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Abstract: Controlled growth of heterostructured nanowires and mechanisms of their formation
have been actively studied during the last decades due to perspectives of their implementation.
Here, we report on the self-catalyzed growth of axially heterostructured GaPN/GaP nanowires on
Si(111) by plasma-assisted molecular beam epitaxy. Nanowire composition and structural properties
were examined by means of Raman microspectroscopy and transmission electron microscopy. To study
the optical properties of the synthesized nanoheterostructures, the nanowire array was embedded into
the silicone rubber membrane and further released from the growth substrate. The reported approach
allows us to study the nanowire optical properties avoiding the response from the parasitically grown
island layer. Photoluminescence and Raman studies reveal different nitrogen content in nanowires
and parasitic island layer. The effect is discussed in terms of the difference in vapor solid and vapor
liquid solid growth mechanisms. Photoluminescence studies at low temperature (5K) demonstrate
the transition to the quasi-direct gap in the nanowires typical for diluted nitrides with low N-content.
The bright room temperature photoluminescent response demonstrates the potential application of
nanowire/polymer matrix in flexible optoelectronic devices.

Keywords: flexible optoelectronics; self-catalyzed; dilute nitrides; GaPN; GaP; nanowire;
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1. Introduction

Heterostructured III-V nanowires (NWs) are of great interest for both practical application and
fundamental research point of view providing new information about the crystal formation at the
nanoscale. Unique NW geometry with a high surface to volume ratio, on one hand, promotes effective
strain relaxation in lattice mismatched material systems resulting in suppression of the structural defects
formation, which can act as non-radiative charge carrier recombination centers limiting efficiency
of optoelectronic devices [1], and, on the other hand, allows for stabilization of metastable alloy
compositions [2] and polymorph phases [3]. Moreover, geometry and high refractive index of III–V
semiconductor NWs can lead to appearance of waveguide and cavity effects allowing more effective
light scattering and collection compared to the thin films [4–6]. Thus III–V semiconductor NWs were
considered as a promising material for light-emitting and light-detecting applications [7–10].

In addition, NW aspect ratio allows them to withstand high mechanical stresses [11], which makes
them a suitable material for nanoscale and flexible optoelectronic devices—one of the main goals of the
modern semiconductor technology [12–14]. One of the recent [15,16] approaches to fabricate a flexible
optoelectronic device based on free-standing NWs is to embed a NW array into a transparent polymer
matrix and remove composite NW/polymer membrane from the wafer [17–19]. Nowadays, materials
based on III–V NWs encapsulated into flexible polymer membranes are of great interest in a wide
range of applications. Several important implementations including: solar cells [9,10,20,21], infrared
laser radiation visualizer [22], light-emitting devices (LEDs) [7,8,23–25], terahertz modulators [26,27],
thermoelectric device [15], and other flexible devices [28] were reported recently.

Flexible LEDs on the base of organics (OLEDs) are the most commercially developed devices.
Their properties, such as efficient electroluminescence (EL) and relatively easy and inexpensive
fabrication allowed the OLED-based industry to cover a significant market. For instance, touchscreens
of smartphones are mostly produced with the OLED displays [29]. However, organics are far behind
inorganic semiconductors in terms of stability and external quantum efficiency of EL in visible spectral
range [30,31]. Inorganic LEDs on the base of binary and ternary compounds of phosphides, arsenides,
and nitrides, etc., are considered to be the materials for high brightness–long lifetime LEDs [32–34],
which has quickly been developing these last years.

However, it should be noted that it is a challenge to adapt A3B5 thin film technology for high
resolution RGB displays, because it requires both combination of different crystalline materials and
advanced post-growth processing, including epitaxial layers lift-off from the rigid growth substrates [32].

One of the main advantages of NW-based devices is the possibility to combine materials with
different chemical compositions, e.g., phosphides, nitrides, and arsenides. Polymer membranes with
encapsulated NWs can be stacked onto each other in order to produce RGB displays with multiple lines
of EL, where different colors correspond to different material systems. Thus, NW-based membrane
devices can be considered as inorganic analogue to OLEDs.

Being an indirect bandgap III–V semiconductor, GaP has one of the broadest transparency range
and exhibits one of the highest values of nonlinear refractive index among other III–V materials,
which causes an interest of its application as a material for nonlinear nanophotonic devices [22,35,36].
Functionality of GaP based nanomaterials can be broadened by using ternary GaPN dilute nitride
alloys demonstrating quasi-direct bandgap behavior and giving the possibility of bandgap engineering
in the range of (1.2–2.15) eV [37,38]. The growth of self-catalyzed core-shell GaP/GaPN NWs were
demonstrated and their various properties were extensively studied [39–42]. However, formation of
axially heterostructured diluted nitride NWs seems illusive due to the reasons below. Sukrittanon and
Tu [39] study the effect of nitrogen incorporation on the crystal quality and formation of diluted nitride
layers and NWs. It was shown that the presence of nitrogen flux from the very beginning of the NW
formation fails the Vapor–Liquid–Solid (VLS) growth mechanism and no NWs are nucleated, thus,
the authors demonstrate only formation of core-shell dilute nitride NWs [39]. However, as will be
shown further in the present report, VLS formation of axially heterostructured diluted nitride NWs
can be achieved by using GaP NW stem.
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Commonly metalorganic vapor-phase epitaxy (MOVPE) and gas-source molecular beam epitaxy
(GS-MBE) [43,44] techniques are used for the GaPN NWs growth. MOVPE is scalable and allows
effective suppression of a parasitic two-dimensional layer formation. However, there are several
disadvantages of the MOVPE technique, namely, a problem of oxygen and carbon contamination,
parasitic radial growth resulting in structural heterogeneity, which can negatively affect the optical
properties of the NWs due to a large amount of non-radiative recombination centers [40]. However,
there are no reports concerning growth of dilute nitride NW via plasma-assisted molecular beam
epitaxy (PA-MBE) approach, which can be beneficial as no additional hydrogen is presented on a
growing surface and low growth temperatures are accessible [45,46].

Despite a large number of works dedicated to growth and study of diluted nitride NWs, several
fundamental questions are still unraveled. With the main being, whether it is possible to obtain VLS
growth of the GaPN. Here we focus on the PA-MBE growth of axially heterostructured diluted nitride
GaP/GaPN NWs and investigation of their structural and optical properties. To systematically study
the photoluminescent properties of the NWs and demonstrate their perspective for flexible applications,
we encapsulate the NWs in the silicone membrane.

2. Materials and Methods

The experimental section is organized in the order of sample processing and study.
First, in Section 2.1, we describe the epitaxial growth of NW arrays. Afterward, the technological steps
of NW encapsulation into the silicon rubber membrane, and further release from the growth substrate,
are presented (Section 2.2). The characterization methods are listed in Section 2.3.

2.1. MBE Growth of NWs

GaPN/GaP NW heterostructure arrays were grown on vicinal (4◦) silicon (111) substrates within a
self-catalyzed VLS approach by plasma-assisted molecular beam epitaxy (PA-MBE) using Veeco GEN-III
MBE machine (Plainview, NY, USA). The setup was equipped with the Riber radio frequency–plasma
(13.56 MHz) assisted source of activated nitrogen and phosphorus valved cracker. Before the growth,
the Si substrates were cleaned by the modified Shiraki technique [47] finalized by the boiling in 35%
nitric acid water solution to form a surface oxide layer in a controllable manner [48]. After loading
and degassing, the substrates were annealed at 870 ◦C, which is 10 ◦C lower than the temperature of
thermally deoxidizing of Si. Similar to the GaAs NW formation, silicon surface oxide condition was
found to be a crucial parameter on the GaP vertical NW yield [49]. The chosen procedure of silicon
oxidation and surface oxide annealing made it possible to maximize the NW surface density.

As shown in [50], the growth parameters have an influence on the NW array morphology,
such as surface density, NW length, and diameter. The growth temperature was controlled by both
thermocouple and pyrometer and was fixed at 630 ◦C. Ga flux was kept constant for all samples and
was equivalent to 0.27 mL/s growth rate of planar GaP/Si (111). Phosphorus flux was set 3 times
higher than stoichiometric P/Ga flux ratio for GaP formation and was kept constant during the
NWs growth. P/Ga flux ratio was chosen according to our previous studies and believed to be
optimal to obtain stable self-catalyzed formation of dense GaP NW array with high NW aspect ratio
(l/d ~ 50–100) [22,51]. According to our observations, higher growth temperature and the V/III ratio
values lead to the increasing of the vertical NW yield [51]. Notably, V/III flux ratios higher than 4
lead to the catalytic droplet shrinkage and interruption of the VLS growth mechanism. [22]. Thus,
chosen growth conditions allow to preserve VLS growth mechanisms during the growth of diluted
nitride NW segments. Diluted nitride NW segments of the GaPN/GaP NWs were grown at low N2 flux
and high-power density of the RF-plasma, keeping the N2 gas flow at 0.5 sccm and input RF-power
at 450 W, correspondingly. Both gallium and phosphorus fluxes were not interrupted during the N
plasma ignition for the growth of heterostructured NWs.

The growth of GaP NWs was ended by closing Ga shutter and cooling the sample at the rate
of 30 ◦C/min, maintaining the phosphorus flux value reduced three times until 400 ◦C to avoid GaP
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thermal decomposition. The growth of heterostructured GaP/GaPN NWs was ended by simultaneous
interruption of all molecular fluxes to preserve the catalytic droplets.

2.2. Silicone Rubber Membrane Fabrication

In this work, polydimethylsiloxane (PDMS) “Sylgard 184” was used as a transparent silicon
rubber source. NWs array was encapsulated into a PDMS matrix using the novel G-coating method
(see Figure 1). This approach is based on the use of a swinging-bucket centrifuge centripetal force
to achieve uniform coverage of the well-developed structure surface by PDMS rubber. To process
samples, we used a high-speed Eppendorf Centrifuge 5804 R (Edison, NJ, USA).

Figure 1. Schematic representation of the (a) nanowire (NW) as-grown array on Si substrate,
(b) encapsulation of NW array into polydimethylsiloxane (PDMS) membrane and cap-film covering,
(c) the NW/PDMS membrane release.

During the encapsulation process PDMS base was mixed with a curing agent (10:1 mass ratio) and
dropped onto the samples of 2 cm2 size and G-coated at 5000 rpm for 40 min. After PDMS deposition,
the samples were cross-linked in a muffle oven at 80 ◦C for 8 h. The PDMS/NW membrane was
released from the silicon substrate with the use of a thick PDMS support layer (50–150 µm), denoted as
cap-film. This layer was necessary for the mechanical stability of the thin NW-encapsulated membrane
(see Figure 1b). Then, as shown in Figure 1c, the polymer membrane was released from the Si substrate.
The NW encapsulation and exfoliation technique employing cap-film for mechanical support was
described by Neplokh et.al. in [52,53].

2.3. Sample Characterization

The morphology of NWs was studied using scanning electron microscopy (SEM) (Zeiss SUPRA
25) (D-73446, Oberkochen, Germany). Crystal structure was studied with transmission electron
microscopy (TEM) using JEOL JEM–2100F field emission gun TEM (Tokyo, Japan) operating at 200 kV
(point-to-point resolution of 0.19 nm in TEM mode). For TEM studies NWs were “dry-transferred” to
a carbon coated TEM grid by sliding the grown sample on a TEM grid face to face. The compositional
analysis was performed with scanning transmission electron microscopy (STEM) (Tokyo, Japan) in
electron energy loss spectroscopy (EELS) and energy dispersive spectroscopy (EDS) modes [54].

The measurements from as-grown NW arrays and individual NWs were performed at room
temperature (RT, 300K) using a Horiba LabRAM HR800 spectrometer (Kyoto, Japan) and an optical
microscope for excitation and collection in backscattering geometry. The measurements were carried out
with a λ = 532 nm diode-pumped solid-state (DPSS) YAG:Nd (neodymium-doped yttrium aluminum
garnet) continuous wave laser providing near bandgap excitation of GaP and GaPN solid alloys.
The local photoluminescence (µ-PL) measurements from individual NWs were obtained using an ×100
collecting objective. The excitation beam was focused on the sample to a spot of ≈1 µm diameter.

The optical measurements from arrays of NWs at the temperature of 5 K were performed
with the Melles Griot laser Model: 85-GLS-301 (Rochester, NY, USA) an excitation wavelength
of λ = 507 nm using a closed cycle He cryostat. The spectrometer was based on an MDR-204-2
monochromator LOMO FOTONIKA (Saint-Petersburg, Russia) and a Hamamatsu R298 photomultiplier
tube (Hamamatsu, Japan). These measurements were performed for as-grown NWs and NWs
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encapsulated into a silicone rubber membrane in order to distinguish NW PL response apart from
parasitically grown layer.

3. Results and Discussion

To study the effect of the active nitrogen flux on the NW growth mechanism, we synthesized
the series of samples: (i) GaP NWs stem grown for 1 h; (ii) heterostructured NWs consisting of two
segments with an equal growth time (1 h) with a GaPN segment grown on a GaP stem (grown similarly
to the sample 1); and (iii) a reference GaP NW sample grown similar to the sample (ii) but without
the introduction of activated nitrogen molecular flux. Expected sample structures are presented in
Figure 2a.

Figure 2. (a) Schematic representation of the NW geometries. Cross-sectional view SEM images of:
(b) GaP stems, (c) heterostructured GaPN/GaP NWs, and (d) GaP NW array (reference sample).

First, let us discuss the effect of the nitrogen flux on the self-catalyzed VLS NW growth mechanism.
Side-view cleaved edge SEM images of the synthesized samples are presented in Figure 2b–d.
Both vertically-oriented NWs and unwanted 3D parasitic islands are formed in all samples and are
depicted in Figure 2 as green rods and magenta polygons, respectively. Both NWs and parasitic
islands have similarly oriented in-plane hexagonal cross-sections. It should be noted that despite
the introduction of the active nitrogen flux, the height of heterostructured GaPN/GaP NWs increases
proportionally to the growth time. As can be judged from the statistical analysis of the NW arrays
morphology, both mean heights and diameters of the pure GaP and heterostructured GaPN/GaP NWs
are identical. The average length of the studied GaP NWs stem-sample is 3.3 µm, of the reference GaP
sample—about 6.6 µm and heterostructured GaPN/GaP NWs is 6.2 µm.

The average diameters of NWs are about 95, 125, and 120 nm for the stem-sample, reference GaP
NW, and GaPN/GaP NWs, respectively. Surface density: stem-sample—0.58 µm−2, reference GaP
NWs—1.3 µm−2 and GaPN/GaP NWs—0.97 µm−2. Since the surface density of the NWs stem-sample
is almost two times lower compared to the surface density of the other synthesized NW arrays, it can be
concluded that the nucleation of NWs occurs not only at the very beginning of the synthesis, but also
during the growth process. One can suggest that the introduction of nitrogen flux can inhibit NW
nucleation as it can fail the self-organized formation of new catalytic droplets [39], as NW surface
density is lower in heterostructured NW sample.

Notably, the remaining Ga catalyst droplets on the GaP NWs tips (marked with orange color
in Figure 2) is the evidence of the self-catalyzed growth mechanism. Earlier, self-catalyzed growth
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of axial NW heterostructures based on the group V interchange was observed in GaAs/GaP [51]
and InSb/InAs [55] material systems. The difference in catalytic droplet size is related to the droplet
consumption in the pure GaP samples during the cooling under the phosphorus flux in comparison to
the GaPN/GaP sample, which was cooled in ultrahigh vacuum conditions. Thus, we conclude that
the active nitrogen flux values used in this work did not have a significant effect on the self-catalyzed
VLS growth mechanism. We assume that earlier attempts on a diluted nitride NWs synthesis via a
self-catalyzed approach have failed due to the fact that the presence of an active N-flux suppressed
the formation of a proper array of catalytic Ga droplets. Thus, if the GaP NW stem has been formed,
NW growth can be continued under N-flux. In fact, numerous works devoted to the formation of the
self-catalyzed GaN NWs indicating that nitrogen can be dissolved in liquid Ga droplet were reported
previously [55–58].

The incorporation of N species during the diluted nitride NW growth is rather questionable.
One can suggest that N does not incorporate into NW lattice at all or axial heterostructures are
formed. As will be shown, a further incorporated nitrogen fraction can be estimated by the optical
spectroscopy. However, we should note that radial growth occurs in both pure GaP reference and
GaPN/GaP heterostructured samples together with axial growth. We estimate the thickness of the shell
formed due to the radial growth to be equal to 15 nm. The proposed structure of NW heterostructures
schematically shown can be seen in Figure 2a.

3.1. Crystal Structure Study

Reflection high energy electron diffraction (RHEED) pattern acquired in-situ, shown in Figure 3c,
demonstrate that NWs have a zinc-blende structure and grow coherently to a Si(111) wafer lattice,
with the exception of 180◦ rotation twinning along the growth direction. RHEED Bragg peaks have
a horizontal dash shape due to the refraction effect in transmission diffraction [59,60]. Thus, we can
conclude that the NW arrays are regularly shaped. Dark-field TEM (DF-TEM) imaging with a diffraction
contrast was chosen to provide information about the NW structural and phase homogeneity and
growth defects. NWs were oriented on the [110] ZB zone axis along the e-beam, which allows stacking
faults and lattice twining to be distinguished. Typical DF-TEM images of the individual NWs obtained
with the wurtzite reflex are presented in Figure 3a,b.

Figure 3. Dark-field TEM images of the studied (a) GaP reference NW, (b) heterostructured GaPN/GaP
NW wurtzite (WZ) insertions are depicted by white arrows, (c) reflection high energy electron
diffraction (RHEED) pattern (d) selective area electron microdiffraction pattern and (e) HAADF
scanning transmission electron microscopy (STEM) image of heterostructured GaPN/GaP NW.
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TEM analysis exhibits that both GaPN/GaP and reference GaP NWs possess high density of
planar defects, mainly rotational twin boundaries, which appear as thin bright lines crossing the NW.
These lines are randomly spread across the NW length (see Figure 3). As mentioned above, one of
the main evidence of the self-catalyzed growth of GaPN/GaP NWs is the preservation of a Ga droplet
at the NW tip (marked in orange color in Figures 2b–d and 3a,b), which is clearly visible for the
GaP/GaPN sample cooled in the vacuum condition. In contrast, sample cooled under the phosphorus
flux demonstrates the presence of thin NW segments of hexagonal wurtzite (WZ) phase [61] formed at
the NW tip under the shrinking Ga-droplet. Note, WZ phase also appears at NW base for all samples.
These insertions are depicted with white arrows (see Figure 3a,b). We assume that the formation of
the WZ phase in the top part of the NW is associated with the consumption of a catalytic Ga droplet
during the sample cooling under the excess phosphorus flux and subsequent decrease in the contact
angle favoring the nucleation on the triple VLS line [62]. Note, as shown in [1], and will be discussed
further, the existence of inserts of the metastable WZ phase should not significantly affect the optical
properties of GaP/GaPN NWs.

Comparison of high-angle annular dark-field imaging (HAADF) (Figure 3e) and DF-TEM images
(Figure 3a,b) of the heterostructured GaPN/GaP and pure GaP NWs shows no evidence of any visible
contrast, which can indicate the possible formation of a GaPN/GaP heterointerface. Comparing the
reference sample with heterostructured GaPN/GaP NWs and GaP stems, no significant difference in
the crystal structure and crystal perfection can be distinguished. Apparently, a small change in the
GaPN lattice constant with small concentration of nitrogen (<1%) is insufficient for its detection by
electron microdiffraction or EELS. This may indicate that the incorporation of a small amount of the
nitrogen atoms into the GaP matrix has practically no effect on the crystal structure and perfection of
the synthesized NWs. In addition, we were not able to detect any prominent signal from nitrogen
species by both EELS and EDS techniques in STEM analysis.

3.2. Optical Properties Study

Obviously, the analysis of the as-grown NWs arrays with integral evaluation techniques is not
straightforward due to the presence of parasitic islands. Thus, we perform (i) optical studies of
individual NWs mechanically transferred to the quartz glass substrate; and (ii) NW arrays embedded
into transparent silicone rubber released from the growth substrate; and (iii) parasitically grown island
layer on Si substrate.

3.3. NW Composition (µ-Spectroscopy PL and Raman Study)

The microspectroscopy studies of the PL response and Raman scattering (RS) of individual NWs
were performed at 300K to investigate the spatial distribution of the NW chemical composition (see
Figure 4). It is known that additional Raman active modes commonly appear due to alloying effect.
Thus, diluted nitrides segments of the heterostructured NW can be distinguished by the appearance of
the additional RS modes [40,63].

We find that NWs consist of two segments which differ by both the RS signal intensity and
appearance of additional modes. Typical RS spectra obtained at the opposite ends of a single
heterostructured NW, depicted as (1) and (2), are presented in Figure 4c. The spectrum obtained
from the point (2), shown in Figure 4c, corresponds to the pure GaP Raman spectrum, and possesses
three pronounced bands, typical for GaP in the NWs geometry [40], namely the transverse optical
(TO-), longitudinal optical (LO-) phonon modes, corresponding to the zone-center (Г) optical phonons
in ZB GaP, and surface optical (SO) phonon mode, that can be activated by the breakdown of
translational symmetry at the NW surface. The observed modes are located at 365, 402, and 394 cm−1,
correspondingly [41]. Thus, we associate the bottom NW segment with a GaP NW stem. On the
contrary, as can be seen in spectrum (1) obtained in the NW upper segment, an additional vibrational
mode appears. This mode (labeled as X) is located between TO and LO GaP-like Raman bands and can
be attributed to the mentioned above disorder-activated optical phonons occurring due to N clustering
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and alloy inhomogeneity [64]. A slight shift of the Raman band position also proves the N atoms
incorporation [37,65].

1 
 

 

Figure 4. Raman spectroscopy mapping of individual exfoliated heterostructured GaPN/GaP NW
transferred onto the glass substrate: spatial distribution of integrated scattering intensity of the (a)
transverse optical (TO)-GaP and (b) GaPN-specific alloying X bands; (c) typical Raman spectra obtained
at the top and the bottom part of NW (NW position schematically presented in the inset); (d) PL spectra
taken from heterostructured GaPN/GaP and pure GaP NW, the inset is an integral PL intensity spatial
map taken for the same GaPN/GaP NW.

Spatial distribution maps of the integrated Raman scattering intensity of the TO and X-mode from
individual NW are shown in Figure 4a,b, correspondingly. Heterogeneous distributions of TO- and
X-Raman bands intensity along the NW are clearly visible. One can note that TO-mode intensity is
increased in a NW upper segment. We suggest that the overall increase of TO-mode intensity together
with an appearance of diluted nitride specific X-mode can be associated with an increase in absorption
cross-section in direct-bandgap GaPN material. Thus, we suggest that the absence of the X-alloy
Raman band at spectrum 2 is the evidence of the absence of the incorporated N atoms into the GaP
stem of heterostructured NW.

The micro-photoluminescence (µ-PL) study shows the broad RT PL emission from 540 to 700 nm
spectral range. Figure 4b demonstrates the µ-PL spectrum taken from the brightest spot from the
individual heterostructured GaPN/GaP NWs. Since the PL maximum peak position is located at
610 nm, the average N content into NW can be estimated as high as 1% [66]. It is worth noting that
the spatial map of the PL signal intensity demonstrated in the inset in Figure 4d) follows the same
dependencies as RS (see Figure 4a). The brighter signal corresponds to the GaPN ternary alloy direct
gap NW segment. The complete absence of the PL signal on the GaP NW segment proves the absence
of embedding of nitrogen atoms, and, therefore, is another confirmation of the dominant role of axial
growth mechanism in the formation of heterostructured NWs. In addition, one can note bright spots at
X-mode and PL spatial maps at the NW top and bottom facets. We suggest that the appearance of the
RS and PL hot spots is caused by the NW waveguiding effect and more efficient light scattering and
coupling at the NW edges. Thus, one can conclude that heterostructured GaP/GaPN nanowires are
axially heterostructured.

3.4. Photoluminescent Properties

Membrane Release Description

In order to determine the photoluminescence properties of the synthesized arrays of NWs and the
parasitic layer separately, we studied the released membrane and as-grown NW array. After membrane
exfoliation, SEM imaging was used to clarify how exactly NWs were encapsulated into polymer
membrane (see Figure 5f) and then were exfoliated from Si substrate (see Figure 5d).
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Figure 5. (a,c,e) Low-temperature PL response measured on (a) the as-grown GaPN/GaP NWs
array on Si(111), (c) the growth substrate after membrane release, (e) the exfoliated NW/membrane
(insets illustrate experiment geometry); (b,d,f) corresponding inclined-view (45◦) sample surface SEM
images (scale bar—1 µm), corresponding zoomed area presented in inset of (d).

As can be seen in Figure 5d, after membrane releasing, two main areas on the substrate can be
distinguished: (i) the area with completely removed NWs and (ii) the area with partially preserved
NWs (labeled in green color in Figure 5b,d,f). Generally, only parasitic islands (labeled with magenta
polygons in Figure 5d) remain on the substrate after membrane releasing. However, hexagonal NW
stumps remain at the substrate (depicted as blue hexagons in Figure 5d). The surface density of stumps
(0.8 cm−2) is approximately equal to the surface density of as-grown NWs (0.97 cm−2).

As shown in Figure 5f, the surface of the polymer membrane with encapsulated GaPN/GaP NWs
is rough. The main contribution to the membrane surface roughness is made by the imprint of the
parasitic islands, which is depicted with red polygons in Figure 5f. The pronounced hollows on the
membrane surface are the traces of unreleased parasitic islands. Note, the NWs bases in the form of
needles on the membrane surface are clearly observed (see Figure 5f). Thus, the parasitic 2D layer is
practically not transferred into the polymer matrix. The proposed approach allows to separate NWs
array and 2D parasitic layer for further optical measurements. The optical radiation collected from the
NWs-encapsulated membranes can be attributed only to the PL signal from NW arrays.

Figure 5a demonstrates the PL response measured on the as-grown pure GaP and heterostructured
GaPN/GaP NW arrays on Si(111). PL spectra obtained from pure GaP NWs (reference sample) are shown
with blue line in Figure 5, and expectably demonstrate the negligible PL signal due to the indirect-gap
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transition in zinc-blende GaP [67,68]. We should note that we do not observe any PL emission related
to the presence of WZ inclusions, which is consistent with earlier observations suggesting quasi-direct
bandgap behavior of WZ GaP phase with dipole-forbidden direct transition [69,70]. In contrast,
the dilute nitride samples demonstrate bright PL signal indicating the quasi-direct and direct bandgap
transitions [67]. Despite high density of structural defects, we observe reliable PL signals at both 300K
and 5K. It was shown earlier that rotational twinning defects can act as an effective non-radiative
recombination center and lead to a quenching of PL emission intensity at low temperatures, while at
300K PL quenching occurs due recombination via point defects [1].

PL spectra, acquired at the Si substrate with as-grown NWs and the substrate after membrane
exfoliation demonstrate the presence of two broad peaks with fine structure (see Figure 5a,c). A set
of sharp peaks can be attributed to highly-localized N-levels (and their phonon replica) in parasitic
islands, where NNi is the position of highly-localized N levels in diluted nitrogen GaPN solid alloys
(see Figure 5a,c). The nature of these peaks is associated with the recombination of carriers through
localized states formed by the closest pairs of nitrogen atoms. The detailed description of these states
was reported on by Thomas [71] and Lazarenko [72]. The presence of peaks on PL spectra is the
evidence of a quasi-direct bandgap of GaPN solid alloys [67]. Relatively high intensities of NN3 and
NN4 peaks indicate the low average content of N atoms diluted into GaPN parasitic islands and also
show the quasi-direct bandgap of alloy. The concentration of nitrogen impurities can be estimated as
0.2–0.3% [67,73–76].

On the contrary, PL signal from strongly localized levels appears to be quenched in the PL spectra
obtained from the exfoliated NW/PDMS membrane, while the broadband PL response appears to be
slightly red shifted—see Figure 5e. A comparison of the absolute intensities of the obtained PL spectra
suggests that the emission of parasitic island layer can prevail over the emission from the NWs in
PL response from the as-grown epitaxial structure due to the smaller volume of the latter. The PL
spectrum observed from GaPN/GaP NW-encapsulated PDMS membrane has a complex shape and the
broad PL signal at the spectral range from 560 to 660 nm with (full width at half maximum) FWHM of
55 nm and maximum located at 586 nm. The broadband character of the PL response and red-shifted
PL maximum position indicate that the concentration of diluted nitrogen atoms in the GaPN/GaP NWs
is about 1% [74], which is higher than the estimated value for the parasitic islands.

Thus, we can conclude that nitrogen incorporation occurs more effectively during VLS NW growth
in comparison with three dimensional Volmer–Weber growth of island layer via vapour-solid (VS)
mechanism. According to the papers devoted to the formation of self-catalyzed GaN NW nitrogen
can be dissolved in the catalytic droplet at NW growth temperature [56–58,77]. Thus, nitrogen
incorporation depends on the thermodynamic of GaPN liquid solution and component solubility.
In contrast, nitrogen incorporation during VS growth can be limited by the over stoichiometric (x3)
phosphorus flux [78]. We assume that catalytic droplet adsorbs N atoms in the same way as other
group-V elements due to the impingement molecular flux and due to surface diffusion along NW
side-facet. As mentioned above, NW growth occurs not only in axial via VLS mechanism, but also in
radial direction via VS or mixed VLS-VS (then catalytic droplet inflation leads to NW radius increase)
mechanisms. However, observed radial growth rate during formation of the top NW segment is 200
times lower than axial growth rate (3 µm/h vs. 15 nm/h). Thus, assuming low efficiency of nitrogen
incorporation during VS growth we can propose that an N-containing NW shell has a minor effect on
the NW optical properties.

4. Conclusions

The growth technique allowing the formation of axially heterostructured GaPN/GaP NW on Si (111)
via PA-MBE with N-content up to 1% is reported. Analysis of the morphology of the heterostructures
demonstrates that the VLS growth mechanism is maintained even under the nitrogen flux. Preservation
of the VLS-growth mechanism provides a relatively high growth rate (3 µm/h) of N-containing NW
segments. It is found that the incorporated nitrogen has a minor impact on the NW crystal structure,
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which cannot be resolved by the TEM imaging as well as on the morphology. However, the formation
of axial heterostructure was resolved in micro-Raman spectroscopy by the observation of the spatially
localized Raman-active alloying mode.

Embedding of the nanowire array into the silicone rubber membrane and further release from the
growth substrate allows to study the optical properties of the NW array apart from and parasitically
grown GaPN layer and Si. Study of the PL response from the as-grown structure, NW/PDMS membrane
and the substrate after the NWs exfoliation demonstrates that nitrogen is incorporated both into NWs
during their VLS growth and into parasitically grown nanoislands with different content. It was
found that nitrogen incorporates 3–5 times more efficiently into NWs (concentration of 0.9–1%) in
comparison with the island layer (concentration of 0.2–0.3%). The effective incorporation of nitrogen
during the VLS growth of NWs makes it possible to create the axial NW heterostructures, which is of
great practical importance.

Author Contributions: Conceptualization, O.Y.K., V.V.F., A.D.B., A.Y.S.; epitaxial growth, V.V.F., S.V.F. and G.A.S.;
NW/membrane fabrication, F.M.K., V.N., and R.M.I.; S.E.M. analysis, L.N.D.; TEM analysis, D.A.K.; PDMS synthesis
R.M.I.; data discussion and support, G.E.C., and M.T.; µ-Spectroscopy O.Y.K., V.V.F.; low-temperature PL
characterization, A.Y.S. and I.V.S.; O.Y.K. took the lead in writing—original draft preparation; Supervision,
V.V.F., A.D.B., and I.S.M.; writing—review and editing—all authors; all of the authors discussed the results and
participated in the writing of the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: The authors acknowledge support from the Russian Science Foundation (grant 20-19-00256). O.Y.K. and
V.V.F. thanks to the Ministry of Science and the Russian Foundation for Basic Research (RFBR project №
19-32-90232) for support in the synthesis and heterostructure characterization. V.V.N. thanks to the Russian
Foundation for Basic Research (RFBR project№ 19-32-60040) for the support in the study of optical properties of
the NW/PDMS membrane.

Acknowledgments: TEM characterizations were performed using equipment of the Federal Joint Research Center
“Material science and characterization in advanced technology”.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dobrovolsky, A.; Persson, P.O.; Sukrittanon, S.; Kuang, Y.; Tu, C.W.; Chen, W.M.; Buyanova, I.A. Effects of
polytypism on optical properties and band structure of individual Ga(N)P nanowires from correlative
spatially resolved structural and optical studies. Nano Lett. 2015, 15, 4052–4058. [CrossRef]

2. Roche, E.; Andre, Y.; Avit, G.; Bougerol, C.; Castelluci, D.; Réveret, F.; Gil, E.; Medard, F.; Leymarie, J.; Jean, T.
Circumventing the miscibility gap in InGaN nanowires emitting from blue to red. Nanotechnology 2018, 29,
465602. [CrossRef] [PubMed]

3. Dick, K.A.; Caroff, P.; Bolinsson, J.; Messing, M.E.; Johansson, J.; Deppert, K.; Wallenberg, L.R.; Samuelson, L.
Control of III–V nanowire crystal structure by growth parameter tuning. Semicond. Sci. Technol. 2010, 25,
024009. [CrossRef]

4. Mozharov, A.; Bolshakov, A.; Cirlin, G.; Mukhin, I. Numerical modeling of photovoltaic efficiency of n-type
GaN nanowires on p-type Si heterojunction. Phys. Status Solidi Rapid Res. Lett. 2015, 9, 507–510. [CrossRef]

5. Heiss, M.; Russo-Averchi, E.; Dalmau-Mallorqui, A.; Tutuncuglu, G.; Matteini, F.; Ruffer, D.; Conesa-Boj, S.;
Demichel, O.; Alarcon-Llado, E. III–V nanowire arrays: Growth and light interaction. Nanotechnology 2014,
25, 014015. [CrossRef]

6. Zhang, Y.; Wu, J.; Aagesen, M.; Liu, H. III–V nanowires and nanowire optoelectronic devices. J. Phys. D Appl.
Phys. 2015, 48, 463001. [CrossRef]

7. Valente, J.; Godde, T.; Zhang, Y.; Mowbray, D.J.; Liu, H. Light-emitting gaas nanowires on a flexible substrate.
Nano Lett. 2018, 18, 4206–4213. [CrossRef]

8. Khayrudinov, V.; Remennyi, M.; Raj, V.; Alekseev, P.; Matveev, B.; Lipsanen, H.; Haggren, T. Direct growth of
light-emitting III–V nanowires on flexible plastic substrates. ACS Nano 2020, 14, 7484–7491. [CrossRef]

9. Li, Z.; Tan, H.H.; Jagadish, C.; Fu, L. III-V semiconductor single nanowire solar cells: A review.
Adv. Mater. Technol. 2018, 3, 1800005. [CrossRef]

10. Ong, P.L.; Levitsky, I. Organic/IV, III-V semiconductor hybrid solar cells. Energies 2010, 3, 313–334. [CrossRef]

http://dx.doi.org/10.1021/acs.nanolett.5b01054
http://dx.doi.org/10.1088/1361-6528/aaddc1
http://www.ncbi.nlm.nih.gov/pubmed/30160245
http://dx.doi.org/10.1088/0268-1242/25/2/024009
http://dx.doi.org/10.1002/pssr.201510241
http://dx.doi.org/10.1088/0957-4484/25/1/014015
http://dx.doi.org/10.1088/0022-3727/48/46/463001
http://dx.doi.org/10.1021/acs.nanolett.8b01100
http://dx.doi.org/10.1021/acsnano.0c03184
http://dx.doi.org/10.1002/admt.201800005
http://dx.doi.org/10.3390/en3030313


Nanomaterials 2020, 10, 2110 12 of 15

11. Sharov, V.A.; Bolshakov, A.D.; Fedorov, V.V.; Bruyère, S.; Cirlin, G.E.; Alekseev, P.; Mukhin, I.S.
Deep-subwavelength raman imaging of the strained GaP nanowires. J. Phys. Chem. C 2020, 124, 14054–14060.
[CrossRef]

12. Dai, X.; Messanvi, A.; Zhang, H.; Durand, C.; Eymery, J.; Bougerol, C.; Francois, H.J.; Tchernycheva, M.
Flexible light-emitting diodes based on vertical nitride nanowires. Nano Lett. 2015, 15, 6958–6964. [CrossRef]

13. Nadarajah, A.; Word, R.C.; Meiss, J.; Könenkamp, R. Flexible inorganic nanowire light-emitting diode.
Nano Lett. 2008, 8, 534–537. [CrossRef]

14. Spurgeon, J.M.; Boettcher, S.W.; Kelzenberg, M.D.; Brunschwig, B.S.; Atwater, H.A.; Lewis, N.S. Flexible,
polymer-supported, si wire array photoelectrodes. Adv. Mater. 2010, 22, 3277–3281. [CrossRef]

15. Abramson, A.R.; Kim, W.C.; Huxtable, S.T.; Yan, H.; Wu, Y.; Majumdar, A.; Tien, C.-L.; Yang, P. Fabrication
and characterization of a nanowire/polymer-based nanocomposite for a prototype thermoelectric device.
J. Microelectromech. Syst. 2004, 13, 505–513. [CrossRef]

16. Zach, M.P.; Ng, K.H.; Penner, R.M. Molybdenum nanowires by electrodeposition. Science 2000, 290, 2120–2123.
[CrossRef] [PubMed]

17. Tchernycheva, M.; Guan, N.; Dai, X.; Messanvi, A.; Zhang, H.; Bayle, F.; Neplokh, V.; Piazza, V.; Julien, F.H.;
Bougerol, C.; et al. Flexible optoelectronic devices based on nitride nanowires embedded in polymer
films. In Proceedings of the 2016 IEEE Nanotechnology Materials and Devices Conference (NMDC),
Toulouse, France, 9–12 October 2016; pp. 1–2. [CrossRef]

18. Zhang, H.; Dai, X.; Guan, N.; Messanvi, A.; Neplokh, V.; Piazza, V.; Vallo, M.; Bougerol, C.; Julien, F.H.;
Babichev, A.; et al. Flexible photodiodes based on nitride core/shell p–n junction nanowires. ACS Appl. Mater.
Interfaces 2016, 8, 26198–26206. [CrossRef]

19. Neplokh, V.; Messanvi, A.; Zhang, H. Substrate-free InGaN/GaN nanowire light-emitting diodes.
Nanoscale Res. Lett. 2015, 10, 447. [CrossRef]

20. Chao, J.J.; Shiu, S.C.; Hung, S.C.; Lin, C.F. GaAs nanowire/poly (3,4-ethylenedioxythiophene):
Poly (styrenesulfonate) hybrid solar cells. Nanotechnology 2010, 21, 285203. [CrossRef]

21. Bi, H.; LaPierre, R.R. A GaAs nanowire/P3HT hybrid photovoltaic device. Nanotechnology 2009, 20, 465205.
[CrossRef]

22. Fedorov, V.V.; Bolshakov, A.; Sergaeva, O.; Neplokh, V.; Markina, D.; Bruyere, S.; Saerens, G.; Petrov, M.I.;
Grange, R.; Timofeeva, M.; et al. Gallium phosphide nanowires in a free-standing, flexible, and
semitransparent membrane for large-scale infrared-to-visible light conversion. ACS Nano 2020, 14,
10624–10632. [CrossRef] [PubMed]

23. Guan, N.; Dai, X.; Babichev, A.V.; Julien, F.H.; Tchernycheva, M. Flexible inorganic light emitting diodes
based on semiconductor nanowires. Chem. Sci. 2017, 8, 7904–7911. [CrossRef]

24. Zhang, Y.; Hrachowina, L.; Barrigon, E.; Åberg, I.; Borgström, M. Self-limiting polymer exposure for vertical
processing of semiconductor nanowire-based flexible electronics. ACS Appl. Nano Mater. 2020, 3, 7743–7749.
[CrossRef]

25. Guan, N.; Dai, X.; Messanvi, A.; Zhang, H.; Yan, J.; Gautier, E.; Bougerol, C.; Julien, F.H.; Durand, C.;
Eymery, J.; et al. Flexible white light emitting diodes based on nitride nanowires and nanophosphors.
ACS Photonics 2016, 3, 597–603. [CrossRef] [PubMed]

26. Baig, S.A.; Boland, J.L.; Damry, D.A.; Tan, H.H.; Jagadish, C.; Johnston, M.B.; Joyce, H. Choice of polymer
matrix for a fast switchable III-V nanowire terahertz modulator. MRS Adv. 2017, 2, 1475–1480. [CrossRef]

27. Baig, S.A.; Boland, J.L.; Damry, D.A.; Tan, H.H.; Jagadish, C.; Joyce, H.J.; Johnston, M.B. An ultrafast
switchable terahertz polarization modulator based on III–V semiconductor nanowires. Nano Lett. 2017, 17,
2603–2610. [CrossRef]

28. Sun, Y.; Khang, D.Y.; Hua, F.; Hurley, K.; Nuzzo, R.G.; Rogers, J.A. Photolithographic route to the fabrication
of micro/nanowires of III-V semiconductors. Adv. Funct. Mater. 2005, 15, 30–40. [CrossRef]

29. Huh, B. OLED Display Market Tracker. Available online: https://www.oled-info.com/ihs-oled-displays-take-
over-60-total-smartphone-display-market-q3-2018-revenue (accessed on 18 December 2018).

30. Salehi, A.; Fu, X.; Shin, D.; So, F. Recent advances in OLED optical design. Adv. Funct. Mater. 2019, 29,
1808803. [CrossRef]

31. Monavarian, M.; Rashidi, A.; Feezell, D. A decade of nonpolar and semipolar III-nitrides: A review of
successes and challenges. Phys. Status Solidi 2018, 216, 1800628. [CrossRef]

http://dx.doi.org/10.1021/acs.jpcc.0c04300
http://dx.doi.org/10.1021/acs.nanolett.5b02900
http://dx.doi.org/10.1021/nl072784l
http://dx.doi.org/10.1002/adma.201000602
http://dx.doi.org/10.1109/JMEMS.2004.828742
http://dx.doi.org/10.1126/science.290.5499.2120
http://www.ncbi.nlm.nih.gov/pubmed/11118141
http://dx.doi.org/10.1109/NMDC.2016.7777136
http://dx.doi.org/10.1021/acsami.6b06414
http://dx.doi.org/10.1186/s11671-015-1143-5
http://dx.doi.org/10.1088/0957-4484/21/28/285203
http://dx.doi.org/10.1088/0957-4484/20/46/465205
http://dx.doi.org/10.1021/acsnano.0c04872
http://www.ncbi.nlm.nih.gov/pubmed/32806025
http://dx.doi.org/10.1039/C7SC02573D
http://dx.doi.org/10.1021/acsanm.0c01314
http://dx.doi.org/10.1021/acsphotonics.5b00696
http://www.ncbi.nlm.nih.gov/pubmed/27331079
http://dx.doi.org/10.1557/adv.2017.280
http://dx.doi.org/10.1021/acs.nanolett.7b00401
http://dx.doi.org/10.1002/adfm.200400411
https://www.oled-info.com/ihs-oled-displays-take-over-60-total-smartphone-display-market-q3-2018-revenue
https://www.oled-info.com/ihs-oled-displays-take-over-60-total-smartphone-display-market-q3-2018-revenue
http://dx.doi.org/10.1002/adfm.201808803
http://dx.doi.org/10.1002/pssa.201800628


Nanomaterials 2020, 10, 2110 13 of 15

32. Park, S.I.; Xiong, Y.; Kim, R.H.; Elvikis, P.; Meitl, M.; Kim, D.H.; Wu, J.; Yoon, J.; Yu, C.-J.; Yhuanjian, L.; et al.
Printed assemblies of inorganic light-emitting diodes for deformable and semitransparent displays. Science
2009, 325, 977–981. [CrossRef]

33. Chun, J.; Hwang, Y.; Choi, Y.S.; Jeong, T.; Baek, J.H.; Ko, H.C.; Park, S.J. Transfer of GaN LEDs from sapphire
to flexible substrates by laser lift-off and contact printing. IEEE Photonics Technol. Lett. 2012, 24, 2115–2118.
[CrossRef]

34. Zhang, H.; Rogers, J.A. Recent advances in flexible inorganic light emitting diodes: From materials design to
integrated optoelectronic platforms. Adv. Opt. Mater. 2019, 7, 1800936. [CrossRef]

35. Trofimov, P.; Pushkarev, A.P.; Sinev, I.S.; Fedorov, V.V.; Bruyère, S.; Bolshakov, A.; Mukhin, I.S.; Makarov, S.V.
Perovskite–gallium phosphide platform for reconfigurable visible-light nanophotonic chip. ACS Nano 2020,
14, 8126–8134. [CrossRef] [PubMed]

36. Wilson, D.J.; Schneider, K.; Hönl, S.; Anderson, M.; Baumgartner, Y.; Czornomaz, L.; Kippenberg, T.J.;
Seidler, P. Integrated gallium phosphide nonlinear photonics. Nat. Photonics 2020, 14, 57–62. [CrossRef]

37. Koval, O.Y.; Fedorov, V.V.; Kryzhanovskaya, N.V.; Sapunov, G.A.; Kirilenko, D.A.; Pirogov, E.V.;
Filosofov, N.G.; Serov, A.Y.; Shtrom, I.V.; Bolshakov, A.D.; et al. Structural and optical characterization of
dilute phosphide planar heterostructures with high nitrogen content on silicon. Cryst. Eng. Comm. 2020, 22,
283–292. [CrossRef]

38. Sukrittanon, S.; Kuang, Y.J.; Dobrovolsky, A.; Kang, W.M.; Jang, J.S.; Kim, B.J.; Chen, W.M.; Buyanova, I.A.;
Tu, C.W. Growth and characterization of dilute nitride GaN x P 1−x nanowires and GaN x P 1−x /GaN y

P 1−y core/shell nanowires on Si (111) by gas source molecular beam epitaxy. Appl. Phys. Lett. 2014, 105,
072107. [CrossRef]

39. Sukrittanon, S.; Tu, C.W. Growth and photoluminescence of self-catalyzed GaP/GaNP core/shell nanowires
on Si(111) by gas source molecular beam epitaxy. Appl. Phys. Lett. 2012, 100, 053108. [CrossRef]

40. Steidl, M.; Wu, M.; Peh, K.; Kleinschmidt, P.; Spiecker, E.; Hannappel, T. Impact of N incorporation on VLS
growth of GaP(N) nanowires utilizing UDMH. Nanoscale Res. Lett. 2018, 13, 417. [CrossRef]

41. Steidl, M.; Schwarzburg, K.; Galiana, B.; Kups, T.; Supplie, O.; Kleinschmidt, P.; Lilienkamp, G.; Hannappel, T.
MOVPE growth of GaP/GaPN core–shell nanowires: N incorporation, morphology and crystal structure.
Nanotechnology 2019, 30, 104002. [CrossRef]

42. Dobrovolsky, A.; Chen, S.; Kuang, Y.; Sukrittanon, S.; Tu, C.W.; Chen, W.M.; Buyanova, I.A. Optical properties
of GaP/GaNP core/shell nanowires: a temperature-dependent study. Nanoscale Res. Lett. 2013, 8, 239.
[CrossRef]

43. Sukrittanon, S.; Tu, C.W. Growth and characterization of GaP/GaNP core/shell nanowires. J. Vac. Sci. Technol.
B Nanotechnol. Microelectron. Mater. Process. Meas. Phenom. 2013, 31, 03C110. [CrossRef]

44. Dobrovolsky, A.; Sukrittanon, S.; Kuang, Y.J.; Tu, C.W.; Chen, W.M.; Buyanova, I.A. Raman spectroscopy of
GaP/GaNP core/shell nanowires. Appl. Phys. Lett. 2014, 105, 193102. [CrossRef]

45. Dong, Y.; Feenstra, R.M.; Greve, D.W.; Moore, J.C.; Sievert, M.D.; Baski, A.A. Effects of hydrogen on
the morphology and electrical properties of GaN grown by plasma-assisted molecular-beam epitaxy.
Appl. Phys. Lett. 2005, 86, 121914. [CrossRef]

46. Arehart, A.R.; Corrion, A.; Poblenz, C.; Speck, J.S.; Mishra, U.K.; DenBaars, S.P.; Ringel, S.A. Comparison
of deep level incorporation in ammonia and rf-plasma assisted molecular beam epitaxy n-GaN films.
Phys. Status Solidi 2008, 5, 1750–1752. [CrossRef]

47. Ishizaka, A.; Shiraki, Y. Low temperature surface cleaning of silicon and its application to silicon MBE.
J. Electrochem. Soc. 1986, 133, 666–671. [CrossRef]

48. Imamura, K.; Takahashi, M.; Asuha; Hirayama, Y.; Imai, S.; Kobayashi, H. Nitric acid oxidation of Si method
at 120 ◦C: HNO3 concentration dependence. J. Appl. Phys. 2010, 107, 054503. [CrossRef]

49. Matteini, F.; Tütüncüoglu, G.; Potts, H.; Jabeen, F.; Fontcuberta i Morral, A. Wetting of Ga on SiO x and its
impact on GaAs nanowire growth. Cryst. Growth Des. 2015, 15, 3105–3109. [CrossRef]

50. Li, T.; Chen, Y.; Lei, W.; Zhou, X.; Luo, S.; Hu, Y.; Wang, L.; Yang, T.; Wang, Z. Effect of growth temperature
on the morphology and phonon properties of InAs nanowires on Si substrates. Nanoscale Res. Lett. 2011, 6,
463. [CrossRef]

http://dx.doi.org/10.1126/science.1175690
http://dx.doi.org/10.1109/LPT.2012.2221694
http://dx.doi.org/10.1002/adom.201800936
http://dx.doi.org/10.1021/acsnano.0c01104
http://www.ncbi.nlm.nih.gov/pubmed/32539336
http://dx.doi.org/10.1038/s41566-019-0537-9
http://dx.doi.org/10.1039/C9CE01498E
http://dx.doi.org/10.1063/1.4893745
http://dx.doi.org/10.1063/1.3681172
http://dx.doi.org/10.1186/s11671-018-2833-6
http://dx.doi.org/10.1088/1361-6528/aaf607
http://dx.doi.org/10.1186/1556-276X-8-239
http://dx.doi.org/10.1116/1.4793476
http://dx.doi.org/10.1063/1.4901446
http://dx.doi.org/10.1063/1.1890482
http://dx.doi.org/10.1002/pssc.200778622
http://dx.doi.org/10.1149/1.2108651
http://dx.doi.org/10.1063/1.3296395
http://dx.doi.org/10.1021/acs.cgd.5b00374
http://dx.doi.org/10.1186/1556-276X-6-463


Nanomaterials 2020, 10, 2110 14 of 15

51. Bolshakov, A.D.; Fedorov, V.V.; Sibirev, N.V.; Fetisova, M.V.; Moiseev, E.I.; Kryzhanovskaya, N.V.;
Koval, O.Y.; Ubyivovk, E.V.; Cirlin, G.E.; Mukhin, I.S. Growth and Characterization of GaP/GaPAs Nanowire
Heterostructures with Controllable Composition. Phys. Status Solidi Rapid Res. Lett. 2019, 13, 1900350.
[CrossRef]

52. Neplokh, V.; Kochetkov, F.M.; Deriabin, K.V.; Fedorov, V.V.; Bolshakov, A.D.; Eliseev, I.E.; Mikhailovskii, V.Y.;
Ilatovskii, D.A.; Krasnikov, D.V.; Tchernycheva, M.; et al. Modified silicone rubber for fabrication and
contacting of flexible suspended membranes of n-/p-GaP nanowires with a single-walled carbon nanotube
transparent contact. J. Mater. Chem. C 2020, 8, 3764–3772. [CrossRef]

53. Kochetkov, F.M.; Kochetkov, F.M.; Deriabin, K.V.; Fedorov, V.V.; Bolshakov, A.D.; Eliseev, I.E.;
Mikhailovskii, V.Y.; Ilatovskii, D.A.; Krasnikov, D.V.; Tchernycheva, M.; et al. Fabrication and electrical study
of large area free-standing membrane with embedded GaP NWs for flexible devices. Nanotechnology 2020,
31, 46LT01. [CrossRef] [PubMed]

54. Wang, H.; Liu, J.L.; Wu, X.X.; Zhang, S.Q.; Zhang, Z.K.; Pan, W.W.; Yuan, G.; Yuan, C.L.; Ren, Y.L.; Lei, W.
Ultra-long high quality catalyst-free WO3 nanowires for fabricating high-performance visible photodetectors.
Nanotechnology 2020, 31, 274003. [CrossRef] [PubMed]

55. Li, T.; Gao, L.; Lei, W.; Guo, L.; Pan, H.; Yang, T.; Chen, T.; Wang, Z. InAs-mediated growth of vertical InSb
nanowires on Si substrates. Nanoscale Res. Lett. 2013, 8, 333. [CrossRef] [PubMed]

56. Rigutti, L.; Jacopin, G.; Largeau, L.; Galopin, E.; Bugallo, A.D.L.; Julien, F.H.; Harmand, J.-C.; Glas, F.;
Tchernyeva, M. Correlation of optical and structural properties of GaN/AlN core-shell nanowires. Phys. Rev. B
2011, 83, 155320. [CrossRef]

57. Zhou, S.M. Self-catalyzed vapor–liquid–solid growth of large-scale single crystal GaN whiskers. Mater. Lett.
2003, 25, 3880–3883. [CrossRef]

58. Tessarek, C.; Tessarek, C.; Röder, R.; Michalsky, T.; Geburt, S.; Franke, H.; Schmidt-Grund, R.; Heilmann, M.;
Hoffmann, B.; Ronning, C.; et al. Improving the Optical Properties of Self-Catalyzed GaN Microrods toward
Whispering Gallery Mode Lasing. ACS Photonics 2014, 1, 990–997. [CrossRef]

59. Jo, J.; Tchoe, Y.; Yi, G.C.; Kim, M. Real-time characterization using in situ RHEED transmission mode and
TEM for investigation of the growth behaviour of nanomaterials. Sci. Rep. 2018, 8, 1694. [CrossRef]

60. Yang, D.S.; Lao, C.; Zewail, A.H. 4D electron diffraction reveals correlated unidirectional behavior in zinc
oxide nanowires. Science 2008, 321, 1660–1664. [CrossRef]

61. Maliakkal, C.B.; Gokhale, M.; Parmar, J.; Bapat, R.D.; Chalke, B.A.; Ghosh, S.; Bhattacharya, A. Growth,
structural and optical characterization of wurtzite GaP nanowires. Nanotechnology 2019, 30, 254002. [CrossRef]

62. Glas, F.; Harmand, J.C.; Patriarche, G. Why does wurtzite form in nanowires of III-V zinc blende
semiconductors? Phys. Rev. Lett. 2007, 99, 146101. [CrossRef]

63. Buyanova, I.A.; Chen, W.M.; Goldys, E.M.; Xin, H.P.; Tu, C.W. Structural properties of a GaNxP1−x alloy:
Raman studies. Appl. Phys. Lett. 2001, 78, 3959–3961. [CrossRef]

64. Yoon, S.; Seong, M.J.; Geisz, J.F.; Duda, A.; Mascarenhas, A. Evolution of electronic states in GaP1-xNx.
Phys. Rev. B 2003, 67, 235209. [CrossRef]

65. Christian, T.M.; Fluegel, B.; Beaton, D.A.; Alberi, K.; Mascarenhas, A. Bismuth-induced Raman modes in
GaP 1−x Bi x. Jpn. J. Appl. Phys. 2016, 55, 108002. [CrossRef]

66. Dobrovolsky, A.; Sukrittanon, S.; Kuang, Y.; Tu, C.W.; Chen, W.M.; Buyanova, I.A. Energy upconversion
in GaP/GaNP core/shell nanowires for enhanced near-infrared light harvesting. Small 2014, 10, 4403–4408.
[CrossRef] [PubMed]

67. Buyanova, I.A.; Izadifard, M.; Ivanov, I.G.; Birch, J.; Chen, W.M.; Felici, M.; Polimeni, A.; Capizzi, M.;
Hong, Y.G.; Xin, H.P.; et al. Direct experimental evidence for unusual effects of hydrogen on the electronic
and vibrational properties of GaPN. Phys. Rev. B 2004, 70, 245215. [CrossRef]

68. Shan, W.; Walukiewicz, W.; Yu, K.M.; Wu, J. Nature of the fundamental band gap in GaNxP1−x alloys.
Appl. Phys. Lett. 2000, 76, 3251–3253. [CrossRef]

69. Assali, S.; Greil, J.; Zardo, I.; Belabbes, A.; De Moor, M.W.A.; Koelling, S.; Koenraad, P.M.; Bechstedt, F.;
Bakkers, E.P.A.M.; Haverkort, J.E.M. Optical study of the band structure of wurtzite GaP nanowires.
J. Appl. Phys. 2016, 120, 044304. [CrossRef]

70. Da Silva, B.C.; Couto, O.D.; Obata, H.T.; de Lima, M.M.; Bonani, F.D.; de Oliveira, C.E.; Sipahi, G.M.;
Iikawa, F.; Cotta, M.A. Optical Absorption Exhibits Pseudo-Direct Band Gap of Wurtzite Gallium Phosphide.
Sci. Rep. 2020, 10, 7904. [CrossRef]

http://dx.doi.org/10.1002/pssr.201900350
http://dx.doi.org/10.1039/C9TC06239D
http://dx.doi.org/10.1088/1361-6528/abae98
http://www.ncbi.nlm.nih.gov/pubmed/32877371
http://dx.doi.org/10.1088/1361-6528/ab8327
http://www.ncbi.nlm.nih.gov/pubmed/32209740
http://dx.doi.org/10.1186/1556-276X-8-333
http://www.ncbi.nlm.nih.gov/pubmed/23883403
http://dx.doi.org/10.1103/PhysRevB.83.155320
http://dx.doi.org/10.1016/S0167-577X(03)00233-7
http://dx.doi.org/10.1021/ph500220v
http://dx.doi.org/10.1038/s41598-018-19857-2
http://dx.doi.org/10.1126/science.1162049
http://dx.doi.org/10.1088/1361-6528/ab0a46
http://dx.doi.org/10.1103/PhysRevLett.99.146101
http://dx.doi.org/10.1063/1.1380244
http://dx.doi.org/10.1103/PhysRevB.67.235209
http://dx.doi.org/10.7567/JJAP.55.108002
http://dx.doi.org/10.1002/smll.201401342
http://www.ncbi.nlm.nih.gov/pubmed/25045136
http://dx.doi.org/10.1103/PhysRevB.70.245215
http://dx.doi.org/10.1063/1.126597
http://dx.doi.org/10.1063/1.4959147
http://dx.doi.org/10.1038/s41598-020-64809-4


Nanomaterials 2020, 10, 2110 15 of 15

71. Thomas, D.G.; Hopfield, J.J.; Frosch, C.J. Isoelectronic traps due to nitrogen in gallium phosphide.
Phys. Rev. Lett. 1965, 15, 857–860. [CrossRef]

72. Lazarenko, A.A.; Sobolev, M.S.; Pirogov, E.V.; Kryzhanovskaya, N.V.; Nikitina, E.V. Epitaxial growth and
investigation of GaP/GaP(As)N heterostructures on Si (100) 4.0 substrates. J. Phys. Conf. Ser. 2017, 917,
032044. [CrossRef]

73. Chen, S.; Chen, W.M.; Buyanova, I.A. Effects of strong band-tail states on exciton recombination dynamics in
dilute nitride GaP/GaNP core/shell nanowires. J. Phys. Chem. C 2018, 122, 19212–19218. [CrossRef]

74. Baillargeon, J.N.; Cheng, K.Y.; Hofler, G.E.; Pearah, P.J.; Hsieh, K.C. Luminescence quenching and the
formation of the GaP 1−x N x alloy in GaP with increasing nitrogen content. Appl. Phys. Lett. 1992, 60,
2540–2542. [CrossRef]

75. Buyanova, I.A.; Pozina, G.; Bergman, J.P.; Chen, W.M.; Xin, H.P.; Tu, C.W. Time-resolved studies of
photoluminescence in GaNxP1−x alloys: Evidence for indirect-direct band gap crossover. Appl. Phys. Lett.
2002, 81, 52–54. [CrossRef]

76. Islam, A.Z.M.T.; Hanaoka, T.; Onabe, K.; Yagi, S.; Kamata, N.; Yaguchi, H. Direct evidence of carrier excitation
from intermediate band states in GaPN by two-wavelength excited photoluminescence. Appl. Phys. Express
2013, 6, 092401. [CrossRef]

77. Gottschalch, V.; Wagner, G.; Bauer, J.; Paetzelt, H.; Shirnow, M. VLS growth of GaN nanowires on various
substrates. J. Cryst. Growth 2008, 310, 5123–5128. [CrossRef]

78. Kuyyalil, J.; Thanh, T.N.; Quinci, T.; Almosni, S.; Létoublon, A.; Rohel, T.; Bertru, N.; Le Corre, A.; Durand, O.;
Cornet, C. Nitrogen–phosphorus competition in the molecular beam epitaxy of GaPN. J. Cryst. Growth 2013,
377, 17–21. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1103/PhysRevLett.15.857
http://dx.doi.org/10.1088/1742-6596/917/3/032044
http://dx.doi.org/10.1021/acs.jpcc.8b05199
http://dx.doi.org/10.1063/1.106906
http://dx.doi.org/10.1063/1.1491286
http://dx.doi.org/10.7567/APEX.6.092401
http://dx.doi.org/10.1016/j.jcrysgro.2008.08.013
http://dx.doi.org/10.1016/j.jcrysgro.2013.04.052
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	MBE Growth of NWs 
	Silicone Rubber Membrane Fabrication 
	Sample Characterization 

	Results and Discussion 
	Crystal Structure Study 
	Optical Properties Study 
	NW Composition (-Spectroscopy PL and Raman Study) 
	Photoluminescent Properties 

	Conclusions 
	References

