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We study the axial strain relaxation in GaAs/InAs core-shell nanowire heterostructures grown by

molecular beam epitaxy. Besides a gradual strain relaxation of the shell material, we find a

significant strain in the GaAs core, increasing with shell thickness. This strain is explained by a

saturation of the dislocation density at the core-shell interface. Independent measurements of core

and shell lattice parameters by x-ray diffraction reveal a relaxation of 93% in a 35 nm thick InAs

shell surrounding cores of 80 nm diameter. The compressive strain of �0.5% compared to bulk

InAs is accompanied by a tensile strain up to 0.9% in the GaAs core. VC 2013 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4790185]

Semiconductor and in particular heterostructure nano-

wires (NWs) are promising building blocks for future elec-

tronic devices. For example, GaAs/AlGaAs core-shell NWs

show enhanced photoluminescence intensity compared to

pure GaAs NWs.1 Similarly, the electron mobility is

increased by covering InAs NWs with InP shells.2 In both

cases, the improved properties are attributed to the passiva-

tion of the NW surface. However, when an isolating large

band gap semiconducting NW core (e.g., GaAs) is covered

by a semiconducting low band gap shell (e.g., InAs), a tube-

like conductive channel can be obtained. In this geometry,

interesting electron interference phenomena are observed,3

which can be used in phase-based quantum devices for future

fast and low-power consumption nanoelectronics.4

The interface quality between core and shell is impor-

tant for device performance. However, mutual strain can

arise at the heterointerface of lattice mismatched materials.

The core-shell geometry allows only the coherent growth of

small shell thicknesses, and for typical NW diameters, the

critical thickness for dislocation free growth is slightly larger

than for planar films.5 In the case of highly lattice mis-

matched III-V NW heterostructures, the strain relaxation of

InAs/GaAs core-shell nanowires has been most extensively

studied by transmission electron microscopy (TEM). The lat-

tice mismatch between core and shell amounts in this case to

da ¼ aInAs�aGaAs

aGaAs
¼ 7:16%.6 For this system, a fast strain relax-

ation of the shell along the radial direction has been reported,

whereas a slower and gradual strain relaxation was observed

in the axial direction, saturating at values of around 80%.7–9

In all the reports, the strain relaxation is commonly related

only to the shell material, and a possible strain in the core

region can hardly be accessed independently by electron

microscopy. Complementary x-ray diffraction can be used to

monitor the relaxation in core-shell nanowire

heterostructures.10,11

In this paper, we study the axial strain relaxation in

GaAs/InAs core-shell nanowire heterostructures grown by

molecular beam epitaxy (MBE). Using x-ray diffraction, we

are able to separate the strain within both core and shell

regions. Besides a gradual relaxation of the shell, we find a

significant strain in the GaAs core, increasing with shell

thickness. The x-ray diffraction results are compared with

TEM data obtained on the same NWs.

The GaAs NW cores were grown by MBE using the Ga-

assisted growth mode on a GaAs (1 1 1)B surface covered by

a thin SiOx layer.12 The core growth was done for 45 min

using a substrate temperature of 590 �C, a Ga rate of

0.075 lm/h and an As flux of 1� 10�6 torr. The resulting

NWs have a mean diameter of 70–80 nm along the ½1 1 �2�
direction and a length of 1.2 lm. After the core growth, the

samples were kept 10 min at the same constant temperature

and As flux in order to consume the Ga droplet. The NW

cores have mainly cubic zinc-blende (ZB) structure with few

rotational twins except a short segment at the top, which is

of the hexagonal wurtzite (WZ) phase and is created during

the consumption of the liquid Ga droplet.12 Then, the sub-

strate temperature was ramped down to 490 �C, and the

growth of the InAs shell was initiated using the same As flux

as for the core and an In rate of 0.1 lm/h.

During the initial stage of InAs growth, InAs islands are

formed on the core’s [1 �1 0] side facets, which coalesce and

form a closed and smooth shell after reaching a thickness of

5 nm.13 Analysis of Moir�e patterns obtained by TEM indi-

cates a saturation of the axial relaxation at around 80% of

the total mismatch, comparable to the value found in the

InAs/GaAs core-shell case.7 A set of these NWs with closed

InAs shell corresponding to growth times between 5 and

30 min has been selected for x-ray diffraction experiments.

Additionally, one sample was grown and investigated with-

out the InAs shell.

Figure 1 shows scanning electron microscopy (SEM)

pictures of the pure GaAs NWs (a) and the GaAs NWs cov-

ered by a 12 nm (b), 20 nm (c), and 35 nm (d) thick shell of

InAs, respectively. For all samples, the shell thickness was

determined by transmission electron microscopy after the

transfer of NWs from the substrate to a TEM grid. Note thata)Andreas.Biermanns@uni-siegen.de.
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besides the increasing diameter of the NWs observed in

SEM micrographs, parasitic growth of crystallites occurs in

between the NWs.

High resolution x-ray diffraction experiments have been

performed at the P08 beamline of the PETRA III synchrotron

source.14 Here, the intensity distribution around the symmet-

ric (111) reflections was measured in a coplanar diffraction

geometry with the sample surface mounted horizontally. In

addition, diffraction measurements using a nano-focussed

x-ray beam have been performed at the ID01 beamline of the

ESRF synchrotron source in order to verify the attribution of

the diffraction signals to nanowire core, shell, and crystalli-

tes, respectively.15

Figure 2(a) shows the intensity distribution around the

GaAs (111) reflection (a reciprocal space map) of the bare

GaAs NWs in terms of the momentum transfer of the dif-

fracted x-ray beam parallel to the surface (qx) and perpendic-

ular to it (qz), respectively (cf. Fig. 2(e)). The GaAs substrate

creates a sharp Bragg peak (“s”) in reciprocal space, super-

imposed by a crystal truncation rod (CTR) originating from

the surface of the substrate (vertical streak in Fig. 2(a)), as

well as crossed streaks of intensity caused by the crystal-

monochromator and the detector, respectively.16 Compared

to that, the finite size and a possible random tilt of the GaAs

nanowires lead to an elongated diffraction signal along the

qx direction in reciprocal space, allowing to separate the con-

tributions from NW cores (“co”) and substrate. For the pure

GaAs NWs, the elongated signal coincides with the substrate

signal, indicating that the NWs grow in the cubic ZB struc-

ture with bulk lattice parameter, in agreement with the TEM

investigations. In addition, a weak signal is observed dis-

placed by Dqz=qz � �0:5% along the vertical direction. This

signal can be attributed to the WZ segments at the top of the

NWs, which are known to exhibit an increased lattice plane

spacing along the growth direction compared to the ZB

structure.17,18

In reciprocal space, the length of the diffraction vector

q ¼ 2p
d is inversely proportional to the spacing d of the

probed lattice planes. Hence, if a completely relaxed InAs

shell is grown around the NW core, the larger (1 1 1) lattice

plane spacing of InAs leads to a Bragg peak located at

smaller vertical momentum transfer compared to the GaAs

core. However, if the InAs shell is subjected to compressive

strain, the diffraction signal will be displaced along qz

towards the GaAs position. In Figs. 2(b)–2(d), the same

region in reciprocal space around the GaAs (1 1 1) reflection

is shown for the NWs covered with increasing InAs shell

thickness. Figures 2(f)–2(h) show the corresponding region

around the InAs (1 1 1) reflection, respectively. Most strik-

ingly, with increasing shell thickness, the diffraction signal

attributed to the GaAs core (“co” in Fig. 2(c)) shifts towards

smaller momentum transfers, indicating an increase of the

lattice plane spacing in the core material. This shift is indi-

cated by arrows between Figs. 2(a)–2(c). Simultaneously,

the peak broadens considerably along qz, until for a 35 nm

thick shell, no distinct GaAs core reflection is observed any-

more (see, Fig. 2(d)). In the latter case, the entire CTR of the

substrate is surrounded by a strong diffuse scattering signal

originating from the high surface coverage by parasitic crys-

tallites, possibly shadowing the small core signal. For all

shell thicknesses, the diffraction signal around the InAs (1 1 1)

reflection (see, Figs. 2(f)–2(h)) consists of a superposition of

two maxima, out of which one is located at the position of bulk

ZB InAs (“cr”) and the second one is displaced (“sh”) towards

larger qz, i.e., smaller lattice parameters. Spatially resolved

nanodiffraction experiments using a focused x-ray beam

showed that the displaced GaAs and InAs diffraction signals

originate from identical positions on the sample (the NWs with

shell), whereas the relaxed InAs signal is caused by smaller

crystallites in between.19 This compares well with the observa-

tion in Fig. 1, showing an increasing amount of parasitic InAs

FIG. 1. SEM images of the inspected NWs. 1.2 lm long GaAs NW cores (a)

are covered by an InAs shell of 12 nm (b), 20 nm (c), and 35 nm (d), respec-

tively. Together with the growth of the InAs shell, parasitic InAs growth

occurs in between the initial NWs. (All images have the same scale.)

FIG. 2. X-ray reciprocal space maps

around the GaAs (1 1 1) ((a)-(d)) and

InAs (1 1 1) ((f)-(h)) reflections of all

investigated samples. With increasing

shell thickness, the diffraction signal of

the GaAs core (co) is displaced from the

substrate (s), which is used as reference.

Simultaneously, the shell (sh) shows a

gradual relaxation and InAs crystallites

(cr) grow. (e) shows a sketch of the dif-

fraction geometry. (Logarithmic color-

scale, from blue to red.)
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growth on the oxide covered surface during the shell

deposition.

The mean strain values in GaAs core and InAs shell can

be determined from their respective peak positions (“co” and

“sh” in Fig. 2). Both are plotted in Fig. 3. The values are cal-

culated with respect to the lattice plane spacing of unstrained

material, taken from the position of the GaAs substrate

reflection and the InAs crystallites measured simultaneously.

The error bars are determined from the full width at half

maximum of the diffraction signals along qz and indicate the

spread of the lattice parameter distribution rather than the ex-

perimental resolution (Da=a � 1 � 10�4). Whereas the InAs

shell is under axial compressive strain, the GaAs core is ten-

sile strained, increasing from 0.25% for a 12 nm thick InAs

shell to 0.50% for a 20 nm thick InAs shell. Although the

strain in the GaAs core could not directly be measured for

the 35 nm shell, simulations of the elastic interaction

between core and shell indicate an increase in the tensile

strain in the core to around 0.9% in this case (see below).

The inset in Fig. 3 shows a TEM micrograph of a NW

with 20 nm thick InAs shell. In the central region, a Moir�e
pattern is visible due to the overlapping lattices of core and

shell. From the separation of the Moir�e fringes, the mismatch

between both lattices can be obtained. For comparison, green

triangles in Fig. 3 show the strain in the shell based on the

TEM investigation, if only the deformation of the shell, but

no change in the core lattice parameter is considered. The

TEM data show a saturation of the strain in the shell around

ðDa=aÞshell � �1:5%, corresponding to a relaxation of 80%

relative to bulk values. TEM investigations have been per-

formed for more combinations of shell thickness and core di-

ameter, all showing a saturation with increasing shell

thickness.13 Compared to this, the x-ray data clearly show a

smaller compressive axial strain in the shell, decreasing to

ðDa=aÞshell � �0:5% for 35 nm shell thickness. Considering

the bulk lattice parameters of GaAs and InAs, this corre-

sponds to a relaxation of 93%, larger than observed by TEM.

However, this discrepancy is resolved if the experimentally

observed changes of both core and shell lattice parameters

are taken into account, resulting in a relative difference of

the core and shell lattice parameters of �80% for all meas-

ured samples, in agreement with the TEM results.

The increasing strain in the core for larger shell thick-

ness indicates that the plastic relaxation of the shell by inclu-

sions of misfit dislocations is incomplete and does not reach

100%. TEM investigations revealed the presence of both per-

fect dislocations and Frank partial dislocations at the inter-

face.13 While the perfect dislocations with Burgers vector

b¼ a/2 [110] can glide and, therefore, change their position

during the shell growth, the Frank partial dislocations (b¼ a/3

[111]) cannot glide. Thus, the Frank partial dislocations will

hinder the inclusion of additional misfit dislocations. Apart

from that, the growth mechanism via islands and their coales-

cence can contribute also to the saturation of the dislocation

density, as was observed in planar heteroepitaxy of InAs on

GaAs (1 1 1)A.20 In the early stage of growth, the surface fac-

ets of the islands may introduce additional elastic stress relief

accompanied by a reduced dislocation density compared to

planar films. After coalescence, this situation will lead to a

remaining effective lattice-mismatch and hence a stress at the

heterointerface. If no additional defects are introduced at the

interface, an increasing shell thickness will lead to a more effi-

cient relaxation of the shell, accompanied by a higher strain in

the core. Besides the increasing strain, the diffraction signal

of the core indicates a rather homogeneous displacement

throughout the entire core region.

In order to determine whether the observation of a ho-

mogeneous, increasing strain is consistent with the assump-

tion of an incomplete plastic relaxation, the elastic

interaction between core and shell has been simulated within

a finite element method (FEM) approach in the COMSOL MUL-

TIPHYSICS package. FEMs have been used before to study the

in-plane strain distribution for the example of GaAs/GaP

core-shell NWs in Ref. 21 for a fixed combination of core

and shell diameter. In our simulations, NW cores with 80 nm

diameter and shell thicknesses of 10 nm, 20 nm, and 35 nm

have been modeled, taking into account the bulk elastic pa-

rameters of GaAs and InAs in the hexagonal NW geometry

following the approach of Martin.22 For both core and shell,

vertical {1 �1 0} side facets have been assumed as observed in

TEM investigations. Residual axial stress arising at the core-

shell interface was simulated by applying a vertical expan-

sion of the shell by means of a temperature increase, model-

ing the remaining effective mismatch at the heterointerface.

In this approach, the microscopic structure of defects at the

core-shell interface, which will vary among different NWs,

is not explicitly taken into account and only the resulting av-

erage residual stress is considered. Here, only an initial axial

mismatch (resulting in both axial and radial strains) has been

considered, motivated by the fact that in InAs/GaAs core-

shell NWs, the radial strain release occurs more rapidly than

the axial one (see above). In the simulation, the residual

mismatch was varied and the resulting average strain val-

ues in core and shell were compared with the experimental

data. Considering all measured data points, a residual mis-

match of 1.5% at the core-shell interface leads to the best

agreement between simulation and experiment. These

results are plotted as open symbols together with the ex-

perimental data in Fig. 3. For 35 nm shell thickness, we

obtain a compressive axial strain of ðDa=aÞshell � �0:5%

FIG. 3. Relative change of the core (red spheres) and shell (blue squares)

lattice parameters along the growth direction as function of the shell thick-

ness. The error bars measure the observed spread from the FWHM in Fig. 2.

The green triangles represent the TEM results for the shell. The open sym-

bols show results of the finite element simulation.
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in the shell, accompanied by a tensile axial strain of

ðDa=aÞcore � 0:9% in the core. The general trend observed

in the experiment can well be explained without the need

of additional plastic relaxation for larger shell thickness

and hence make clear the observed “saturation” of the

axial relaxation. In addition, the simulation shows that the

entire core region is considerably strained even for small

shell thicknesses, in agreement with the displacement of

the entire diffraction signal.

Comparing the absolute values and the general evolution

of the strain in the core and shell with increasing shell thick-

ness, small deviations are observed between simulation and

measurement. Several factors may contribute to these devia-

tions. First, the calculations for each sample have been per-

formed for one selected shell and core diameter only,

neglecting the random nature of NW growth, which gives

small variations of the dimensions of both core and shell

among different NWs on one sample. Second, only axial

stress has been considered for all shell thicknesses (see

above), neglecting possible tangential stresses around the

NWs perimeter. Finally, bulk elastic constants have been

considered for the simulation, although deviations of the

elastic parameters are expected for small dimensions.23 This

holds in particular for the thin InAs shell but also for the

core diameter of 80 nm. However, no conclusive picture

about the changes in elastic properties and their dependence

on geometric or size effects can be drawn to date. In the par-

ticular case of GaAs NWs, both an increase24 as well as a

decrease25 of Young’s modulus compared to bulk GaAs has

been reported.

To conclude, we have measured the absolute strains in

GaAs/InAs core-shell NWs using x-ray diffraction, showing

an increasing average relaxation of the shell together with an

increasing strain in the core. This observation can be

explained by a saturation of the dislocation density at the

heterointerface, leading to an effective residual mismatch of

1.5% between core and shell. In addition, our measurements

explain the observed “saturation” of axial relaxation in the

shell by TEM methods. Both measurement and simulation

show a relative difference in the lattice parameters of core

and shell of �80% compared to the bulk lattice parameters.

Due to the elastic interaction, this value does not change con-

siderably even for large shell thickness, although the mean

relaxation of the shell reaches a value of 93% (compared to

bulk values) for 35 nm thickness. Here, only the axial relaxa-

tion has been discussed. A detailed study of the radial relaxa-

tion, which can be expected to occur more suddenly, will be

the subject of future work.
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