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ent morphological evolution by
interfacial stress in crystalline–amorphous core–
shell germanium nanowires†
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Ali Javey*e and Yu-Lun Chueh*a

Directing the morphological evolution of one-dimensional materials in order to tune their properties for a

variety of practical applications in optical sensing and solar cells is an ongoing effort. Here, we establish a

systematic method for exerting control over the morphology of nanowires (NWs) grown via a

vapour–solid–solid (VSS) process from different metal catalysts. We use germanium, a technologically

important material, to demonstrate how catalysts influence the axial growth rate of a crystalline core

against the lateral vapour deposition of an amorphous shell which in turn deforms the NWs into straight,

tapered or spiral geometries due to interfacial stress. Finite element method (FEM) and molecular

dynamic (MD) simulations are further utilized to confirm the proposed mechanism of deformation in

crystalline–amorphous core–shell NWs.
Introduction

The quantum size effect is sensitively dependent on the shape
of nanostructures.1,2 As a result, in recent years, considerable
effort has been put toward understanding the detailed mech-
anism of growth and control of the morphology of nano-
materials. The specic technique that is employed for
controlled synthesis and growth at the nanoscale can greatly
vary based on the precursors as well as the intended applica-
tion. For example, methods for directing the growth of
nanocrystals by defect-induced secondary nucleation in
iono-covalent materials3 or enthalpy-specic plasmatic
environments for materials which exhibit strong poly-
morphism have been recently reported.4 From a practical
standpoint, morphological modications in NWs are particu-
larly of interest.5 In several studies, the improved anti-
reective properties due to the gradual reduction of the
effective refractive index from the tip to the base of NWs have
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been shown to signicantly differ for distinct morphologies.6–8

Owing to their superior compatibility with the current fabri-
cation techniques, silicon (Si) NWs have been a natural choice
for nanoelectronic applications,9,10 although Si-based devices
because of the relatively large band gap of Si (Eg � 1.12 eV)
suffer from poor responsivity in IR and NIR regimes where
most transmission bands operate. For this reason, more
recently, germanium (Ge) NWs have been studied as a poten-
tial replacement for Si NWs as the active material of nanoscale
photodetectors operating at telecommunication frequen-
cies.11,12 With regard to other applications, especially in elec-
tronics, Ge due to its substantially higher mobility13 and larger
excitonic Bohr radius, which enables a more prominent
quantum size effect14 is a far more desirable candidate for
high-performance devices.

However, both Si and Ge in their crystalline form are
indirect band gap semiconductors and therefore do not effi-
ciently absorb light at near band gap energies where phonon
and photon (to conserve momentum and energy, respectively)
need to simultaneously couple in order to give rise to a strong
optical absorption. Meanwhile, it has been suggested that
since a-Si does not essentially require a phonon interaction
given its lack of long-range order, crystalline–amorphous
core–shell Si NWs may have remarkable potential for
improvement of absorption.15 We have also previously repor-
ted black Ge on exible substrates based on crystalline–
amorphous core–shell NW arrays with minimal optical
reectance (<1%) even for high angles of incidence (�75�) and
relatively short lengths (�1 mm).16 Interestingly, Ge NWs
grown in our previous study using nickel (Ni) as catalyst
exhibited a tapered structure unlike the completely straight Ge
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Optical micrographs along with the corresponding scanning
electron images of different NW morphologies at a temperature of
280 �C with a pressure of 40 Torr: straight NWs grown using Au (a),
tapered NWs grown using Ni (b), and ring-like as well as spiral NWs
grown using Fe (c–e).
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NWs in earlier reports where gold (Au) was the catalyst.17 The
tapering effect in the case of Ni-catalyzed growth was
hypothesized16 to originate from the difference in the radial
vapour deposition rate (a non-catalytic process) and the axial
growth rate (a catalytic process governed by the NiGe system
phase diagram), but the underlying mechanism of catalyst-
dependent morphological evolution in crystalline–amor-
phous core–shell NWs has never been systematically exam-
ined. Most studies to date particularly deal with growth factors
such as temperature, pressure or substrate and their effect on
the orientation of NWs.18 Manipulating the growth direction
and taking advantage of crystallographic defects allows the
development of complex morphologies via kinking and
branching. However in the case of individual NWs, rather than
hierarchical structures that are produced by branching, there
are still contradicting views as to whether stacking faults
originate the formation of kinking sites. The only systematic
approach in this regard is that of Dick et al. who have
demonstrated controlled kinking by insertion of an axial
heterojunction based on island growth at the NW–catalyst
interface in certain compositions.19

In this paper, we employ Ni, Au and iron (Fe) thin lms as
catalyst to grow Ge NWs with tapered, straight, spiral, and ring
type morphologies. Experimental results are used to elucidate
how tuning the axial rate of growth (Ra) versus the lateral rate
of deposition of the amorphous layer (Rl) which in some cases
can be asymmetric, leads to a wide range of stress-induced
geometries. FEM simulations based on the modied Stoney's
formula for thin lms and more accurate MD calculations
considering the non-uniform mist strain distribution in the
core–shell structure are also presented to conrm the
proposed mechanism of deformation. The model established
here can serve as a groundwork for development of engineered
crystalline–amorphous core–shell NWs with promising appli-
cations in solar cells,20 non-volatile crossbar switches,21 and
high-capacity battery electrodes.22 Other relevant systems that
may benet from the model presented here, are metal-
catalyzed Si–Ge core–shell heterostructures that have a
similar growth behaviour and have been recently used to
demonstrate 1D hole gas systems at room temperature.23

Interfacial stress in these systems are also expected to enable
band gap engineering that renders our work even more
relevant.24

Experimental section

Initially a thin oxide layer was thermally grown on a silicon
substrate. The metal catalyst thin lm (Au � 30 nm, Ni � 0.5
nm or Fe � 100 nm) was then deposited on the oxide layer via
thermal evaporation. Ge NWs were grown using GeH4 (12
sccm, 10% balanced in H2) as the precursor at a temperature
range of 270–300 �C and pressure of 40–50 Torr. The nano-
structures were examined by high-resolution transmission
electron microscopy (HR-TEM, JEM-3000F, JEOL operated at
300 kV with point-to-point resolution of 0.17 nm) and element
mapping was achieved by electron energy loss spectrum
(EELS).
This journal is © The Royal Society of Chemistry 2015
Results and discussion

A number of studies have demonstrated the feasibility of
growing NWs through either VSS or vapour–liquid–solid (VLS)
processes.25,26 and more recently using supercritical-uid–
liquid–solid (SFLS) methods.27 Morales and Lieber28 have
reported Ge NWs from FeGe seeds at 820 �C using VLS growth.
In the present work in contrast, a low-temperature VSS growth
at�300 �C was employed in order to enable the use of polymeric
substrates for exible devices. Other than practical consider-
ations, the low temperature provides an interesting environ-
ment for the growth of NWs. We have previously shown that the
diameter of the crystalline core of NWs consistently expands
with the growth temperature (also see Fig. S1†).16 This
behaviour can be attributed to an increase in size of XGe
(X: metal catalyst) seeds at higher temperatures prior to axial
growth and therefore in principle applies to any catalyst as also
reported in earlier studies.15,17 Hence, we can conclude that the
growth mechanism behind the crystalline core in core–shell
NWs is essentially a catalytic process while the rate at which the
axial growth of the amorphous shell takes place, directly
correlates with the properties of the intermediate binary
phase.29 A low growth temperature means that beyond a critical
thickness of a few nanometres, the insufficient thermal energy
can no longer sustain a VSS-assisted epitaxial growth and the
strictly vapour–solid deposition of the amorphous shell
dominates in the lateral direction. With the assumption that
the direct vapour–solid deposition does not involve a catalytic
process, we carried out several experiments to see how tuning
the rate of axial growth and that of lateral deposition can be
used to guide the evolution of NWs. As shown in the optical and
scanning electron micrographs of Fig. 1, the NWs grown using
Au catalyst (Fig. 1a) do not exhibit any signicant morpholog-
ical deformation whereas those grown via Ni catalyst have a
RSC Adv., 2015, 5, 28454–28459 | 28455
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tapered geometry (Fig. 1b). The case of Fe-catalyzed growth
(Fig. 1c) is more interesting as the Ge NWs seem to have a
tendency to bend either completely to give rise to ring type
morphologies (Fig. 1d) or in a sinusoidal manner to create
spiral structures (Fig. 1e).

A closer inspection using transmission electron microscopy
(TEM) is depicted in Fig. 2. Fig. 2a indicates the core–shell
conguration of the Ge NW grown from Au as the catalyst. The
corresponding high-resolution TEM image of core–shell Ge NW
as shown in Fig. 2b reveals that there is an amorphous shell
layer along with a crystalline core made of pure Ge conrmed by
selected area electron diffraction (SAED) pattern and energy
Fig. 2 TEM micrographs of different morphologies show the crystal-
line–amorphous core–shell structure. Straight NWs grown via
Au catalyst exhibit a large crystalline core (a). The corresponding
high-resolution TEM (b) and the SAED pattern (c) indicates an
interplanar spacing of 3.2 nm attributed to the (111) growth direction.
The EDX line (d) confirms the consistent composition of core–shell
NWs. (e) The NWs grown using Ni as catalyst with a tapered structure
and the NiGe seed (inset) are depicted. NWs grown from Fe thin film
can either show spiral (f) or ring-like (g) morphologies. The latter is
attributed to the asymmetric deposition of the amorphous layer on the
inner side as signified by wrinkles (h and i).

28456 | RSC Adv., 2015, 5, 28454–28459
dispersive X-ray (EDX) line scan as shown in Fig. 2c and d,
respectively. Unlike the Au-catalyzed NWs which have a straight
crystalline core, in the case of tapered Ge NWs grown using Ni at
the catalyst, the core is considerably smaller with the increased
length but at its widest point (at the base) has the same diam-
eter as that of the NiGe seed shown in the inset of Fig. 2e. The
Fe-catalyzed NWs on other hand mostly consist of a very thick
amorphous shell. For spiral NWs, the shell deposition appears
to uniformly alternate with the axial growth (Fig. 2f) whereas in
the ring type structures (Fig. 2g), the amorphous layer (signied
by wrinkles) is asymmetrically present only on the inner side
along the ring (Fig. 2h and i). We can therefore categorize the
morphology of NWs in terms of the catalytic axial growth rate
(Ra) and the non-catalytic vapour–solid lateral deposition rate
(Rl). With Au as the catalyst, the low eutectic point of AuGe
alloy30 promotes a faster axial growth as compared to the lateral
deposition rate (Ra [ Rl). Therefore, the NWs show no signif-
icant deformation. In Ni-catalyzed growth, the rate of catalytic
growth is much slower than the rate of lateral deposition
(Ra � Rl) because of the high melting point of NiGe alloy and
the Ge NW tapering depends on slight differences in growth
orientation regardless of the temperature and as a result, the
crystalline core is considerably smaller than the amorphous
shell. In the case of Fe on the contrary, due to the intermediate
melting point of FeGe which is between those of NiGe and
AuGe, the Ge NWs have a nearly equal catalytic growth and
lateral deposition rates (Ra � Rl), hence the formation of spiral
and complete ring morphologies.

It has to be emphasized here that explaining the kinetics of
growth for different alloy seeds in terms of relative melting
points is not against the proposed VSSmechanism. As Gamalski
and colleagues30 have also argued, the system of AuGe for
example follows the more kinetically accessible path to form a
liquid at very low temperatures (based on in situ observations at
240 �C), whereas speaking from a thermodynamic standpoint,
there should not be a favourable path involving liquid below
360 �C (based on free-energy calculations for Au–Ge systems).
They have concluded that kinetically-driven supersaturation
determines the catalyst phase during the growth process. The
reaction may start as a VLS-like growth with a metastable
liquefaction of Au nanoparticles, however for most of the
process it follows a VSS-type process and complete the reaction
under solid–solid conditions rather than liquid–solid, hence
the general analogy of VSS.

Overall, formation of different morphologies can be attributed
to stress relaxation between the amorphous shell and the crys-
talline core. To support this notion, one can apply the standard
Stoney's formula31 to study the stress deformation in core–shell
structures, for which the stress bearing of a thin lmwith uniform
thickness hf over a substrate of thickness hs can be dened as

sðfÞ ¼ Eshs
2k

6hfð1� vsÞ
where the stress s(f) of the lm depends on the curvature k while
n and E, which are the Poisson's ratio and Young's modulus,
respectively. The subscripts s and f represent the substrate and
This journal is © The Royal Society of Chemistry 2015
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thin lm, respectively. However, this approach will not bear
sufficiently reliable results for this particular case. Based on our
observations, we have established that neither the assumption
of thickness uniformity nor the equibiaxial in-plane stress are
valid due to the intricate morphology. Furthermore, in the
standard Stoney's formula, both shear stress and out-of-plane
stress are not accounted for, a drawback which adds to its
unreliability in our case.

Fortunately, in recent years, great progress have been made
with regard to improving the original Stoney's equation by
taking into account the minor effects that become increasingly
more relevant in complex structures.32–36 Freund and Suresh37

have proposed a modied equation for non-uniform substrate
and lm curvatures, which can be written in cylindrical coor-
dinates as

sðfÞ ¼ Eshs
2k

6hfð1� vsÞ
d

dr
ðkrr þ kqqÞ

This modied equation provides a method for estimating the
crystalline–amorphous interface shear stress with the radial
gradient of the sum of the core and shell curvatures (kS¼ krr + kqq)
and COMSOL Multiphysics was used to assess the stress-induced
deformation in NWs based on the modied equation.38

Fig. 3a–c show that the nite element model is in good agreement
with the interfacial stress mechanism implied earlier from the
experimental results. As expected, the straight NWs grown using
Au-catalyzed VSS do not undergo any interfacial stress owing to
the uniform coating of the amorphous shell layer around the
crystalline Ge (Fig. 3a) while the tapered and spiral geometries
Fig. 3 FEM models of different NWs clearly demonstrate how interfacial
show the crystalline core against the amorphous shell in the cross-sec
amorphous shell leads to ring-type and spiral NWs, respectively.

This journal is © The Royal Society of Chemistry 2015
clearly present residual stress due to their specic core–shell
conguration (Fig. 3b and c). Although the FEMmodels account
for the stress-induced curvature at the core–shell interface, they
still do not represent the ratio of the laterally deposited amor-
phous shell against the axially grown crystalline core. Therefore,
to offer a better insight into the process of deformation at the
atomic scale, we need to apply a more comprehensive tool. Feng
et al. have lately developed a new approach which expresses the
stress gradient s(f)rr + s(f)qq for the non-uniform mist strain
distribution corresponding to the non-uniform thickness of the
core and the shell as39

sðfÞ
rr þ s

ðfÞ
qq ¼ Es

3
�
1� vs2

�
hf

8<
:hs

2kS � 1� vs

2
h2skS

þ 1

2

ðR
r

½ð1� 3vsÞkSðhÞ

�3ð1� vsÞkDðhÞ�hs2ðhÞ h
0
sðhÞ
hs0

dh

� 1� vs

R2

ðR
0

h2½kSðhÞ

� kDðhÞ�hs2ðhÞ h
0
sðhÞ
hs0

dh

9=
;

Similarly, the magnitude for this gradient is determined as

sðfÞ
rr � s

ðfÞ
qq ¼ 2Efhs0

3
�
1þ vf

� kD
stress gives rise to distinct morphologies (a–c). MD simulations clearly
tional image (d). Asymmetric and alternating vapour deposition of the

RSC Adv., 2015, 5, 28454–28459 | 28457
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Where (kD ¼ krr � kqq) is the differential curvature in the system,
hs0 is a constant related to the substrate thickness and R is the
radius of the boundary condition. The shear stress s at the
amorphous–crystalline interface is then given by

s ¼ Es

6
�
1� vs2

�
(
d

dr

�
hs

2kS
�

� 1

2

�ð1� 3vsÞhs2kS � 3ð1� vsÞhs2kD
� h0s
hs0

)

Subsequently, empirical parameters corresponding to the Ge
core–shell were either taken from earlier studies40,41 or derived
from our experiments. Note that in order to reduce the compu-
tation time, MD simulations using LAMMPS were performed for
reasonably scaled-down NWs as shown in Fig. 3d to f. Fig. 3d
shows the cross section of a spiral NW where the perfectly crys-
talline core surrounded by the amorphous shell is clearly visible.
Furthermore, by considering the non-uniform strain mist
distribution, we were able to study the effect of the core–shell
thickness ratio on the abnormal deformation behaviour of Ge
NWs grown from the Fe catalyst with the spiral geometry. Fig. 3e
depicts the ring geometry as the lateral amorphous layer takes
the form of an asymmetric coating while Fig. 3f presents a case of
lateral amorphous layer in an alternating coating manner with
the NW tending to bend into a spiral type morphology. The
simulations accurately conrm our proposed model that the
catalytic axial growth rate (Ra) and the non-catalytic lateral
deposition rate (Rl) can be tuned to systematically change the
morphology of crystalline–amorphous core–shell NWs.

Conclusions

We have thoroughly studied a systematic method for control-
ling the morphology of crystalline–amorphous core–shell NWs
using interfacial stress. It was established that NW growth
behaviour by metal catalysts closely correspond to the binary
phase properties of the metal–semiconductor seed that in turn
governs the rate of axial growth. On the other hand, a non-
catalytic vapour–solid deposition in the lateral direction due
to the low temperature of growth in a VSS process is responsible
for the rate at which the amorphous shell is formed. The
difference between axial and lateral growth rates can give rise to
various morphologies from straight using Au (Ra [ Rl), spiral
using Fe (Ra � Rl), and tapered using Ni (Ra � Rl). Moreover,
transformation of NWs into ring-like morphologies was found
to be due to asymmetric deposition of the amorphous shell. The
model proposed herein and additionally conrmed by FEM and
MD simulations is expected to enable the growth of customized
core–shell NWs with unique properties for electronic and
optoelectronic applications.
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