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Abstract

GaAs/GaNAsBi/GaAs core-multishell nanowires were grown using molecular beam epitaxy
on Si(111) substrates. The formation of the 20 nm-wide GaNAsBi shell with a regular
hexagonal structure was observed. The shell is estimated to contain approximately 1.5% N and
2.6% Bi and has a compressive lattice mismatch of less than 0.2 % with GaAs layers. The strain
mediation by the introduction of both N and Bi suppresses the crystalline deformation, resulting
in the clear formation of the GaNAsBi shell. Thus, we obtained room-temperature
photoluminescence with the maximum position at approximately 1300 nm from the

GaAs/GaNAsBi/GaAs core—multishell nanowires.



III-V semiconductor nanowires (NWs) have attracted interest for various applications due to
their superior electronic and optical properties.[1-3] Epitaxial heterostructured NWs can be
grown on Si substrates, which shows the potential for their integration on the developed Si
platform.[1-7] GaAs is a representative III-V semiconductor material employed for lasers and
optical amplifiers operating in the near-infrared regime as well as in photovoltaics. Hence, the
extension of the GaAs-based material’s functions have potential for developing electronic
systems that have not yet been realized. Dilute nitrides and bismides have been material systems
of interest for decades.[8-10] A few percentage substitutions by these elements of group V As
provide uncommon modifications of the band structure of the host matrix.[8-10] The covalent
bond lengths of Ga—N and Ga-Bi are largely different and opposite to those of Ga—As. Hence,
the quaternary GaNAsBi, which can form a heteroepitaxial layer with GaAs, provides great
tunability of the band gap and lattice constants.[11,12] To date, by using self-catalyzed
molecular beam epitaxy (MBE) on a Si(111) substrate we have produced GaNAs NWs which
support laser operation,[13,14] and GaAsBi NWs which show specific structural
modifications.[15-17] Both the constituent GaNAs and GaAsBi are metastable and the growth
conditions strongly affect the morphology of the NWs.[11,18-21] The nanowires with clean
facets, and well-defined Bi-containing regions were challenging to obtain for Bi-containing
NWs because of the characteristic diffusion and segregation of Bi at the growth front[15-17].
Until now, GaAsBi NWs without strong deformation could only be fabricated with Bi
concentrations of up to 1.2%[22]. The NWs with a Bi concentration over 2% and 1100 nm
wavelength emission at room temperature (RT) showed large structural deformation.[15-17]
Here, we report the molecular beam epitaxy (MBE) of GaAs/GaNAsBi/GaAs core—multishell
heterostructure NWs, where the GaNAsBi shell containing 1% N and 3% Bi does not exhibit
structural degradation and shows RT emission at 1300 nm.

The investigated samples were grown on phosphorous-doped n-type Si(111) substrates in

a plasma-assisted MBE system.[13,16,17,23] A conventional solid-source effusion cell was
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used to supply Ga. An as valved cracker cell was operated in As4 mode. Nitrogen was supplied
by an electron cyclotron resonance plasma source.[24] The surfaces of the epi-ready Si
substrates were not treated prior to NW growth. The substrate surface was thus covered with a
thin native oxide with a typical thickness of several nanometers. The pinholes in this oxide layer
induced the formation of nanocraters, which acted as nucleation sites for the NWs.[23] The
GaAs NW core was then formed by vapor—liquid—solid growth assisted by constituent Ga seed
particles when Ga and As4 flux were supplied to the Si substrate.[25,26]. We grew two series
of GaAs/GaNAsBi/GaAs core—multishell samples using the following procedure. The beam
equivalent pressure (BEP) of Ass4 was adjusted to 6x107* Pa for the core and 1x107* Pa for the
shells. The Ga supply was set to match a planar growth rate of 1 mL/s on GaAs(001) before
growth. The atomic V/III ratio was 1 under these conditions. Bi BEP was set to 3.5x107° Pa for
the growth. The GaAs core growth was initiated by opening the Ga shutter under an As
overpressure and the GaAs core was grown for 30 min at 560 °C. By introducing a growth
interruption and maintaining the Asa flux, the Ga catalyst crystallized. The Ga flux was reduced
to 0.5 ML/s planar growth equivalent during the crystallization. Subsequently, lateral growth
became dominant, which was expected to form wire shells.[13,15] The first GaAs shell was
grown for 20 min, followed by a second growth interruption. During the interruption, the growth
temperature was reduced and the nitrogen plasma was ignited. The GaNAsBi shell was grown
at a substrate temperature of 350 °C [15-17]. The N plasma was operated at 30 W with a N2
flow rate of 0.7 sccm. The GaAs shell was then grown for 2 min, the GaNAsBi shell was grown
for 3 min by opening the shutter of the plasma source, and the outermost GaAs shell was grown
for 30 min. The nanowire formed a GaAs/GaNAsBi/GaAs core—shell structure.[15-17] Based
on these growth parameters, the GaNAsBi shell was expected to form a 20 nm-wide layer. From
the conditions of Bi BEP and nitrogen plasma operation, the Bi and N concentrations within the
GaNAsBiI layer were targeted to be approximately 3% and 1%, respectively. The atomic flux

and the compositions of the GaNAsBi layer in the NWs were calibrated by growing planar
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GaAs/GaNAsBi/GaAs heterostructures by placing a GaAs(001) substrate next to Si(111) on the
Mo substrate holder block for growth, which provided good agreement for the compositions of
the grown layers between the test sample and NWs in our previous study, [13-17, 27-29] even
though the growth rate is different between those. From the X-ray diffraction of the thin film
samples, we obtained the expected compositions of the GaNAsBi shell layer assuming identical
compositions between the thin film and the NWs shell grown at in the vapor—solid mode.[13-

17,27-29]

Structural characteristics of NWs were investigated using scanning electron microscopy
(SEM) and cross-sectional scanning transmission electron microscopy (STEM). Axially sliced
single NW samples for STEM investigation were prepared by focused ion beam processing
(Helios660, FEI, USA). STEM was conducted on a single NW using a JEM-ARM200F Dual-
X TEM microscope (JEOL, Japan) operating at 200 kV with energy dispersive X-ray
spectrometry (EDS) employing a 100 mm? silicon drift detector (JED-2300, JEOL). STEM
images were obtained in both bright-field (BF) and high-angle annular dark field (HAADF)
modes, and fast Fourier transform (FFT) diffraction patterns were analyzed.[16,17]
Photoluminescence (PL) measurements were performed using a micro-PL system at RT. PL
excitation was conducted using a 660 nm solid-state laser at 3 mW. The PL signal was collected
in a backscattering geometry through a 0.5 NA microscope objective and detected using a liquid
nitrogen-cooled InGaAs charge-coupled device detector attached to a grating monochromator.

Figures 1 (a) and (b) show the plan-view and 30°-tilted SEM images of the NW sample.
The NWs were found to have a typical length of 3—5 um and an average diameter of 400 nm.
The wires prefer vertical alignment with respect to the substrate surface with a vertical yield of
approximately 70%. The wires have a spherical tip and roughened sidewall surface as observed
in our previous study on GaAsBi NWs. This is induced by the surface diffusion of the Bi atoms
at the growth front and the resultant morphological deformations as the previous reports. [15-

17, 29]



Figure 1. (a) Plan view and (b) 30°-tilted SEM images of the fabricated GaAs/GaNAsBi/GaAs

core—multishell nanowires.

Figure 2 (a) and (b) show the axial cross-sectional BF-STEM and HAADF-STEM
images of the GaAs/GaNAsBi/GaAs nanowire sample, respectively. The wire has a diameter
of 400 nm and contains GaAs/GaNAsBi/GaAs core—shell layers. The dimensions of the
corresponding layers can be estimated to be ~ 200 nm (the GaAs core), 20 nm (the width of the
GaNAsBi shell), and 80 nm (the width of the outermost GaAs shell), which agrees well with
the expected structure from the growth protocol.[13-17,27-29] The non-regular hexagonal
sidewall structure of the outermost shell sidewall shown in Fig. 2(a) should be induced by the
existence of residual Bi as reported in our previous study.[15-17] The Bi element is hard to be
completely incorporated into the GaNAsBi matrix and the residual Bi diffuses on the growth

front until its evaporation, resulting in the characteristic structural morphology in this materials



system.[15-17, 30] The GaNAsBi inner shell is clearly distinguished by the dark contrast in the
BF image, as well as the bright contrast in the HAADF image in Fig. 2(b). The HAADF image
provides information about the elemental distribution based on its Z-contrast image, where
elements of larger atomic numbers exhibit a brighter contrast.[16,17] The bright contrast at the
inner shell in Fig. 2(b) thus suggests the formation of the Bi-containing layers with the inclusion
of a sufficient amount of Bi elements in the area.[16, 17, 30] As seen in the enlarged BF image
in Fig. 2 (c), the GaAs/GaNAsBi inner interface is sharp. However, the outer GaNAsBi/GaAs
interface can be recognized but is slightly dispersed compared to the inner interface. A sharp
initial interface and roughening of the overlayer are often observed for the heterointerface of
multi-elemental alloy systems such as these dilute nitrides, [31] where the accumulation of
epitaxial strain or phase separation occurs.[32,33] In contrast, the atomic arrangement is well
ordered and there is no structural degradation or contrast modulation for the GaNAsBi shell, as
seen in the enlarged HAADF-STEM image in Fig. 2 (d). Hence, we conclude that the possible
degradation induced by the strain accumulation and the phase separation are modestly
suppressed in the GaNAsBI shell and do not critically degrade the layer, as seen in the cross-
sectional images in Figs. 2(a) and (b). The FFT diffraction patterns shown in Fig. 4(c) obtained
for the indicated areas of the GaNAsBi shell, GaAs core, and a spot at the outer GaNAsBi/GaAs
interface are shown in Fig. 2 (e—g). Both patterns indicate that the vertices of the NW are
directed to <112> between adjacent {110} side planes. The lattice distances for (220) and (202)
diffraction obtained from the FFT patterns of Fig. 2 (e-g) are 1.93 A and 1.92 A for the
GaNAsBi shell, 1.92 A and 1.92 A for the GaAs core, and 1.93 A and 1.92 A for the outer
interface, respectively. These results suggest that the GaNAsBi region is under approximately
0.2% compressive strain. Previously, we observed structural deformations by the introduction
of Bi when it was introduced with concentrations exceeding 2%. Under these conditions, we
observed strong structural deformation and the loss of regular hexagonal structure.[15-17]

Consequently, the strain mediation in GaNAsBi by the introduction of both N and Bi at
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appropriate concentrations enables a small lattice mismatch between GaAs and improves the
GaNAsBi/GaAs heterointerface. EDS elemental mapping for Bi, Ga, and As shown in Figs. 2
(h), (i), and (j), respectively, confirm the formation of the Bi-containing inner shell. It is
noteworthy that the detection of nitrogen intensity in EDS requires approximately 3% based on
our previous study, and thus we cannot detect it due to the expected lower N concentration than
that. [13,29] Therefore, the N distribution cannot be detected here because of the expected N
concentration of about 1%. The quantitative analysis for the EDS elemental mapping provides
the Bi concentration of 2.6% + 0.3%. From the obtained lattice separation in the above
diffraction pattern analysis, we obtained a lattice constant of 5.65-5.68 A for the GaNAsBi
layer, which is almost lattice matched to GaAs. Combining the diffraction pattern analysis and
quantitative EDS, we can estimate the Bi and N concentration at the GaNAsBi layer to be 2.6%

for Bi and about 1.5% for N with errors of about + 0.3%.[20,34]



Spot

aNAsBi shell outer interface’

Figure 2. Results of axial cross-sectional STEM-EDS investigations of GaAs/GaNAsBi/GaAs
core—multishell structure. (a) BF-STEM and (b) HAADF-STEM image. (c) Higher
magnification BF-STEM image at the area delimited by the rectangle in (a) and (d) further
higher magnification HAADF-STEM image at the area delimited by the rectangle in (c). FFT
diffraction patterns observed from the [111] direction at the areas of (e) GaNAsBi shell, (f)
GaAs core, and (g) the spot at the outer interface as indicated in (c) . The dashed lines shown
in (d) indicate the GaNAsBi/GaAs interface extracted from the contrast difference. EDS

elemental mapping of (h) Bi, (i) Ga, and (j) As.

Figure 3 shows the RT PL spectrum measured from the ensemble of the
GaAs/GaNAsBi/GaAs core—multishell NWs. The detected emission has maximum intensity at
1300 nm. This ensemble spectral position is consistent with 2.6% Bi and 1.5% N,[35] as
estimated from the EDS results on the individual NW in Fig. 2. This suggests that the

luminescence originates from band-to-band transitions within the NW GaNAsBi shells. We



note that quantum confinement effects are not expected to affect the transitions energy due to
the relatively large thickness (20 nm) of the shell. The observed significant broadening of the
PL spectrum could be due to fluctuations of the alloy composition commonly seen in Bi-

containing alloys,[20] as well as structural variations within the nanowire ensemble.

PL intensity (a. u.)

800 1000 1200 _ 1400 1600
Wavelength (nm)

Figure 3. Room-temperature PL spectrum of GaAs/GaNAsBi/GaAs core—multishell NW

ensemble.

In summary, we have grown GaAs/GaNAsBi/GaAs core—multishell nanowires by self-
catalyzed MBE on a Si(111) substrate. The nanowires, grown at 350 °C, show a regular
hexagonal GaNAsBi shell with a width of 20 nm. Based on the cross-sectional STEM-EDS
studies, the shell was estimated to contain approximately 1.5% N and 2.6% Bi, showing a lattice
mismatch of less than 0.2%, with the low strain appearing to suppress lattice deformation. Thus,
we obtained RT photoluminescence at approximately 1300 nm from the GaAs/GaNAsBi/GaAs
core—multishell nanowire ensemble. Our results, therefore, show that co- alloying with Bi and
N results in high structural and optical quality of GaNAsBi NWs, promising for future

applications of this material system in nanoscale light emitters operating in the infrared regime.
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