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A B S T R A C T   

We investigate the optical and structural properties of GaN and InGaN nanowires (NWs) fabricated by metal- 
assisted electroless etching in a hydrofluoric acid (HF) solution. The emission spectra of GaN and InGaN NWs 
exhibit a red shift compared to the as-grown samples resulting from an increase in the surface-to-volume ratio 
and stress relaxation in these nanostructures. The carrier lifetimes of GaN and InGaN NWs were measured. In 
addition, density functional theory (DFT) investigations were carried out on GaN and InGaN NWs using the 
generalized gradient approximation (GGA), including the Hubbard U parameter. The presence of compressive 
stress in the NWs was confirmed by the DFT calculations, which indicated that it induces a change in the lattice 
parameter along the c-direction. Formation energy calculations showed that In is a much more stable dopant in 
the GaN NWs compared to the native point defects, such as Ga and N vacancies. Moreover, electronic structure 
analysis revealed that the complex defects formed by the presence of In along with vacancy defects shifts the 
valence band maximum, thus changing the conducting properties of the NWs.   

Introduction 

Nanowires (NWs) are promising semiconductors nanostructure for 
next-generation electronics, photonics, sensors, and energy devices 
[1–6]. NWs have a large surface-to-volume ratio [7] and 1D structure 
that shows the possibility of investigating quantum confinement effects 
and surface-mediated phenomena, which strongly affect the physical 
properties of these nanostructures. In addition, compared to quantum 
dots, it is more challenging compare to planar structures to develop 
contact electrodes for NWs required for building active devices, as well 
as for forming interconnects or waveguides [8–12] GaN and InGaN 
materials are particularly important compound semiconductors due to 
their direct band gaps [13]. As band gap can be tuned, this property 
facilitates the fabrication of optoelectronic compounds working in the 
UV–Vis-IR regions [14–16]. 1D structure of GaN and InGaN materials 
reduce mechanical strain [17] and enhanced In composition in InGaN 
[18]. Furthermore, the nanowire has low dislocation density depending 
on the fabrication methods and low non-radiative recombination centers 
leading to improve of radiative efficiency [19,20]. NWs have higher 
surface-to-volume ratio, this increases the density of surface states, 
which are non-radiative centers. Also, the extraction of light will be 

enhanced due to the significant increase in surface-to-volume ratio 
inherent in the nanostructure geometry [5,21–26]. In the extant studies 
in this field, strategies used for preparation of GaN or InGaN based NWs 
tend to rely on molecular beam epitaxy [27,28], chemical vapor depo-
sition (CVD) [29,30], hybrid vapor epitaxy [31,32], and selective area 
epitaxiy [33,34]. However, in recent years, metal-assisted electroless 
etching for silicon NW synthesis was developed [35,36]. Recently, re-
searchers explored the synthesis of GaN and InGaN NWs by metal- 
assisted electroless etching [37–39]. However, the optical and related 
electronic properties of this material have not been studied yet. 

In this work, we synthesized GaN and InGaN NWs using metal- 
assisted electroless etching and subsequently studied their morphology 
and optical properties. In addition, the density functional theory (DFT) 
based simulations was employed to support the experimental in-
vestigations and study the effect on the optical properties of introducing 
In in the GaN NW structure. DFT simulations have become an essential 
tool in predicting experimental phenomena in semiconductor NWs [40]. 
Moreover, theoretical studies focusing on the role of defects and impu-
rities in GaN NWs is helpful to explain the experimental findings 
[41–43] related to the InN cluster formation. In the present investiga-
tion, we focused on substitutional In doping into the Ga sites, as well as 
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the induction of native point defects, such as Ga and N vacancies. Defect 
stability was assessed through formation energy calculations, whereas 
electronic structure analysis was carried out to gain insight into the 
experimental observations. 

Methods 

Samples preparation and characterization 

The unintentionally commercial Si doped n-type GaN epilayer film 
and undoped InxGa1-xN epitaxy grown on Si doped n-type GaN used in 
this study were purchased from Xim. Powerway Adv. Material Co Ltd. 
GaN sample has a resistivity of 0.05 Ω.cm and a thickness of about 30 
μm. The thickness of InxGa1-xN (x = 0.2) sample is 400 nm thickness. The 
structures of GaN and InGaN samples used in this study were presented 
in Fig. 1(a). Before NW synthesis, GaN and InGaN substrates were 
cleaned by sonication for 5 min each in acetone and 2-propanol. Then, 
the samples were immersed in HNO3 at 65 ◦C for 15 min before being 
rinsed in deionized (DI) water and methanol. Following the cleaning 
process, two narrow strips of 10-nm-thick Pt, separated by a 5 mm, were 
deposited on the GaN and InGaN samples using a sputtering system. The 
NWs were synthesized using metal-assisted electroless etching method 
in a H2O2:HF:CH3OH (2:1:2) solution under UV illumination for 180 min 
and 30 min, respectively for GaN and InGaN samples. The optimized 
etching duration was adopted, as reported previously [36,37]. After 
chemical etching, the samples were removed from the solution and 
rinsed with DI water. 

The sample morphologies were analysed using a JEOL scanning 
electron microscope (SEM), and X-ray measurements (XRD) were per-
formed on a Bruker D8 Advance system. The photoluminescence (PL) 
measurements were performed at room temperature (RT) using a He-Cd 
laser of 20 mW power emitting at 325 nm. Time-resolved photo-
luminescence (TRPL) was performed using a third harmonic line of 266 
nm (obtained by APE-SHG/THG) of the Coherent Mira 900 Ti:sapphire 
femtosecond laser (using fundamental line of 800 nm and 75 MHz 
repetition rate) was used for excitation. To detect the TRPL signal, the 

streak camera (Hamamatsu C6860) was employed using syncroscan 
mode with ~ 2 ps resolution [44,45]. RT absorption measurements were 
carried out using UV–vis Varian Cary 5000 spectrophotometry. A 900 W 
xenon lamp was used for PL excitation (PLE) measurements at RT, using 
Edinburgh Instruments FLS980 spectrometer. 

Computational methodology 

The DFT simulations were carried out using the plane wave code 
Vienna Ab initio Simulation Package (VASP) including spin polarization 
[46]. The Ga48N48 NW was modelled along the hcp [0001] orientation 
with a supercell length of 2c, such that the simulation cell contained four 
GaN atomic layers with 96 atoms [46]. A vacuum of ~20 Å was used 
along the X and Y directions to ensure negligible interaction between the 
periodically repeated NW images, whereas infinite periodicity was 
maintained along the Z-direction. A plane wave cut-off energy of 400 eV 
and pseudo-potentials with projected augmented wave basis were 
adopted. The exchange and correlations were described using general-
ized gradient approximation (GGA) in the Perdew Burke–Ernzerhof 
(PBE) form [47]. The convergence criteria for energy and force toler-
ances were 0.0001 eV and 0.004 eV/Å, respectively, which are sufficient 
enough to minimize the Hellmann-Feynman forces. Monkhorst pack k- 
grid with dimensions of (1 × 1 × 8) dimensions was used for Brillouin 
zone integration. Since standard DFT is inadequate for describing the 
GaN electronic structure because of strong electronic correlations of the 
3d electrons, in this work, GGA + U method was employed. The on-site 
Coulomb parameters used for Ga were U = 6.7 eV and J = 0.7 eV [48], as 
implemented in VASP. 

Results and discussion 

Experimental results 

The etched samples were analysed by SEM, and the resulting images 
are presented in Fig. 1(b)-(d). As shown in Fig. 1(b), the samples etched 
for 180 min present a high density of NWs. The shorter NWs are 

Fig. 1. (a) Schematic diagram showing GaN and InGaN structures used to synthesise nanowires by metal-assisted electroless etching. (b)-(c) SEM image and X-ray 
diffraction profiles of wurtzite GaN NWs etched for 180 min. (d)-(e) SEM image and X-ray diffraction profiles of InGaN NWs etched for 30 min and as-grown InGaN. 
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vertically oriented and are supported by the underlying nano-porous 
GaN structures. The GaN NWs diameter and length are about 35 nm 
and 1–13 µm, respectively, as shown in the inset of Fig. 1(b). However, a 
vertical oriented InGaN NWs in Fig. 1(d) are observed for the sample 
etched for 30 min with length about 280 nm (inset in Fig. 1(d)). 

The X-ray diffraction (XRD) measurements were performed on GaN 
and InGaN NWs to study the structural properties of the NWs. Fig. 1(c) 
show the diffraction peaks of GaN NWs and the as-grown GaN, the peaks 
for GaN NWs are located at 2θ = 32.4◦, 34.6◦, 36.7◦, corresponding to 
(100), (002) and (101) lattice planes, respectively. This structure is 
corresponding to wurtzite GaN (JCPDS card No: 898624) with lattice 
constants a = 0.3186 nm and c = 0.5178 nm. The angle of the XRD 
(002) peak of the nanowires presented a small shift compared to the as- 
grown sample (34.5̊), which due to the compressive stress relaxation 
[49]. 

Fig. 1(e) show the XRD measurements of as-grown InGaN and InGaN 
samples etched for 30 min. The identified planes GaN (100) and GaN 
(002) are corresponding to the diffraction peaks located at 32.9◦ and 
34.7◦, respectively. However, the planes InGaN (002) is located at 2θ =
33.4◦ for the as-grown and 33.6◦ for the InGaN nanowires. This shift can 
be explained by the relaxation of compressive stress after etching. The 
decrease of dislocation defects at the surface during etching lead to 
smaller full width at half maximum (FWHM) values of the etched sample 
compared to the as-grown [50,51]. 

The formation of GaN NWs during the metal assisted photochemical 
electroless etching take place through two main steps. Due to exposure 
of GaN layer to UV light in the presence of etching solution, electron 
holes pairs (e-h) starts to be generated in the interface between GaN 
layer and electrolyte constituting the first step. The photo-generated 
holes moves to the anode to oxidize the surface of GaN while elec-
trons diffuse into the GaN bulk. A Ga2O3 layer will be formed in the 
anode with emission of N2 gas following the reaction [38] “2GaN +

6H+ + 3H2O→Ga2O3 + 6H+ + N2↑”. Under the catalysis of Pt, the 
electrons are consumed by H2O2 [52]. Simultaneously, a reduction re-
action of H2O2 at the platinum will take place and will play the role of 
cathode, where, water will be generated following the equation “H2O2 +

2H+→2H2O + 2H+”. The reaction of HF with the formed Ga2O3 will 
constitute the second step. A GaF3 will be formed during the dissolution 
of the Ga2O3 oxide through the equation “Ga2O3 +6HF→2GaF3 +3H2O 
”. This reaction will happen in the GaN grain surface, grain boundaries 
of GaN crystallites, and on the surface dislocations [53]. Etching for long 
time and after the formation of pores along the vertical (001) direction 
at the dislocation sites, GaN NWs structure will appear, where its length 
depends on the etching time [38]. 

Similar to the formation of GaN NWs [38,54,55], the synthesis of 
InGaN NWs can be interpreted by two main steps: During the first step, 
holes will be formed at the surface to generate dangling bonds through 
the reaction “2InGaN + 12h+→2In3+ + 2Ga3+ + N2↑” and support the 
anode reaction at the surface of InGaN. A nucleophilic species (such as 
OH) from the electrolyte will react with dangling bonds before its 
saturation with electrons from the semiconductor following the two 
equations [39]: 

2H2O+ 2e→2OH− +H2  

2In3+ + 2Ga3+ + 12OH− →In2O3 +Ga2O3 + 6H2O 

The dissolution of the formed In2O3 in HF in the solution will form 
the second step of the etching process. The etching of In2O3 will occur in 
the surface of InGaN crystal grain, on the grain boundaries of InGaN 
crystallites and at the surface dislocations similar to GaN etching [53]. 
The formation of InGaN NWs will due to the dissolution of In2O3 and the 
formation of In2O following the equation “In2O3 + Ga2O3 +

8H+→In2O + Ga2O + 4H2O”. In this case, the anode will be the region, 
where In2O was formed due to the dissolution of the In2O3 oxide [56]. 

To study the optical properties of GaN NWs and InGaN NWs, ab-
sorption, PL and PLE measurements were conducted on different 

samples. UV–VIS light absorption spectra of GaN NWs and InGaN NWs 
and the corresponding substrates are shown in Fig. 2 (a)-(b). A strong UV 
absorption band can be noted for GaN NWs, which is comparable to GaN 
film, as shown Fig. 2(a), indicating that the crystal quality of the NWs 
was maintained. In addition, the broader absorption edge observed for 
the GaN NWs compared to that of substrate is most likely due to non- 
uniform distribution of NWs [57]. The absorption spectra of the 
InGaN substrate and NWs are presented in Fig. 2(b), indicating strong 
absorption in the UV range, which gradually decreases in the visible 
range. The first absorption peak located around 360 nm corresponds to 
GaN layer underneath the InGaN layer, whereas the InGaN absorption 
region is located in between 450 nm and 525 nm. Furthermore, the 
absorption is sharper in the GaN NWs compared to the InGaN NWs. As 
expected that the absorption edge of InGaN nanowire is not sharp 
compared to GaN nanowires due to the InN compositional fluctuations 
[45,58]. This compositional fluctuation effect is observed clearly in the 
PLE spectrum of InGaN NWs (as shown in the inset of Fig. 2(d)), 
revealing two distinguished bandedges that can be due to different InN 
compositional fluctuation in different NWs. 

The PL measurements of GaN NWs samples etched for 180 min and 
the as-grown GaN layer are in Fig. 2(c). It is evident that, for the as- 
grown GaN layer, the emission peaks are dominated by the bound 
exciton D0x located at 3.409 eV (363.7 nm), which is red-shifted by 1.7 
nm to 3.425 eV (362 nm) for the GaN NWs sample etched for 180 min. 
Such peak shift of NWs peak compared to the bulk is expected due to the 
relaxation of compressive stress in NW structure that modifies the 
bandgap [59,60]. PLE spectrum taken at 500 nm shown in the inset of 
Fig. 2(c) indicates that the origin of peak emission produced by GaN 
NWs. The inset PLE signal at 360 nm is related to GaN NW bandgap and 
the one at 370 nm is related to the bandgap of the GaN layer underneath 
NW. It looks the PLE minor peaks are due to shallow defects related to Si 
dopants [61]. 

Fig. 2(d) shows the emission characteristics of InxGa1-xN where x =
0.2. In the spectrum of the as-grown sample, a peak is observed at 2.604 
eV (476 nm). The peak oscillations that accompany the band-edge peak 
may due to Fabry-Perot optical interference within the thin InGaN epi-
layer confined between GaN and air [13,52]. 

We note also in Fig. 2(d), a red-shift by 2.2 nm compared to InGaN 
layer. This red-shift can be attributed to the compressive strain relaxa-
tion [54]. However, the FWHM remains the same before and after 
etching that is ~17.5 nm, suggesting that the quality has been main-
tained after etching. During etching, the In concentration in the InGaN 
layer will decrease, contributing to strain relaxation [62]. The formation 
of NWs reduces the compressive stress due to the lattice mismatch be-
tween InGaN and GaN layers [63]. Indeed, photochemical etching oc-
curs near the defects in the vicinity of the In ions and will affect the In 
component [64]. The two peaks at 460 and 470 nm are related to InGaN 
NWs as the PLE spectrum at InGaN emission peak shown in the inset 
indicates different bandedges due to the In compositional fluctuation 
[27,45]. Note that the PL GaN peak of the GaN layer underneath the 
NWs appears after etching. 

To further study the NW optical properties, TRPL measurements 
were performed on InGaN and GaN NWs (Fig. 2(e)). The time decay 
spectrum of GaN NWs can be fitted well by two decay functions due to 
transitions of multiple centers. 

The fitting was performed using biexponential function using I(t) =
Afast exp(-t/τfast) + Aslow exp(-t/τslow); where Afast and Aslow are the fast 
and slow peak intensities at time t = 0, respectively, while τfast and τslow 
denote the decay lifetimes of the fast and slow components [44,45] non- 
exponential decay profile was used to fit the time decay of InGaN 
samples, which is commonly observed in InGaN-based structures due to 
spatial In concentration non-uniformity [65]. The slow lifetime is found 
to be around τslow = 107.5 ps, whereas the faster component is about 
τfast = 20.5 ps. Initially, the GaN signal decayed rapidly (τfast = 20.5 ps), 
followed by a slower relaxation of τslow = 95.3 ps. The lifetime of the 
InGaN NWs is shorter than that of GaN NWs. The lifetime of the InGaN 
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NWs is shorter than that of GaN NWs, suggesting a difference in the 
radiative and non-radiative contributions in each sample. However, it is 
known that, due to the InN fluctuation InGaN, the probability of exciton 
localization is higher in InGaN material more than that in GaN. For 
example, a similar fast lifetime trend has been observed in the InGaN 
NWs and has been attributed to the efficient radiative recombination of 
photoexcited carriers in the InGaN NWs [45]. 

DFT calculations 

As a part of this investigation, we initially calculated the bulk lattice 
parameters of GaN and used the obtained values to construct the NW 
that was studied via DFT simulations to investigate the effect of InN 
cluster formation in the nanowire. The lattice parameters, a = 3.18 Å 
and c = 5.19 Å calculated for bulk GaN, are in good agreement with the 

experimental values (a = 3.1876 Å and c = 5.1846 Å) [45], thus con-
firming the accuracy of our calculations. The GaN NW was further 
optimized as it is very important to obtain a stable geometry owing to 
the large surface of NWs. In the relaxed GaN NW, the Ga–N bond length 
is compressed to 1.85 Å along the c-direction while the corresponding 
initial value before relaxation was 1.95 Å [66]. In the a-b plane, Ga–N 
bond length for the NW surface is 1.87 Å, whereas it increases to 1.92 Å 
for the inner atoms, which is very close to experimental value of bulk 
GaN. This distortion can be understood in terms of the reduced coor-
dination number of atoms on the NW surface compared to the more 
bulk-like inner atoms. It is also worth noting that, in the GaN NW, the 
distance between the second nearest neighbor Ga atoms is 2.97 Å, 
compared to 3.21 Å obtained for the bulk. The Ga–N bond length 
distortion characterizing the NW is attributed to the increased surface- 
to-volume ratio, and the reduction in bondlength is in line with the 

Fig. 2. Absorption spectra of (a) as-grown and GaN NWs and (b) as-grown InGaN and InGaN NWs. (c)-(d) PL spectra of as-grown InGaN and InGaN NWs samples 
etched for 30 min, respectively. The inset show the PLE spectra of NWs. (e) Time decay of PL measurements obtained at RT for (bleu triangle) wurtzite GaN NWs and 
(red circle) as-grown InGaN and InGaN NWs. 

Fig. 3. (a) The total density of states of bulk GaN and GaN NW. (b) Optimized InGaN NW structure. The green, silver, and purple spheres represent Ga, N, and In 
atoms, respectively. (c) The total as well as the projected density of states of InGaN nanowire (i) defect free InGaN NW, (ii) InGaN NW in the presence of Ga vacancy, 
and (iii) N vacancy. The dotted line at the 0 represents the Fermi level. 
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values obtained in previous theoretical studies [42,46]. The density of 
states (DOS) of the bulk GaN and pristine GaN NW are shown in Fig. 3(a) 
to demonstrate the change in the electronic structure resulting from the 
dimension reduction from 3D to 1D. 

To elucidate our experimental findings further, we introduced In and 
point defects into the NW and carried out optimization to obtain the 
most stable geometry. The optimized geometry of the In-doped NW is 
presented in Fig. 3(b). During the optimization, three scenarios were 
considered, namely (a) In atom substituted into the Ga site (InGa), (b) 
InGa in the presence of Ga vacancy (In-VGa), and (c) InGa in the presence 
of N vacancy (In-VN). The formation energies (Ef; in eV) of these defects 
were calculated using Equation (1) [46] and are shown in Table 1. 

Ef =
(Ed

total − E(Ga48N48) + niμi(Ga) − niμi(In))
ni  

where the first two terms represent the total energy of the NW with In 
and the total energy of the pristine NW (without any defects), respec-
tively. ni shows the number of atoms removed/added for the respective 
elements; and μi is the chemical potential, which is the total energy 
calculated for the metallic Ga, In and atomic N. The obtained Ef values 
indicate that In can be easily substituted in the Ga site in the pristine 
NW, whereas the formation of defect complexes requires greater for-
mation energy. It is worth mentioning that, in a previous study, we have 
shown that VGa is a more preferred defect in a GaN NW relative to VN 
[46]. In this work, we also observed a similar trend for InGaN NWs. 
Interestingly, substituting In to the Ga site requires less formation en-
ergy than creating one VGa or VN in the pristine GaN NW. 

To explore the possibility of In atom clustering in the NW, we 
introduced one more In to create an In–In pair with different separation 
distances and calculated the formation energy, as presented in Table 2. 
As indicated by the reported data, In atoms prefer to stay further apart in 
NWs, as confirmed by slightly higher formation energies for those in 
closer proximity relative to those obtained for In atoms placed at a 
greater distance. However, when they are separated by about 10 Å, 
formation energy increases compared to the intermediate distances, 
corresponding to the effect of having an In atom in the close neigh-
bourhood. We also introduced one VGa and VN in the close vicinity of the 
In–In pair to gain insight into the formation of defect complexes. The 
findings indicate that the presence of In–In pair can reduce the forma-
tion energy of both native defects from 5.77 eV (for only VGa) and 6.42 
eV (for only VN) to 4.66 eV (lowest value, for In − In + 1 VGa) and 5.05 
eV (lowest value, for In − In + 1 VN), emphasizing the probability of 
their coexistence with In dopants, however, VGa is more preferred. This 
property can reflect in the changes in the NW electronic structure. 

To explain some of our experimental results, we further calculated 
the density of states (DOS) to analyze the effect of In, as well as In-VGa 
and In-VN complexes, in the NW and the findings are presented in Fig. 3. 
It can be seen that, in the absence of other defects, the In-doped GaN NW 
(Fig. 3(c)-i) is showing semiconducting behaviour. Fig. 3(c)-ii shows 
that the presence of VGa along with In induces additional states near the 
middle of the bandgap, mainly comprising of N-p states in the minority 
spin channel near the fermi level (EF), indicating the possibility of hy-
bridization with the defect states. In addition, a slight shift in the valence 
band maximum (VBM) toward the high-energy region and the presence 
of an acceptor state in the bandgap is noted in the presence of VGa. A 
similar observation has been reported for VGa in bulk GaN, where the 
presence of VGa was shown to increase the acceptor density [59]. Con-
current presence of VN and In shifts the VBM to lower energies (Fig. 3(c)- 
iii). An additional level, which is a shallow donor level, is produced 
below the EF, whereby the unfilled electron state can increase the 
conductivity of the NW [67,68]. A comparison of the experimentally 
obtained bandgaps of bulk GaN and bulk InGaN shows that InGaN 
produces a peak at 2.60 eV owing to the presence of In (at 20% con-
centration). However, while comparing InGaN NWs to InGaN bulk, our 
DFT calculation reveals that the bandgap energy increased from 2.60 eV 

for bulk to 2.62 eV for NWs, suggesting that both VN and In are involved 
in shifting the VBM to lower energies, thereby increasing the bandgap 
(Fig. 3(c)-iii). Practically the vacancy density and InN concentration can 
be controlled during the growth of InGaN/GaN epilayers before etching. 

Our DFT study showed that InGaN NWs were energetically stable and 
were associated with a change in lattice parameter along the c-direction, 
compared to the corresponding bulk value, thus supporting the existence 
of compressive stress observed experimentally. Further, electronic 
structure calculations were performed to analyse the effects of In and 
VGa, as well as VN, in the InGaN NWs. The DOS calculations showed that 
the presence of VN alters the NW conductivity properties, while VGa 
introduces defect states in InGaN NW. 

Conclusion 

In this work, GaN and InGaN NWs were synthesized by the metal- 
assisted photochemical electroless etching method. Both NWs exhibi-
ted PL shifts compared to the corresponding bulk material, which is 
attributed to the relaxation of compressive stress. DFT results indicates 
the segregation of In is not preferred in NW structure, indicating that InN 
fluctuation decreases in InGaN NWs compared to bulk. Moreover, DFT 
calculations showed that it is possible to tune the NW conduction/op-
tical properties by a careful selection of In and other vacancy defects. 
These low-cost nanowires will have potential applications in light- 
emitting diodes, lasers, photodetectors, PEC water splitting and photo- 
electrodes. 
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Table 1 
The formation energy of In with and without VGa and VN 
in GaN NW. The formation energy of VGa and VN in the 
pristine GaN NW is also given for comparison.  

Configuration Ef (eV) 

Ga47N48In (One In)  1.40 
Ga46N48In (In + VGa)  4.55 
Ga47N48 (only VGa)  5.77 
Ga47N47In (In + VN)  8.51 
Ga48N47 (only VN)  6.42  

Table 2 
The formation energy of In − In pair and the separation distance between the In 
atoms. Formation energy is also shown for VGa and VN in the vicinity of the In-In 
pair.  

Distance (Å) Formation energy (eV) 

In − In In − In + 1 VGa In − In + 1 VN  

3.34  1.09  4.93  5.16  
6.17  1.05  5.62  6.42  
7.38  1.05  5.74  6.28  
10.38  1.08  4.66  5.05  
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