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ABSTRACT: We report on the structural characterization of GaAs
nanowires integrated on Si(001) by template-assisted selective
epitaxy. The nanowires were grown in lateral SiO2 templates along
[110] with varying V/III ratios and temperatures using metal−organic
chemical vapor deposition. The nanowires have been categorized
depending on the growth facets which typically consisted of (110)
and (111)B planes. Nanowires exhibiting a (111)B growth facet were
found to have high density planar defects for all growth conditions
investigated. However, GaAs nanowires with a single (110) growth
facet were grown without the formation of planar stacking faults,
resulting in a pure zinc blende crystal.

1. INTRODUCTION
The continuous scaling of electronic devices has brought Sibased complementary-metal-oxide-semiconductor (CMOS)
technology close to its limits, requiring novel materials and
approaches to increase performance. Group III−V semiconductor nanowires have evolved as promising candidates
due to their superior carrier mobility, saturation velocity, and
capability for bandgap engineering and integration in
heterostructures, as well as their potential for use in active
photonic devices. However, CMOS compatible, epitaxial
integration of III-Vs on Si(001) remains challenging, mainly
due to the formation of crystal defects, signiﬁcantly reducing
device performance. Selective area growth (SAG)1,2 and
epitaxial lateral overgrowth (ELO)3−5 have both been
demonstrated to reduce defects due to lattice mismatch. In a
more recent method referred to as template-assisted selective
epitaxy (TASE)6−10 nanostructures are grown entirely within
predeﬁned hollow template cavities containing a small Si seed,
thus minimizing the Si/III−V interface. This avoids the
formation of antiphase defects and threading dislocations.
More importantly, the resulting crystal shape is entirely
controlled by the template geometry allowing CMOS
compatible device fabrication. Metal organic chemical vapor
deposition (MOCVD) is particularly well-suited for TASE
because of the high selectivity of the deposition and the long
surface diﬀusion length of the precursors, which facilitates
ﬁlling of the template cavities. However, a high density of
planar defects has been observed in InAs and GaAs material
systems,7,11 which can result in polymorphism, e.g., zinc blendewurzite (ZB-WZ) formation, or the formation of charged
defects when planar defects meet and merge. Therefore, the
© 2017 American Chemical Society

aim of this study is to gain an understanding of the crystal
growth in SiO2 templates, to study the occurrence of stacking
defects and their dependence on growth conditions. Here,
GaAs on Si is used as a model material system, with some
results expected to be transferable to other III−V semiconductor material systems.

2. EXPERIMENTAL SECTION
Template Fabrication. Templates were patterned by electron
beam lithography at 100 keV (EBPG 5200+, Vistec) along the [110]
direction on silicon-on-insulator (SOI) wafers with (001) crystal
orientation. First, silicon ﬁns are formed using dry etching (ICP,
Oxford) (Figure 1A) and covered by SiO2 using atomic layer
deposition (Flexal, Oxford) and plasma enhanced chemical vapor
deposition (System100, Oxford) (Figure 1B). The SiO2 is removed at
one end, and the Si ﬁn within is partly back etched using
tetramethylammonium hydroxide (TMAH). This results in {111}terminated crystalline Si seed surfaces (Figure 1C). The detailed
process is described elsewhere.7 For this study, the templates
investigated had a thickness of 40 nm (± 5 nm), width of 100 nm
(if not otherwise speciﬁed), and a length of approximately 1000 nm
with a spacing between parallel nanowires of 100 nm.
GaAs Growth. GaAs nanowire growth was performed by MOCVD
using trimethylgallium (TMGa) and tertiary butylarsine (TBAs)
precursors and a H2 carrier gas at a total pressure of 8000 Pa (60
Torr). The group III partial pressure was kept constant at 29 mPa,
while the group V pressure was varied to obtain nominal V/III ratios
between 20 and 120. Just before growth, the substrates were immersed
in diluted hydroﬂuoric (HF) acid (1:20 in H2O) to remove the native
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Figure 1. TASE fabrication steps, growth results, and classiﬁcation of nanowire end facets. (A) Si ﬁn etching. (B) Template oxide deposition and
one-sided oxide removal. (C) Si back-etching, illustrated are the two possible (111) planes. (D) Epitaxy step and removal of template. (E) Secondary
electron (SE) SEM plane view images of GaAs nanowires arrays grown in SiO2 templates on a Si(001)SOI wafer. The nanowires grow in-plane and
along <110> directions. (F) SE-SEM tilted view images where the SiO2 templates have been removed. (G) Schematic illustration of the most
common facet types. The ﬂipped facets reﬂect the Si seed plane geometry. Type I: dominating {110} facets, small (111)B facet; Type II: small {110}
facets, dominating (111)B facet; Type III: single (110) facet, no (111)B facets. Type IV with {112} facets is not illustrated.
oxide on the Si{111} seed surfaces inside the templates. Upon loading,
the reactor was heated to 700 °C in a TBAs atmosphere and then
ramped down to a growth temperature of 500−650 °C. Growth
started with the introduction of a TMGa ﬂow, with a typical growth
time of 40−60 min. After growth, the substrates were cooled under a
TBAs ﬂow until reaching a temperature below 300 °C.
Structural Characterization. GaAs nanowires were characterized
using a Hitachi SU8000 scanning electron microscope (SEM). The
SiO2 shell surrounding the nanowires was removed using a HF
solution. The GaAs structures were then closely investigated under
various diﬀerent angles in the SEM to determine the growth facets
formed. For each growth run, a total of 60 randomly chosen nanowires
were analyzed and classiﬁed into one of ﬁve types, to constitute a
suﬃcient statistical sample. To allow for comparison of diﬀerent
growth runs, it was further ensured that the position of the nanowires
analyzed was always in the center of the growth substrate and at the
same location within the growth reactor. The length of all 60
nanowires were measured, and the average growth rate was calculated
and matched with the corresponding faceting prototype. Data points
presented in this study correspond to median values and the error bars
to one standard deviation. The crystal quality of the single nanowires
was investigated by scanning transmission electron microscopy
(STEM) both from the front and lateral view. The sample lamellas
were prepared by means of a FEI Helios Nanolab 450S focused ion
beam (FIB) and inspected with a double spherical aberrationcorrected JEOL JEM-ARM200F microscope operated at 200 kV. In
STEM mode, a convergence semiangle of 25 mrad was used in
combination with a high angle annular dark ﬁeld (HAADF) detector
with inner and outer collection semiangles of 90 and 170 mrad,
respectively.

statistically quantiﬁed. This leads to an improved understanding
of the formation of twin defects and opens up a path to reduce
them.
Figure 1 displays SEM images of GaAs nanowires, where
various end facets are visible. The samples were grown at
diﬀerent growth temperatures and nominal V/III precursor
ratios. In Figure 1E the wires can be identiﬁed within the
partially ﬁlled SiO2 nanotubes. Here, the GaAs appears brighter
than the silicon ﬁns, which act as nucleation centers during the
epitaxy process. At diﬀerent growth conditions, diﬀerent facet
morphologies and growth rates appear. In the topmost image
an array of 20 nanowires is presented. The two SEM images in
the center show facets at higher magniﬁcation and with added
labels indicating the facet types. For the tilted images in Figure
1F, the SiO2 oxide surrounding the nanowires was removed,
allowing for a better identiﬁcation of the nanowire facets.
For analyzing the growth, we have classiﬁed the end facets
into ﬁve groups according to their speciﬁc geometry (Type I−
V), and an additional group where growth failed (Type X).
Figure 1G displays schematic illustrations of the three most
common facet types observed in this study, labeled Type I, III,
and III. The classiﬁcations are based on the following speciﬁc
characteristics:
Type I appears as a pointy tip when seen in the top view
along [001], forming a 90° angle of two {110} facets and a 45°
angle with the template walls. Accordingly, they have two large
{110} facets and a small (111)B facet, suggesting that the [111]
B growth rate is high, while the <110> growth rate is low. Two
diﬀerent versions of the same type are often observed which
diﬀer only by either pointing up- or downward as illustrated
schematically in Figure 1G for Type I and II. The formation of
these two versions depends on the geometry of the Si seed
surface. The Si seed surface can consist of one large or two
smaller {111} planes after TMAH etching, which means there
are always two possible directions of {111} planes, as illustrated
in Figure 1D. In addition, GaAs can nucleate on Si in (111)A or
(111)B orientation, although As termination on Si is more
likely to occur in the growth conditions used. Correspondingly,

3. RESULTS
Facet Analysis. Analysis of growth facets forming during
crystal growth yields valuable insights into the underlying
crystal growth mechanism. Therefore, the dependence of facet
formation on the growth parameters and orientation of the
mask opening in ELO was studied very early on.12 However, a
detailed study on facet formation for TASE is missing so far.
Here, the eﬀect of facet formation and crystal morphology is
studied by varying the growth conditions, i.e., growth
temperature and nominal V/III precursor ratio, and is
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Figure 2. HAADF-STEM images of a nanowire with end facet Type I. (A) Lateral overview of the nanowire. (B) Interface between GaAs and Si
showing the presence of SFs (marked with red lines). The angle between the (110) and (111̅) planes is indicated. (C) Atomic resolution image of a
highly defective region with red semitransparent sections highlighting the change in orientation of the GaAs dumbbells due to the presence of planar
defects. (D) Nanowire end facet exhibiting an inclined growth front (dashed white line). (E) Number of twin defects per nanometer along the length
of the nanowire with an average of 1.1 twins/nm. The results are representative for Type II as well (not shown).

Figure 3. HAADF-STEM images of nanowires with end facet Type III, grown at 550 °C and V/III ratio 120. (A) Lateral overview of the nanowire.
(B) Si/GaAs interface. Four twin defects are directly located at the interface region. (C) No additional planar defects are present along the nanowire.
(D) End of the nanowire with a (110) facet. (E) Front view overview of a similar nanowire grown at identical conditions. The darker shell around
the GaAs nanowire is depleted in As (as identiﬁed by energy dispersive X-ray spectroscopy) caused by sample heating during optical spectroscopic
experiments. (F) Enlarged view of the square indicated in panel E. The clearly resolved GaAs dumbbells in this image are evidence of the absence of
buried planar defects.

template sidewalls rather than the silicon seed. Both cases are
classiﬁed as Type X in this study.
Structural Analysis. Structural characterization of the
GaAs samples of Type I, II, III, and V was performed using
STEM. For all samples investigated, no threading dislocations
or antiphase boundary defects were observed. However, the
presence of planar defects and stacking faults (SFs) was often
abundant in Type I, II, and V. Since the nanowires are grown
along the [110] direction, formation of <111> planar defects
either parallel or perpendicular to the growth direction can be
observed. It is therefore crucial to analyze both the lateral and
front cross sections of the crystal in order to conclude whether
it is free of planar defects.
The STEM analysis of a Type I nanowire is shown in Figure
2. Figure 2A shows a low magniﬁcation image of the entire
nanowire, while panel B illustrates the interface between GaAs
and the Si with the Si(111) seed facets resulting from the
TMAH etch step described above. Several planar <111> defects
are observed at the interface region, highlighted with red lines.
Figure 2C presents an atomic resolution image of a
representative region with a high density of planar defects.
The clearly resolved GaAs dumbbells switch orientation during
growth by the formation of planar defects (both twin
boundaries and intrinsic and extrinsic SFs) in the semitransparent red regions. In this paper, we adopt the deﬁnition
of Caroﬀ et al.16 where two sequential twin planes are

(111)B facets can be formed in two directions on these Si{111}
planes.
Type II appears as a blurry edge forming a 90° angle with the
template walls when seen in top view (Figure 1E). They have a
large (111)B and two small {110} facets as illustrated in Figure
1G. In this case, the <111>B growth rate is suppressed and the
<110> growth rate enhanced, resulting in large (111)B facets.
This behavior has been attributed to a high As surface coverage
at a high V/III ratio, leading to the formation of As trimers
which prevents (111)B growth.13,14
Type III appears as a sharp edge in a top view image, forming
a 90° angle with the template. It can be described by a single
(110) growth facet, perpendicular to the nanowire tube
oriented in [110]. In a study of vertical epitaxy of InAs
nanowires on Si(110) via TASE, the occurrence of a (110)
facet has also been observed.11
In addition to these three most common facet types, two less
frequent types are observed. Type IV feature a (112) facet,
forming an 18° angle with the template wall. This facet was also
noted in GaSb epitaxy via TASE.15 Type V nanowires are
characterized by forming a 32° angle between the facet an a
base perpendicular to the [110] (growth) direction. STEM
analysis revealed the presence of a large (111)B facet, and a
crystal orientation rotated with respect to the Si lattice. Finally,
we also observed instances where the nanowire failed to ﬁll the
entire template width, or nucleation was initiated on the
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considered to form a single wurtzite segment. This interrupts
the stacking sequence, thus creating a single SF. Figure 2D
presents the growth front of this Type I nanowire. The two
coinciding {110} facets form a wedge when seen from the side
along [11̅ 0], as indicated by the white dashed line. The (111)B
facet cannot be distinguished in this cross-section. In Figure 2E
the twin defect density (number of twins per nanometer) along
the entire nanowire is displayed. We observe an average twin
density of 1.1 twins/nm along the entire nanowire. Very similar
results were obtained for Type II samples, also showing a
similar density of planar defects along the whole structure.
The structural analysis of a Type III nanowire with a (110)
growth front is presented in Figure 3. Figure 3, panels A and E
show an overview of the lateral and front cross sections of the
nanowire, respectively. Directly at the interface, a total of four
twin defects are detected, with the rest of the nanowire
appearing entirely defect-free. Planar defects running along the
[110] direction were observed in a previous work on InAs
nanowires8 and expected to occur here as well. Therefore, high
resolution images from both viewing directions were acquired
as shown in Figure 3C and Figure 3F. In these images, the
GaAs dumbbells are clearly resolved in both viewing directions,
clearly demonstrating the absence of any buried planar <111>
defects within the STEM lamella. Figure 3D shows the
nanowire (110) front facet, which appears sharp when viewed
along the [110̅ ] viewing direction. The overlying brighter spots
in this area are Pt residues deposited on top of the nanowire
during the FIB lamella preparation.
The selected STEM results presented in Figures 2 and 3
could be conﬁrmed for a total of 10, 12, 9, and 1 nanowire with
facet Type I, II, III, and V respectively. No defect analysis was
performed for nanowires with {112} facets (Type IV), as their
occurrence was very small. Overall, we observe that nanowires
having a (111)B facet, i.e., Type I, II, and V, are highly twinned,
irrespective of the (111)B facet size. Nanowires where such a
facet is absent, i.e., Type III, are found defect-free.
Statistics on Facet Types and Dependence on Growth
Parameters. Having identiﬁed Type III as a preferred
structure to result in a defect-free GaAs crystal, it is obviously
desirable to ﬁnd a parameter space to yield a high number of
nanowires with Type III facets. A series of epitaxy runs was
accordingly designed. Most relevant in the epitaxy process are
nominal V/III precursor ratio and temperature in the MOCVD
chamber. Table 1 lists the growth runs performed for this study.

Figure 4. Facet occurrence (%) as function of V/III ratio at 550 °C
(A) and 650 °C (B). Each data point represents 60 nanowires. Type I:
large {110} facets, small (111)B facet; Type II: small {110} facets,
large (111)B facet; Type III: single (110) facet, no (111)B facet; Type
IV: {112} facets; Type V: large {111} facet, unidentiﬁed small facets;
Type X: nonepitaxial growth and/or template not ﬁlled.

Overall the nanowire yield is consistently very high, as indicated
by only a few nanowires denoted as Type X. However, at 550
°C the yield drops signiﬁcantly with increasing V/III ratio, as
nanowires fail to ﬁll out the complete 100 nm wide template. A
clear shift from Type II being prominent at 550 °C to Type I at
650 °C is observed. This indicates an abrupt change of these
facet types with temperature and is more detailed in Figure 5 at
a constant V/III ratio of 120. The facet type abruptly changes
from Type II to I between 600 and 625 °C.
A more detailed analysis of the inﬂuence of growth
temperature and V/III ratio is shown in Figure 6A,B. The
inﬂuence of the growth temperature from 500 to 650 °C on
facet occurrence is displayed for V/III 20 and 120, respectively.
At both high and low V/III ratio the change from Type I facets
to Type II occurs abruptly, being shifted 50 °C higher at high
V/III ratio. We expect the occurrence of type I or II facets to be
governed by the degree of As trimer formation on the (111)B
facet of the nanowire, which prevents growth on this facet.13,14
The desorption of As from the (111)B facet is an activation
energy driven process with an exponential dependence on the
growth temperature. The sudden change from facet type II to I
with increased temperature thus reﬂects the onset of signiﬁcant
As trimer desorption from the (111)B facet. A higher V/III
ratio shifts this onset to higher temperatures, where As
desorption outweighs the higher As pressure. From this we
can conclude that a shift from V/III ratio 20 to 120 roughly
corresponds to the eﬀect of a temperature change of roughly 50
°C at the nanowire growth front. The overall yield of nanowire
growth drops with decreasing growth temperatures. This eﬀect
is more pronounced at a high V/III ratio, occurring at higher
growth temperatures in Figure 6B. Yield for twin-free
nanowires (Type III) is highest at a low growth temperature
and low V/III ratio, where the (110) facet nanowires become
the prevailing facet type with approximately 40% yield.
However, we cannot deduce a simple trend of Type III
formation with growth condition. In Figure 6C,D, the
corresponding growth rates for nanowire Types I + II and
Type III are presented. The growth rate of nanowires with a
{111} facet (Type I + II) increases with higher temperature; for
nanowires with a single (110) facet (Type III) it decreases. This
is similar at both high and low V/III ratio; however growth
rates for Type I + II are slightly increased at low V/III. This
eﬀect is attributed to the increasing As-trimer formation on As-

Table 1. Investigated Growth Parameters for GaAs
Nanowire Epitaxy by Varying Temperature and V/III
Precursor Ratio
growth T (°C)
V/III

20
70
120

500

525

550

575

600

625

650

●

●

●

●

●

●

●

●
●
●

●

●

●

●
●
●

First, the inﬂuence of the V/III ratio for two growth
temperatures was investigated. The results are displayed in
Figure 4. The occurrence of the various types in percent is
plotted for three diﬀerent V/III ratios at 550 °C (A) and 650
°C (B). All facet types containing (111)B facets, which were
observed in STEM to be highly twinned, are displayed in
diﬀerent shades of red, e.g., Type I, II, and V. Nanowires with
facets of Type III, observed as twin-free, are displayed in green.
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Figure 5. SEM plane view images illustrating the transition from nanowire facet Type II to Type I with increasing growth temperature. Facet types
are indicated. An increase of 25 °C leads to a well-deﬁned transition from Type II to Type I. V/III ratio 120, t = 60 min.

GaSb ELO on (001) substrates no SFs for homoepitaxy as well
as for heteroepitaxy on GaAs substrates were observed.21 In
TASE, SF-free growth of GaSb and InP was shown.8,13 These
observations indicate that impurities located on the SiO2
surface are less critical as compared to impurities on
semiconducting growth substrates. The absence of available
chemical bonds on the oxide surface, as compared to the
growth surface, might reduce the susceptibility for perturbing
nucleation or distorted bond formation. In a mixed ELO/SAG
approach of InGaAs on Si(111),22 a shift from highly twinned
to a twin-free InGaAs layer was observed by increasing the Ga
ﬂux during growth. The examples above have in common that
the structure (growth plane) was ≥1 μm long and appears less
aﬀected by twin defects than smaller ones, likely because large
and oﬀ-cut surfaces facilitate step-ﬂow growth, which
suppresses planar defect formation. The demonstration of a
twin-free InGaAs layer on <111> oriented InGaAs was ascribed
to the transition from a layer-by-layer to an island-like growth
at high Ga ﬂux.22 Nanowire structures were not reported using
ELO, but for SAG typically employing <111> oriented
substrates. Under the assumption that the SiO2 interface is
not dominating twin formation, results from SAG experiments
can provide valuable information on the occurrence of twinning
in nanostructures. The origin of twin formation in SAG GaAs
nanowires was investigated and attributed to growth parameter
dependent surface reconstructions on the (111)B surface23 and
critical size of the nucleus.24 While twin-free nanowires were
not achieved, a transition to twin-free material for larger
structures and for higher growth temperatures was predicted. A
more general approach to suppress twins is modifying the
material composition, as was shown by adding Sb to InAs
which suppressed twin-defect formation in InAsSb nanowires.25
However, while eﬀective, this approach is not always desirable.
(SAG on (111)A,26 resulted in defect-free (wurtzite) InP
nanowires; also defect-free nanowires based on (self-) catalyzed
vapor-liquid-solid growth are reported in literature, which is
beyond the topic discussed here.)
For our nanowire structures studied here, we observe a
strong correlation of twin defects with growth conditions that
form (111)B growth facets. The twinning energy of the small
GaAs (111)B surface is apparently not high enough to lead to
twin-free nanowires. We ﬁnd that a (110) growth facet results
in defect-free nanowires, since twins are not formed on this
plane. The facet-dependent material defectivity further indicates
that formation of twins is unlikely to derive from strain eﬀects
due thermal expansion mismatch or SiO2 (template wall)−
GaAs interactions or surface impurities. As the formation of
nanowires with (111)B planes could not be completely
suppressed under the conditions investigated in this work,
further studies could explore the diameter dependence and/or
surface preparation strategies for eﬃcient formation of nuclei

Figure 6. Facet types and average growth rates as a function of growth
temperature at V/III ratio 20 (A) and 120 (B). Each data point
represents 60 nanowires, with each error bar corresponding to one
standard deviation. Deﬁnition facets same as in Figure 4. Temperaturedependent growth rates of Type I, -II, and -III at V/III = 20 (C) and
V/III = 120 (D).

terminated (111)B facets at lower temperatures and higher V/
III ratios, as described above. For {110} facets, both Ga- and
As-terminated, the opposite eﬀect occurs, and growth rates are
enhanced for a high As coverage. It should be noted that
nanowire growth rates are signiﬁcantly more inhomogeneous at
a low V/III ratio, resulting in larger error bars in Figure 6C.
Overall, the highest growth rates for nanowires with Type III
facets are obtained at low growth temperatures. As such, it is
favorable to grow Type III at a low growth temperature and a
low V/III ratio.

4. DISCUSSION
In early discussions on defect formation in planar epitaxial
growth,17 and in more recent work,18,19 it was shown that
impurities located on the (hetero-) epitaxial interface can
trigger bonding errors and SFs in {111} planes. The considered
impurities can be extrinsic, e.g., carbon contamination, or
intrinsic from a group III overdose, e.g., Ga cluster. Therefore,
rigorous surface cleaning and adjusted growth conditions were
found to be critical to achieve defect-free epitaxy.18,19 In ELO
the crystal grows laterally over a SiO2 stripe and thus follows a
SiO2 - III−V interface, which could also trigger SFs. For InP
ELO on InP no SFs were observed in the overgrown layers,
while in the heteroepitaxial case on a Si(001) substrate, rare
occurrence of SFs was noticed20 and is suggested to stem from
residual stress of the Si-InP heterojunction area. Similarly, for
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with a single (110) plane toward a high yield of twin-free
nanowires.

5. CONCLUSION
We conducted a comprehensive study on in-plane GaAs
nanowire growth on Si(001) substrates along the [110]
direction via TASE. Growth parameters (V/III ratio and
temperature) were correlated with crystal growth facets and
structural analysis. The resulting nanowires were classiﬁed into
ﬁve groups based on the shape of the end facets. STEM analysis
revealed that nanowires containing a (111)B facet are always
highly twinned, while exclusively those with a Type III single
(110) facet were found to be defect-free. Yield for Type III
nanowires was highest (40%) at low growth temperature and
V/III ratio. However, a simple correlation of Type III facets
with the growth parameters explored could not be established.
Overall, these observations strongly indicate that twin
formation does not derive from strain eﬀects, SiO2−GaAs
interactions, or surface impurities, but are solely the result of
the underlying growth mechanism, more speciﬁcally to the high
susceptibility of the (111)B surface to twinning.
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