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Abstract 

We report the growth of dilute nitride GaNAs and GaInNAs core-multishell nanowires by 

plasma-assisted molecular beam epitaxy. Using constituent Ga-induced vapor-liquid-solid 

growth, these nanowires were grown on Si(111) and silicon on insulator (SOI) substrates. The 

GaNAs shell nominally contains 0%, 2%, and 3% nitrogen. We also report the growth of 

GaAs/GaInNAs/GaAs core-multishell nanowires nominally containing 30% In and 2% N. 

Axial cross-sectional scanning transmission electron microscopy measurements and energy-

dispersive X-ray spectrometry confirm the formation of the core-multishell nanowire structure. 

We obtained high-quality GaNAs nanowires with nitrogen compositions up to 2%. On the other 

hand, GaNAs containing 3% nitrogen, and GaInNAs nanowires, show distorted structure; 

moreover, the optical emissions seem to be related to defects. Further optimisations of the 

growth conditions will improve these properties, promising future applications in nanoscale 

optoelectronics. 

Keywords: Nanowire, Dilute nitrides, GaAs, GaNAs, GaInNAs, Molecular beam epitaxy 

1. Introduction 

The dilute nitrides—ternary GaNAs and quaternary 

GaInNAs—are materials of great interest due to their band gap 

tunability and large conduction band offset.[1-4] The 

substitution of a percentage of group V atoms with nitrogen, 

in III-V compound semiconductors such as GaAs and InP, 

significantly decreases the band gap. The band gap of GaNAs 

decreases under the action of uniaxial/biaxial tensile strain, 

e.g., in GaNAs/GaAs heterostructures, which allows for 

extensive engineering of the alloy band structure and lattice 

constant.[5,6] This phenomenon differs remarkably from that 

found for other conventional compound semiconductors. The 

dilute nitrides have been recognised as suitable materials for 

use in high-efficiency solar cells, because their bandgap 

allows light absorption within the infrared region of the solar 

spectrum.[7-9] Additionally, their properties are promising for 

the realisation of 1.3-1.55 µm telecommunication lasers, 

which show good performance at high operation 

temperatures.[1-4] III-V semiconductor nanowires (NWs) are 

promising as building blocks for nanoscale electronics and 

photonics, because of a high electron mobility and direct band 

gap, which are common for III-V compounds.[10,11] The 

introduction of heterostructure into such NWs further 

facilitates control of the transport and electronic properties of 

these systems. Moreover, owing to relaxed constraints on 

substrate materials for the NW growth, III-V NWs can be 

grown epitaxially on Si substrates. This is promising for the 

integration of high-mobility and optically efficient III-V 

compounds on developed Si platforms.[12-17] 

Due to the difficulties for the crystal growth of dilute nitride 

materials, mainly induced by a high miscibility gap between 
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the constituent elements, growth of high-quality dilute nitride 

alloys becomes more difficult for higher amounts of nitrogen 

and indium.[18,19] We have reported molecular beam 

epitaxial growth of high-quality GaAs/GaNAs core/shell NWs 

containing 0.5% N.[20-24] In these NWs, we found a 

suppression of surface recombination due to the introduction 

of nitrogen in the shell layer.[25] This was beneficial for 

device applications, with lasing being observed at 880 nm, for 

temperatures up to 150 K.[26] On the other hand, La et al. 

demonstrated selective-area MBE growth of self-catalysed 

GaAs/GaNAs core/shell NW arrays on Si substrates, 

achieving a nitrogen composition of about 1%.[27] However, 

for applications of GaNAs-based NWs in IR-light-emitting 

devices and solar cells, higher nitrogen compositions are 

desirable. Recently, we have fabricated GaAs/GaNAs 

heterostructure NWs with nitrogen content over 2%, which 

pushes the emission wavelength over 1.1 µm.[28] In this 

report, we discuss the growth and properties of dilute nitride 

GaNAs and GaInNAs heterostructured NWs with high 

nitrogen and indium compositions as required for their 

potential applications in infrared-regime optical devices. 

2. Experimental Details 

The investigated samples were grown on phosphorous-

doped n-type Si(111) substrates, in a plasma-assisted 

molecular beam epitaxy (MBE) system equipped with a water-

cooled shroud.[20,21,29,30] A conventional solid-source 

effusion cell was used to supply Ga, and an As-valved cracker 

cell was operated in the As4 mode at a cracking temperature 

of 550 °C. Nitrogen was supplied by an electron cyclotron 

resonance plasma source.[31] The surfaces of the epi-ready Si 

substrates were not treated prior to the NW growth until their 

introduction into the MBE system. The substrate surface was 

thus covered with a thin native oxide having a typical 

thickness of several nanometres. The pinholes in this oxide 

layer induced the formation of nanocraters, which acted as 

nucleation sites for NWs.[21,29,30] Before the growth of 

NWs, the substrate was heated up to 620 °C for 10 min. The 

GaAs NW core was then formed by vapor-liquid-solid growth 

assisted by constituent Ga seed particles, when Ga and As 

fluxes were supplied to the Si substrate.[20,21,32-35] We 

grew four series of GaAs/GaNAs/GaAs and 

GaAs/GaInNAs/GaAs core-multishell samples by varying the 

flux of N atoms, using the following procedure. The beam 

equivalent pressure (BEP) of As was adjusted to 4×10-3 Pa 

throughout the growth. Prior to the growth, the Ga and In 

supplies were set to match planar growth rates on GaAs(001) 

of 1.0 and 0.3 monolayer/s, respectively. . The As4/Ga BEP 

ratio was 37 at these conditions. The GaAs core growth was 

initiated by opening a Ga shutter under an As overpressure, 

and the GaAs core was grown for 30 min at 580 °C. By 

introducing a growth interruption, the catalyst Ga became 

crystallised. The Ga flux was reduced to 0.5 ML/s during the 

crystallisation. Subsequently, lateral growth became 

dominant; this was expected to produce the wire shells. The 

first GaAs shell was grown for 20 min, followed by the second 

growth interruption. During the interruption, the growth 

temperature was reduced to 500 °C and the nitrogen plasma 

was ignited.[31] We then grew the GaAs shell for 5 min, and 

the GaNAs or GaInNAs shell for 30 min, by opening the 

shutter of the plasma source. After the growth of the GaNAs 

or GaInNAs layer, the plasma was immediately extinguished. 

Subsequently, without growth interruption, the outermost 

GaAs shell was grown for 30 min. The NWs consequently 

formed a GaAs/Ga(In)NAs/GaAs core-multishell structure. 

Three series of GaNAs structures were fabricated by varying 

the nitrogen flux, which was controlled by adjusting the 

microwave power of the plasma source between 0 and 40 W 

at a fixed N2 gas flow rate of 1 sccm.[31] The GaNAs shell 

nominally contained 0%, 2%, and 3% nitrogen, which was 

determined using X-ray diffraction (XRD) with a fitting based 

on the dynamical theory of diffraction for bulk GaNAs grown 

on a GaAs(001) substrate.[36] Using plasma conditions 

identical to those of the GaNAs sample containing 2% N, and 

simultaneously opening the In shutter, we grew the other 

GaInNAs core-multishell NW sample. Further, we investigate 

the possibility of the NW growth on silicon(111) on insulator 

(SOI) substrates, which is preferable for device applications 

because of the reduction of current and optical losses. 

The structural characteristics of the NWs were investigated 

using scanning electron microscopy (SEM) and XRD. Cross-

sectional scanning transmission electron microscopy (STEM), 

and electron backscatter diffraction (EBSD) were carried out 

on sliced single NW samples prepared by focused ion beam 

processing. STEM and EBSD were carried out using a JEM-

ARM200F Dual-X TEM microscope from JEOL (Japan) 

operating at 200 kV, with energy-dispersive X-ray 

spectrometry (EDX) employing a 100 mm2 silicon drift 

detector (JED-2300, JEOL). STEM images were obtained in 

both bright-field (BF) and high-angle annular dark-field 

(HAADF) modes. Photoluminescence (PL) measurements 

were carried out using a micro-PL system at 4 K. PL excitation 

was achieved using a 660 nm solid-state laser. 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. 

3. Results and Discussion 

3.1 SEM observation 

Figures 1 show the SEM images of the GaAs NW arrays (a)-

(c), GaAs/GaNAs/GaAs NWs nominally containing 3% N in 

the GaNAs shell (d)-(f), and GaAs/GaInNAs/GaAs NWs (g)-

(i). We clearly observe the formation of NWs. The density of 
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NWs among the samples varies between 0-3 µm-

2.[20,21,28,29,32] The series of GaAs or GaNAs NWs shown 

in Figs. 1 (a)-(f) typically have a length of 3-5 μm and an 

average diameter of approximately 350 nm. These values were 

found to be mostly identical for the four series of the GaNAs 

and GaInNAs NWs. As shown in Figs. 1(c) and (f), the GaNAs 

NWs have a hexagonal cross-section.[28,37] On the other 

hand, the GaInNAs NWs typically showed a distorted tip 

structure. This could be related to defect formation induced by 

strain relaxation due to the introduction of In, which is 

discussed herein. 

3.2 XRD for NW ensembles 
The θ-2θ XRD patterns around the Si(111) diffraction planes 

of the series of samples are shown in Fig. 2. The centres of the 

curves were adjusted to the Si(111) reflection peak at 14.22°. 

The peaks observed at -0.66° and -0.57° for GaAs correspond 

to lattice plane distances of 0.3288 and 0.3264 nm, and can be 

assigned to the wurtzite (WZ) GaAs(0002) and zinc blende 

(ZB) GaAs(111) reflections, respectively.[38] The GaAs NWs 

exhibit a weak but distinct peak near the WZ GaAs(0002) 

reflection, indicating that the NWs contain segments of WZ 

GaAs. Notably, for the series of GaNAs samples having 2% 

and 3% N, the main ZB GaAs(111) peak shifts toward higher 

angles depending on the amount of nitrogen. This is probably 

caused by the strain induced by the presence of the GaNAs 

shell, which effects the whole NW structure. The small peak 

stemming from the WZ GaAs(0002) peak is distinctive for the 

GaAs sample. However, the peak seems to decay for the 

GaNAs samples, with an increase in nitrogen content. This can 

be explained using two possible phenomena: (a) the reduction 

10mm

10mm

10mm

2 mm

2 mm

2 mm 300 nm

300 nm

300 nm

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

 

Figure 1. SEM images of (a-c) GaAs, (d-f) GaAs/GaNAs/GaAs core-multishell nanowires nominally containing 3% 

nitrogen in the GaNAs shell, and (g-i) GaAs/GaInNAs/GaAs core-multishell nanowires. All the images are plan-views 

except (d), which is a 30°-tilted image. (c), (f), and (i) are enlarged images taken in regions of the individual samples with 

a preference for vertical alignment. 

 

Figure 2. XRD curves around the Si(111) diffraction plane 

for the series of nanowire samples investigated in this 

study. 
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of the WZ phase in the structure, and (b) the distortion of the 

crystal structure, inducing a minor WZ polytype phase that is 

hard to recognise, as well as broadening of the diffraction peak. 

The GaInNAs NWs showed very broad and weak peaks for 

both GaAs and the Si substrate. This indicates that the NWs 

are highly distorted, probably because of the strain relaxation 

caused by the significant lattice mismatch between GaAs and 

GaInNAs. 

3.3 STEM and EBSD for GaNAs NWs with 2% N  
Figures 2(a) and (b) show the axial cross-sectional BF-

STEM and HAADF-STEM images, respectively, for the 

GaAs/GaNAs/GaAs NW sample nominally containing 2% N. 

The wire has a hexagonal cross-sectional structure with a total 

diameter of approximately 350 nm, and comprises 

GaAs/GaNAs/GaAs core-multishell layers. The dimensions 

of the corresponding layers are about 170 nm for the GaAs 

core, 40-60 nm for the width of the GaNAs shell, and 40-60 

nm for the width of the outermost GaAs shell. As indicated by 

the dashed lines at the upper-right side of the wire image 

shown in the figure 1(a) and (c), we observed a dark line 

approximately 10 nm inside the GaNAs layer. This arises from 

the active nitrogen penetrating the closed shutter of the 

plasma. The corresponding layer is expected to contain a small 

amount of approximately 0.2-0.4% N.[39,40] In the HAADF 

image shown in Fig. 3(b), we also observed a bright contrast 

corresponding to the position of the GaNAs shell. Distinct 

contrast in HAADF images requires a nitrogen concentration 

of more than 1%.[41] Hence, the results in Fig. 3(b) confirm 

that the nitrogen content in the middle shell exceeds this value. 

Figure 3(c) shows the enlarged BF-STEM image of the upper-

right corner of the NW. The dashed lines and arrows show the 

dark line produced by the plasma ignition, as described above. 

Notably, no structural degradation of the NW heterostructure 

(b)BF BFBF

(d)

GaAs

HAADF(a) (b) (c) (d)

 

Figure 3. (a) Axial cross-sectional BF-STEM and (b) HAADF-STEM images of the GaNAs nanowire nominally 

containing 2% nitrogen. (c) Enlarged BF-STEM image for the upper-right side corner of the nanowire. (d) Enlarged BF-

STEM image for the upper-right side corner of the nanowire at the area indicated by the dashed square in (c).  

BF 1
2

3

4

Filtered HAADF

BF-STEM Image（先端付近-1）

ZB

BF

1

ZB

ZB

WZ

2

ZB

WZ

Filtered HAADFBF

3

ZB

4

 

Figure 4. Radial cross-sectional BF-STEM and enlarged filtered HAADF-STEM images of the GaNAs nanowire 

nominally containing 2% nitrogen, observed from the [011] direction. The areas taken for the individual images are 

numbered as indicated in the left-most whole wire image. The rectangle shown in the individual numbered BF images 

indicates the area taken for the magnified filtered HAADF images. 
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was observed in the magnified image of the area indicated by 

the dashed rectangle, as shown in Fig. 3(d).  

Figure 4 shows the radial cross-sectional BF-STEM and 

enlarged filtered HAADF-STEM images of the GaNAs NW 

nominally containing 2% N, observed from the [011] 

direction. In the BF images, we observed horizontal dark lines 

related to twin defects. In the HAADF images, we 

distinguished the co-existence of ZB and WZ polytypes. As 

shown in the figures, the ZB and WZ polytypisms exist 

complementarily within the NW, randomly switching along 

the length.[38,42] 

Figure 5 shows the EBSD results for the NW. Those 

correspond to the EBSD radial cross-sectional inverse pole 

figure (IPF) mapping, pole figures of respective directions, 

and EBSD patterns for the ZB and WZ phases in the NW.[20, 

38] As also shown in Fig. 4, the ZB and WZ polytypisms co-

exist within the NW. From the results, we determined the 

fractions of the major ZB and minor WZ phases to be 80% and 

20%, respectively. This result agrees with the XRD results 

shown in Fig. 2. The NWs containing GaNAs with 2% N show 

a dominant ZB-phase-related GaAs(111) diffraction peak and 

a weak signal from WZ-(0002) diffraction, as a shoulder. The 

ZB phase shows two components having opposite directions. 

This is related to the existence of twin defects at the border of 

the two ZB phases aligning in different directions. On the 

other hand, the WZ phase does not have these different 

orientations, and hence is a single phase. 

3.4 STEM for GaNAs NWs with 3% N 
Figures 6 (a)-(c) show the axial cross-sectional BF-STEM 

images for the GaAs/GaNAs/GaAs NW sample nominally 

containing 3% N. Similar to the result for the NW sample 

containing 2% N, the wire has a hexagonal cross-sectional 

structure with a total diameter of approximately 350 nm, and 

comprises GaAs/GaNAs/GaAs core-multishell layers. The 

wire has a ~200 nm GaAs core, 30-50 nm width for the GaNAs 

shell, and 30-50 nm width for the outermost GaAs shell. We 

also observed a dark line approximately 10 nm inside the 

GaNAs layer, arising from the active nitrogen penetrating the 

closed shutter of the plasma.[39,40] As indicated by the 

arrows in Figs. 3(b) and (c), the dark line features were 

observed along the wire sidewall. The observed dark line 

feature is the structural degradation related to local strain 

variation, which has been observed for GaNAs quantum wells 

containing more than 3% N, with their width larger than 10 

nm.[42,43] It is noteworthy that we did not observe such 

structural degradation for the GaNAs NW heterostructure 

containing 2% N, as shown in Fig. 3. Hence, other growth 

conditions should be pursued, such as those for thin films,[43] 

to obtain a defect-free GaNAs layer containing over 3% N.  

 

Figure 5. EBSD results of the GaAs/GaNAs/GaAs nanowire 

nominally containing 2% nitrogen. Phase map, pole figures 

for respective orientations, and EBSD pattern for the (a) ZB 

and (b) WZ phase. Crystal structure at the local area is 

schematically illustrated for the IPF map. 

EBSD PatternBlue Red

Pole Figures

(a) Zinc blende

(b)                                 Wurtzite

EBSD Pattern

Pole Figures

Blue

IPF Map

IPF Map
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3.5 STEM and EBSD for GaInNAs NWs 
Figures 7(a) and (b) show the cross-sectional BF-STEM and 

HAADF-STEM images, respectively, for the 

GaAs/GaInNAs/GaAs NW sample nominally containing 20% 

In and 2% N. The wire has a hexagonal cross-sectional 

structure with a total diameter of approximately 200 nm, and 

comprises GaAs/GaInNAs/GaAs core-multishell layers. The 

dimensions of the corresponding layers were estimated to be 

130 nm for the GaAs core, about 20-30 nm for the width of 

the GaInNAs shell, and 10-30 nm for the outermost GaAs 

shell. Although we grew the sample under growth conditions 

mostly identical with those for the GaAs/GaNAs/GaAs NW 

sample having 2% N, except for the addition of In flux at the 

GaInNAs layer, the sample showed a much thinner GaInNAs 

layer and outermost GaAs shell. This could have been induced 

by the In introduction, which modified the strain and led to 

existence of liquid Group III elements on the growth front.[44] 

In the HAADF image shown in Fig. 7(b), we observed a clear 

bright contrast corresponding to the position of the GaInNAs 

shell, reflecting the difference in the chemical compositions of 

GaAs and GaInNAs. As indicated by the arrows in Figs. 7(c) 

and (d), contrast moderation was observed in the GaInNAs 

layer as dark line features along the wire sidewall. This is 

similar to the GaNAs NW sample having 3% N, and may be 

related to local strain variation.[28,45,46] The GaInNAs 

material having a high amount of In contains a large strain, 

and hence, the line could be due to the strain modification 

within the GaInNAs layer. Figures 7 (e)-(i) show the EDX 

 

Figure 6. (a) Cross-sectional BF-STEM images of the GaNAs nanowire nominally containing 3% nitrogen. (c) Enlarged 

BF-STEM image of the bottom-side corner of the nanowire. The arrows indicate dark contrast spots.  

BF(a) (b) (c) BF

(b)BF HAADF BFBF(a) (b) (c) (d)

Ga In N As N+Ga(e) (f) (g) (h) (i)

 

Figure 7. (a) Cross-sectional BF-STEM and (b) HAADF-STEM images of the GaAs/GaInNAs/GaAs nanowire. (c and d) 

Enlarged BF-STEM images for the bottom-side corner of the NW. (e-i) EDX elemental mapping of Ga, In, N, As, and 

(N+Ga), respectively. The intensity of nitrogen around the NW in (g) is related to the supporting plastic used for the 

measurement. The arrows in (c) and (d) point to the dark contrast regions in the GaInNAs layer.  
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elemental mapping of Ga, In, N, As, and N+Ga, respectively. 

The enhancement in the N-related EDX signal can be clearly 

seen in Fig. 7(g), showing the experimental proof for the 

presence of nitrogen within the GaInNAs shell layer. The 

intensity of the EDX elemental mapping indicates the In and 

N compositions in the GaInNAs layer to be 20% and 3±1%, 

respectively. 

3.6 PL 
We evaluate the optical quality of the series of NWs using 

micro-PL spectroscopy. The results of the 4 K micro-PL 

measurements on the series of GaNAs and GaInNAs NWs are 

summarised in Fig. 8. The PL spectrum of the N-free NW 

structure contains a peak at 840 nm. This could be related to 

excitonic recombination of GaAs.[38] The PL peak position 

red shifts to 1040 nm for the samples containing 2% N. The 

peak position agrees well with the band gap of GaNAs with 

2% N, obtained from the band anti-crossing (BAC) 

model.[5,47] This suggests a high crystalline quality of the 

NWs with a low number of defects. On the other hand, the 

sample containing 3% N showed a significant broadening of 

the PL linewidths and appearance of several overlapping 

emissions within the 1200-1600 nm range. Their spectral 

positions do not correspond to the expected GaNAs bandgap 

obtained from the BAC model. The same is true for the 

GaInNAs NWs. The likely reason is structural degradation of 

these structures revealed by the TEM measurements -see Figs. 

6 and 7. Hence, for the NWs containing either the GaNAs shell 

with higher than 2% N or the GaInNAs, further optimisation 

should be carried out to obtain high-quality materials.  

3.7 Growth on SOI substrates 
Fig. 9 (a) present a plan-view SEM image of the NWs grown 

on a SOI substrate, whereas a close-up of the images is shown 

in (b). The NWs were grown simultaneously with the 

GaAs/GaNAs/GaAs core-multishell NWs containing 3% N on 

a Si substrate shown in Figs. 6(a)-(c). We confirmed the 

formation of the NWs with flower-like structure, which seems 

to be formed by the development of arbitral wires from cores. 

 

Figure 8. Typical 4 K PL spectra of the nanowires 

investigated in this study. The band gaps calculated using 

BAC theory [47] are indicated in the figure. 

 
Figure 9. (a) Plan-view SEM image of the NWs grown on 

SOI substrate, and (b) its enlarged image. The sample is 

grown simultaneously with the GaAs/GaNAs/GaAs core-

multishell NWs containing 3% N on Si substrates. 

10mm

5mm

(a)

(b)

 

Figure 10. PL spectra of the nanowires grown on Si(111) 

(the solid lines) and SOI substrates (the dotted line). 
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The diameter of the wires is about 350 nm, mostly identical 

with the samples grown on Si, suggesting the formation of the 

core-multishell NWs similar to those shown in Figs. 6. The PL 

results are presented in Fig. 10. There is no significant change 

in optical properties of the samples grown on SOI except for 

a slightly lower PL intensity which suggests that the growth 

of NWs on SOI substrates is viable. 

4. Summary  

We have reported the growth of dilute nitride GaNAs and 

GaInNAs core-multishell NWs by plasma-assisted MBE. 

Using constituent Ga-induced vapor-liquid-solid growth, 

these NWs were grown on Si(111) substrates. The GaNAs 

shell nominally contains 0%, 2%, and 3% N. We have also 

reported the growth of GaAs/GaInNAs/GaAs core-multishell 

NWs nominally containing 30% In and 2% N. The axial cross-

sectional STEM and EDX measurements confirm the 

formation of the core-multishell NW structure. We obtained 

high-quality GaNAs NWs with nitrogen compositions up to 

2%. On the other hand, GaNAs containing 3% N, and 

GaInNAs NWs, showed distorted structure; moreover, the 

optical emissions seem to be related to defects. Further 

optimisations of the growth conditions will improve these 

properties, promising future applications in nanoscale 

optoelectronics. 
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