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ABSTRACT The heterogeneous integration of Ill—V optoelectronic
devices with Si electronic circuits is highly desirable because it will enable
many otherwise unattainable capabilities. However, direct growth of Ill—V
thin film on silicon substrates has been very challenging because of large
mismatches in lattice constants and thermal coefficients. Furthermore, the
high epitaxial growth temperature is detrimental to transistor performance.
Here, we present a detailed studies on a novel growth mode which yields a
catalyst-free (Al In)GaAs nanopillar laser on a silicon substrate by metal—

organic chemical vapor deposition at the low temperature of 400 °C. We

study the growth and misfit stress relaxation mechanism by cutting through the center of the InGaAs/GaAs nanopillars using focused ion beam and

inspecting with high-resolution transmission electron microscopy. The bulk material of the nanopillar is in pure wurtzite crystal phase, despite the 6%

lattice mismatch with the substrate, with all stacking disorders well confined in the bottom-most transition region and terminated horizontally.

Furthermore, InGaAs was found to be in direct contact with silicon, in agreement with the observed crystal orientation alignment and good electrical

conduction across the interface. This is in sharp contrast to many lll—V nanowires on silicon which are observed to stem from thin SiN,, Si0,, or Si0,/Si

openings. In addition, GaAs was found to grow perfectly as a shell layer on Ing ;Ga, gAs with an extraordinary thickness, which is 15 times greater than the

theoretical thin-film critical thickness for a 1.5% lattice mismatch. This is attributed to the core—shell radial geometry allowing the outer layers to expand

and release the strain due to lattice mismatch. The findings in this study redefine the rules for lattice-mismatched growth on heterogeneous substrates and

device structure design.
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eterogeneous integration of optoe-

lectronic and electronic circuits is

poised to transform personal elec-
tronics because it will not only enable a vast
range of otherwise unattainable capabilities
but also reduce power consumption, weight,
and size. Although wafer bonding has
resulted in successful device demonstra-
tions, it is not readily applicable to wafers
with finished CMOS circuits or silicon-based
photonics consisting of diverse terrain and
materials." To facilitate scalable manufac-
turing, monolithic integration of lattice-mis-
matched single-crystalline materials is of
paramount importance. Direct growth of
11—V thin film on silicon substrates has been
very challenging because of high epitaxy
temperatures that are incompatible with
CMOS circuits and large mismatches of
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lattice constants and thermal expansion
coefficients between IlI-V compounds
and silicon, causing compromises in relia-
bility and performance.? As such, there has
been a focus on growing three-dimensional
nanostructures, which show great promise
to overcome these difficulties.> ™"
Recently, we reported a novel growth
mechanism that yields catalyst-free, self-
assembled, single-crystalline nanoneedles
and nanopillars. The nanostructures consist
of (AlIn)GaAs core—shell heterostructures
and can be monolithically grown on single-
crystalline silicon and sapphire at low tempera-
ture (400 °C) via metal—organic chemical
vapor deposition (MOCVD).>~7 We demon-
strated room-temperature operation of (Al,
In)GaAs light-emitting diodes and avalanche
photodiodes grown on silicon substrates and

VOL.7 = NO.1

* Address correspondence to
cch@eecs.berkeley.edu.

Received for review June 25, 2012
and accepted December 14, 2012.

Published online December 14, 2012
10.1021/nn3028166

©2012 American Chemical Society

ACRAT AN
100-107 = 2013 ACYNJA {\)

WWwWw.acsnano.org

100



(b)

Single-crystal /

nanopillar\/

Polycrystalline
InGaAs layer

N
7 14 42 63 92
Time (min)
900 C T T T T ] 3.0 [ T T T T ]
d
__soof (c) { ] (@)
g 2.5} ,
E 700} ]
5 600} 7 {E 20} U [ J
@ 500 . E 1= .
£ T 15} ; -
S 400} ¥ ]2 -
=) e « 2
o 300f i 1= 10} 4 1
@ g00f .7 ] Vi
o . | -
sonk 1 os
D 1 1 1 1 0.0 1 L 1 1
0 20 40 60 80  A10( 0 20 40 60 80 100

Growth time (min)

Growth time (min)

Figure 1. (a) Time evolution of the nanostructure from a sharp nanoneedle to a blunt nanopillar. (b) Schematic illustrating
core—shell growth mode of the nanopillar structure. (c) Nanopillar base diameter increases linearly with time. (d) Nanopillar
length scales linearly with time initially and then saturates at around 42 min of growth.

processed by standard fabrication techniques.® Fur-
thermore, we reported room-temperature operation of
nanopillar-based lasers on silicon by optical pulsed
pumping.® These exciting results motivate detailed
studies of this unique growth mechanism that enables
high-quality growth of micrometer-sized IllI-V struc-
tures on silicon.

In this paper, we examine the Ing,GaggAs/Si inter-
face at the nanopillar roots using high-resolution trans-
mission electron microscopy (HRTEM) by cutting through
the center of nanopillars with the use of focused ion
beam (FIB). We use nanopillars with various growth
duration and, hence, base diameters. Nanopillars are
found to grow directly on to, and aligned with, the
silicon (111) substrate. The nanopillar root above the
silicon interface consists of a transition region in which
stacking disorders and defects are confined within.
However, above this transition region and up to their
full lengths, nanopillars are shown to consist of pure,
single wurtzite (WZ) phase without any misfit defects,
despite a 6% lattice mismatch between Ing,GaggAs
and silicon. In the smallest nanopillar with a base
diameter equal to 50 nm, the transition region is only
3.5 nm thick (i.e., ~12 monolayers). For nanopillars with
over 700 nm base diameter, the transition region is
approximately 280 nm thick. The transition region
assumes an inverted cone shape in the vertical direc-
tion and effectively reduces the InGaAs/silicon con-
tact diameter to about 100 nm. Owing to the unique
property of the core—shell growth mode, defects at the
base do not propagate upward and only along the
horizontal planes terminating at the sidewall, thus
enabling high crystal quality in the bulk material above.

NG ET AL.

In addition, through HRTEM, we observe that GaAs, the
passivating shell layer for Ing,GaggAs, grows as much
as 15 times larger than the critical thickness in the two-
dimensional case without any misfit dislocations emer-
ging at the interface. The nanopillar size scales with
growth time and maintains excellent crystalline qual-
ity. Lasing is demonstrated under continuous wave
(CW) operation when the diameter of the nanopillar
base exceeds 1.5 um. This observation signifies a new
concept in heterogeneous growth and device struc-
ture design.

RESULTS AND DISCUSSION

Growth Evolution of InGaAs/GaAs Core—Shell Pillars. The
evolution of the Iny>Gag gAs/GaAs core—shell nanopil-
lars grown on silicon is illustrated by the scanning elec-
tron microscope (SEM) images displayed in Figure 1a,
which show that the nanopillar size scales with growth
time. Initially, the nanostructure grows into a hexago-
nal pyramid with an extremely sharp tip—the facet-to-
facet taper angle is as small as 5°. Growth then con-
tinues in a core—shell manner, with the sharpness well
preserved. Vertical growth stops beyond a certain
point (in this case after about 42 min), while radial
growth continues, transforming the originally sharp
needle into a hexagonal frustum. This growth mechan-
ism is schematically illustrated in Figure 1b and is
similar to that of GaAs nanoneedles grown on sapphire
substrates,”'? with the exception of the abrupt stop to
vertical growth. In Figure 1b, we also show an inverted-
cone shape root as well as polycrystalline layer sur-
rounding the pillars. The root shape was initially hy-
pothesized based on thickness measurements of the
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Poly-InGaAs

Figure 2. (a) Schematic diagram showing an InGaAs/GaAs core—shell nanopillar grown on Si, whose TEM figure is shown in
(b). Areas examined in (c—f) are labeled in this schematic. (b) Cross-sectional TEM image of an InGaAs/GaAs core—shell
nanopillar with a base diameter of ~740 nm. Horizontally terminated stacking faults are well confined to the bottom-most
280 nm of the tapered region. The bulk material above the tapered region consists of high-quality wurtzite phase single
crystal. (c) Magnified view of the tapered root. Stacking faults arise in order to relax misfit stress. (d) Scanning transmission
electron microscopy (STEM) image of polycrystalline InGaAs. Short-term crystallinity can clearly be seen. (e) Magnified view of
the bulk structure. Region I: InGaAs core. Region Il: GaAs shell. Neither stacking faults nor dislocations are observed. (f) HRTEM

image of bulk Ing ,Gag >As.

polycrystalline layer from cross-sectional SEM images.
In this paper, we experimentally observe and verify this
extraordinarily shaped tapered root for the first time.

A statistical study was performed in which more
than 50 nanostructures were measured for each of the
six selected growth durations. Figure 1¢,d shows the
average base diameter and height as a function of
growth time, respectively. The base diameter increases
linearly with time. In particular, the base diameter can
scale up to 1.5 um while maintaining excellent crystal
quality, a distinct difference from other critical dimension-
limited nanowire growth."®~ ' The average length also
shows a linear dependence on time at the early stage
of growth when the nanostructure is still sharp.
The length saturates when the growth time reaches
~42 min, transforming the nanostructures into pillars,
as shown in Figure 1d.

HRTEM Studies of InGaAs/Si Interfaces. Extensive HRTEM
was carried out to investigate the origin of the nano-
pillar growth mechanism. Sample preparation involves
the extraction of a lamella from an as-grown nanopillar
on silicon (111) with the use of FIB milling and in situ
micromanipulations.'® We cut the nanopillars to ex-
pose (2110) facets so that the distinction between WZ
and zinc blende (ZB) phases can be clearly seen. Over
20 nanopillars have been examined with HRTEM in this
work. Figure 2a,b shows a schematic diagram and the
corresponding cross-sectional TEM image of an Ing .
Gap,As/GaAs nanopillar growing on silicon (111), re-
spectively. The nanopillar can be clearly seen to directly
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grow on silicon with a “footprint” much smaller than
the base diameter of the nanopillar, which is 720 nm in
this particular lamella. The footprint diameter is found
to range from 70 to 130 nm. The pillar has an initial
section that tapers upward with an increasing diameter
at about 45°, as shown in Figure 2c. The tapered region
has a thickness of 280 nm which is approximately equal
to that of the surrounding layer, consisting of polytypes
and defects, as seen in Figure 2c. A range of angles
from about 45 to 60° were observed for various TEM
samples. The formation of such an inverted cone is due
to the formation of a polycrystalline layer with slower
growth rate, which thus “wraps” around the bottom of
the nanopillar, as illustrated in Figure 1b. We attribute
the presence of the inverted cone as the key for stress
relaxation in our core—shell growth mode, and this will
be discussed in more detail shortly.

The polycrystalline layer surrounding the inverted
cone pillar root is examined with scanning transmission
electron microscopy (STEM), as shown in Figure 2d. This
material is found covering the entire wafer and forms a
rough, continuous layer. The STEM image shows that this
material is polycrystalline with many domains, showing
short-term ZB crystallinity with random orientations. The
origin of this film can be attributed to the coalescence of
the randomly formed ZB phase islands that nucleate
during the initial growth stage at low temperature.

The bulk material of the nanopillar is pure and
single-crystalline, in contrast to the defective polycrys-
talline layer. No defects or polytypic regimes can be
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Figure 3. TEM images of InGaAs/GaAs nanopillar with base diameters of (a) 50 nm, (b) 120 nm, and (c) 740 nm. The
nanostructures are free of defects except the bottom-most defective region. As base diameter increases, the thickness of the
defective region increases from 3.4 to 280 nm, relaxing the 6% misfit stress between InGaAs and silicon. (d—f) Exact InGaAs/Si
interfaces of nanopillars in (a—c), respectively. InGaAs stems directly on Si without any amorphous material between. In the
smallest nanopillar, the defective region (labeled “D") is only 3.5 nm, or ~12 monolayer, in thickness, as seen in (d).

observed for the length above the tapered transition
region, as seen in Figure 2b,e. This indicates that most
of the stress is relieved in the bottom transition region
and that the crystal above is essentially stress-free. In
this particular TEM sample, the single-crystal bulk
material extends 1.7 um above the root and would
continue all the way up to the tip of the nanopillar.
Figure 2f shows a HRTEM image of Ing>Gag,As in the
bulk along [1210]. The lattice displays a characteristic
zigzag configuration, attesting to the WZ nature of the
crystal. Excellent crystal quality is confirmed by the
very clear diffraction pattern taken along [1210] in the
inset of Figure 2f.

Stacking disorders and defects are found in the
nanopillar bottom-most transition region, as seen in
Figure 2c. These defects terminated horizontally and
do not propagate vertically. This and the inverted
tapering are the key to the high-quality growth of
the nanopillars. Figure 3a—c shows the roots of nano-
pillars with different growth time and, hence, base
diameters. As mentioned before, the footprint of In-
GaAs on silicon is typically 70—130 nm, which is likely
to be the average distance between islands during
initial nucleation. When the nanopillar size is less than
130 nm, the surrounding polycrystalline grains are
yet to get close enough and mask the nanopillar
growth. Therefore, an inverted cone is not observed
in Figure 3a,b. Nevertheless, the same phenomenon is
observed in all three cases—all stacking faults and
defects are well confined within the bottom-most
region. In particular, when the base diameter is
50 nm, stacking defects only extend 3.5 nm, or ~12
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monolayers, above silicon, as seen in Figure 3a,d. As
nanopillar base diameter increases, the disordered
region gets thicker to accommodate the extra misfit
stress, as seen in Figure 3b,c. We note that all defects
propagate laterally rather than vertically along [0001].
In other WZ crystals like GaN, threading dislocations
propagating along the growth direction are usually
observed. Epitaxial lateral overgrowth (ELOG) is then
developed to promote lateral growth so as to bend the
dislocations from propagating upward into the active
region."” The growth mechanism described here, on the
other hand, is a pure core—shell growth mode in which
growth occurs only in the lateral direction, except the very
tip of the structure. Misfit defects therefore propagate
horizontally and terminate at the sidewall. Hence, the
crystal structure remote from the substrate stabilizes into
a single pure WZ phase, which is energetically preferred
due to a lower number of dangling bonds on the WZ
sidewalls?* In addition to stacking disorders, inverted
tapering is crucial in stress relaxation. The inverted-cone
taper serves to limit the footprint area while the base
expands, somewhat similar to the critical diameter ob-
served in nanowires below which misfit strain can be
relaxed elastically."*~"° Although the footprint (>70 nm)
has already exceeded the theoretical critical value, small
contact area and outward tapering still facilitate elastic
strain relaxation. As seen in Figure 3¢, stacking disorders
only appear infrequently in the tapered transition region,
suggesting that the special taper geometry is the domi-

nant mechanism in stress relaxation.
To realize electrical devices, it is essential to study
how the IlI-V material is connected to the substrate
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InGaAs

Figure 4. (a) GaAs shell (150 nm) grown seamlessly on Ing;Gag gAs with no defects emerging at the interface. (b) Higher
magnification of the interface. (c) HRTEM image of the interface. The high-quality WZ structure continues seamlessly from

InGaAs to GaAs.

nanoscopically. Figure 3d—f shows the HRTEM images
of the exact InGaAs/Si interfaces of the nanopillars
shown in Figure 3a—c, respectively. We note that
InGaAs always grows directly on silicon without any
amorphous material between. This is in sharp contrast
to many llI—V nanowires on silicon, which are observed
to stem from thin SiN,, SiO,, or SiO,/Si openings.'®~%°
While direct electrical conduction from IlI—V to silicon
is guaranteed, lll-V stacking disorders at the root may
seem to be a hindrance to excellent electrical perfor-
mance. However, remarkable diode behavior can still
be obtained in the presence of stacking disorders. In
particular, the /—V curves obtained from the nanopillar
photodetector we reported recently show an ideality
factor close to 2,2" which is a typical value for a high-
quality double heterostructure p—n junction with radia-
tive recombination. We attribute this to the fact that the
junction is well embedded in the single-crystalline bulk
material and thus the effect of defects is insignificant.
This explains the excellent electrical properties ob-
served in the nanopillar devices in our previous work.’

In addition to the stress relaxing mechanism, it is
also important to understand how nanopillars nucle-
ate. We believe that InGaAs initially nucleates as islands
with various orientations in both WZ and ZB phases, as
observed in Figure 2d and SEM studies (not shown
here). This is in contrast to conventional lllI-V epitaxial
growth in which ZB is the dominant crystal phase. The
main reason for such discrepancy is that our growth
temperature is substantially lower than conventional
growth. Adatoms possess lower kinetic energy on
average such that they can get incorporated into the
lattice before migrating to the most energetically
favorable ZB lattice sites. Probabilistically, adatoms
settle down at the WZ lattice sites, resulting in the
formation of WZ phase crystal seeds. This phenomen-
on is actually observed in the growth of GaP on silicon
under kinetically driven conditions,?® confirming the
possibility that ZB and WZ crystal seeds can coexist at
the nucleation phase. The probabilistic nature of WZ
crystal formation can be observed from the random
distribution of InGaAs nanopillars, which is similar to
the growth of GaAs nanoneedles on silicon.* WZ crystal
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stabilizes as a metastable phase (i.e., a local energy
minimum in addition to the global energy minimum at
ZB phase) and growth continues. We note that the low
growth temperature and V/IIl environment favor the
coherent growth of WZ phase over ZB phase crystal.
This can be observed from the vertical growth rate of
wurtzite nanostructure being over 10 times faster than
that of polycrystalline ZB InGaAs. As a result, although
both WZ and ZB islands nucleate directly on silicon at
the same time, WZ seeds enlarge coherently in a
core—shell fashion and become single-crystalline nano-
pillar while randomly oriented ZB islands coalesce and
evolve into a polycrystalline layer.

High-Quality Mismatched Growth of GaAs on In,Ga, gAs
beyond (Critical Thickness. The core—shell nanopillar
growth facilitates thicker growth of lattice-mismatched
layers, which is of critical importance for heterojunc-
tion device engineering. Previously, the thin-film criti-
cal thickness of Ing ,Gag gAs on GaAs(100) was found to
be less than 10 nm (~1.5% lattice mismatch).?®> Given
the unique core—shell growth mode and pure WZ
phase, it is important to explore if a similar critical
thickness exists. A series of samples with various GaAs
thicknesses were grown on Ing,GaggAs cores, while
keeping the same core diameter of 600 nm and growth
conditions. No defects were observed for GaAs grown
on Ing>GaggAs pillars up to a thickness of 150 nm, as
shown in Figure 4a. HRTEM images in Figure 4b,c show
that GaAs continues seamlessly on Ing>GaggAs, main-
taining the characteristic zigzag WZ lattice arrange-
ment. In over 20 lamellas examined, no observable
misfit defects were found along the entire interface in
the bulk of the nanostructure. This limit-breaking
coherent growth comes as a consequence of the
core—shell growth mode, where the surface area of
the shell layer increases almost linearly with its thick-
ness. A large surface area facilitates the elastic relaxa-
tion of stress induced at the Iny,GaggAs/GaAs inter-
face.?* This unique stress relaxation mechanism en-
ables the growth of mismatched layers to thicknesses
far beyond the conventional thin-film limit and could
lead to device structures with potentially unprece-
dented functionalities.
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Figure 5. (a) HRTEM image of a sharp InGaAs/GaAs nano-
needle. The entire tip is in pure WZ phase. (b) HRTEM image
of a blunt pillar. The topmost few monolayers are in ZB
phase, ceasing vertical growth of the nanostructure. (c) Tip
of a nanopillar with polycrystalline InGaAs layer growing on
top. (d) Nanopillars with different indium compositions.
Nanopillar length decreases as In% increases. () Nanopillar
after citric acid etch. The etch rate difference suggests that
indium composition is higher at the tip.

Vertical Growth Termination and Phase Transition Due to
Indium Incorporation. The nanoneedles transform into a
pillar shape after certain growth time, as shown in
Figure 1. We investigate the origin of the vertical
growth termination by examining the tips of sharp
and blunt InGaAs/GaAs nanostructures with HRTEM,
depicted in Figure 5a,b, respectively. Sample prepara-
tion was done by simple wipe-down of the as-grown
nanostructures onto a TEM copper grid. Sharp nano-
needle possesses a pure WZ structure which extends
all the way up to the topmost layer, as seen in Figure 5a.
On the other hand, the blunt nanopillar has ZB mono-
layers sitting on top of pure WZ phase body as the
terminating layers, shown in Figure 5b. As mentioned
previously, the growth of ZB InGaAs is unfavorable
under the growth conditions used in this work. Upon
formation of the ZB crystal, the growth rate at the tip
reduces significantly. In some extreme cases, the ZB
crystal at the tip evolves into a polycrystalline cluster,
similar to the ZB InGaAs layer surrounding the nano-
pillar, as seen in Figure 5c. This implies that a sudden
phase switch at the tip effectively stops the core—shell
growth in the vertical direction. This is not observed in
the binary GaAs nanoneedle grown in the same con-
dition. A series of InGaAs nanostructures with different
indium compositions were then grown to study the
impact of indium on vertical growth termination, as
shown in Figure 5d. We note that the three samples
have nearly the same diameters, as illustrated by the
white arrows in the figure. Nanopillar length, however,
decreases significantly with indium composition. The
higher the indium flow, the earlier the onset of trunca-
tion. We attribute the truncation to the different diffu-
sion lengths of indium and gallium. Since indium can
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diffuse over a longer distance, the tip of the nanostruc-
ture has a higher supply of indium than gallium,
resulting in a gradual increase in indium composition.
This increase in indium triggers phase transition from
WZ to ZB at the tip, thus frustrating the characteristic
core—shell growth in the vertical direction. On aver-
age, nanopillars can reach a length of between 1.7 and
2um.

To verify that indium composition is indeed larger
at the tip, we etched the InGaAs/GaAs nanopillars with
5:1 citric acid/peroxide (30%). Figure 5e shows a 30° tilt
view of a typical nanopillar after a 16 min etch. The
body of the pillar is severely etched such that the
hexagonal facets have completely disappeared. The
tip of the pillar, however, remains hexagonal in shape
and has a bigger diameter than the bulk. This shows
that the etch rate at the tip is much lower than in the
bulk of the nanopillar. It has been reported elsewhere
that the etch rate of citric acid falls with increasing
indium composition in InGaAs.>> Such an etch rate
difference observed in Figure 5e attests to the fact that
indium accumulation does occur at the tip of the
nanopillar.

Continuous Wave Operation of InGaAs Nanolaser. Excellent
crystal quality gives rise to remarkable optical proper-
ties. CW operation is achieved in nanopillar lasers
grown on silicon under optical pumping at 4 K. A
785 nm diode laser was used as the CW pumping
source. Figure 6a shows the emission spectra under
various pump powers. At low pump levels, sponta-
neous emission is observed with a peak wavelength at
970 nm and a 3 dB bandwidth of approximately 17 nm.
As the excitation power increases, we observe the
emergence of a cavity mode at 960 nm, which finally
evolves into laser oscillation. Clear threshold behavior
in the pump power dependence of light output power
and the near-field pattern are illustrated in the inset of
Figure 6b. Lasing action is also indicated by the pro-
minent line width narrowing, as seen in Figure 6c.
At a pump power of 1000 uW, the laser line width is
as narrow as 0.2 nm, which is comparable with the
narrowest line widths observed for existing nanocavity
lasers.52°~2° The laser assumes a helically propagating
mode,® and hence, the output emitted from the top
surface is relatively low. Nevertheless, more than
5.5 uW of CW optical power was collected, which is among
the highest reported for nanolasers. This underscores
the potential usefulness of integrating these nanopillar
lasers onto silicon for various applications.

Compared to conventional nanowire work, a major
advantage of this growth process is that it enables
high-quality submicrometer growth of lll—V on silicon,
as attested by detailed HRTEM studies. The bulk of the
structure is in pure wurtzite phase, which is in contrast
to most nanowires reported with zinc blende/wurtzite
polytypism. As our nanostructure can scale up to
micrometer size, lasing from a single, as-grown pillar
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Figure 6. (a) CW emission spectra at different pump powers. The cavity mode peak is observed when the pump power is as
low as 0.25 times the threshold pump power (0.25 P;,). A sideband suppression ratio of 10 dB is observed at 4 Py,. (b) Emission
power plotted as a function of pump power. Threshold behavior is observed, and the maximum output power is close to 6 uW.
The inset shows clear speckle patterns in the near-field. (c) Line width narrowing is observed with increasing pump power. The
line width reduces by a factor of ~80 near and above the laser threshold.

can be achieved. This is yet to be demonstrated in
other nanowire work because insufficient optical feed-
back can be provided by the small-sized cavity. With
InGaAs/GaAs core—shell nanopillars, we obtained a
density of around 1 per 200 um?, similar to that of
GaAs nanoneedles grown on silicon reported in our
previous work.* Since each pillar is large enough, it will
be processed and used as a single device, as evident by
the optically pumped laser reported here. Hence,
different from nanowires, where an ensemble would
be required to function as a laser,*® high density may
be neither necessary nor desirable. We note that this
growth has been repeated over 500 times, and this
signifies the potential of this work as an important
pathway for heterogeneous integration.

METHODS

Sample preparation prior to the metal—organic chemical
vapor deposition (MOCVD) growth involves standard solvent
cleaning and mechanical roughening of the substrate surface,
similar to 3—7. The solvents include acetone and methanol to
remove organic contaminants, followed by surface deoxidation
by buffered oxide etchant. InGaAs/GaAs core—shell nanopillars
are grown at 400 °C, with a V/Ill ratio ranging from 42 to 48
under a pressure of 76 Torr.
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