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ABSTRACT: The growth of self-catalyzed core−shell nanowires (NWs) is investigated systematically using GaAs(P)
NWs. The defects in the core NW are found to be detrimental
for the shell growth. These defects are eﬀectively eliminated by
introducing beryllium (Be) doping during the NW core
growth and hence forming Be−Ga alloy droplets that can
eﬀectively suppress the WZ nucleation and facilitate the
droplet consumption. Shells with pure zinc-blende crystal
quality and highly regular morphology are successfully grown
on the defect-free NW cores and demonstrated an enhancement of one order of magnitude for room-temperature emission compared to that of the defective shells. These results provide
useful information on guiding the growth of high-quality shell, which can greatly enhance the NW device performance.
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the unconsumable nature, those catalysts cannot be removed in
situ, and their existence can lead to continued axial growth that
competes with the lateral shell growth, which leads to sharppencil-like shell morphology.24 The removal of the catalyst
requires removal of the wafer from the growth chamber,25
increasing the cost and the risk of contamination. The selfcatalyzed growth mode has thus gained signiﬁcant attention,
especially in the III−V NW growth.26 Because the catalyst
material is common with one element of the NW crystal (e.g.,
Ga catalyst for GaAs NWs), this growth mode has the
advantage to consume the droplet before the subsequent shell
growth and, hence, can avoid the contamination by foreign
metals. However, the self- and foreign-catalyzed NWs have
diﬀerent optimal shell growth conditions, which diﬀerentiates
the characteristics of the resulting shells.20,27 In addition, Au
catalyzed zincblende (ZB) NWs are commonly observed to
consist of {112} facets, while the self-catalyzed NWs are
bounded by {110} facets.7 Diﬀerent facets have diﬀerent
surface energies, which can greatly aﬀect the shell growth. Thus,
the knowledge obtained from foreign-metal-catalyzed growth
cannot be transferred directly to the self-catalyzed technique.
In recent years, signiﬁcant eﬀort has been devoted to the
development of self-catalyzed core−shell structures.28−30
However, the self-catalyzed NWs (except antimonide NWs)

emiconductor nanowires (NWs) have considerable advantages over conventional planar semiconductors, such as
eﬃcient strain relaxation, reduced materials consumption, high
aspect ratio, waveguiding ability, and enhanced light-trapping
properties.1−6 These unique properties oﬀer NWs enormous
versatility as novel nanoscale building blocks for the next
generation of semiconductor devices.1718 Now, they have
demonstrated the applications in areas, such as photovoltaics,
light emitters, electron transistors, chemical, biological sensors,
and so on.7−14 Shell growth is a fundamental way to construct
lateral homo- and heterojunctions. It could form advanced
structures with novel functionality, i.e., surface passivation
layers, quantum wells, p−i−n junctions, and tunnel junctions.15,16,19 To make good use of these NW core−shell
structures and realize device functionalities, controlled and
reproducible shell growth is essential. However, the NW shell
growth is signiﬁcantly diﬀerent from thin ﬁlm growth due to
the former’s inherent structural characteristics, such as
cylindrical shape, high aspect ratio, and nanoscale diameter.20,21
For the widely used vapor−liquid−solid (VLS)-grown NWs,
the shell growth is even-more-complicated due to the presence
of the liquid catalytic droplet that catalyzes the core growth.22
Studies on the shell growth on droplet-catalyzed NWs have
been heavily reported throughout the past decade. However, a
signiﬁcant proportion of the reported work was based on
foreign-metal-catalyzed NW cores23 (e.g., Au). These foreign
catalysts not only introduce the risk of contaminating the NW
crystal but also cause problems during the shell growth. Due to
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Figure 1. (a) SEM image of GaAs NWs without droplet consumption. (b) TEM image of the NW tip from panel a. The inset is a SAED pattern
from the tip region of the NW demonstrating a high density of stacking faults. (c) Atomic-resolution STEM image of the particle−NW interface
marked by the red square in panel b. (d) SEM image of droplet consumed GaAs NWs. The inset shows SEM images of the NW tips. (e) Atomicresolution STEM image of the top region, marked by a red square shown in the inset low-magniﬁcation STEM image of the tip of a NW from panel
d. (f) SEM image of core−shell GaAs NWs. (g) Low-magniﬁcation TEM image of an entire NW from sample in panel f. (h) SAED pattern from the
tip region of panel g. (i) Low-magniﬁcation TEM image of a growth−grain boundary at the tip of panel g. (j) Atomic-resolution STEM image of the
region marked by a red square in panel i. All TEM and STEM images were captured along <110> zone axis. The blue arrows indicate the NW
growth direction of <111 > B.

tend to have stacking faults that are diﬃcult to be eliminated
due to the small growth window and the sensitivity of selfcatalytic droplets to the growth environment.31 The changes in
the droplet properties, such as shape, contact angle, and
supersaturation, can lead to the formation of defects. For
example, the NW tips with improper droplet consumption are
commonly observed to have a high density of stacking faults.32
These defects extend to the shell and degrade its crystal quality,
as the shell is copying the lattice template from the core.
Moreover, the defects can change the NW surface properties,
such as the atom arrangements and surface energy, which could
also aﬀect the shell growth. More studies regarding how these
defects react with the shell growth are needed, especially when
the shell needs to be grown under special conditions to realize
advanced functions, such as heavily doped tunnel junctions.
The detailed theory on how to suppress the formation of these
defects is still lacking, and more-detailed studies are needed to
grow high-quality shells.
In this paper, the growth of core−shell NWs was studied
using the self-catalyzed NWs in the GaAs(P) material system.
The defects in the core NWs were found to degrade the shell
morphology and crystal quality. By the formation of Be−Ga
alloy droplets, defect-free core NWs up to the topmost bilayer
have been demonstrated. This leads to the growth of shells with
highly regular morphology and pure-ZB crystal quality.
The inﬂuence of the defects at the NW tip region on the
shell growth was ﬁrst studied. Figure 1a shows the scanning
electron microscope image (SEM) of NWs in which droplet
consumption has not taken place. These NWs are uniform in
diameter along the length with a round Ga droplet on top
(Figure 1b). The interface between Ga droplet and NW crystal
is ﬂat. Below the droplet, there is a segment containing ZB-WZ
polytypes and stacking faults as can be observed in Figure 1c.
After the NW growth, the droplets were consumed during
cooled down process by closing the Ga ﬂux and keeping the As
open at only 16% of the growth ﬂux. Figure 1d−f corresponds
to these NWs whose droplet has been fully consumed. Figure

1d shows that NWs are uniform in diameter along its length,
similar to the NWs in Figure 1a. However, their tips are
signiﬁcantly enlarged with sawtooth-like irregular top facets
(insets of Figure 1e). Detailed studies show that there are
growth and grain boundaries at the enlarged tip (Figure 1e),
suggesting that multiple nucleation sites are active during the
droplet consumption process. Shell growth was carried out on
the NWs shown in Figure 1d, developing a large, irregular lump
at the tip of each NW (Figure 1f,g). This region has high
density defects, which was conﬁrmed by selected area electron
diﬀraction (SAED) patterns (Figure 1h), recorded in areas
containing the growth and grain boundaries shown in Figure
1i,j. The sawtooth like top facets provide more energetically
favorable nucleation sites compared with the smoother and
lower-surface-energy {110} sidewalls, originating these irregular
tips.15 Besides, the tip collects source materials more eﬀectively
because the ﬂuxes come from the top, making the tip grow
faster.
Results shown in Figure 1 evidence the inﬂuence of growth
and grain boundaries observed in the NW core on the shell
growth. A more detailed analysis of the impact of the defects,
mainly stacking faults and multiple twinning observed in the
core, on the shell was also carried out. The inset in Figure 2a
reveals how the defects in the core NW extend into the shell,
i.e., the shell growth follows the core lattice structure. It is
found that when Be dopant is introduced during the shell
growth onto a defective core, the shell quality can be further
degraded. As shown in Figure 2b, when grown with a Be ﬂux
that results in a nominal doping concentration of 6 × 1018
cm−3, the resulting NWs have enlarged lumps along the length
of the NW. Each lump has a twin plane across its widest
diameter (Figure 2c) and is often multiple-twinned (bottom
left of panels c and f of Figure 2), i.e., twin planes are extended
into other {111} planes with at angle of 54.7° relative to the
growth plane. If the core has a high density of defects, the
surface of the resulting shell is rough (Figure 2d). Nevertheless,
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Figure 3. (a) SEM images of droplet-consumed GaAs NWs with
nominal Be doping concentrations of 6.4 × 1018/cm3. (b) Lowmagniﬁcation TEM image showing two NWs from panel a. (c)
Zoomed-in TEM image shows the bottom of a NW shown in panel b
revealing defects in that area. (d) High-resolution TEM image at the
top of the tip (marked by a red square in its inset). The insets shows a
low-magniﬁcation TEM image and the SAED pattern of the NW tip
shown in panel b. (e) SEM images of droplet-consumed GaAs NWs
with nominal Be doping concentrations of 8 × 1017/cm3. (f) Lowmagniﬁcation TEM image shows the tip of a NW from panel e. (g, h)
Higher-magniﬁcation TEM images of the areas marked by squares in
(f). All TEM images are captured along <110> zone axis. The green
arrows indicate the NW growth direction of <111 > B.

Figure 2. Core−shell GaAsP NWs with a nominal doping
concentration of (a) 0 and (b) 6 × 1018 cm−3, respectively, in the
shell. The inset in panel a is a low-magniﬁcation TEM image of a
segment from a NW in panel a. (c−e) Low-magniﬁcation TEM image
of NW segments from panel b with diﬀerent stacking fault densities:
(c) with single twin planes perpendicular to the growth direction and
multiple inclined twins at lumps, (d) with high density of stacking
faults perpendicular to the growth direction, and (e) without stacking
faults. (f) Atomic-resolution STEM image of the twin plane area
marked in the red square of panel c. All TEM images are captured
along the <110> zone axis.

a defect-free core NW results into a smooth shell that is free of
lumps (Figure 2e).
Self-catalyzed NWs are bounded by the {110} facets, which
are expected to have lowest surface energy for self-catalyzed
NWs.15,33 When there are stacking faults and twin planes, the
atom arrangement at the surface changes, exposing new facets
with higher surface energy. Nucleation at these sites is thus
energetically preferable. Be is known to act as a surfactant that
can improve the mobility of Ga adatoms.34 Hence, when the
shell is grown with a high concentration of Be dopant, Ga with
the enhanced mobility has a greater chance to move to and
accumulate at these locations. This results in these areas
growing much faster than the defect-free locations and,
therefore, forming the lumps. The dislocations, e.g., highangle grain boundaries, shown in Figure 2f could also result
from the same excessively fast nucleation rate.35 These
phenomena are similar to a previous report by Zou et al.36
They also observed the formation of big lumps during the shell
growth. However, the lumps were formed at defect-free
locations. This is because that their NWs were grown by Aucatalyzed mode and are bounded by {112} facets with high
surface energy. At twin areas, the newly formed facets are lower
in surface energy compared with {112} facets. Thus, the shell
growth rate at defect-free areas is faster.
The above observations clearly demonstrate that the defect at
the core can strongly aﬀect the shell growth and crystal quality.
A defect-free core is thus essential for high-quality shell growth.
To achieve this, Be doping with a nominal concentration of 6.4
× 1018/cm3 was introduced during the core NW growth. The
introduction of Be signiﬁcantly improves the tip morphology,
making it without enlargement or sawtooth top facets. This is
in contrast to the results presented in Figure 1d. Figure 3a,b
shows NWs with uniform diameter along the length. The tip is
quite sharp, suggesting a gradual shrinkage of the droplet.

There is no defect-related contrast except at the very bottom of
the NW (Figure 3b,c). Additionally, high-resolution images in
Figure 3d show that the tip is defect-free up to the topmost
bilayer. The presence of Be inside the droplet aﬀects the
droplet properties, such as the surface energy and supersaturation, which can make the nucleation environment
beneﬁcial for ZB structure. This can be conﬁrmed by the
NWs from a comparison sample with a much-lower nominal Be
doping concentrations of 8 × 1017/cm3 (Figure 3e). Due to the
small doping ﬂux, the Be concentration inside the Ga droplets
is low, and the change of droplet properties is small. As a result,
a high density of stacking faults is observed (Figure 3f,g). These
results show that the Be can promote the ZB nucleation during
the NW growth and facilitate the stacking-fault-free singlecrystalline droplet consumption at the end of NW growth.
Shell growth was carried out on defect-free NW cores,
optimized as previously described (Figure 3a). Here again,
NWs are uniform in diameter along its length (Figure 4a,b)

Figure 4. SEM image of core−shell GaAsP NWs. (b) Lowmagniﬁcation TEM image that shows an entire NW from (a). (c)
Low-magniﬁcation TEM image shows the tip of panel b. (d, e) Highresolution TEM image of the regions marked by squares in panel c. All
TEM images are captured along the <110> zone axis.
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with kabob-like morphology. Elimination of defects in the core
NWs is essential to achieve high-quality shell growth, which can
be achieved by introducing Be doping during the growth. The
formation of Be−Ga alloy droplets can eﬀectively suppress the
WZ nucleation and facilitate the droplet consumption, leading
to the phase-pure ZB NWs. Shell with pure-ZB crystal quality
and highly regular morphology can be grown on the defect-free
core NWs and has demonstrated one-order room-temperature
emission enhancement compared to the defective shell. These
results provide useful information for constructing the highquality core−shell NW devices.
Methods. NW Growth. The self-catalyzed GaAs and GaAsP
nanowires were grown directly on p-type Si(111) substrates by
solid-source III−V molecular beam epitaxy (MBE).15,39 GaAs
NWs were grown with a Ga beam equivalent pressure, V-to-III
ﬂux ratio, substrate temperature, and growth duration of 8.41 ×
10−8 Torr, 44, ∼630 °C, and 1 h, respectively. The GaAs shell
was grown with a Ga beam equivalent pressure, V-to-III ﬂux
ratio, substrate temperature, and growth duration of 8.41 ×
10−8 Torr, 50, ∼480 °C, and 150 min, respectively. GaAsP
NWs were grown with a Ga beam equivalent pressure, V-to-III
ﬂux ratio, P/(As + P) ﬂux ratio, substrate temperature, and
growth duration of 8.41 × 10−8 Torr, 40, 12%, ∼640 °C and 1
h, respectively. The GaAsP shell was grown with a Ga beam
equivalent pressure, V-to-III ﬂux ratio, P/(As + P) ﬂux ratio,
substrate temperature, and growth duration of 8.41 × 10−8
Torr, 50, 30%, ∼500 °C, and 60 min, respectively. After the
NW growth, the droplets were consumed by closing the Ga ﬂux
and keeping the As open at only 16% of the growth ﬂux. But if
no droplet consumption was performed, Ga, As, and GaAsP
were all closed to keep the droplets. The nominal Be doping
concentration is characterized in thin ﬁlm growth with GaAs
growth rate of 1 ML/s. The substrate temperature was
measured by pyrometer.
Scanning Electron Microscopy. The NW morphology was
measured with a Zeiss XB 1540 focused ion beam−scanning
electron microscope system.
Transmission Electron Microscopy. Simple scraping of the
NWs onto a holey carbon support was used to prepare
transmission electron microscopy (TEM) specimens. The
TEM measurements were performed on JEOL 2100 and
doubly corrected ARM200F microscopes, both operating at
200 kV.
Photoluminescence. The photoluminescence measurement
was performed at room temperature using a nanometrics
RPM2000 machine with an excitation wavelength of 635 nm
and a power density of ∼500 W/cm2.

with a tip bounded by well-developed facets (Figure 4c). As
shown in Figure 4b, the entire NW does not show any defectrelated contrast. This NW is defect free up to the topmost
bilayer as shown in Figures 4d,e, which is in good agreement
with the core NWs shown in Figure 3. Even for some NWs
with defects, there are only one or two single twin planes that
can be observed along the entire NW. Large-area statistics show
an average of ∼1.5 single twin defects per NW.
We note here that the morphology of a defect-free core is not
critical in controlling the shell morphology. Despite the sharp
morphology of the core, the tip of the core−shell NWs shown
in Figure 4 can still form well-developed facets. This process is
controlled by the surface energy of facets.15 The facets with
higher surface energy grow faster, while the ones with lower
surface energy grow slower. This can cause the area shrinkage
of the high-growth-rate facets and area expansion of lowgrowth-rate facets during the shell growth. The entire NW is
bounded by the {110} facets with low surface energy at the end.
The optical properties of the core−shell NWs with diﬀerent
shell quality were investigated by photoluminescence (PL). The
room-temperature PL spectra from NW ensembles of diﬀerent
core−shell quality are shown in Figure 5. Due to the presence

Figure 5. Room-temperature PL spectra obtained from GaAs(P) NWs
with good (red, Figure 4 sample) and poor (black, Figure 1f sample;
blue, Figure 2a sample) core−shell quality.

of P, the spectra of GaAsP NWs are blue-shifted compared to
the spectrum of GaAs NWs. The single peak emission suggests
that the core and shell of GaAsP NWs are almost identical in P
composition. The peak intensity of GaAsP NWs with good
shell quality (red) is enhanced by a factor of 15 and 2.3
compared with that of the defective GaAs (black) and GaAsP
(blue) NWs. The enhancement of PL emission from highquality core−shell NWs is predominantly due to the
elimination of the defects that act as nonradiative recombination centers, such as that shown in Figure 1e,j. The doping
could also assist the PL emission due to the change of band
structure, such as such as changing surface depletion width and
partially ﬁlling the surface states.37,38 Therefore, doping of core
NWs can result in both good core−shell crystal quality and
optical properties.
In conclusion, the growth of self-catalyzed core−shell NWs
was investigated systematically using MBE grown GaAs and
GaAsP NWs. The defects from the core are found to be able to
extend into the shell, which degraded the shell crystal quality.
These defects can also regionally change the surface properties
of NWs, such as creating new nucleation facets with diﬀerent
surface energies. This can lead to the change of the nucleation
features around these defective regions and aﬀect the shell
uniformity, which has been demonstrated by the Be-doped shell
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P.; Leene, J.; Magnusson, M. H.; Deppert, K.; Samuelson, L. IEEE J.
Sel. Top. Quantum Electron. 2011, 17 (4), 1050−1061.
(14) Couteau, C.; Larrue, A.; Wilhelm, C.; Soci, C. Nanophotonics
2015, 4 (1), 90−107.
(15) Zhang, Y.; Sanchez, A. M.; Wu, J.; Aagesen, M.; Holm, J. V.;
Beanland, R.; Ward, T.; Liu, H. Nano Lett. 2015, 15, 3128−3133.
(16) Parkinson, P.; Joyce, H. J.; Gao, Q.; Tan, H. H.; Zhang, X.; Zou,
J.; Jagadish, C.; Herz, L. M.; Johnston, M. B. Nano Lett. 2009, 9 (9),
3349−3353.
(17) Royo, M.; De Luca, M.; Rurali, R.; Zardo, I. J. Phys. D: Appl.
Phys. 2017, 50 (14), 143001.
(18) Saxena, D.; Jiang, N.; Yuan, X.; Mokkapati, S.; Guo, Y.; Tan, H.
H.; Jagadish, C. Nano Lett. 2016, 16 (8), 5080−5086.
(19) Holm, J. V.; Jørgensen, H. I.; Krogstrup, P.; Nygård, J.; Liu, H.;
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