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ABSTRACT  

We report on the bottom-up fabrication, by plasma-assisted molecular beam epitaxy, of 

monocrystalline GaN solid, hollow, and c-shape nanowires deposited in a compact fashion. The 

shape exhibited by these nanostructures varies from solid to c-shape and hollow nanowires. They 

were epitaxially grown with their [0001] directions perpendicular with respect to different surfaces 

of Si substrates. Advanced studies of these GaN nanostructures were carried out by means of 

selected-area electron diffraction, and scanning and high-resolution transmission electron 

microscopy evidencing their structure and epitaxial alignments with respect to the silicon. Through 

a comprehensive analysis of the growth conditions (substrate temperature and Ga and N* fluxes) 

we demonstrate that a local Ga-limited regime is the mechanism behind the particular shape of 

these nanostructures. Additionally, spectroscopic ellipsometry studies, applying a model based on 

Bruggeman effective medium approximations and taking into account several aspects related to 

the nature of these GaN nanostructures, were carried out to obtain valuable information about the 

evolution of the optical constants and the porosity along the layer. This work shows a way to 

control the porosity and shape of GaN nanowires by varying the growth conditions, which could 

open new horizons in the development of GaN nanostructures for future applications. 
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INTRODUCTION  

Research on GaN nanostructures, such as nanowires (NWs) and nanoporous films (NPFs), has 

attracted substantial interest thanks to their high surface-to-volume ratio, and, in case of NWs, 

their strain-free nature1. The attractiveness of GaN NPFs resides in their significant strain 

relaxation2,3, and enhanced surface Raman scattering4. Comparing with their compact 

counterparts, GaN NPFs have demonstrated improved properties in diverse applications such as 

photoelectrochemical water splitting5,6,7, supercapacitors for energy storage8,9, light emitting 

diodes (LEDs)2,3,10,11,12,13, distributed Bragg reflectors11, or mechanic removal of films from the 

substrate14,15. The research on NPFs is not limited to GaN: different materials such as nanoporous 

InGaN16–19, Si20, carbon membranes21, and WO3
22 have demonstrated a great potential for 

photoelectrochemical water splitting18,20,21 and photocatalytic fuel cells22. 

A vast majority of reports on the synthesis of NPFs are focused on different kind of etching of thin 

films or GaN-sapphire templates such as electroless etching 3,4, electrochemical etching6,10,17, or 

high temperature annealing8,9. The fabrication of ordered NPFs has been demonstrated using 

inductively coupled plasma (ICP) etching with an anodic alumina template as etching mask23. 

However, up to the best of our knowledge very few reports on the growth of GaN NPFs can be 

found. Recently, Aguilo and co-workers reported the growth of GaN NPFs by chemical vapor 

deposition13 and its application on LEDs. The main drawbacks of the etching (top-down) approach 

are the difficulties of controlling the porosity level and shapes on the films. Therefore, a way to 

produce high-quality NPFs in a bottom-up approach with direct control over the composition, 

porosity and shape as well as low-cost routes to scale it to large areas for industrial transfer would 

be highly desirable.  
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In this paper, we present the growth of high-quality single crystalline GaN self-assembled NWs 

by plasma-assisted molecular beam epitaxy (MBE). GaN nanostructures were synthesized in a 

closed-packed manner that emulates the behavior of a NPF, combining the advantages offered by 

GaN NWs with the technological attractiveness of NPFs. The shape of the grown nanostructures 

varies from solid (SNW) to c-shape (CNW) and hollow (HNW) nanowires.  By means of 

transmission electron microscopy (TEM) we show that wurtzite GaN S-, C- and H- NWs are grown 

along the [0001] direction, and epitaxially aligned with the underlying Si substrate. We 

demonstrate that a Ga-limited growth regime at the tips of the nanostructures is the mechanism 

behind their particular shapes. Consequently, we show control over the amount of porosity by 

tuning of the growth conditions. The porosity level is assessed through a comprehensive analysis 

of their optical properties by means of spectroscopic ellipsometry (SE). 

EXPERIMENTAL SECTION 

All studied samples were grown on chemically cleaned p-type Si (111) or (100) substrates in a 

Veeco Gen930 molecular beam epitaxy (MBE) reactor equipped with a radio frequency nitrogen 

plasma source and a sumo Knudsen effusion cell for Ga. The substrates employed were (111) ± 

0.5º and (001) ± 0.5º oriented, single side polished and prime grade manufactured by Sil’Tronix®. 

Before transferring into the growth chamber, the substrates were outgassed at 250 ºC during 12 

hours. Prior to growth, the Si substrates were heated in the growth chamber to 900 ºC for 30 

minutes in order to remove the native oxide. The temperature was then slowly decreased (5 ºC/min) 

until a clear 7x7 surface reconstruction was observed (860 ºC) at the reflection high-energy 

electron diffraction (RHEED) pattern24. Then, the substrates were intentionally nitridated by 

exposing the surface to active nitrogen at 860 ºC during 10 minutes under 𝜙𝑁∗ =
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14𝑥1014  𝑎𝑡
𝑐𝑚2𝑠⁄  generating a 2 nm thick -Si3N4 layer (Figure S1 supplementary material). The 

growth conditions for the samples can be found in Table I.  

 

 
Impinging fluxes 

(x1014 at.cm-2.s-1) 
  

Sample Ga N* Tsubs (
oC) Substrate 

T1 8 11 800 Si(111) 

T2 8 11 825 Si(111) 

T2’ 8 11 825 Si(100) 

T3 8 11 850 Si(111) 

G1 4 11 825 Si(111) 

G3 10 11 825 Si(111) 

N1 11 11 850 Si(111) 

N2 11 14 850 Si(111) 

N3 11 19 850 Si(111) 

N4 11 22 850 Si(111) 

N5 11 27 850 Si(111) 

Table 1. Growth conditions for the samples referred in this study.  

The surface morphology and sample thickness were assessed by means of scanning electron 

microscopy (SEM) using a Zeiss Gemini 1540XB SEM microscope. For the transmission electron 

microscopy (TEM) analyses, the samples were prepared in cross-sectional (XTEM) and plain-

view (PVTEM) orientations and thinned to electron transparency by tripod mechanical polishing 

followed by Ar+ ion milling at 3.5 keV, ±7º incidence with a PIPS system from GATAN. The 
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high-resolution TEM (HRTEM) and selected area electron diffraction (SAED) results were 

collected in a JEOL 2100 microscope equipped with a LaB6 filament at an electron accelerating 

voltage of 200 kV. The energy dispersive x-ray spectra (EDS) and high-angle annular dark-field 

(HAADF) images were acquired using a FEI Talos F200S TEM operated in scanning TEM 

(STEM) mode. A variable angle spectroscopic ellipsometer equipped with an automatic rotating 

analyzer (J.A. Woollam V-VASE) was used to measure the ellipsometric angles, amplitude ratio 

(Ψ) and phase difference (Δ) between the reflected polarized light p and s components, at different 

angles of incidence, in the range of 0.5-5 eV. The samples’ back surfaces had been previously 

scratched, so as to avoid incoherent back-surface reflection. 

RESULTS AND DISCUSSION 

Samples T2 and T2’ were chosen for the morphological and structural analysis. Both samples were 

grown with the same conditions but on different substrates, Si(111) for sample T2 and Si(100) for 

T2’. Figures 1a and 1b show a cross-section SEM micrograph of samples T2 and T2’, respectively, 

taken with an inclination of 15o, which exhibit a high density of nanostructures with an average 

height of (667 ± 17) and (734 ± 8) nm, diameters of (120 ± 5) and (134 ± 5) nm, and wall 

thicknesses of (16 ± 1) and (19 ± 1) nm, for samples T2 and T2’ respectively. It can also be 

appreciated that these columnar nanostructures are grown straight and parallel to the surface 

normal direction on both substrates. The top morphology of these specimens is a combination of 

solid NWs (SNWs) with well-developed hexagonal facets, most likely m-planes (density on 

samples T2 and T2’ ~ 4x108 and 1x108 cm-2), hollow NWs (HNWs) with a hexagonal to 

dodecagonal shape, most likely a mixture of m- and a-planes (~ 3x108 and 2x108 cm-2), and c-

shape NWs (CNWs, ~ 3x109 cm-2 on both samples). The different nanostructures are illustrated on 

the top-view SEM micrograph of samples T2 (figure 1c) and T2’ (figure 1d). HAADF-XTEM 
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studies were carried out on sample T2 to elucidate up to which extent the nanostructures are hollow 

or solid. As can be seen from figure 1e, the highlighted CNW seems to be a kind of rolled film 

partially opened longitudinally. The great contrast between what we consider external and internal 

walls, make us think that these NWs are hollow. Note that the intensity on the HAADF images is 

proportional to the product of the effective atomic mass (the higher, the brighter) and the quantity 

of projected material. Considering pure GaN (see supporting info section 2 for energy dispersive 

x-ray spectroscopy, EDS) and that tripod polishing gives lamellae very uniform in width, then, 

different intensities are directly related with the local emptiness or compactness of the 

nanostructure. On figure 1f a brighter nanostructure with more homogeneous contrast can be 

observed (highlighted on the left side of this figure), so according to the previous explanation, it 

is most-likely a SNW. In addition, it can be appreciated an increased intensity at the base of the 

nanostructures (black dashed rectangle on figure 1f) than at the tips, suggesting that there is more 

GaN material on the bases of the nanostructures (closer to the substrate) than at the tips of the 

HNWs and CNWs. Analysis of the intensity of the HAADF-XTEM micrograph of sample T2 

(figure S3 on the supporting info) confirms the intensity decrease with increasing the distance from 

the substrate. This fact, combined with the observed and commented NWs-type surface densities, 

support the idea that most of the uncompact NWs are actually composed by solid bases (or initially 

SNWs) that evolve some of them into hollow or most of them into c-shape structures as the growth 

proceeds (figure S4). 
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Figure 1. Cross-sectional SEM micrographs of a) sample T2 and b) sample T2’ taken at an 

inclination of 15o, and parallel to the Si {110} cleavage edge. Top-view SEM micrograph of 

sample c) T2 and d) T2’ that illustrates the morphology of the SNWs, HNWs and CNWs. e) and 

f) HAADF-XTEM micrographs of the GaN nanostructures taken along the [112̅0] GaN zone axis 

on sample T2: Dashed lines around internal (red) and external (blue) walls of a CNW, a brighter 

SNW (light orange) and GaN nanostructures bases (dashed-black rectangle) are included for 

clarity.  
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Figure 2. Cross-section HR-TEM images of GaN nanostructures on a) Si(111) (sample T2) along 

the [101̅0] zone axis and b) Si(100) (sample T2’) along the [112̅0] zone axis. Both micrographs 

show an amorphized 2 nm thick -Si3N4 interlayer. SAED patterns acquired over c) Sample T2 

along the [101̅0] zone axis and d) sample T2’ along the [112̅0] zone axis. Relevant reflections are 

marked for clarity on certain diffraction spots of both SAED patterns. Probing diameter of ~700 

nm on both SAED patterns. 

To probe the microstructure of the rods, we performed HR-XTEM experiments on samples T2 and 

T2’ (figures 2a and 2b), along the [101̅0] and the [112̅0] GaN directions respectively, close to the 

interfaces among Si, -Si3N4 and GaN. The nitridation technique explained in the experimental 

section gives rise to a 2 nm thick -Si3N4 in both cases. The nanostructures are revealed to be 
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single-crystalline wurtzite GaN. According to figure 2a and 2b the GaN nanostructures grow with 

the c-axis perpendicular to the Si(111) and Si(100) planes. This observation concurs with SEM 

micrographs shown above (figures 1a and 1b). For the samples grown on Si(111) it also coincides 

with results reported by other groups25–27. In the case of Si(100) substrates, NWs grown with the 

c-direction perpendicular to the Si(100) plane agrees with previously reported results26,28. 

However, Shetty and co-workers reported similar mixture of nanostructures grown on Si(100)29 

with different alignment. They were tilted between 10º and 45º with respect to the Si(100) plane 

normal. In order to inspect the general epitaxial alignment between the GaN nanostructures and 

the underlying Si substrates in our specimens, SAED patterns, for more extended interface regions 

than those inspected by HRTEM, were collected (figures 2c and 2d). The diffraction spots related 

to GaN are arced due to the presence of a small tilt among the nanostructures (smaller for sample 

T2). A slight twist of some NWs with respect to surface normal cannot be disregarded, against a 

perfect heteroepitaxy, since only (0001) fringes are resolved on the GaN when the Si atomic 

columns are perfectly aligned with the electron-beam, and thus, resoluble by phase-contrast. 

Nevertheless, the SAED patterns reveals a general coherency between surface and nanowires 

lattices, then the epitaxial relationship is defined as GaN(0001)||Si(111) and GaN(101̅0)||Si(112) 

for GaN on Si(111), and GaN(0001)||Si(001) and GaN(112̅0)||Si(110) for GaN on Si(100). 

Moreover, this is the commonly reported epitaxial alignment for III-Nitrides (thin films and NWs) 

on Si(111)25,27,30,31.  

To gain deeper insight on the microstructure of the GaN rods we performed HR-PVTEM on a 

single SNW (Figure 3a and 3b) and a single CNW (figure 3d). The top-view of the SNW reveals 

a single crystalline GaN structure (confirming the observations done in figure 2a) with a hexagonal 

symmetry of atomic columns projected along the [0001] direction. The SNW shows a well-
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developed hexagonal shape with {101̅0} side facets. In the case of the CNW (Figure 3d), the 

micrograph reveals a single crystalline CNW with 5 well developed external side facets (most 

likely {101̅0} facets) together with a 6th opened one, forming an open hexagon. The internal facets 

are parallel to the external {101̅0} side facets. In this specific case the wall thickness is (30.1 ± 

0.5) nm. Insets of figures 3b and 3d are the fast Fourier transform (FFT), equivalent to a 

diffractogram, of the HR-TEM images of the SNW and the CNW, respectively. Both FFT images 

indicate a 6-fold symmetry, finger-print of the wurtzite crystal structure in polar direction, on both 

kind of nanostructures.  
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Figure 3. Top-view HR-PVTEM micrographs of a SNW a) and enlarged area in b), and a CNW 

c) and enlarged area in d) taken along the [0001] GaN zone axis. FFT images of both shown top-

view HR-TEM micrographs of the SNW and the CNW are shown in their respective inset. 

The natural question arising now is: what is the mechanism behind the formation of HNWs and 

CNWs? Three different explanations can be found in the literature for the spontaneous formation 
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of such structures: I.- The screw dislocation driven model29,32. II.- The reduction of the nucleation 

barrier along the NW top facet boundary by introducing high Si-flux33. III.- The growth under a 

locally (on the tips) Ga-limited regime7,34,35. 

Morin and co-workers 32 reported on the spontaneous formation of ZnO nanotubes driven by screw 

dislocations. In addition, Shetty et al 29 found the role of screw dislocations to be crucial for the 

formation of the internal facets on the HNWs and CNWs. To investigate the role of screw-type 

dislocations on the shape of the nanostructures we carried out TEM studies in two-beam 

diffraction-contrast conditions with g = 0002. Dislocations with total or partial screw component 

were found in a very low percentage of the studied nanostructures (< 5%), suggesting that there 

should be another mechanism behind the formation of HNWs and CNWs. The second model 

proposed can be disregarded by the fact that no Si flux was employed during the growth of the 

present nanostructures, and the used temperatures cannot justify Si sublimation or out-diffusion 

from the substrate. However, it is worth mentioning that the morphology of the structures reported 

by Bolshakov and co-workers33 is similar to the morphology exhibited by Samples #1 and #2. 

Regarding the third mechanism, we performed a comprehensive study of the growth conditions 

(substrate temperature and Ga and N* fluxes), and their influence on the morphology of the 

nanostructures seem to be clear as it will be presented hereafter. 

To probe the role of the local growth regime, we need to identify the effect of the different 

parameters on the local growth conditions. Once identified, we can design proper experiments. 

The number of Ga atoms arriving to the tip of the nanostructure per unit of time and unit of area 

is given by: 

𝜙𝐺𝑎
𝑙𝑜𝑐 = 𝜙𝐺𝑎 + 𝜙𝐺𝑎

𝑑𝑖𝑓𝑓
+ 𝜙𝐺𝑎𝑁

𝑑𝑒𝑐 − 𝜙𝐺𝑎
𝑑𝑒𝑠     Eq (1) 
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Being 𝜙𝐺𝑎 the Ga flux arriving directly to the tip i.e. the flux effusing from the K-cell, 𝜙𝐺𝑎
𝑑𝑖𝑓𝑓

 

accounts for the Ga atoms diffused from the substrate to the side-walls and from the side-walls to 

the tip, 𝜙𝐺𝑎𝑁
𝑑𝑒𝑐  is the contribution from the decomposition of the nanostructure itself, leaving Ga 

atoms on the tip. It is defined as: 

𝜙𝐺𝑎𝑁
𝑑𝑒𝑐 = 𝐶. 𝑒𝑥𝑝 {−

𝐸𝑑𝑒𝑐
𝑘𝐵𝑇⁄ }      Eq (2) 

Fernandez-Garrido and co-workers36 reported 𝐶 = (2.4 ± 0.2) × 1029 𝑎𝑡
𝑐𝑚2𝑠⁄  to be the 

decomposition pre-exponential factor and 𝐸𝑑𝑒𝑐 the activation energy for the decomposition 

process, with values ranging from 3.1 to 3.6 eV36.  

 And 𝜙𝐺𝑎
𝑑𝑒𝑠 accounts for the evaporation of Ga from the tip, given by the expression: 

𝜙𝐺𝑎
𝑑𝑒𝑠 = A(𝜙𝐺𝑎 + 𝜙𝐺𝑎

𝑑𝑖𝑓𝑓
+ 𝜙𝐺𝑎𝑁

𝑑𝑒𝑐 ). 𝑒𝑥𝑝 {−
𝐸𝑑𝑒𝑠

𝑘𝐵𝑇⁄ }      Eq(3) 

Where A is the desorption pre-exponential factor and 𝐸𝑑𝑒𝑠 the activation energy for the desorption 

process. Bruno and co-workers reported 𝐸𝑑𝑒𝑠 = (2.85 ± 0.02) 𝑒𝑉 for Ga desorbing from 

GaN(0001) surface37. According to the empirical work of Brandt and co-workers38 the activation 

energy for desorption is lower for the {0001} planes than for the {101̅0} planes. Therefore, it is 

expected a higher desorption rate on the top facets than on the side- and internal- walls. To modify 

the local conditions, we can alter directly i.- the total Ga atoms lost by adjusting the substrate 

temperature, ii.- the amount of arriving Ga atoms by varying the temperature of the Ga effusion 

cell and therefore, the impinging Ga flux (𝜙𝐺𝑎), and iii.- the quantity of impinging N* atoms by 

tuning the plasma conditions (power or flux of pure N2).  
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Effect of the substrate temperature: The variation of the substrate temperature has a direct effect 

on the amount of Ga desorbed from the surface and on the GaN decomposed. Note that the 

decomposition of GaN leaves liquid Ga on the surface that can be either reincorporated to the 

lattice with the excess of N* or desorbed from the surface. Figure 4 (a1 - a3) shows the effect of 

the growth temperature, from a nanowall network grown (figure a1) at 800 ºC to a low density 

packed SNWs at 850 ºC (figure 4a3). Figure 4c illustrates the density of the nanostructures with 

respect to the substrate temperature. A further reduction of the substrate temperature will reduce 

the Ga losses increasing the Ga available on the surface, therefore, promoting a more compact 

growth. At temperatures above 850 ºC the losses will become higher thus, resulting in no growth. 
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Figure 4. Top view SEM micrographs of GaN nanostructures grown on Si(111) at different 

substrate temperatures (Sample T1 – figure a1, T2-a2, and T3-a3) and different impinging Ga flux 

(𝜙𝐺𝑎) (Sample G1 – figure b1, T2-a2 and b2, and G3-b3). The white arrow points towards higher 
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temperatures or 𝜙𝐺𝑎
𝑙𝑜𝑐 values, respectively. Parameters kept constant are indicated over the white 

arrows. Density of the different nanostructures vs c) substrate temperature and d) 𝜙𝐺𝑎. All the 

micrographs share a 200 nm scale bar. Note that micrographs a2 and b2 are the same. 

Effect of the impinging Ga flux (𝝓𝑮𝒂): The variation of the impinging Ga flux has a direct effect 

on the amount of Ga arriving to the tip of the nanostructures. Figure 4 (b1 - b3) shows the results 

of the variation of the Ga flux. By increasing the 𝜙𝐺𝑎, the amount of Ga atoms arriving to the tip 

of the nanostructures is increased modifying the local growth conditions. At the lowest 𝜙𝐺𝑎 (Figure 

4 b1) the surface is characterized by the presence of doublets and triplets of CNWs (nanostructures 

with a common origin). At this condition Ga is the limiting reactant and the nanostructures are 

mainly of the CNW type. An increase in the amount of Ga reaching the sample results first in an 

increase on the density of nanostructures covering the surface, being dominant the HNW and CNW 

type, and, by further increasing, evolving to a more compact network of SNW. This variation on 

the density of the nanostructures as a function of the 𝜙𝐺𝑎 value is plotted on figure 4d.  

Effect of the N* flux: The variation of the pure N2 flux has a direct effect on the amount of active 

nitrogen arriving to the surface and hence the top of the nanostructures. Figure 5a shows the effect 

of increasing the active nitrogen flux. At the lowest 𝜙𝑁∗ (Figure 5a1) there is not enough N* 

overpressure to counteract the effects of the GaN decomposition and Ga desorption, resulting in a 

very low density of nanostructures. As the 𝜙𝑁∗ increases the surface is first saturated with 

nanostructures (Figure 5a2) and then, by further increasing the 𝜙𝑁∗, CNWs become dominant over 

the SNWs (Figure 5 a3 to a5). The length of the nanostructures increases with the 𝜙𝑁∗ until it 

saturates at 𝜙𝑁∗ = 19 × 1014 𝑎𝑡
𝑐𝑚2. 𝑠⁄ , reaching the regime where Ga is the limiting reactant. 
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Once reached the Ga-limited regime the shape of the nanostructures is progressing from a majority 

of SNWs to a majority of CNWs, as it is demonstrated on figure 5b.  

 

Figure 5. Top view SEM micrographs of GaN nanostructures grown on Si(111) for a1) – a5) 

different pure N2 fluxes (samples N1 to N5). Parameters kept constant are indicated below figure 

a3. All the micrographs share a 200 nm scale bar. b) density of nanostructures vs pure N2 flux. 

Samples T3, G1 and N1 present a surface composed by a mixture of clusters, tilted NWs, tripods, 

tetrapods and multipods (Figures 4a3, 4b1 and 5a1). In the case of samples T3 and N1 the higher 

temperature (850 ºC) produces an increase in the GaN decomposition and Ga desorption rates 

impossible to stabilize with the given 𝜙𝑁∗, whereas in the sample G1 the impinging Ga flux is 

directly reduced. In the self-assembled growth of nanowires two different regimes can be 
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distinguished; a nucleation phase, and a growth phase. The nucleation phase of GaN NWs is 

different than in standard crystal growth in the sense that GaN NWs do not nucleate directly in the 

form of wires. The nucleation phase comprises two successive periods: an initial incubation of 

stable nuclei in the form of clusters, followed by a transition period leading to shape 

transformations that eventually ends up with GaN NWs stable nuclei. During the growth phase the 

stable NWs nuclei grow axially and radially. The non-optimal growth conditions for those three 

samples affect primarily the nucleation phase, increasing the incubation time dramatically, and 

reducing the density of nuclei. During the transition period, and together with the limited 

incorporation of Ga into the crystal, the nuclei cannot reach the typical stable NW nuclei shape39. 

Thus, forming metastable nuclei with a non-conventional shape. During the subsequent growth 

phase, the metastable nuclei will elongate in the axial and radial directions and will end up in a 

mixture of tilted NWs, clusters, tripods, tetrapods and multipods in general (Figures 4a3, 4b1 and 

5a1). The processes governing the particular shape of an individual NW are complex and out of 

the scope of this article. However, we think that it is a combination of the shape of any individual 

metastable nucleus, i.e. the particular orientation of their free surfaces, and the evaporation and 

reincorporation of the Ga atoms. 

After the nucleation stage a stable NW nucleus is formed. Depending on the amount of Ga atoms 

with respect to the amount of N* arriving to the tip three different growth regimes can be 

distinguished: 

When 𝜙𝐺𝑎
𝑙𝑜𝑐 = 𝜙𝑁∗ the growth proceeds in the axial direction with a negligible change in radius. 

This is the regime for growth of SNWs with flat top facet39. 
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When 𝜙𝐺𝑎
𝑙𝑜𝑐 > 𝜙𝑁∗ the Ga atoms diffusing from the side-walls to the top facet get accumulated on 

the m-plane to c-plane edges and each NW starts growing radially as well as axially. The NW will 

continue increasing its radius until new equilibrium conditions are reached, self-regulating itself40. 

When 𝜙𝐺𝑎
𝑙𝑜𝑐 < 𝜙𝑁∗ three competing processes take place, the incorporation of Ga atoms on the top 

facet, the evaporation of Ga atoms from the top facet (c-plane) and side-walls (m-planes), and the 

incorporation of atoms on the m-plane to c-plane edges. According to the empirical work of Brandt 

and co-workers38 the activation energy for desorption is lower for the {0001} planes than for the 

{101̅0} planes. Therefore, it is expected a higher desorption rate on the top facets than on the side-

walls. Taking that into account, less Ga atoms are expected to remain on the top facet than on the 

side-walls. In addition to the direct flux coming from the k-cell, Ga atoms will diffuse from the 

side-walls to the top facet. When arriving to the top facet, the higher concentration of N*, as 

compared to the Ga concentration, will reduce the diffusion length of the Ga atoms promoting their 

incorporation on less favorable sites such as the m-plane to c-plane edges. As the growth proceeds, 

the Ga atoms continue to incorporate on the edges. It is worth mentioning that at the temperatures 

of those experiments the GaN decomposition rate is not negligible therefore, GaN is decomposed 

and Ga atoms can be either evaporate or reincorporate into the crystal. Under this conditions it is 

expected that the atoms incorporated on the edges will act as nucleation sites for the new arriving 

atoms. Thus, leaving a mixture of S-, H-, and C- NWs. 

This comprehensive analysis of the shape of the nanostructures with respect to the growth 

conditions (growth temperature, 𝜙𝐺𝑎 and 𝜙𝑁∗) demonstrates unambiguously that the mechanism 

behind their particular shape is the growth under local Ga-limited conditions. This mechanism has 

been pointed out to be behind the growth of ordered arrays of GaN nanotubes34 on a Ti-masked 
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diamond substrate. In their case the local conditions on the tip were tuned by controlling the 

geometrical design of the mask (small period and large diameter). In addition, Park and co-

workers7 reported the growth of ordered arrays of GaN HNWs by MBE when using a low 𝜙𝐺𝑎. 

Therefore, our findings are compatible with existing literature, provide an exhaustive growth map, 

and complement the already stablished theory on the growth of self-induced GaN NWs1,39–41. 

Spectroscopic ellipsometry analyses were performed on samples N3, N4 and N5 to find out the 

impact of growth under Ga-limited conditions on both the total porosity and the evolution of the 

optical constants along the GaN nanostructure in a larger scale. Herein, the term porosity will be 

defined as the percentage of air/voids in the GaN material. For reference, 0% porosity will be 

associated with a compact solid GaN thin film, composed by 100% GaN and 0% air. 

Analyses were carried out considering a wavelength range from 250 to 2500 nm (5-0.5 eV) and 

the angles of incidence were varied between 55 and 75 degrees. The spot size of the light beam 

used was 3 mm which was always positioned in the central region of the sample. The 

depolarization was registered in all cases and it was included in the fitting process. As a first 

approach, the average porosity of each film was obtained by a pure Bruggeman effective medium 

approximation (BEMA) model, incorporating a mix of wurtzite GaN from the Woollam software 

library42 and voids to describe the GaN nanowires layer, and assuming that individual nanowires 

exhibit the same behavior as the dense material. The calculated porosities show an increase of the 

voids proportion from 56% for sample N3 to 66% on sample N5 which could be associated with 

a boost in the density of CNWs. 

Figure 6a shows the ellipsometric BEMA model enhanced by separating the in-plane (X, Y) and 

out-of-plane (Z) optical responses (uniaxial anisotropy). The out-of-plane depolarization factor 
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was fitted to qz0, with the sum of qx and qy being the difference of qz from 1, due to the columnar 

morphology (perpendicular to the substrate) of the nanostructures43,44,45. In order to reproduce the 

morphology of the GaN porous film, it was also assumed a variation in the refractive indexes (n) 

of the GaN nanostructure along the Z direction (a graded-index layer) so that it decreases, up to 

n=1 on the surface, as we move away from the substrate. Such variation is originated by internal 

changes in the structure of the nanowires rather than by modifications in the number of nanowires 

per surface unit. Furthermore, layer thickness non-uniformity was obtained from the depolarization 

registered during the experiments. Additionally, a 2 nm thin layer of silicon nitride (Si3N4), located 

between the substrate and the nanowire layer, was also considered in the optical model. Making 

all these considerations and fixing the porosity values obtained from the pure BEMA 

aforementioned, the defined model shows a good agreement for the modeled and the experimental 

spectra, obtaining good mean square errors (MSE) including depolarization (see supporting info 

figure S4 for the experimental and modeled ellipsometric measurements). Note that the thicknesses 

predicted by the model ((446 ± 0.24); (460 ± 0.50); (383 ± 0.25) for N3, N4 and N5 respectively) 

differ slightly from those measured by SEM ((402 ± 18); (385 ± 26); (367 ± 14) nm for N3, N4 

and N5 respectively), being bigger for N3 and N4 samples. These differences could be related to 

the non-uniformity of thickness which in turn is responsible for the measured depolarization. This 

non-uniformity along the spot size reaches to the 18% for N3 sample, 22% for N4 and is 

significantly lower for sample N5 where it is 6%. 
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Figure 6. a) Ellipsometric BEMA model of the GaN nanowire film. b) In-plane (solid lines) and 

out-of-plane (dashed lines) refractive index and c) birefringence, ne – no, evolution versus the 

position within the thickness of layer at 500 nm wavelength.  

The results obtained from the BEMA model let us know some further information about the studied 

systems. First of all, it can be noted that GaN nanostructure layers have a high porosity, which 

leads to lower refractive indexes when compared to a massive GaN (see supporting info Figure S5 

for refractive index vs. wavelength). Moreover, it can also be observed that this refractive index 

decreasing is more pronounced for greater N2 fluxes which would demonstrate a direct correlation 

between the effect of the total density of nanostructures and the SNWs to CNWs proportion in the 

refractive index. Figure 6 (b-c) summarizes the evolution of the refractive index of uniaxial 

anisotropic GaN nanowire layers along the out-of-plane direction. Here can be found that the 
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refractive index in the Z direction is in all samples greater than those corresponding to the in-plane 

directions, being the difference between both (birefringence) stronger for lower total densities of 

NWs and higher concentrations of SNWs.  It is important to highlight that N4 and N5 samples 

present a faster drop in n within the first 100 nm, which could be related to a structural change 

from SNWs to CNWs, i.e., at the beginning all the NWs would have a solid base which could 

develop the c-shape or not depending on the growth conditions. This would be also in agreement 

with the aforementioned accumulation of material on the bases of these nanostructures. Therefore, 

taking this into account, it could be said that the concentration of CNWs is higher in N5 than in 

the N4 sample because the decrease of n is sharper in the region close to the substrate. By contrast 

to this, N3 sample exhibits a constant and softer n decrease except in the zone close to the surface, 

after 370 nm, which could be associated with the non-uniformity in thickness (18% in this case). 

This fact makes us think this last layer would be fundamentally composed of SNWs. Moreover, 

the low initial value of both nx,y and nz in N3 sample is due to its smaller total density of NWs (see 

figure 5a3 and 5b). 

 

CONCLUSIONS 

In this paper we performed a thorough study of GaN-on-Si nanostructures growth by PAMBE. 

HR-TEM analysis showed single crystalline SNWs, HNWs and CNWs epitaxially aligned with 

the underlying Si substrate, and their effect on the morphology of the nanostructures. We have 

pointed out that the growth under local Ga-limited conditions is the mechanism behind the 

particular morphology of the nanostructures. Our findings are compatible with existing literature, 

provide an exhaustive growth map, and complement the already stablished theory on the growth 
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of self-induced GaN NWs. The porosity of the samples as well as the evolution of the optical 

constants along their thickness were obtained from the fitting of the ellipsometry measurements to 

the BEMA uniaxial model. By tuning the growth conditions, the density and shape of the 

nanostructures, and thus, the porosity can be controlled. The particular morphology of the samples 

presented in this article together with the demonstrated control over the porosity level will 

potentially open new horizons in the development of GaN nanostructures for future applications. 
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Synopsis:  

We report on the morphology control of GaN nanowires grown by molecular beam epitaxy. Their 

shape varies from solid to c- and hollow nanowires. The nanostructures are characterized by 

selected-area electron diffraction, scanning and high-resolution transmission electron microscopy. 

The growth under a local Ga-limited regime is the mechanism behind their particular shape. The 

porosity is characterized by means of ellipsometry.  

 


