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ABSTRACT 
Axially heterostructured nanowires are a promising platform for next generation electronic and optoelectronic devices. Reports 
based on theoretical modeling have predicted more complex strain distributions and increased critical layer thicknesses than in 
thin films, due to lateral strain relaxation at the surface, but the understanding of the growth and strain distributions in these 
complex structures is hampered by the lack of high-resolution characterization techniques. Here, we demonstrate strain mapping 
of an axially segmented GaInP-InP 190 nm diameter nanowire heterostructure using scanning X-ray diffraction. We systematically 
investigate the strain distribution and lattice tilt in three different segment lengths from 45 to 170 nm, obtaining strain maps with 
about 10−4 relative strain sensitivity. The experiments were performed using the 90 nm diameter nanofocus at the NanoMAX 
beamline, taking advantage of the high coherent flux from the first diffraction limited storage ring MAX IV. The experimental results 
are in good agreement with a full simulation of the experiment based on a three-dimensional (3D) finite element model. The largest 
segments show a complex profile, where the lateral strain relaxation at the surface leads to a dome-shaped strain distribution from 
the mismatched interfaces, and a change from tensile to compressive strain within a single segment. The lattice tilt maps show a 
cross-shaped profile with excellent qualitative and quantitative agreement with the simulations. In contrast, the shortest measured 
InP segment is almost fully adapted to the surrounding GaInP segments.  
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1 Introduction 
Semiconductor heterostructures are crucial building blocks for 
most modern electronic and optoelectronic devices. As such, 
extensive research has been devoted to creating tailorable, 
pristine interfaces between semiconductor thin films. However, 
this has been limited to low lattice mismatch materials, as large 
interfacial strain can lead to defect formation and device 
degradation. Nanowire heterostructures on the other hand 
have allowed for the creation of new heterostructures, given 
their high strain tolerance. Nanowires are a class of one- 
dimensional semiconductor nanostructures that are being 
developed for electronics [1–3], photovoltaics [4–6], detectors [7], 
and light emitting devices [8–11], as well as studies of quantum 
physics [12–16]. In addition to new flexibility in heterostructure 
material combinations compared with bulk material, the small 
dimensions of nanowires also result in reduced material usage 
and high scalability. Nanowire synthesis also has more degrees 
of freedom than traditional thin film growth, allowing controlled 
heterostructure formation both axially [17] and radially [18]. 
Heterostructures in the axial direction are particularly interesting 

because they can modify the band structure along the natural 
carrier transport direction, and such nanowires are being 
explored both for fundamental physics [19] as well as for 
devices such as multijunction solar cells [20, 21], tunnel diodes 
[22], tunneling field effect transistors [1], and lasers [23]. 

Given the presence of lattice mismatched interfaces, it is 
critical to understand the strain state at nanowire junctions, 
because the strain can affect the bandgap and the charge carrier 
mobility as well as induce piezoelectric fields. Furthermore, 
while the growth of lattice mismatched heterostructures is quite 
well understood in epitaxial films, nanowire heterostructures 
are more complex. In thin films, defects form when the layer 
exceeds a critical thickness, which is generally problematic 
since they form carrier recombination and scattering centers. 
Theoretical studies have predicted that the strain at the 
interface of an axially heterostructured nanowire could be 
partially accommodated by lateral expansion or compression 
via the free surfaces [24–26], which means that segments with 
larger lattice mismatch than predicted for thin films could be 
grown without defect formation. Simulations based on finite 
element modelling (FEM) have predicted dome-shaped strain 
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distributions at the interface, with maximum strain at the 
radial centre of the nanowire [25, 27]. This three-dimensional 
(3D) strain relaxation becomes comparatively more important 
in thinner nanowires, and for a given misfit, theoretical 
calculations predict a critical radius below which infinitely thick 
layers can be grown defect free [24–26]. However, the theoretical 
models typically ignore experimentally observed complexities 
such as nanowire bending [28], phase segregation [29] and 
interdiffusion [30]. Therefore, quantitative high-resolution strain 
measurements, combined with theoretical calculations, are vital 
for fully understanding axial nanowire heterostructures.  

Experimental characterization of the strain distribution   
in axial nanowire heterostructures is challenging, due to the 
simultaneous requirements of high strain sensitivity and spatial 
resolution. Transmission electron microscopy (TEM) offers 
excellent spatial resolution but limited strain sensitivity, and it 
has therefore been used for studies of axial heterostructures 
with quite large mismatches [30, 31]. The strong interaction  
of electron probes with matter also limits TEM to studies of 
relatively thin nanowires. In comparison, the strain sensitivity 
of X-ray diffraction (XRD) is excellent, typically significantly 
better than TEM, and the long absorption length of hard X-rays 
allows studies of large crystals in a non-destructive manner. 
Traditionally, XRD has had limited real space resolution due 
to the difficulty in making high-quality X-ray optics, but 
development in focusing techniques has given the opportunity 
to focus a highly coherent hard X-ray beam down to the 
nanoscale [32, 33]. These improvements have enabled diffraction 
imaging of single nanocrystal structures to study the strain 
distribution [34–37], detect defects and dislocations [38], as 
well as complete devices [39] under applied voltage [40, 41]. 
Strain mapping of axially heterostructured nanowires with high 
spatial resolution and strain sensitivity has so far not been 
demonstrated, to the best of our knowledge, partially because 
such weakly scattering nanocrystals require an intense X-ray 
nanofocus. However, a new generation of so-called diffraction 

limited storage rings (DLSR) have been developed, which  
offer much higher coherent X-ray fluxes [42] than previous 
synchrotrons.  

Here, we demonstrate high-resolution strain mapping of  
an axially heterostructured GaxIn1−xP-InP nanowire using the 
NanoMAX beamline [43] of the MAX IV facility, the first 
operational DLSR. GaxIn1−xP (hereafter referred to as GaInP) 
is a promising material for photovoltaics and light emitting 
devices, as its bandgap can be adjusted from the near-infrared 
region to the middle of the visible spectra by changing the 
relative amount of Ga and In. We use scanning XRD with a  
90 nm beam to obtain two-dimensional (2D) maps of the 
strain, with about 10−4 relative strain sensitivity, as well as the 
lattice tilt. We probe the strain distribution at different axial 
layer thicknesses within a single nanowire and find that the 
segment length strongly affects both the average strain and  
the strain distribution. The 3D strain profile of the nanowire 
heterostructure was simulated using FEM and the experimental 
data was compared with kinematic scattering simulations 
based on the FEM result and the measured beam profile. The 
measurements of the GaInP segments and the longest InP 
segment verify the theoretically predicted strain distributions, 
where both materials show similar but mirrored dome-shaped 
strain profiles with both positive and negative strains within the 
same segment. In contrast, the shortest investigated InP segment 
is almost fully homogeneous and adapted to the surrounding 
GaInP lattice. Our results demonstrate that nanofocused XRD 
has sufficient strain sensitivity and spatial resolution to measure 
the strain distribution in axially heterostructured nanowires. 

2 Experimental 
Nanowires consisting of five InP segments of varied length 
within a GaInP nanowire were grown in the particle assisted 
growth mode using metal-organic vapor phase epitaxy   
(Figs. 1(a) and 1(b)). The Au seed particle array was defined 

 
Figure 1 Experimental setup. (a) Scanning electron microscopy (SEM) image of an array of GaInP-InP nanowire heterostructures as grown on the 
substrate from Au seed particles. The image was taken at a tilt of 30°. (b) Sketch of a single nanowire with approximate InP segment lengths. (c) STEM
image of a single nanowire. (d) Example of Bragg diffraction signal from the (111) lattice planes of a single nanowire in the experiment. The signal is the 
logarithm of the sum of all frames over a rocking curve in a single position on the wire, with the InP peak to the left and the GaInP peak to the right. The
detector frames’ reciprocal space vectors (q1, q2, q3) directions are indicated. (e) Experimental geometry as viewed from above. The nanowire is lying flat
on a Si3N4 window. The tilt β is around the same axis as θ. The inset indicates the tilt α, which is a rotation around z. 
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by nanoimprint lithography, resulting in a hexagonal pattern 
of Au particles with a pitch of 500 nm [44]. The nanowires 
show an average radius of about 95 nm, which is slightly above 
the predicted critical radius for the lattice mismatch [25, 26]. 
The total length was about 2.2 μm for nanowires from the center 
of the growth substrate, whereas the nanowire growth rate was 
higher towards the edges of the substrate. High angle annular 
dark field scanning transmission electron microscopy (HAADF- 
STEM) of a single nanowire is shown in Fig. 1(c), where the 
denser InP segments are brighter, exhibiting a barcode structure. 
The lengths of each segment, obtained from STEM measure-
ments, were 170, 80, 45, 19, and 8 nm corresponding to segment 
growth times of 120, 60, 45, 30, and 15 s, respectively. The 
nanowires grow in the (111)B direction and have a zinc blende 
crystal structure. 

To prepare for nano-XRD, nanowires were mechanically 
transferred to a Si3N4 membrane, lying flat on the surface in 
random in-plane orientations. We used the Kirkpatrick-Baez 
(KB) mirror nanofocus at NanoMAX to perform scanning XRD 
of a single heterostructured nanowire (energy 9.49 keV, flux 109 
photons/s, focus size 90 nm). The beamline’s secondary source 
aperture slits were adjusted to ensure a coherent illumination 
incident on the KB-mirrors [45]. 

We used one 2D detector in transmission to track the real 
space movement of the sample and for ptychographic probe 
reconstructions, and a second one for the Bragg diffraction. 
We collected scanning XRD data sets from the (111) reflection, 
i.e. with the scattering vector parallel to the nanowire axis,  
by 2D scanning the sample in focus. A rocking curve was 
collected by rotating the sample around y in 51 angular steps 
of 0.02° (see the coordinate system and the scattering geometry 
as viewed from above in Fig. 1(e)). Between rotations, we 
tracked and compensated for systematic and unsystematic 
movements of the nanowire by analyzing the transmission 
signal, as discussed in the Methods section. We used a fly 
scanning mode in the horizontal direction to minimize the 
overhead, by moving the piezo scanner continuously while 
acquiring 101 frames in a 3 μm range. In the vertical direction, 
we used a 40 nm step size. The high coherent flux allowed a 
short acquisition time of 0.12 s per frame, giving a total 
measurement time of 4 h for the dataset consisting of 96,960 
frames. Due to the modest lattice mismatch, we could collect 
the two peaks of InP and GaInP on the detector simultaneously, 
see an example of the scattered signal in Fig. 1(d). The complex 
shape of the Bragg peaks comes from the finite size of the 
segments and the beam, as well as strain, as discussed further 
in Section 3.3. For each beam position, we made reciprocal space 
mapping [46] of the InP and GaInP Bragg peaks and calculated 
the respective peak positions using the center of mass.  

3 Results and discussion 

3.1 Strain maps of a nanowire heterostructure 

The results from the analysis of the scanning XRD measurements 
are shown in Fig. 2(a), with the InP to the left and GaInP    
to the right. Since the two smallest InP segments were out   
of the measurement range for some of the rotations, the maps 
include the three largest InP segments and the surrounding GaInP 
segments only. The upmost maps show the total scattered 
intensity of the InP and GaInP Bragg peaks in each scanning 
position. The slightly asymmetric profile of the segments in the 
maps, with higher intensity above and to the right, comes from 
a slight asymmetry in the X-ray nanofocusing (Fig. S1(b) in the 
Electronic Supplementary Material (ESM)). Since the probe 
profile has tails, no pixel is zero. 

The axial strain maps were calculated as the change in 
lattice constant, a, compared with the mean value in the map, 

:aá ñ  axial ( )/a a a= -á ñ á ñ . We used the high intensity pixels in 
the intensity maps to determine which pixels to show in the 
strain maps, for clarity. The ones with low total intensity in the 
scattering signal were set to zero. The average relative difference 
in lattice constant between the InP and GaInP maps is 1.5%. 
The total range of measured strain is about 0.14% and 0.42% 
for the InP and GaInP segments, respectively. We can observe 
strain variations of less than 0.01%, i.e. 10−4, highlighting the 
excellent strain sensitivity of XRD.  

From the observed mismatch between InP and GaInP and 
Vegard’s law, we calculated the average Ga content in the 
GaxIn1−xP segments to be x = 21%, assuming no average strain 
in the GaInP. In comparison, point measurements from Energy- 
dispersive X-ray spectroscopy (EDS) of a different nanowire 
showed a Ga composition of x = 36%. From ptychography we 
obtained a high-resolution map (Fig. S1(a) in the ESM) of the 
nanowire and note that it is slightly longer, 2.5 μm, compared 
with the one investigated by STEM, 2.1 μm. This suggests that 
the nanowire in the XRD maps originated closer to the sample 
edge, which has a slightly higher growth rate and higher In 
fraction due to edge effects. 

The length of the InP segments has a strong effect on the 
measured strain, both the average values and the distributions. 
The InP segments are compressively stressed by the GaInP 
segments in the radial direction, which intuitively should lead 
to an expansion in the axial direction that we probe. However, 
our measurements show a significantly more complex strain 
distribution. In the two largest InP segments, we indeed observe 
a lattice expansion (in the axial dimension) towards the surface, 
but away from the surface the strain is compressive, in particular 
in the center. In contrast, the 45 nm segment only shows a slight 
decrease from the center to the surface. The average strain   
is −0.01%, 0.00% and 0.04% in the 170, 80, and 45 nm InP 
segments, respectively. The observed strain variation within 
those respective segments is about 0.12%, 0.10% and 0.04%. 
Note that such small variations would be very challenging to 
quantify with TEM. 

Comparing the GaInP segments with each other, we observe 
an overall gradient from high to low lattice constant towards 
the seed particle. This is most likely due to a gradient in the 
composition of the GaxIn1−xP alloy, as previously observed [47, 
48]. As a consequence of the growth process, where the In   
is supplied primarily via surface diffusion, the supply of In 
decreases the longer the nanowire becomes. Hence, there is a 
slight gradient in composition such that there is more Ga close 
to the seed particle than close to the substrate. Therefore, the 
GaInP lattice and the mismatch to InP become larger along 
the growth direction, that is, closer to the seed particle. The 
composition can be calculated from the lattice constant as 
shown in Fig. S2 in the ESM. We find that the composition 
changes from x = 19% to x = 23% between the four segments, 
implying a gradient of about 3% per μm. This is in good 
agreement with measurements of similar nanowires using 
scanning X-ray fluorescence [47]. Compositional analysis with 
EDS line scans also shows a sharper change in Ga and In 
composition when switching from GaxIn1−xP to InP than vice 
versa (Fig. S3 in the ESM). 

The strain is also not symmetric within the GaInP segments, 
where the maximum relative strain is shifted to the left, closer 
to the seed particle. Thus, within the segments the trend is 
reversed compared with the overall gradient. An axial asymmetry 
in strain is also seen in the InP segments, where the strain 
minima are shifted slightly to the right of the center.  
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In addition to strain, scanning XRD is very sensitive to small 
variations in local lattice tilt [28, 49]. From our reciprocal 
space mapping, we calculate the lattice tilt in two directions: 
The tilt around z, α and the tilt around y, β, see Fig. 1(e). We 
observe a cross-shaped profile of α in the largest InP segments, 
with the strongest tilt at the corners. Following the interface 
edge or the nanowire surface, the tilt decreases to zero at the 
center and then changes sign towards the opposite edge. The 
sensitivity to this tilt is better than 0.1 mrad. A matching tilt 
distribution is found in the GaInP segments, with the same 
magnitude but with the sign flipped. Note that we do not find 
an overall gradient of α, which would suggest bending of the 
nanowire in the sample plane. 

The distribution of the tilt around y, β, is more difficult to 
analyze. In our measurement geometry, we are very sensitive 
to tilt around z, α, since it is directly coupled to the vertical 
position of the Bragg peak on the detector, but we are less 
sensitive to β as it relies on sampling with the rotation. There 
seems to be a general gradient in the InP and GaInP segments 
for the β tilt, changing along the axis from negative to positive 
back to negative again. Such a gradient is consistent with an 

arch shape of the nanowire, possibly due to adhesion to the 
substrate. The tilt maps could be used to reconstruct the shape 
of the nanowire in 3D [28], but this is out of the scope of the 
present work. 

3.2 FEM simulations of strain  

To understand the asymmetries in the strain maps and to 
confirm the dome shaped strain profiles seen in the tilt maps, 
we performed a full simulation of the sample and the 
experiment starting with a 3D FEM strain simulation using the 
software COMSOL Multiphysics. We used the average measured 
value for the lattice mismatch, 1.5%, as the initial strain applied 
to the InP segments (Fig. 3), without any composition gradient 
or bending of the wire. In Figs. 3(a)–3(d), we show central 
slices of the 3D simulation, which has radial symmetry, showing 
the radial (Figs. 3(a) and 3(c)) and axial (Figs. 3(b) and 3(d)) 
strain components. The axial component is the one that is 
measured in our experiment. Near the segment interfaces, the 
InP crystal, which has the larger lattice constant, is radially 
compressively strained (shown in blue) while the GaInP is tensile 
strained (shown in red), see Fig. 3(a). The strain distributions 

 
Figure 2 Scanning XRD experimental results and simulations of a single heterostructured nanowire. The pixel sizes are 30 and 40 nm in the x and y
directions, respectively. The InP measurements and simulations are shown in the left column, and the GaInP ones in the right column. (a) Experimental
results: total scattered intensity in Bragg, axial strain, tilt around z, α, tilt around y, β. (b) The corresponding maps from simulated diffraction. 
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form dome shapes at the segment interfaces, qualitatively in line 
with previous simulations [25, 27]. As expected, the crystal 
expands in the axial direction where it compresses radially, as 
shown in Fig. 3(b). The magnitude of the strain is about twice as 
large in the axial dimension, again in agreement with previously 
reported simulations [27].  

A closer view of the 45 nm segment is seen in Figs. 3(c) and 
3(d). As a comparison, we show STEM of a 45 nm segment in 
a nanowire from the same sample in Fig. 3(e). The strain gives 
rise to contrast due to a Moiré effect, showing a dome shaped 
profile in excellent qualitative agreement with our FEM 
simulations. Quantifying the strain from such a STEM image 
is challenging, however. The STEM also shows that the InP 
segment has a slightly larger radius, about 2–4 nm more than 
the surrounding GaInP segments, something that is not resolved 
in the XRD strain maps. The FEM simulations predict that the 
lateral strain relaxation leads to a maximum radial displacement 
of 1.3 nm. Note that there could be a slight radial growth on 
the InP segment as well, despite the use of in situ HCl etching 
during growth [50], which is not included in the simulations.  

3.3 Simulated scanning XRD 

The FEM simulations generate the 3D strain and the dis-
placement field, u(r), where r is the real space coordinate, with 
very high real-space resolution. The axial strain component 
cannot be directly compared with the experimental strain 
maps, since in the measurement the axial strain is convoluted 
with the footprint of the beam. The beam creates an averaging 
effect that is complicated by the complex profile. Therefore, 
we made a full simulation of the scanning XRD experiment. 
For each beam position j, we calculated the exit wave Ψj using 
the Bragg vector Ghkl (|G111| = 1.85 Å−1 for InP and |G111| = 1.92 Å−1 
for GaxIn1−xP with x = 21%) and the probe function P(r) as 
[51, 52] 

( )| ( ) | e ( )hkl ji
j jΨ ρ P⋅= G u rr r  

The electron density in a single position, ρj(r) was represented 

as a binary shape function. The probe profile at focus, P(r), 
was reconstructed from a ptychographic measurement on a 
Siemens star test sample (Fig. S1(b) in the ESM). Next, the exit 
wave was propagated to the far field with a Fourier transform, 
and the intensity on the Bragg detector in one probe position 
was calculated as Ij = 2| ( )|jΨ . 

We show a comparison of an experimental and a simulated 
Bragg peak in Fig. 4, with the three central cuts when the beam 
is centered on the 170 nm InP segment. Qualitatively, the 
simulated Bragg peaks show many similarities with the measured 
ones. The shape of the Bragg peak is largely determined by  
the Fourier transform of the shape function of the segment. 
The cuts perpendicular to qx and qy (left and right), show the 
Fourier transform of the square dimensions of the segment, 
but the strain gradients curve the shape of the fringes. 
Correspondingly, the cut perpendicular to qz (middle) shows 
the Fourier transform of the circular dimension. To better 
illustrate the appearance of the 3D Bragg peak and how it is 
affected by strain, we also show an idealized simulation with  
a high-flux plane wave probe and smaller pixels in Fig. S4 in 
the ESM. 

The final step in the simulation is to make a center of mass 
analysis of the Bragg peaks at each position, just like the 
measured data is treated. The simulated intensity, strain and 
tilt maps are shown together with the measured ones in Fig. 2(b). 
Overall, we find excellent qualitative agreement between the 
simulated and measured strain and tilt maps. In the following, 
we will discuss similarities and differences between the 
simulations and measurements in detail. 

3.4 Discussion 

In the large InP and GaInP segments, both the simulation and 
the measurements show that the strain in the central parts   
of the segments changes sign compared with the edges. For 
instance, the largest InP segment shows an intuitively expected 
tensile radial strain near the mismatched heterointerfaces, but 
also a slight compressive strain in the center. With decreasing  

 
Figure 3 (a)–(d) 3D FEM simulations of elastic strain caused by a lattice mismatch of 1.5% between the segments. (a) Strain along the radial dimension
in a central slice of the nanowire. (b) Strain in the axial dimension of the nanowire. (c) Strain in the radial dimension; a two-cut plot of the 45 nm 
segment. (d) Strain in the axial dimension of the nanowire; a two-cut plot of the 45 nm segment. All the strain results are radially symmetric. (e) STEM 
aligned in a <112> direction of a 45 nm segment. 
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segment length, the strain in the InP segments increases, and 
for the two shortest InP segments, almost the entire segments 
have the same lattice constant as GaInP. Comparing the InP 
segments with each other, the trend is that in the radial 
direction the lattice in the shorter segments adapts more to 
the surrounding GaInP crystal. 

Comparing the GaInP segments with the largest InP segment, 
we find a similar but inverted strain distribution in both the 
simulations and the measurements. Since the GaInP simulations 
did not include the axial gradient in the Ga composition,   
the strain profiles in the different segments are similar to each 
other.  

The simulated lattice tilt, α, shows excellent quantitative 
and qualitative agreement with the measurements. Evidently, 
the sign shift comes from the dome-shaped strain profile, which 
means that the crystal is tilted in the opposite direction in each 
half across the nanowire. This can be seen in the measured 
and simulated XRD in Fig. 2(a) and 2(b), respectively. The tilt 
is not affected by the GaxIn1−xP composition gradient. The tilt 
around y, β, in the measurements is dominated by an overall 
arch shaped bending of the nanowire, which is not included in 
the simulations.  

While the simulations are qualitatively similar to the 
measurements, the quantitative comparison is less consistent. 
The simulated strain in the InP segments is about twice as 
large in the simulations as in the measurement. This could 
indicate that dislocations, which are not included in the FEM 
simulations, may have formed in the measured nanowire as a 
result of the lattice mismatch, since dislocations would reduce 
the strain. However, the tilt around z, α, is only marginally 
smaller in the measurements, which should not be possible with 
a partially relaxed strain. Instead, the difference in absolute 
strain could be due to limitations in the spatial resolution. The 
convolution of the 90 nm probe and the FEM modeled nanowire 
creates an average that serves to reduce the extreme values in 
the FEM model quite significantly. The intensity maps in the 
simulated XRD show segment edges with sharper profiles than 

in the measurements, which, together with the observation that 
the central structures in the simulated diffraction patterns are 
slightly larger than the measured ones, indicates the probe was 
slightly larger than anticipated in the experiment. A larger probe 
would increase the averaging effect and hence reduce the strain 
range. Possibly, the nanowire was slightly out of focus. The most 
extreme strain values could be further blurred by imperfections 
in beam intensity and the scanning and rotation motors. Note 
that the measurement of the α tilt, which shows a much better 
agreement, relies only on the vertical center of mass on the 
detector, and is independent of the rotation motor and intensity 
fluctuations. In this sense, α in scanning XRD is similar to 
differential phase contrast in scanning transmission X-ray 
microscopy (STXM) [53].  

4 Conclusions 
To conclude, we have demonstrated high-resolution strain 
mapping of an axial nanowire heterostructured using scanning 
X-ray diffraction. This was performed at the first DLSR, MAX 
IV, where we obtained 2D strain maps with about 10−4 relative 
strain resolution. Several assumptions were made for the  
FEM model, such as perfectly sharp heterojunctions, no strain 
accommodation via defects, and no bending. High-resolution 
strain measurements were necessary to test these assumptions, 
which have previously been used in theoretical reports. The 
strain maps and the complementing simulations show how  
the strain relaxes at the surface of the nanowire, as previously 
theoretically predicted. We find that the InP segment length 
has profound quantitative and qualitative effects on the strain 
distribution. The largest segments show a complex 3D variation 
with both compressive and tensile strain, differing strongly from 
thin film growth, while the shortest measured InP segment is 
almost fully adapted to the GaInP lattice. The different strain 
profiles can have a strong effect on the electronic and optical 
properties of the InP segments. The positively (tensile) strained 
regions should have a reduced local band gap, which for instance 

 
Figure 4 Three central cuts of diffraction from the 170 nm InP segment presented in an orthogonal system. (a) Measured scattering with an acquisition
time of 0.12 s for each frame. (b) Simulated scattering calculated from the displacement field from the FEM model (Fig. 3(b)) and the experimental probe 
as reconstructed from ptychography (Fig. S1(b) in the ESM). 
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leads to a localization of optically excited charge carriers. In the 
two longest InP segments, the most positively axially strained 
region is found in the center, while in the 40 nm segment this 
region forms a ring around the center. Our diffraction simulations 
show how the averaging of the probe changes the quantification 
of strain from a FEM model, highlighting the importance of 
simulating the experiment with a realistic model of the X-ray 
focus to be able to compare with measurements. The results 
demonstrate that nano-XRD can reach sufficient spatial resolution 
to quantitatively map the strain field in heterostructured 
nanowires.  

Further improvements in spatial resolution should also lead 
to enhanced sensitivity to spatial variations in strain. The most 
straightforward strategy to improve the spatial resolution is to 
develop the X-ray optics, where the state of the art currently 
reaches around and slightly below 10 nm [33, 54]. An alternative 
approach is to take advantage of the coherence of the X-rays 
and use phase retrieval methods [51, 55, 56] to achieve sub-beam 
spatial resolution. The present study was one of the first at  
the NanoMAX beamline, which can currently deliver about  
10 times more coherent flux than at the time of the present 
experiment [57], making it an ideal system for coherent Bragg 
methods.  

5 Methods 

5.1 Growth 

The Au seed particle array was defined on a 2” InP (111)B 
wafer by nanoimprint lithography, reactive ion etching, metal 
evaporation, and lift-off, resulting in a hexagonal pattern of 
Au particles with a pitch of 500 nm [44]. The imprinted InP 
wafer was cleaved into smaller samples used for growth.  

The nanowires were grown in a low pressure (100 mbar) 
metal-organic vapor phase epitaxy system (Aixtron 200/4) with 
a total flow of 13 L/min and H2 as the carrier gas. In order to 
improve pattern preservation, a pre-anneal nucleation step [44] 
was performed at 280 °C for 1 min with molar fractions of 
trimethylindium (TMIn) of χTMIn = 8.9 × 10−5 and phosphine 
(PH3) of χPH3 = 6.9 × 10−3. Then the sample was annealed for 
10 min at 550 °C under χPH3 = 3.5 × 10−2 to desorb surface 
oxides. After annealing, the chamber was cooled to 440 °C. 
The growth was initiated with a InP nucleation step by adjusting 
PH3 to χPH3 = 6.9 × 10−3 and introducing TMIn with χTMIn = 8.9 × 
10−5. After 15 s, HCl was introduced at a molar fraction of 
χHCl = 4.6 × 10−5 to eliminate radial growth [50, 58]. After a 
total of 60 s InP growth, 4 min of InGaP growth was carried out 
by introducing trimethylgallium (TMGa) at a molar fraction 
of χTMGa = 1.4 × 10−3 and by switching the other precursors to 
χTMIn = 2.7 × 10−5, χPH3 = 5.4 × 10−3, and χHCl = 5.4 × 10−5. After 
this, a barcode sequence was grown by alternating between 
InP, χTMIn = 5.4 × 10−5, and InGaP, χTMIn = 2.7 × 10−5 and χTMGa = 
1.4 × 10−3. PH3 and HCl were kept constant as in the previous 
step. The 10 segments were grown each for 2 min, 2 min 50 s, 
1 min, 3 min, 45 s, 3 min 10 s, 30 s, 3 min 20 s, 15 s, and 3 min 
41 s, respectively. After the barcode sequence, TMIn was 
switched off for 2 min, while keeping PH3, HCl, and TMGa 
unchanged. Finally, the flows of TMGa and HCl were switched 
off and the chamber was cooled to 300 °C under a PH3/H2 gas 
mixture. 

5.2 TEM 

For TEM measurements a JEOL 3000F was used. The nanowires 
were transferred to a lacey carbon copper grid by gently 
rubbing it on the growth substrate.  

5.3 Nano-XRD 

The nanowire sample holder was mounted in the nanofocus 
on top of a piezoelectric scanning stage. The Si3N4 window 
was located with transmission and X-ray fluorescence signal, 
which also showed contrast for single nanowires. Single 
nanowires were aligned horizontally using ptychography in 
the forward direction. 

In transmission, we used a Pilatus 100K detector with   
172 μm pixel size placed 4.2 m downstream of the nanofocus. 
Simultaneously, a Merlin detector with pixel size 55 μm   
was used in Bragg geometry 1.15 m from the nanofocus. 
Furthermore, the fluorescence signal was collected with an 
Amptek silicon drift detector close to the sample. 

The transmission signal was used to track real space 
movements during the experiment, with STXM and ptychography. 
In a rocking curve, we saw systematic and unsystematic 
movements of the sample (see Fig. S5 in the ESM). To correct 
for these movements, we used maps of the summed Bragg 
intensity. We defined a small regular grid and connected each 
Bragg diffraction image to the correct position in real space 
(see Fig. S6 in the ESM for comparison).  

The 3D Bragg peaks were sampled in the skewed reciprocal 
coordinate system (q1, q2, q3), so the data was first converted to 
a Cartesian coordinate system to facilitate analysis. Then, the 
two centers of mass of the Bragg peaks were calculated for each 
scan point, giving their positions in reciprocal space. From these 
positions, we calculated the length of the scattering vector Q 
and the resulting local lattice constant, a, as well as the two 
lattice tilts. 

The absolute values of the lattice constants were estimated 
from a calibration of the 2θ angle (the position of the Bragg 
detector) in the setup. By comparing the measured aInP to the 
literature value aInP = 5.8687 Å, we corrected aGaInP with the 
same systematic error. 

The beam profile was found from ptychographic recon-
structions in the forward direction, on a Siemens star test 
sample, at the beginning and end of the beamtime (Fig. S1(b) 
in the ESM). 

We observed no decay in the scattered signal over the 
measurement time, indicating insignificant beam damage to 
the wires.  

5.4 Simulations 

FEM simulation were performed using an isotropic linear 
elasticity model in the simulation software COMSOL Multiphysics. 
We used bulk literature values for the material parameters. For 
GaxIn1−xP, we used interpolated values, assuming x = 21%. The 
nanowire stub of InP of 10 nm was included in the COMSOL 
model but not shown in the figures. The end of the stub was 
constrained to be fixed in the simulation. The 2D probe 
profile was reconstructed from ptychography and normalized 
to a total intensity of 109 to match the experimental flux, then 
propagated to 3D. Then we applied a Poisson noise to the 
intensity with the rate parameter (λ = 2 to 25) adjusted to match 
the measured data. 
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