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ABSTRACT: Group IV materials with the hexagonal
diamond crystal structure have been predicted to exhibit
promising optical and electronic properties. In particular,
hexagonal silicon−germanium (Si1−xGex) should be charac-
terized by a tunable direct band gap with implications ranging
from Si-based light-emitting diodes to lasers and quantum dots
for single photon emitters. Here we demonstrate the feasibility
of high-quality defect-free and wafer-scale hexagonal Si1−xGex
growth with precise control of the alloy composition and layer
thickness. This is achieved by transferring the hexagonal phase
from a GaP/Si core/shell nanowire template, the same method
successfully employed by us to realize hexagonal Si. We determine the optimal growth conditions in order to achieve single-
crystalline layer-by-layer Si1−xGex growth in the preferred stoichiometry region. Our results pave the way for exploiting the novel
properties of hexagonal Si1−xGex alloys in technological applications.

KEYWORDS: Silicon−germanium, hexagonal crystal structure, core/shell nanowire, single-crystalline, growth rate, kinetics

Si with the diamond cubic crystal structure is the most
widely used technological semiconductor. Unfortunately it

lacks in its optical properties because in this crystal phase it
exhibits an indirect band gap.1−3 The integration of an element,
displaying efficient interaction with light, with Si technology is
of high technological interest. Unfortunately III−V materials
that display this behavior have lattice mismatch issues with Si.
Ge, a group-IV semiconductor like Si, with the diamond cubic
crystal structure also exhibits an indirect band gap. Interest-
ingly, Ge with the hexagonal diamond crystal structure is
predicted to present a direct band gap of 0.3 eV, which
corresponds to a wavelength of 4.1 μm in the infrared,
predicted by the empirical pseudopotential method with spin−
orbit interactions.4 Other studies have also been carried out
that use first-principles calculations2 and empirical pseudopo-
tential method without spin−orbit interactions.3 By combining
hexagonal Si5−18 and Ge19,20 to form an alloy with the
hexagonal diamond structure, it should be possible to engineer
the band structure in such a way that the direct band gap of the
Si1−xGex alloy shifts to higher energies.

2−4,21 On the basis of the
predicted band structure of hexagonal Si and Ge, Si0.35Ge0.65
could present a direct band gap in the region of 1.7 μm, which
is close to the telecommunication wavelength of 1.5 μm. In
addition, the lattice mismatch between the Si1−xGex alloy for x
< 1 and a Si substrate is reduced with respect to that between
pure Si and pure Ge. In the literature, band gap engineering
with Si1−xGex alloys has been explored by calculation of the
electronic structure of cubic Si1−xGex alloys22−25 and

specifically growth of a cubic Ge/SiGe core/shell nanowire
(NW) system has been published.26,27

Here, we present the growth of hexagonal Si1−xGex
throughout the whole range of stoichiometries. We utilize a
novel combination between III−V and group-IV materials by
using wafer-scale arrays of nontapered and single-crystalline
hexagonal GaP/Si core/shell NWs as templates5 and overgrow
them with a second epitaxial SiGe shell using metal−organic
vapor phase epitaxy (MOVPE). As a result, we obtain GaP/Si/
SiGe core/multishell NWs. We expect that the strain stemming
from the lattice mismatch between the inner Si and the outer
SiGe shell can be accommodated to some extent by the NW
geometry, as has been reported for Ge/Si core−shell NWs,28

thus contributing to achieve high shell Ge content without
introducing dislocations. The growth was carried out on
nanoimprinted substrates to provide a high number of NWs
-on the wafer scale- and consistency. In ref 29, we explored
different temperatures and provided details on the growth
conditions and kinetics in order to present high quality single-
crystalline hexagonal GaP/Si core−shell systems.5 These acted
as a springboard in order to achieve the new growths presented
in this work.
In Figure 1a, we present a scanning electron microscopy

(SEM) image with an array of about 7 μm long GaP/Si/SiGe
core/multishell NWs. The cross-sectional SEM image at a
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higher magnification (inset of Figure 1a) shows that the NWs
are nontapered with smooth sidewalls. Figure 1b displays a
high-angle annular dark-field scanning transmission electron
microscopy (HAADF STEM) image of a representative GaP/
Si/SiGe core/multishell NW where the SiGe shell has been
deposited at 600 °C. The HAADF high-resolution STEM
image of the SiGe/Si/GaP interfaces (Figure 1c) viewed in the
[11−20] zone axis together with the fast Fourier transform
(FFT) (see inset) reveal the hexagonal phase character of the
system, as well as the perfect epitaxy between the layers. The
composition of the GaP/Si/SiGe core/multishell NWs is
confirmed from the energy dispersive X-ray (EDX) spectros-
copy map (Figure 1d) and the compositional line profile
(Figure 1e) extracted from the map. For this NW, the Ge
content measured in terms of atom % is found to be 60.0 ± 0.5
atom % in the outer shell.
To improve our understanding of the vapor−solid shell

growth mechanism as well as for future optical characterization
experiments it is important to assess the homogeneity of the Ge

distribution along the entire shell. We therefore determine the
Ge content in the SiGe shell of the samples grown. To quantify
the Ge content, the samples were prepared by focused ion
beam (FIB) for cross-sectional TEM studies. In Figure 2a, a
cross-sectional bright-field (BF) TEM image is shown. The
cross-section has been aligned along the [0001] direction. The
hexagonal symmetry of the six {1−100} facets of the SiGe shell
around the Si shell and GaP core is evident (Figure 2b). The
Ge content has been evaluated averaging over positions from
each of the six facets, each represented by different symbols in
Figure 2c. From this analysis, we indeed find that the Ge
content is uniformly distributed in the SiGe shell and in this
specific case is around 60.0 ± 0.5 atom %.
To further reveal the SiGe shell growth mechanism, it is

useful to plot the resulting incorporated Ge content in the shell,
as determined by EDX spectroscopy, as a function of the Ge
content in the precursor gas flow in the MOVPE chamber, for
all the heterostructures investigated. This is shown in Figure 3a,
where we observe a higher incorporation of Ge at the lower

Figure 1. Hexagonal GaP/Si/SiGe core/multishell NWs. (a) SEM image with NW morphology overview of a representative sample (tilt angle 30°
normal to substrate). The inset shows a cross-sectional SEM image of the same sample. (b) Low-resolution HAADF STEM image of a representative
NW. (c) HAADF HRSTEM image of the SiGe/Si/GaP interfaces viewed in the [11−20] zone axis and the corresponding FFT as inset. (d) EDX
map of the NW in (b). The various elements are color-coded to elucidate the structure, green for GaP, red for Si, and blue for Ge. (e) Compositional
line profile crossing the structure, averaged over the width of the white dotted rectangle in (d).

Figure 2. Cross-sectional study of GaP/Si/SiGe core/multishell NWs. (a) Bright-field TEM cross-sectional image of a representative NW. (b) the
corresponding FFT to (a). (c) EDX chemical analysis of the same cross-section, where the Ge content in each facet has been averaged and the
results in each facet are indicated by different symbols. The color-coding follows the same scheme as in Figure 1d,e.
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deposition temperature of 600 °C as compared to the one
performed at the higher temperature of 700 °C. The fact that
the Ge content of the SiGe shell, for the same amount of input
Ge (in the vapor phase in the precursor gas mixture) during
MOVPE growth, is higher at lower temperatures can be
understood as follows. The two precursor gases, namely
disilane (Si2H6) and germane (GeH4), have different
decomposition temperatures, around 640 °C for Si2H6

30 and
around 300 °C for GeH4.

31,32 This means that at 600 °C the
Si2H6 has not been completely thermally decomposed and
therefore the relative amount of Ge available that can be
incorporated into the shell is higher. The net result is that at
600 °C the ratio of Ge in the SiGe shell is higher than in the
precursor gas mixture. On the other hand, at 700 °C more
Si2H6 has decomposed, thus more Si is available for deposition
and the relative amount of Ge incorporated into the shell
decreases.
A characteristic feature of the cubic Si/SiGe system is the

appearance of different growth modes as the Ge content;
consequently, the lattice strain increases in the SiGe shell33 and
we observe it for the hexagonal phase as well. For most of the
samples (for a Ge content of less than 80 atom % grown at 600
°C and of less than 60 atom % grown at 700 °C, indicated by
solid symbols in Figure 3a), uniform layers are formed
suggesting a Frank−van der Merwe (F−M) layer-by-layer
growth mode. Furthermore, all the samples grown at 600 °C up
to the Ge content of 80 atom % are defect-free. As can be
observed in Figure 3a,c, the samples grown at 700 °C at a Ge
content above 60 atom % exhibit a thin SiGe layer combined
with the formation of islands. For high Ge content, the strain

build-up after a few layers of layer-by-layer growth leads to
strain relaxation by transitioning into island growth. This
morphology is characteristic of the well-known Stranski−
Krastanov (S−K) growth mode. The sample grown at 600 °C
with 80 atom % Ge, which is the point where the transition
from F−M to S−K growth mode takes place, is the exact point
where defects start to appear, while all the samples below that
are defect-free. Moreover, for the growths at 700 °C, when the
Ge content is above 90 atom % the SiGe shell is characterized
in most cases by island growth only, therefore being dominated
by the Volmer−Weber (V−W) growth mode (Figure 3a,d).
We note here that the islands (Figure 3c,d) do not seem to
exhibit the typical pyramid or dome shape observed in
heterostructures with the cubic crystal structure. Because the
shape of the island structures formed during S−K and V−W
growth depends on the surface energies, one would not expect
that the same shapes would appear for the hexagonal crystal
structure or for growth on a NW sidewall. On the other hand,
we observe that for the growths carried out at 600 °C, the layer-
by-layer growth continues up to a Ge content of 80 atom %
(Figure 3a,b). This difference in morphology can be under-
stood in terms of the combination of strain and different
diffusion lengths of the adatoms for the different growth
temperatures, which has been elaborated for metastable layers
of cubic SiGe.34 In particular, strain increases with the Ge
content in the shell and at high temperatures the adatom
diffusion length is longer. Thus, adatoms can diffuse over longer
distances to relieve strain by forming islands. On the other
hand, at lower temperatures the adatom diffusion length is
shorter, thus the adatom diffusivity is too short to form islands

Figure 3. Ge incorporation into the SiGe shell and growth modes. (a) Atom % Ge content incorporated into the SiGe shell, as determined by EDX
spectroscopy, as a function of the atom % Ge content in the precursor gas mixture in the MOVPE chamber. (b−d) HAADF STEM image of a
sample grown at 600 °C at a Ge content 60 atom % input; 67 atom % incorporated exhibiting F−M growth, 700 °C at 80 atom % input; 66 atom %
incorporated exhibiting S−K growth, and 700 °C at 99 atom % input; 91 atom % incorporated exhibiting V−W growth, respectively.
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in the time frame available for growth. As a result, a continuous
metastable layer with increasing strain is grown. In summary,
from Figure 3 we observe that at the growth temperature of 600
°C not only is the Ge incorporation more efficient but also that
layer-by-layer defect-free growth continues up to higher Ge
contents, well above the expected direct band gap transition
stoichiometry of about Si0.35Ge0.65.
The growth kinetics have been studied in more detail and

especially the growth rate as a function of time and
temperature. The linear dependence of the SiGe thickness
with respect to the growth time indicates that the growth rate is
roughly constant (Figure 4a). This indicates that the growth
rate limiting step is determined by surface kinetics rather than
by, for example, volume diffusion. The growth rate depends
however on the Ge content. For the growths performed at 600
°C, the shell thickness at 22 min of growth is approximately
independent of the Ge content. For longer growth times, the
growth rates start to differ; in particular the growth rate for the
samples with a Ge content in the range of 11−13 atom % is
markedly smaller than for the ones with a Ge content in the
range of 27−33 atom % and 43−49 atom % (for which instead
the rate is almost the same). This is indicated by a smaller slope
for the 11−13 atom % Ge samples, and hence results in a
thinner shell, for reasons that we discuss below. For the
growths at 700 °C, the thickness doubles for the region of 27−
33 atom % Ge relative to the same atom % Ge region at 600
°C.
In addition, the study of the growth rate was performed with

a series of samples grown for the whole range of SiGe
stoichiometries and for the two different temperatures of 600
and 700 °C. In Figure 4b, we present the growth rate as a
function of the Ge content for the two deposition temperatures
of the SiGe shell. In terms of the Ge content, two well-
differentiated regimes can be observed. First of all, a regime of
low Ge content, characterized by a marked increase of the
growth rate as the Ge content is increased. In this regime, strain
does not influence the growth dynamics and instead the
increase in growth rate can be attributed to an increase in
hydrogen desorption from the growth surface due to
Ge.26,35−37 Indeed, Ge acts to lower the activation energy of
hydrogen desorption, thus freeing-up more surface sites for Si
and Ge growth species. This results in an increase in the growth
rate with increasing Ge content. The second regime is found in

the region with a high Ge content, characterized by a decrease
of the growth rate as a function of Ge content. Two different
reasons have been proposed to explain this behavior; either
high strain38−40 and/or decreased reactive hydride adsorp-
tion.37 In the first case, strain starts to play the dominant role,
and the decrease in the growth rate that takes place is attributed
to strain accumulation due to the very high Ge content. Note
that as the lattice constant is increased, so is the diffusion
energy barrier, and this makes diffusion more difficult. In turn,
less diffusion implies a lower growth rate. The second reason
for the decreasing growth rate at high Ge content is a decreased
reactive hydride adsorption. This has been explained by a lower
adsorption coefficient of the precursors, resulting in a lower
growth rate. The competition between these different effects is
clearly seen in Figure 4b and is in agreement with previous
studies.37−40 While the dependence of the growth rate with the
Ge content of the shell shows the same trend for the two
temperatures studies, 600 and 700 °C, the quantitative behavior
is different. In the case of the growth at high temperature (700
°C), we find that the peak growth rate is higher, and reached
for a smaller Ge content than for the growth at low
temperatures (600 °C). This behavior can be understood in
terms of adsorption and desorption, by a similar mechanism as
that discussed above. Indeed, for higher temperatures, besides
the decomposition of the precursors both the adatom diffusion
and the hydrogen desorption increase, explaining the markedly
higher peak growth rates for the shells grown at 700 °C.
Furthermore, the 700 °C curve is cut off relatively quickly due
to the onset of S−K growth. In essence, Figure 4b further
solidifies the claim that for the growth at 600 °C, layer-by-layer
defect-free growth continues up to higher Ge contents, above
Si0.35Ge0.65 where the direct band gap transition is expected to
occur.
In conclusion, in this work we have presented the growth of

single-crystalline defect-free SiGe with the hexagonal diamond
crystal structure. We have reported how the growth temper-
ature can lead to striking differences in the resulting SiGe layer
morphology: SiGe layers grown at lower temperatures exhibit
uniform layer-by-layer F−M growth, while at higher temper-
atures and for the same Ge content, island-based S−K growth
dominates. The maximum stoichiometry achieved for defect-
free smooth layer thin film growth was at 77 atom % Ge,
significantly above the predicted direct band gap transition at

Figure 4. SiGe shell growth kinetics. (a) SiGe shell thickness as a function of growth time for various regions of Ge content, where a linear trend is
observed. For the SiGe shells grown at 600 °C at a Ge content in the range of 27−33 atom % and 43−49 atom % the thickness is the same. (b) SiGe
shell growth rate as a function of the Ge content of the shell. The growth rate was defined only for F−M growth so all the points in the 600 °C curve
represent smooth layer growth. On the other hand, the 700 °C curve exhibits the initial increase but the subsequent decrease is quickly cut off due to
the onset of S−K growth.
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65 atom % Ge. Moreover, we observe that layer growth
continues to this high value significantly more at the growth
temperature of 600 °C. Our results pave the way for the
utilization of hexagonal SiGe in optoelectronic applications and
in this respect additional studies should be performed for the
detailed characterization of the optical properties of this new
material.

■ EXPERIMENTAL METHODS

Nanowire Growth. The GaP/Si/SiGe core/multishell
NWs were developed in a low-pressure (50 mbar) Aixtron
Close Coupled Showerhead (CCS) MOVPE reactor. The
growth of the defect-free GaP/Si core/shell NWs with the
hexagonal diamond crystal structure has been described in our
previous study.5 In this case though, the Si shell thickness was
kept to a minimum of 10−12 nm. This could potentially act as
sacrificial buffer layer to trap any P or Ga species from the GaP
core from diffusing into the SiGe shell.
Directly after the growth of the Si shell and in the same

growth run, the SiGe shell was grown. This was done by
switching off the Si2H6 precursor gas and gradually lowering the
temperature of the MOVPE growth chamber to either 600 or
700 °C. Once the aimed temperature was reached and
stabilized, Si2H6 and GeH4 were introduced to the chamber
and their flows were adjusted to suit the desired stoichiometry.
Si2H6 molar flow was modified from 2.87 × 10−7 at the low end
to 1.00 × 10−4 at the high end, whereas GeH4 was modified
from 3.66 × 10−6 at the low end to 3.33 × 10−4 at the high end
in order to achieve the desired ratio. Hydrogen (H2) was used
as a carrier gas for the precursors and the total flow into the
rector was 8.2 L/min. At the end of the SiGe shell growth, the
precursor flows were terminated, the heating elements were
switched off and the chamber was allowed to cool down to
room temperature.
Transmission Electron Microscopy. For the TEM

studies, two different sample preparation methods were used.
In the standard axial analysis, NWs were mechanically
transferred to a holey carbon TEM grid. Concerning the
cross-section TEM studies, NWs were prepared using FIB. In
both cases, HRTEM and STEM analyses were conducted using
a JEM ARM200F aberration-corrected TEM operated at 200
kV. For the chemical analysis, EDX measurements were carried
out using the same microscope equipped with a 100 mm2 EDX
silicon drift detector.
TEM Lamellae. TEM lamellae were prepared in a FEI Nova

Nanolab 600i Dualbeam system. For this, the NWs were
initially transferred with the aid of a nanomanipulator from the
growth substrate to a piece of Si and then arranged to lie
parallel to each other. These NWs were covered with electron-
and ion-beam induced metal deposition to protect them during
the procedure. The lamella was cut out by milling with 30 kV
Ga ions and thinned down with subsequent steps of 30, 16, and
5 kV ion milling in order to minimize the Ga-induced damage
in the regions imaged with TEM.
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