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We report structural studies on the epitaxial growth of GaAs/GaNAs core-shell nanowires (NWs)

on patterned Si (111) substrates by self-catalyzed selective area growth using Gas-Source

Molecular Beam Epitaxy. Epitaxial growth conditions were obtained using a combination of dry

and time-sensitive wet etching of the SiO2 growth mask and native SiO2 layer, respectively. We

found that higher growth temperatures resulted in a higher yield for the epitaxial growth of pat-

terned self-catalyzed GaAs NWs on Si with an optimal temperature of 690 �C. The GaNAs shell

growth at 500 �C was found to be conformal and maintained an epitaxial and dislocation-free inter-

face with both the Si substrate and the GaAs nanowire. The micro-photoluminescence (l-PL) mea-

surement at 6K revealed two bands peaking at 1.45 and 1.17 eV, which could be emission from the

GaAs core and GaNAs shell. Transmission electron microscopy showed the zincblende crystal

structure of GaAs and GaAs/GaNAs core-shell NWs with minimal twinning near the base of the

GaAs nanowires and at the tips of the GaAs/GaNAs core/shell nanowires. This study illustrates the

feasibility of the epitaxial growth of patterned GaAs with dilute nitride shells on Si substrates,

which would have potential for Si-friendly intermediate band solar cells and telecom emitters.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4990821]

In recent years, III-V semiconductor nanowire (NW)

growth on Si substrates has raised considerable interest

because it combines the superior physical properties of III-V

materials with the standard Si integrated circuits and systems

for potential applications in nanophotonic and nanoelec-

tronic devices.1–3 One of the advantages for growing III-V

NWs on Si substrates as opposed to planar films is that the

nanowire geometry effectively relaxes the lattice mismatch

constraints due to their small interfacial area.4,5 As a result,

the interface between the III-V nanowire and the Si substrate

can possess minimal interfacial defect densities, low to no

antiphase domain boundaries, and under optimized growth

conditions defect-free III-V nanowire materials, all of which

are attributes that are hard to accomplish with conventional

planar thin film growth. Achieving functional devices such

as high-efficiency NW solar cells6,7 necessitates the growth

of NWs at precise positions. Additionally, the parasitic clus-

ter deposition (i.e., inter-nanowire planar growth), which is

often accompanied by the NW growth on unpatterned sub-

strates, can be suppressed by patterned growth. Therefore,

significant work has been reported on III-V NW growth on

patterned Si substrates using the gold-catalyzed method.8,9

To avoid contamination associated with foreign metal cata-

lytic droplets including Au, the self-catalyzed growth

method, i.e., deposition of one layer of Ga droplets on a Si

substrate to seed one dimensional nanowire growth, has been

pursued.10,11

Our work focuses on dilute nitride semiconductor layers

and nanowires, grown by gas-source molecular beam epitaxy

(MBE), which have two unique characteristics of interest

within the spirit of this work. First, according to the band

anti-crossing (BAC) model,12–14 the interaction between the

host states and the N localized states in a dilute nitride sys-

tem results in two subbands, a lower subband (E–) that can

play the role of an intermediate band (IB) and a higher sub-

band (Eþ) that plays the role of the conduction band (CB).

Electrons can be excited from the valence band (VB) to the

CB via the IB through two-photon absorption, which makes

the dilute nitride materials of great importance for the funda-

mental study of light-matter interactions and of special inter-

est for the field of solar cell research.15,16 Second, the giant

bowing in the bandgap energy of III-N-V alloys makes them

technologically attractive for long-wavelength lasers within

the optical-fiber communication wavelength window

(1.3–1.55lm).17,18 To improve the carrier lifetime, the sup-

pression of the surface states by growing a shell layer of

AlGaAs or GaAsP is of crucial importance. However, the

opposite trend was recently reported19 for GaNAs NWs, the

room-temperature carrier lifetime of which was found to be

improved. The reason could be the formation of Ga-N bonds

at the GaAs surface, which causes the passivation of Ga dan-

gling bonds.20 Hence, we investigated GaAs/GaNAs core/

shell NWs.

The self-catalyzed growth of GaAs/GaNAs nanowires

on Si (111) has been pursued before by several groups.

While fundamental studies21–23 have advanced our under-

standing of the carrier dynamics in GaAs/GaNAs core/shell

nanowires, the patterned growth of GaAs/GaNAs core/shell
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nanowires—important for device applications—has not been

attempted. Further, detailed and high resolution transmission

electron microscopy (HRTEM) studies to uncover the quality

of the GaAs/Si and GaAs/GaNAs/Si interfaces are yet to be

performed. This work presents mechanistic studies to enable

the controlled growth of GaAs/GaNAs core/shell nanowires

in precisely defined patterns using the selective area growth

approach, optical characterization, and the HRTEM study of

the interfacial and structural characteristics of the grown

layers.

We utilize standard electron beam lithography (EBL)24

and CF4/CHF3/Ar anisotropic dry etching of 30 nm-thick

plasma enhanced chemical vapor deposited (PECVD) SiO2

growth mask layers on Si (111) substrates. The patterned

array consisted of holes with a diameter of �90 nm and an

inter-hole center spacing (pitch) of 1.5 lm. Prior to the intro-

duction of the samples into the MBE chamber, a short

diluted aqueous hydrofluoric acid (HF) dip was used in order

to etch the native oxide from the patterned holes. The growth

was performed in a Varian Gen-II MBE system modified to

handle gas sources. Thermally cracked AsH3 was used as the

As2 source, while solid elemental Ga was used to generate a

Ga atomic beam through an effusion cell. The substrate was

heated to 690 �C for 15min prior to the growth.

For NW growth, Ga was deposited on the Si (111) sur-

face for 1min with a Ga flux of �0.7 monolayer/s, calibrated

by Ga-induced reflection high-energy electron diffraction

(RHEED) intensity oscillation for the planar homoepitaxial

growth of GaAs at the same substrate temperature (Tsub). As

incorporation was also determined from As-induced RHEED

intensity oscillation on a Ga-rich surface.25 Then, the sub-

strate was annealed for 30 s to form Ga droplets inside the

holes. The GaAs NWs were grown for 20min at a V/III

incorporation ratio of 2 and a substrate rotation speed of 3

RPM for growth uniformity. The AsH3 flow rate was set at 3

sccm during growth. Scanning electron microscopy (SEM)

measurements of the NWs were performed with an FEI

XL30 ultra high resolution SEM system.

We first investigated the effect of using a diluted HF

solution to remove the native oxide in the patterned holes

prior to the growth of GaAs NWs. Figure 1 shows 45�-tilted
SEM images of GaAs NWs with various diluted HF etching

times. These results suggest that (1) the patterned holes in

Fig. 1(a)—no HF etching—are completely covered by SiO2;

(2) holes for the 10 s HF etching [Fig. 1(b)] are partly cov-

ered by SiO2 prior to NW growth; (3) holes for the 30 s HF

etching [Fig. 1(c)] have their native oxide properly etched

and were properly filled with Ga droplets for GaAs NW

growth; and (4) holes for the 60 s HF etching [Fig. 1(d)] are

fully etched together with the formation of etch-pits in SiO2

in EBL non-patterned regions due to the damage of the SiO2

pattern in the long HF dip, leading to Ga accumulation in the

parasitic NW growth. Therefore, we conclude that a 30 s HF

dip is optimal for selective area GaAs NW growth under our

otherwise fixed experimental conditions.

Next, we optimized the morphology of the grown GaAs

NWs by studying the effects of the growth temperatures,

Tsub, of 630, 650, 670, and 690 �C. Prior to growth, all the

samples were dipped in diluted HF for 30 s to fully remove

the native oxide. We find that the higher the growth

temperature, the higher the NW growth yield. In the vapor-

liquid-solid (VLS) mechanism,26 liquid droplets act as a cat-

alyst and absorb vapor components (both Ga and As here) to

get incorporated into and supersaturate alloy droplets (Ga

rich here) and initiate the growth of the reaction byproduct

(GaAs NW) from a supersaturated melt. At sufficiently

high Tsub (�650 �C), the Ga adatom mobility is increased.

Consequently, most adatoms can diffuse into the Ga droplet

in the SiO2 hole or on the NW tip, which provides abundant

Ga replenishment for a well-supersaturated GaAs NW VLS

growth.

With the optimization of the GaAs NW core growth, we

proceeded to the dilute nitride shell growth, which permits

the growth of advanced structures by doping and composi-

tion modulation, such as p-i-n radial junctions and hetero-

junctions including quantum wells. For GaAs/GaNAs core/

shell NWs, Tsub for the shell growth was decreased to

�500 �C. Decreasing Tsub reduces the Ga adatom mobility

on the growing surfaces and depletes the NW tip from a liq-

uid Ga droplet to cease the axial NW growth. However, the

Ga shutter was closed while ramping down the growth tem-

perature for 20min and keeping the group V flux to consume

the Ga droplets prior to the growth of the GaNAs shells. The

Ga flux is kept at 0.7 monolayer/s. The N plasma power con-

ditions for the shell were 0.9 sccm and 250W, and the shell

growth time was 30min. Figure 2(a) shows the SEM image

of the core-shell GaAs/GaNAs NWs. The average diameter

of core-shell NWs is �220 nm. The l-PL measurement was

carried out on as-grown NW arrays with excitation from

a 659 nm solid-state laser source at 6K. The excitation

beam was focused on the sample using a 50� objective

(NA¼ 0.5). The excitation power was 1 mW. The signal was

dispersed using a monochromator equipped with a 950mm�1

grating and detected with a liquid nitrogen cooled InGaAs

CCD. Figure 2(b) shows the l-PL measurement of the core-

shell NWs (the solid line) together with the reference GaAs

FIG. 1. SEM images of GaAs core NWs on Si (111) with diluted HF etching

times of (a) t¼ 0 s, (b) t¼ 10 s (c) t¼ 30 s, and (d) t¼ 60 s. The Ga flux was

set at 0.7 monolayer/s, and growth time¼ 20min. HF was diluted in DI

water at a ratio of 1:40.

072106-2 La et al. Appl. Phys. Lett. 111, 072106 (2017)



NWs (the dashed line). The spot diameter of the l-PL laser

beam focused on the sample is estimated to be 0.8–1 lm,

which means that the PL-spectra came from one or two

NWs. The l-PL spectrum of the reference sample is domi-

nated by a single line at around 1.52 eV, likely due to free

exciton (FE) recombination. The lack of other transitions in

the spectra indicates very good structural and optical quality

of the sample, consistent with the results of TEM measure-

ments to be discussed below. For the GaAs/GaNAs core-

shell NWs, the PL spectra contain two dominant emission

bands peaking at 1.45 and 1.17 eV. The former could be

attributed to the GaAs core based on performed photolumi-

nescence excitation (PLE) measurements [Fig. 2(c)]. We

note that the GaAs emission in the core-shell structures is no

longer dominated by the FE transitions, which could reflect

fast FE trapping by the shell with a lower bandgap. Instead,

it contains a broader PL band, which likely arises from radi-

ative transitions involving residual impurities or defects

formed due to the strain in the core-shell structure. The sec-

ond PL band is due to emission from the GaNAs shell and

arises from the recombination of weakly localized excitons,

which are trapped by potential fluctuations induced by long-

range alloy disorder in the GaNAs shell.19 The numerous

fine features overlapping with the broad peak could be attrib-

uted to excitons strongly confined in quantum-dot like states

induced by short-range fluctuations in the nitrogen composi-

tion which are superimposed on long-range alloy disorder.27

The third peak at around 0.93 eV may be caused by N related

defects, which is often seen in dilute nitride materials.22,28

The N composition is estimated to be �0.8% using the band

anti-crossing (BAC) model and PLE spectra detected from

GaAs/GaNAs core-shell NWs in Fig. 2(c).

We then studied the interface of the selective area grown

GaAs NW and GaAs/GaNAs core/shell NWs with the Si

substrate using TEM. To prepare the samples for TEM, we

first deposited a 200 nm-thick SiO2 layer by PECVD and

then deposited a Pt protection layer by in-situ focused ion

beam (FIB). Second, careful FIB slicing at the GaAs NW

growth site from the Si substrate was performed. The sample

was then mounted by a controlled manipulator inside the

FIB on a TEM grid and was further thinned to an e-beam

transparent lamella thickness in the range of 80–120 nm. An

overall view of the studied GaAs NW is shown in Fig. 3(a)

where the NW grows from the SiO2 hole and increases the

diameter above the hole to overlap its edge. Overall, we

found that the GaAs NW grown on the Si substrate at 690 �C
exhibited the zincblende crystal structure [Figs. 3(b)–3(d),

3(f)] and was relatively free of defects except for a few twin-

ning planes observed in the hole and near the base of the

NW. These twinning planes are commonly observed for III-

V semiconductor NWs due to the small energy difference

between the zincblende (ZB) phase and the hexagonal wurt-

zite (WZ) phase.29 In addition to the free NW surface that

helps in stress relief, the stepped morphology of the GaAs

NW at the SiO2 mask at the base is expected to significantly

lower the strain near the base of the GaAs nanowire, thereby

minimizing the formation of edge dislocations and twin

boundaries at the GaAs/Si heterointerface [Fig. 3(d)].30 On a

stepped interface, there are atoms at the edges that can be

dislocated from their pre-supposed position on a flat inter-

face. These atoms at multiple edges can adapt to strain, and

the interfacial in-plane strain is supposed to be reduced and

be accommodated. The strain distribution was calculated by

manually measuring atomic distances at different locations

near the Si/GaAs interface in Fig. 3(d). According to the

strain distribution analysis in Fig. 3(e), the in-plane strain

(ek) in the Si substrate at 1.2 nm from the interface is 1.3%,

and the in-plane strain (ek) in the GaAs core at 1.2 nm from

the interface is -1.7%. The in-plane strain (ek) and out-of-

plane strain (e?) in Si decrease gradually to nearly 0 at

12 nm from the interface. Of note is the stepped diameter

before, at, and after the planar twinned layer near the base as

shown in Fig. 3(f). Recent in-situ TEM growth of GaAs

NWs concludes that their phase is dictated by the dynamics

of the catalyst volume and contact angle at the edge of the

NW.31 The change in the Ga droplet volume during the

growth affects the phase of the crystal and consequently the

diameter of NWs.

It is imperative to study the interfaces of the GaNAs

shells on GaAs NWs. Figure 4(a) shows an overall TEM

image view of a GaAs/GaNAs core-shell NW grown on the

Si substrate. Defective growth at the tip of the NW is

observed in Fig. 4(b), indicating that the Ga droplet was not

fully depleted prior to the GaNAs shell growth. The magni-

fied image of the NW base in Fig. 4(c) reveals that the para-

sitic GaNAs is grown on the SiO2 pattern at a substrate

FIG. 2. (a) SEM images of GaAs/GaNAs core-shell NWs. (b) l-PL spectra of the GaAs NWs and GaAs/GaNAs NWs measured under 659 nm excitation. (c)

PLE spectrum detected from the GaAs/GaNAs core-shell NWs, plotted as the square of the PL-intensity (IPL).
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temperature of �500 �C with a thickness of �200 nm. The

catalyzed growth on the SiO2 surface is about 4 times thicker

than that on the NW sidewalls, which was �55 nm. The

strain between GaAs and GaNAs on the sidewall was esti-

mated to be �0.18% for an expected nitrogen concentration

of 0.8% in these experiments.32 Using the Matthews and

Blakeslee force balance for strain relaxation, the critical

thickness of planar GaNAs containing 0.8% nitrogen on

GaAs was calculated to be �180 nm.33 Core/shell nanowires

are known to have a larger critical thickness for strain

relaxation compared to planar layers.34 Thus, the boundary

between GaAs and GaNAs is not obvious in the TEM image.

Interestingly, we found that GaNAs filled laterally the empty

space in the patterned hole and epitaxially grew on the Si

(111) surface as observed in Figs. 4(d)–4(g). The HRTEM

images at the Si/GaNAs interface did not reveal evident

defects except for the planar twinned layers within the

GaAs/GaNAs core/shell NW. We suspect that these planar

defects also help in relieving the �4% GaAs/Si lattice mis-

match, in addition to the free surface. Future work will

FIG. 3. (a) TEM image of an overview of a GaAs NW on a Si substrate. (b) High-magnification TEM image of the tip of the GaAs NW. (c) High-

magnification TEM image of the bottom of the GaAs NW on the Si substrate. (d) High-resolution TEM (HRTEM) image of the interface of the GaAs NW and

Si substrate indicated by the green rectangle in (c). (e) The strain distribution at the interface of the GaAs NW and Si substrate. (f) HRTEM image of a part of

the NW near the base indicated by the red rectangle in (c) showing the twinning planes in the GaAs NW. The insets in (d) and (f) show the Fast Fourier

Transform (FFT) of the crystal in respective regions.

FIG. 4. (a) TEM image of an overview of a GaAs/GaNAs core-shell NW on a Si substrate. (b) High-magnification TEM image of the tip of the GaAs/GaNAs

core-shell NW. (c) High-magnification TEM image of the bottom of the GaAs/GaNAs core-shell NW on the Si substrate. (d) HRTEM image of the interface

of the GaAs/GaNAs NW and Si substrate. (e)–(g) HRTEM images of the interface of the GaAs/GaNAs NW and Si, respectively (green, yellow, and purple rec-

tangles in (d)). The inset in (e) and (g) shows the selected-area diffraction pattern.
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concern with the optimization of the shell growth conditions

and Ga depletion from the NW tip to enable an epitaxial

defect-free core/shell tip that is crucial for light absorption or

emission.

In summary, vertical self-catalyzed GaAs NWs and

GaAs/GaNAs core-shell NWs were grown on patterned Si

(111) substrates by Gas-Source Molecular Beam Epitaxy

(GSMBE). The typical diameters are �110 nm for GaAs

NWs and �220 nm for GaAs/GaNAs core-shell NWs for a

shell growth time of 30min. The yield of vertical NW

growth increased by optimal wet etching of the native oxide

layers and at higher growth temperatures with the best result

obtained at 690 �C. GaNAs shells were grown and main-

tained an epitaxial interface with both the Si substrate and

the GaAs NW core deduced from detailed HRTEM studies.

This work was performed in part at the San Diego

Nanotechnology Infrastructure (SDNI) of UCSD, a member

of the National Nanotechnology Coordinated Infrastructure,

which is supported by the National Science Foundation

(Grant No. ECCS-1542148). The TEM work was performed

at the Center for Integrated Nanotechnologies (CINT), U.S.

Department of Energy, Office of Basic Energy Sciences

User Facility at Los Alamos National Laboratory (Contract

No. DE-AC52-06NA25396) and Sandia National

Laboratories (Contract No. DE-AC04-94AL85000). Optical
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