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ABSTRACT  

We report on identification and control of important non-radiative recombination centers in 

GaNP coaxial nanowires (NWs) grown on Si substrates, in an effort to significantly increase 

light emitting efficiency of these novel nanostructures promising for a wide variety of 
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optoelectronic and photonic applications. A point defect complex, labeled as DD1 and consisting 

of a P atom with a neighboring partner aligned along a crystallographic <111> axis, is identified 

by optically detected magnetic resonance as a dominant non-radiative recombination center that 

resides mainly on the surface of the NWs and partly at the hetero-interfaces. The formation of 

DD1 is found to be promoted by the presence of nitrogen and can be suppressed by reducing the 

strain between the core and shell layers, as well as by protecting the optically active shell by an 

outer passivating shell. Growth modes employed during the NW growth are shown to play a role. 

Based on these results, we identify the GaP/GaNyP1-y/GaNxP1-x (x<y) core/shell/shell NW 

structure, where the GaNyP1-y inner shell with the highest nitrogen content serves as an active 

light-emitting layer, as the optimized and promising design for efficient light emitters based on 

GaNP NWs. 
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 One-dimensional nanowire (NW) structures from III-V semiconductors are currently 

attracting an increasing research interest as a building block for a wide variety of optoelectronic 

and photonic applications ranging from light harvesting and photo-detection to light emitting [1–

6]. A novel III-V material system that has a great potential for these applications is GaNP. 

Adding nitrogen to GaP minimizes, or even fully eliminates, lattice mismatch to Si, 

advantageous for 3D integration of III-V materials with the mature microelectronic technologies 

based on Si [7, 8]. Also, a strong anticrossing interaction between the band states and nitrogen 

states leads to the giant bowing in the bandgap energy [9, 10] and transforms the band gap 

character from an indirect bandgap in GaP to a quasi-direct band one in GaNP [10, 11]. This 

increases light emission efficiency of the alloy and allows one to tune its band gap energy from 

1.2 to 2.2 eV [12], i.e. to cover the amber spectral range. The latter is currently difficult to realize 

using other material systems. Moreover, N-induced splitting of the conduction band states into 

two subbands makes GaNP suitable for applications in intermediate band solar cells that are 

predicted [13] to have quantum efficiency substantially exceeding the Shockley-Queisser limit 

[14] for a single junction. Recently we have shown that these functionalities can be further 

enhanced in the case of nanowires. For example, the light harvesting efficiency of GaNP NW 

arrays can be improved via energy upconversion caused by two-step two photon absorption [15]. 

Also, alloying with nitrogen allows one to realize nano-scale light sources that emit light linearly 

polarized perpendicularly to the wire axis even in zinc blende nanowires of various diameters 

[16]. These attractive features are combined with the fact that GaNP NWs can be grown without 

using gold droplets as catalysts, which could be crucial for integration of GaNP with Si. This is 

because gold introduces detrimental deep states in Si and is, therefore, excluded from using in Si 
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and complementary-metal-oxide-semiconductor (CMOS) compatible technological processes 

[8]. It was also shown to degrade the optoelectronic properties of III-V NWs [17]. 

Unfortunately, alloying with nitrogen often degrades the material quality and leads to severe 

non-radiative carrier recombination [18]. Chemical identity of the involved defects was 

extensively studied for planar GaNP [18-20] where the non-radiative recombination was shown 

to originate from point defects formed in bulk regions of the alloy. In the case of NWs, however, 

increasing surface-to-volume ratio raises importance of recombination processes via surface 

states [17, 21, 22], however, the origin of these states is so far poorly understood. Existing 

reports on defect formation in III-V NWs and associated core/shell nanostructures were primarily 

focused on extended defects [23-26], which seem to be of limited importance in carrier 

recombination.  Detailed studies of point and surface defects in GaNP-based NWs, and in 1D 

structures in general, remain scarce [27, 28]. 

In this work we employ optically detected magnetic resonance (ODMR) spectroscopy 

complemented by -photoluminescence (-PL) and time-resolved PL studies to identify 

dominant point defects that affect radiative efficiency of Ga(N)P/GaNP core/shell NWs grown 

on Si substrates, with the aim to unveil an optimum structural design for efficient light emitters. 

In order to investigate the impact of nitrogen content, growth mechanisms and structural design 

on the defect formation, three types of structures were studied: (A) - Ga(N)P NWs grown via the 

vapor-liquid solid (VLS) mechanism; (B) - GaP/GaNyP1-y and GaNxP1-x/GaNyP1-y (x<y) 

core/shell NWs with the VLS-grown core and the shell layer formed via the step-mediated 

growth; and (C) - GaP/GaNyP1-y/GaNxP1-x (x<y) core/shell/shell NWs with an additional 

passivating outer shell grown via the VLS mechanism. (See the Methods section for a more 

detailed description of the structures). Illustrations of the studied structures are depicted in Figure 
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1 together with representative scanning electron microscopy (SEM) images of the studied NW 

arrays. The light (orange online) areas in Figure 1a indicate the optically active region of the 

NWs with the highest nitrogen composition, that is, the outer GaNyP1-y shell in the type-B 

structures and the inner GaNyP1-y shell in the type-C NWs. All NWs have a hexagonal cross-

section and are vertically aligned on (111) Si substrates. They have predominantly zinc blende 

crystal structure with minor inclusions of wurtzite phases. 

 

Figure 1: (a) Schematic illustrations of the studied NW structures. Light (orange online) areas 

are optically active regions of the NWs with the highest nitrogen content. Representative SEM 

images of arrays of the Ga(N)P NWs (b), GaP/GaNP core/shell NWs (c) and GaP/GaNyP1-

y/GaNxP1-x core/shell/shell NWs (d) grown on (111) Si substrates. The scale bar displayed in (b)-

(d) is 300 nm.  
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To investigate the formation of point defects in the NWs we employed the ODMR technique, 

which is known to be among the most powerful and versatile experimental methods for defect 

identification [29, 30]. The ODMR signals were measured by monitoring the near-band-edge 

emission from the GaNP alloy caused by the recombination of excitons trapped at various N-

related centers [31], as shown in Figure 2a. All investigated structures were found to exhibit the 

same ODMR signal, as shown by the open circles in Figure 2c and 2d, taking as an example the 

GaP/GaNP core/shell NWs. It contains two overlapping peaks with a line width of approximately 

25 mT. The ODMR signal is negative, corresponding to a microwave induced decrease of the PL 

intensity, which implies that the responsible defect acts as a recombination center competing 

with the monitored PL [29]. To reveal its chemical identity, we performed an analysis of the 

ODMR spectra using the following Spin-Hamiltonian that includes an electron Zeeman term and 

a central hyperfine interaction term: 

	      (1). 

Here B denotes an external magnetic field, g and A are the electron g-tensor and the hyperfine 

interaction tensor, respectively. Since the observed splitting between the ODMR peaks does not 

depend on the two microwave frequencies used in the ODMR experiments and therefore the 

strength of the magnetic field required to satisfy magnetic resonance conditions, see Figure 2c 

and 2d, this doublet structure reflects a resolved hyperfine interaction between an unpaired 

localized electron spin (S=1/2) and a nuclear spin I=1/2 with 100% natural abundance, i.e. a 31P 

nucleus. The spin-Hamiltonian parameters of the center can then be determined as g║ = 2.002, g 

= 2.013, A║ = 330 x 10-4 cm-1 and A = 130 x 10-4 cm-1. The simulated ODMR spectra are 
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shown by the solid line (red online) in Figure 2c and 2d, which are in very good agreement with 

the experimental data. The obtained spin-Hamiltonian parameters are in fact  identical to those of 

the so-called DD1 defect, which was previously observed by Dagnelund et al. in planar 

GaP/GaNP structures grown on (001)-oriented GaP substrates [32] and by Dobrovolsky et al. in 

GaP/GaNP NWs grown on (111)-oriented Si substrates [28]. DD1 was identified as an interfacial 

defect complex, which consists of a PGa antisite (or a Pi interstitial) aligned with a neighboring 

partner (possibly a nitrogen atom) along a <111> crystallographic direction. In planar structures 

the defect resides at the GaNP side of the GaP/GaNP interface [32]. In the case of GaNP-based 

NWs, however, the exact location of DD1 remains unknown. Here, several defect locations, 

which define orientations of the DD1 principal axis in the lattice, are possible and were 

considered during the simulations. These include: (i) the interfaces between the GaNP shell and 

the GaP core in the type-B and -C structures; (ii) the interface between the GaP seed region and 

the GaNP NW for the type-A structures, and (iii) the surfaces of the NWs including the (111) top 

surface and (0-11), (10-1), (1-10), (01-1), (-101) and (-110) side facets. A possible DD1 

configuration at the NW surfaces is schematically illustrated in Figure 2b.  Unfortunately, due to 

the broad line width of the observed ODMR signal the most probable location of DD1 in the 

NWs cannot be singled out solely based on the simulation results.  Such information is 

imperative, however, for designing strategies on how to suppress the defect formation during the 

growth. 
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Figure 2: (a) A representative PL spectrum measured at 5K from the GaP/GaNP NW array. (b) 

A model illustrating a possible configuration of the DD1 defect on the NW surface, taking as an 

example a PGa antisite forming a complex with a partnering nitrogen atom. (c) and (d) ODMR 

spectra of the GaP/GaNP NWs measured at 4 K (the open circles) at X- band (9.4 GHz) and Q-

band (34 GHz), respectively. The solid lines are the simulated spectra of DD1 using the spin-

Hamiltonian parameters given in the text.  

 

 

In order to gain an in-depth understanding of the processes responsible for the DD1 

formation and also to single out the most efficient ways to minimize it during the growth, we 

have performed detailed defect studies of the GaNP NWs as a function of growth conditions and 

structural design. Here, the main factors that were considered include (i) nitrogen composition in 

the alloy, (ii) the growth mode utilized for the GaNP growth; (iii) presence of strain in the 
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optically active GaNP layer caused by lattice mismatch between GaP and GaNP in GaP/GaNP 

core/shell structures; and (iv) surface passivation. The main results of these studies are 

summarized below. 

 (i) Effects of nitrogen content. We first evaluate the impact of the nitrogen content on the 

DD1 formation. For these purposes the type-A Ga1-xNxP NWs with x ranging from 0 to 0.006 

were studied. Figure 3 compares the ODMR spectrum from the GaP NWs (1) with that from the 

GaNP NWs (2). One notices that the DD1 signal can only be detected in the N-containing 

structures and its intensity increases with increasing x – see the inset in Figure 3 where the 

dependence of the DD1 ODMR signal intensity on the nitrogen content is shown. These results 

imply that the DD1 formation in the NWs is largely facilitated by the presence of nitrogen, 

consistent with the previous results for planar structures [32]. Two possible reasons could 

account for this behavior: (i) a nitrogen atom is directly involved as a partner of the DD1 defect 

complex; and (ii) the presence of nitrogen significantly lowers the formation energy of DD1, e.g. 

due to strain effect or local lattice distortion without being directly involved in the defect 

complex. Though none of these possibilities can be excluded in the present study due to a lack of 

a resolved hyperfine splitting from the neighboring atom, the first option seems to be more 

likely. This is because we could not detect the DD1 signal from the N-free GaP NWs 

independent of the employed growth conditions such as V/III incorporation ratios and substrate 

temperatures. The fact that this interfacial defect is formed in the  GaNP NWs also suggests that 

DD1 may be formed on the NW surface, since the type-A wires have only one (111) interface 

with the GaP seed region that has a substantially (i.e. by 50 times) smaller area than the NW 

sidewall surfaces. Further arguments in favor of this conclusion will be provided below. 
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Figure 3: ODMR spectra from (1) the GaP NWs, (2) GaNP NWs, (3) GaNxP1-x/GaNyP1-y NWs, 

(4) GaP/GaNyP1-y NWs and (5) GaP/ GaNyP1-y/GaNxP1-x  NWs, together with illustrations of the 

corresponding NW structures. The inset shows the dependence of the DD1 ODMR signal 

intensity on the nitrogen content in the type-A Ga(N)P NWs. The solid line is a guide to the eye. 

 

(ii) Effects of the growth modes. In the case of NWs, the growth of GaNP alloys can proceed 

either through VLS or step-mediated mechanisms [33]. Effects of the growth modes on the 

defect formation can be analyzed by comparing the ODMR signal strength between the type-A 

GaNyP1-y NWs and the type-B GaNxPx/GaNyP1-y (x<y) core/shell structures with the same 

nitrogen composition y in the optically active layer. The corresponding ODMR spectra are 
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shown by the curves (2) and (3) in Figure 3, respectively, taking as an example NWs with y ~ 0.6 

%. Apparently, the intensity of the DD1 ODMR signal is substantially reduced when the growth 

mode of the optically active GaNP region was changed from VLS in the type-A NWs (curve (2)) 

to the step-mediated growth of the shell layer in the type-B structure (curve (3)). The observed 

suppression of the defect formation can be attributed to the reduction of the growth rate from 

about 150 nm/min during the axial VLS growth of the GaNP NWs [34] down to about 1.8 

nm/min during the radial growth of the GaNP shell [33], which results in a higher material 

quality. 

(iii) Effects of strain. In principle, the defect formation in semiconductor materials can be 

affected by strain due to a change in defect formation energy [35-37]. In order to evaluate 

importance of this effect in the studied structures, we performed comparable ODMR studies of 

the core/shell NWs with the same optically active GaNyP1-y shell but different core materials. A 

substantial enhancement of the DD1 signal was observed in the GaP/GaNyP1-y core/shell NWs as 

compared with the GaNxPx/GaNyP1-y structures – see Figure 3, where the corresponding ODMR 

spectra are shown as curves (4) and (3), respectively. Since the GaNyP1-y shell layers in both 

structures have the same nitrogen composition and were grown under identical conditions, this 

result suggests that the presence of strain between the GaP core and the GaNyP1-y shell promotes 

the formation of DD1. In principle, this fact could be considered to be in favor of the core/shell 

interface as a likely location for DD1. We need to note, however, that the thickness of the 

GaNyP1-y shell is only ~ 50 nm, which is well below the critical thickness of GaNP [38]. This 

means that the strain will not be relaxed at the hetero-interface and may also influence formation 

of the defect on the GaNyP1-y outer surfaces.  
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 (iv) Effects of surface passivation. In order to examine the possibility of the DD1 defect being 

located at the outer surfaces of the NWs, we have fabricated GaP/GaNyP1-y/GaNxP1-x 

core/shell/shell NWs with an outer passivating shell of GaNxP1-x. The reason for choosing 

GaNxP1-x with x < y as a passivating layer is as follows. This design allows us to minimize 

detrimental lattice mismatch with the active region, while maintaining carrier localization in the 

active GaNyP1-y, due to fast trapping of carriers from the passivating shell with a larger bandgap. 

It is found that after adding the outer shell the DD1 intensity is drastically reduced, by about one 

order of magnitude, as can be seen from the ODMR spectra (4) and (5) in Figure 3. This provides 

unambiguous experimental evidence that the majority of the DD1 defects are formed at the NW 

surfaces. Lowering of the defect formation energy in the near-surface region was also reported 

for N-related defects in ZnO nanostructures [39].  

We can now analyze the importance of the identified surface defect in carrier recombination at 

room temperature (RT), which is crucial to practical applications. Based on the negative sign of 

the DD1 ODMR signal, the defect center participates in recombination processes that compete 

with the radiative recombination process giving rise to the near-band-edge PL of GaNyP1-y.  

Suppression of its formation in the multi-shell NWs is, therefore, expected to significantly 

enhance their radiative efficiency, provided that DD1 acts as an important recombination center. 

To prove the latter, we performed μ-PL experiments on single GaP/GaNyP1-y core/shell and 

single GaP/GaNyP1-y/GaNxP1-x core/shell/shell NWs. The RT PL spectra from both structures 

contain a broad emission band (see Figure 4a) that originates from the optically active GaNyP1-y 

region and is caused by the recombination of excitons bound to different N-related centers [28]. 

From Figure 4a it is obvious that the surface passivation of the active region and, therefore, 

suppression of the DD1 formation, leads to a drastic enhancement of the emission intensity. To 
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confirm that the data acquired on a single NW are representative for the whole NW array, we 

measured statistical behavior of about 50 NWs from each type of the structures. The RT PL 

intensity is found to follow a Gaussian distribution which peaks at around 20 and 210 counts/sec 

for the GaP/GaNyP1-y NWs and GaP/GaNyP1-y/GaNxP1-x NWs, respectively – see Figure 4b. 

These values are in good agreement with the PL data measured from the corresponding NW 

arrays. The origin of the observed enhancement in the PL intensity can be further clarified from 

transient PL measurements. The transient PL images measured from the arrays of GaP/GaNyP1-

y/GaNxP1-x NWs and GaP/GaNyP1-y NWs are shown in Figure 4c and Figure 4d, respectively. 

One observes that the PL decay is substantially slower in the former, as is also obvious from 

Figure 4e, where the PL decays from both NWs arrays are shown.  This slower PL decay can be 

explained by a reduction of non-radiative carrier recombination in the multi-shell structure. 

Indeed, the decay time  of radiative transitions is determined by combined contributions of 

radiative and non-radiative recombination processes so that , where  and  

denote the radiative and non-radiative lifetimes, respectively. Since the radiative lifetime is 

intrinsic to the N-related emission, the prolongation of its decay in the multi-shell structure 

combined with the observed increase in the PL intensity provide compelling evidence that 

surface passivation of the active region efficiently suppresses the non-radiative recombination 

mediated by DD1. The optimized core/shell/shell NWs have an excellent optical quality that is 

comparable to that of the state-of-the-art GaNP epilayers capped with GaP. This is evident from 

the practically identical RT PL decays in these structures (see Fig. 2e, where the PL decay from 

the GaNP epilayer is shown by the dotted line) and is further supported by their similar internal 

quantum efficiencies int, i.e. 0.8 % (for NWs) and 0.9 % (for epilayers). The latter were 
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determined in the same way as described in reference 41. It is interesting to note that these values 

are comparable to that of AlGaN/GaN quantum wells (int = 1.2%) [41]. 

 

 

Figure 4: (a) Representative μ-PL spectra from a single GaP/GaNyP1-y core/shell NW and a 

single GaP/GaNyP1-y/GaNxP1-x core/shell/shell NW with y ~ 0.6%, as estimated using the band 

anticrossing model [10, 40]. (b) Statistical distributions of the PL intensity from individual 

GaP/GaNP core/shell NWs and GaP/GaNyP1-y/GaNxP1-x core/shell/shell NWs. (c) and (d) display 

transient PL images measured from GaP/GaNyP1-y/GaNxP1-x and GaP/GaNyP1-y NW arrays, 
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respectively. (e) The corresponding decays (symbols) of the PL intensity spectrally integrated 

within the 15 nm range around its peak position. The dotted line represents the PL decay 

measured from the reference GaN0.006P0.994 epilayer capped with GaP. The data in (c) – (e) are 

normalized to the same peak intensity for an easier comparison. All PL measurements were 

performed at RT. 

 

In summary, by employing the ODMR technique complemented by cw- and transient PL 

studies we have identified the DD1 defect, the complex that involves a P atom at its core, as an 

important source of non-radiative recombination that deteriorates radiative efficiency of GaNP-

based NWs grown on Si substrates. By evaluating optical and defect properties of various GaNP 

and Ga(N)P/GaNP core/multi-shell NW structures, we have also shown that the major factors 

affecting the formation of this harmful defect during the growth include nitrogen content, growth 

mode of the GaNP layer and the presence of strain. The defect formation is concluded to 

predominantly occur on the surface of the GaNP layer but could be drastically suppressed by 

adding an outer passivating shell of GaNP with a lower nitrogen content. Based on these results, 

the optimized design of GaNP NWs leading to a high efficiency of light emission is identified as 

being the Ga(N)P/GaNP/GaNP core/shell/shell structure where the active inner shell with the 

highest nitrogen content is grown via the step-mediated mode and has passivated surfaces. Our 

findings, therefore, provide a useful guideline for designing efficient nanoscale light emitters 

based on GaNP alloys and emphasize the importance of suppressing formation of the detrimental 

point defects in NW structures by optimizing growth conditions and structural design. We note 

that the suggested radial core/multi-shell design provides an additional freedom to independently 
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control composition, doping and size of core and shell layers, thereby tuning the band offset 

across the radial hetero-interfaces to create an efficient radial confinement or to enhance the 

separation of carriers. 

Methods  

All the NW structures studied in this work were grown on (111)-oriented Si substrates by gas-

source molecular beam epitaxy (GS MBE) using Ga droplets as a catalyst [33, 34]. The 

following types of NW structures were investigated: (A) GaP and GaNyP1-y NWs with diameters 

ranging from 80 to 100 nm; (B) GaP/ GaNyP1-y core/shell and GaNxP1-x/GaNyP1-y (x<y) 

core/shell NWs having a 50-nm thick shell layer; and (C) GaP/GaNyP1-y/GaNxP1-x (x<y)  

core/shell/shell NWs with an outer passivating shell of 30-80 nm in thickness. To initiate the NW 

growth for the type-A structures, a seed GaP region was grown prior to igniting a nitrogen 

plasma [34]. The type-A GaP and GaNP NWs were grown by the VLS mechanism with substrate 

temperatures Tsub of 580 - 600 oC and 615 oC, respectively. The V/III incorporation ratio was 

kept at around 1.5 -2.0 during the GaP growth and was increased to 2.5 after a nitrogen plasma 

was ignited for the growth of GaNP. The same growth conditions were used for the core layers in 

(B) and (C) structures. The GaNP shells were fabricated via the step-mediated growth with a 

lower substrate temperature Tsub of 450-510 oC and a V/III incorporation ratio of 3.5 - 4.5. The 

nitrogen composition in the shell layers was varied by changing the power of the rf-plasma and 

the nitrogen flux. It was estimated by comparing the room-temperature PL data with the band 

anticrossing model described in references 10 and 40. In all types of the studied structures, the 

NWs display a uniform size distribution with an average axial length of approximately 2-3 μm. 

A detailed description of the growth procedure can be found in refs. 33 and 34. 
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The ODMR experiments were performed at 4 K with a modified ESR spectrometer 

working at the X-band (~9.4 GHz) and Q-band (~34 GHz). ODMR signals were measured as a 

change of the integrated PL intensity detected within the visible spectral range of 420 - 1000 nm 

under magnetic resonance conditions. The PL was excited using the 532 nm line of a solid-state 

laser and detected by a Si detector. In order to avoid contributions of laser leakage in the detected 

PL signal, appropriate long-pass and short-pass optical filters were inserted in the detection and 

excitation path, respectively.  

μ-PL spectroscopy of individual NWs and NW arrays was performed at 5K and RT by 

using a Horiba Jobin Yvon HR800 spectrometer equipped with a CCD detector. The excitation 

light, the 445 nm line of a diode laser or the 532 nm line of a solid-state laser, was focused onto 

the sample using a 50x objective lens with NA = 0.5, which was also used for collecting the 

emitted PL. In order to access optical properties of individual nanowires, the wires were 

mechanically transferred onto another Si substrate. Time-resolved PL measurements were 

carried out at RT by using a pulsed Ti:sapphire laser with a pulse duration of 2 ps and a 

repetition rate of 76 MHz. The transient PL signals were detected by a streak camera combined 

with a 0.5m single grating monochromator.  
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