. We used an 8 keV x-ray beam
from a Si-111 monolithic channel-cut monochromator
(AE/E~=~1.4%107%. A FZP made of Au with 200 wm di-
ameter and 100 nm outermost zone width was placed 129
mm upstream of the sample.”” A central stop and an order
sorting aperture were placed before and after the FZP, re-
spectively, in order to block the higher diffraction orders
produced by the lens. In order to produce a diffraction-
limited spot size,”! an aperture matched to the transversal
coherence lengths of the incoming radiation was placed in
front of the FZP.?® The measured sizes of the focused beam
(full width half maximum) were 350 and 400 nm in the
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vertical and horizontal directions, respectively. Special care
was taken to place the sample exactly into the focal spot.
Under these conditions, the illumination of the sample was
coherent to a high degree and it was expected that the phase
of the wave front was flat in the focus.?! A flux density of
~10° ph/s wm? was obtained. Figure 1(a) shows a sketch of
the scattering geometry. The surface of the sample was tilted
around the x axis by an angle 6 close to the (111) InAs Bragg
reflection (65~ 12.8°) and the charge coupling device (CCD)
detector was placed at an angle 26 at a distance of 904 mm
from the sample. In this geometry, the beam completely il-
luminated the nanowire in the x and y directions, but only
partially in the z direction. The x-ray beam illuminates the
wire at a position about 1 um above the interface with the
substrate, i.e., in a region where the InAs wire adapts its
unstrained lattice parameter.

The scattered intensity from a nanocrystal around a Bragg
reflection can be calculated from the density and strain dis-
tributions within the crystal by means of Fourier transforma-
tion. On the top part of Fig. 1(a) we show a calculation of the
expected intensity distribution resulting from the illuminated
part of the wire close to the (111) InAs Bragg peak. In the
particular case in which the crystal is strain-free, the scat-
tered intensity distribution is characteristic for the shape and
size of the wire. The sixfold symmetric pattern in the g,q,
plane corresponds to the Fourier transformation of a hexa-
gon. The finite region of the illumination of the wire along
the z direction is taken into account by a Gaussian modula-
tion of the diffraction pattern in the ¢, direction.

In order to localize a single nanowire on the substrate, the
technique of scanning x-ray microdiffraction (SXMD) was
used.” With the geometry shown in Fig. 1(a), the CCD image
plane (resulting in a curved surface in reciprocal space) in-
tersects the InAs (111) Bragg position at an angle of 90°
—6p with respect to the g, axis. The InP (111) substrate signal
lies at much higher ¢, values and it is not intercepted by the
CCD at this incidence angle. Using the InAs (111) reflection
as a probe signal, a region of the sample along the x and y
directions was scanned in a mesh of 51 X 51 points with a
step of 200 nm. Figure 1(b) shows the result of the SXMD
measurement, consisting of a two-dimensional (2D) plot in
which each pixel represents the integrated signal I, of the
wire peak on the CCD slice of the corresponding mesh point.
We can clearly distinguish the shape of several nanowires
projected onto the substrate along the direction of the incom-
ing beam. The scattering intensity is particularly high when-
ever several nanowires are simultaneously illuminated by the
beam due to the rather low Bragg angle.

A single nanowire was selected by moving the sample on
a translation stage with nanometer precision to the position
indicated by the red ellipse in Fig. 1(b). At this position, the
sample was rotated around the Bragg angle 6y in steps of
0.0075° (rocking scan) and a CCD image was recorded at
each step in order to map the 3D RSM around the (111) InAs
reflection. Figure 2(a) shows the measured 3D RSM, in
which we observe the sixfold symmetric pattern expected
from the Fourier transform of a hexagon around the (111)
reflection. Additionally, a streak of intensity along the g, di-
rection arising from the InP substrate crystal truncation rod
(CTR) is observed: as the beam goes through the wire, it
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FIG. 2. (Color online) (a) 3D RSM measured around the (111)
InAs Bragg reflection. An isointensity surface is shown. The Bragg
reflection from the InP substrate appears at higher ¢, values, out of
the plotted data range. (b) 2D cut in the g,q, plane of the RSM
shown in (a). The intersection with the CTR is indicated by a circle.
Missing data on the left side of the pattern are due to missing
frames at scanning points where the CCD intercepts the substrate
Bragg reflection.

illuminates a part of the substrate, resulting in the observed
CTR. The (111) InP Bragg peak [not shown in the RSM of
Fig. 2(a)] is expected at larger g, values. The 3D intensity
distribution around the (111) InAs peak is symmetric along
the ¢, direction, indicating a constant lattice spacing in the z
direction within the illuminated part of the wire.

II1. DATA ANALYSIS AND DISCUSSION

Figure 2(b) shows the sum of 11 slices of the measured
3D intensity distribution of Fig. 2(a) in the ¢,q, plane around
the InAs peak. A high-quality diffraction pattern with fringes
up to the tenth diffraction order spanning a dynamic range of
4 orders of magnitude is obtained. The InP substrate CTR,
indicated by a circle in Fig. 2(b), and the center of the dif-
fraction pattern of the InAs nanowire do not coincide as a
consequence of a slight tilting of the nanowire with respect
to the surface of the substrate, which could be an indication
for defects at the wire/substrate interface.

In order to avoid the CCD saturation close to the (111)
InP substrate reflection, the 3D RSM was recorded with
shorter exposure times, leading to a degraded signal statistic
for patterns measured at these angular positions. Therefore,
the frames corresponding to these measurements were re-
moved from the 3D RSM and they appear as a streak of
missing data on the left part of the diffraction pattern in Fig.
2(b).

A combination of phase retrieval algorithms, namely, er-
ror reduction'? and Fienup’s hybrid input-output,'? was used
in order to reconstruct the cross section of the nanowire from
the diffraction pattern shown in Fig. 2(b). In the reconstruc-
tion, both magnitude and phase of the complex-valued object
were let to evolve freely without any constraints, apart from
the support: the electron density was set to zero outside a
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FIG. 3. Retrieved complex-valued electron density—(a) magni-
tude and (b) phase—of the wire section obtained from the data
shown in Fig. 2(b). The dashed square in (a) indicates the support
region used in the reconstruction algorithm. Scales in both (a) and
(b) are linear.

certain region. At each iteration, the reciprocal space con-
straints (substitution of magnitudes by the square root of the
measured intensities) were applied except for regions of
missing data in the diffraction pattern (around the CTR sig-
nal and at the streak of missing frames). We performed 100
reconstructions starting with different sets of random phases
each time and we averaged the complex-valued solutions.?’

Figure 3 shows the reconstructed magnitude p and phase
¢ of the average complex electron density. The dashed line
in Fig. 3(a) indicates the support region used in the recon-
struction. The magnitude of the retrieved electron density
[Fig. 3(a)] has the shape of a hexagon, as expected for the
cross section of the InAs wire. Note that, in the reconstruc-
tion, we used a support shape with a different symmetry than
the one in the wire and a size considerably larger than the
wire diameter in order to make sure that the support itself has
no influence on the result. We observe that the reconstructed
p is not homogeneous within the entire cross section of the
wire. As explained below, this effect is due to artifacts in the
experimental data arising from the fact of measuring an as-
grown wire, which introduces regions of missing data in the
measured intensity pattern.

The reconstructed phase is shown in Fig. 3(b). We ob-
serve that the phase is not well defined at regions of zero p
values. Within the wire region, the phase shows smooth
variations of up to 0.5 rad. Since we know that the illumi-
nated part of the wire is strain-free, we attribute these phase
variations to artifacts in the experimental data or to a dis-
torted incident wave front onto the sample. The wave-front
curvature of the incident beam is a critical issue which
should be considered when using CDI for the imaging of
strain fields within nanocrystals.

In order to check the influence of the missing data on the
phase retrieval result, we preformed a second reconstruction
using the data of Fig. 2(b) in which we filled the regions of
missing data with the values corresponding to their center-
symmetric positions in the diffraction pattern. Note that we
do not symmetrize the measured intensity as a whole but use
symmetrized data only to replace the missing ones. This is
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FIG. 4. Retrieved complex-valued electron density—(a) magni-
tude and (b) phase—of the wire section obtained from the data
shown in Fig. 2(b) in which the regions of missing data have been
replaced by the center-symmetric values of the diffraction pattern.
The dashed square in (a) indicates the support region used in the
reconstruction algorithm. Scales in both (a) and (b) are linear.
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not strictly valid but a very good approximation having in
mind that the illuminated part of the wire is strain-free and,
for the energy used, the sample is a weak phase object. The
resulting average complex electron density is shown in Fig.
4. In comparison with the reconstruction in Fig. 3(a), the
magnitude p has the same hexagonal shape and it is now
homogeneous, as expected. The reconstructed phase ¢ in
Fig. 4(b) presents similar phase variations as in Fig. 3(b),
suggesting that the missing data affect mostly the magnitude
of the electron density.

A natural consequence of iterative phase retrieval algo-
rithms, which make use of fast Fourier transformations, is
that the pixel size in the reconstructed image is given by
2a/A, A being the extension of the measured diffraction
pattern. Since A is different in each direction, the resulting
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pixel sizes are about 8 nm along the x direction and 16 nm
along the y direction.

IV. CONCLUSIONS AND OUTLOOK

We have imaged the cross section of an InAs nanowire of
150 nm diameter grown on an InP 111-oriented substrate in
its as-grown state, without the need of detaching it from the
substrate. This was made possible by the combination of
SXMD and CDI, together with a focused beam in
diffraction-limited conditions, resulting in a high-flux beam
with a high degree of coherence over a spot size of 350
X 400 nm?. Resolutions of about 8 nm in the x direction and
16 nm in the y direction could be achieved.

The presented method offers opportunities for the charac-
terization of more complex epitaxial nanostructures present-
ing strain fields such as core-shell nanowires. The develop-
ment of fast readout and large dynamic range detectors and
the improvement of the mechanical stability of the setup will
allow for the recording of complete data sets and will there-
fore improve the imaging quality. Concerning the issue of
distorted wave fronts, recent developments of CDI such as
ptychography?® and Fresnel coherent diffractive imaging!$-!1?
aim at retrieving both the wave field’s amplitude scattered by
the sample and the wave field’s amplitude of the incident
beam at the sample position. However, so far these methods
have not been demonstrated for the analysis of strain fields.
Finally, smaller beams could be used for the spatially re-
solved characterization of a nanowire along its axis, espe-
cially at the interesting region of the wire/substrate interface,
for which no other nondestructive method exists.
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