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ABSTRACT  
We investigate in detail the self-assembled nucleation and growth of GaN nanowires by molecular beam 

epitaxy on crystalline TiN films. We demonstrate that this type of substrate allows the growth of long and 

thin GaN nanowires that do not suffer from coalescence, which is in contrast to the growth on Si and other 

substrates. Only beyond a certain nanowire length that depends on the nanowire number density and 

exceeds here 1.5 μm, coalescence takes place by bundling, i.e. the same process as on Si. By analyzing the 

nearest neighbor distance distribution, we identify diffusion-induced repulsion of neighboring nanowires as 

the main mechanism limiting the nanowire number density during nucleation on TiN. Since on Si the final 

number density is determined by shadowing of the impinging molecular beams by existing nanowires, it is 

the difference in adatom surface diffusion that enables on TiN the formation of nanowire ensembles with 

reduced number density. These nanowire ensembles combine properties that make them a promising basis 

for the growth of core-shell heterostructures. 
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Introduction 

The self-assembled formation of GaN nanowire 

(NW) ensembles by plasma-assisted molecular 

beam epitaxy (PA-MBE) has been achieved for a 

wide variety of substrates [1–11]. One important 

advantage of NWs in comparison to planar films 

is their high crystal quality independent of the 

lattice mismatch of the substrate [6, 12–16]. This 

advantage enables, for instance, the integration of 

GaN-based electronic and optoelectronic devices 

with technologies based on foreign materials, 

most notably Si [17–24]. However, on most of the 

commonly used substrates, such as Si, well 

developed self-assembled NW ensembles usually 

exhibit high NW number densities of around 1010 

cm−2, leading in turn to a massive coalescence of 

the NWs [7, 25–30]. The coalescence process can 
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result in the formation of boundary dislocations 

[29, 31–35]. Thus, NW coalescence imposes 

restrictions on the nanowires’ structural 

perfection, and it is hence desirable to find 

growth approaches that result in a lower number 

density and coalescence degree. 

For Si and diamond as substrates, it was 

shown that the NW density can be reduced by 

high temperature growth, however, as a 

consequence the NWs are rather short and very 

inhomogeneous in length [36, 37]. Moreover, 

further experiments on Si showed that the 

growth of long NWs with uniform length at such 

elevated substrate temperatures again results in 

high NW densities, similar to growth under 

conventional conditions [38]. This result is 

supported by recent findings that the final NW 

number density on Si is only limited by the 

shadowing of the impinging fluxes by already 

existing NWs [30]. An alternative substrate which 

allows the growth of GaN NW ensembles with 

lower NW densities is an AlN buffer layer on Si 

[4, 39–41]. In particular, Brubaker et al. [42] 

demonstrated the growth of long and thin NWs 

with densities in the 108 cm−2 range on a 

40-nm-thick AlN buffer layer. However, on AlN 

in addition to the NWs a rather thick parasitic 

GaN layer forms on the substrate [43]. 

Furthermore, the AlN buffer layer enabling such 

low NW densities is usually several tens of nm 

thick and insulating, which is a drawback 

regarding the use of the NW ensembles in 

optoelectronic applications. Highly promising, 

however, seems to be the self-assembled NW 

growth directly on TiN which has resulted in low 

number densities [9, 10]. As a metal, TiN has an 

excellent thermal and electrical conductivity and 

a high optical reflectivity up to the UV range, 

which is very beneficial for applications like 

LEDs based on NW ensembles [44–46]. In a 

recent investigation, we showed the formation of 

thin and uncoalesced NWs on crystalline TiN 

with a NW number density as low as 7×108 cm−2 

[9]. At the same time, these NWs were still rather 

short and varied in length. 

In the present study, we demonstrate the 

self-assembled growth of uncoalesced GaN NWs 

on TiN with diameters smaller than 50 nm and a 

homogeneous length of more than 1 μm. 

Furthermore, we investigate the coalescence 

behavior in such NW ensembles with different 

average lengths. We find that coalescence does 

take place for lengths of a few μm and is 

described well by the bundling model we 

recently developed for GaN NW growth on Si 

[30].  Since according to this model the onset of 

coalescence is directly related to the NW spacing, 

we analyze the NW nucleation in an attempt to 

explain the low number densities on TiN. We 

conclude that in contrast to nucleation on Si, on 

TiN the formation of NWs is governed by 

diffusional repulsion. Besides the suppression of 

coalescence, the NW ensembles presented here 

exhibit a combination of number density, length, 

and diameter that makes them very suitable as 

the basis for the growth of core-shell 

heterostructures. 

 

Experimental Section 

The GaN NW ensembles we investigated in this 

study were grown by means of self-assembly 

processes with PA-MBE on a Ti film sputtered on 

a Al2O3 (0001) substrate. The impinging Ga and N 

fluxes, ΦGa and ΦN, respectively, were calibrated 

in equivalent growth rate units of planar GaN 

layers as described elsewhere [47]. We studied 

three different sets of samples grown under 

N-rich conditions without rotation: (I) three NW 

ensembles A, B, and C grown at different 

substrate temperatures Tsub of 750 °C, 725 °C, and 

700 °C, respectively, for 4 h on a 2 μm thick Ti 

film with ΦGa = 4.5 nm/min and ΦN = 7.8 nm/min, 
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(II) two NW ensembles D and E grown for 45 min 

and 6 h, respectively, at 710 °C on a 1.3 μm thick 

Ti film with ΦGa = 4.5 nm/min and ΦN = 5.6 

nm/min, and (III) one NW ensemble F grown for 

7 h at 710 °C on a 1.3 μm thick Ti film, with ΦGa = 

4.5 nm/min and ΦN = 11.9 nm/min. The substrate 

temperatures given above correspond to the 

reading of the thermocouple of the substrate 

heater. Note that the samples B, D, E and F were 

grown at similar surface temperatures of 

approximately 800 °C as measured by a 

calibrated disappearing filament pyrometer. For 

all samples, first, the substrate was heated to the 

respective substrate temperature and 

subsequently, the Ga and the N shutter were 

opened simultaneously. As already discussed in 

our previous work [9], prior to the nucleation of 

the first NWs, a thin TiN layer forms at the 

surface of the initially sputtered Ti. Here, the 

formation of the TiN layer was confirmed in situ 

by reflection high-energy electron diffraction 

(RHEED) and ex situ by ellipsometry and 

energy-dispersive X-ray spectroscopy for all 

investigated samples (data not shown here). 

In order to image the morphology of the NW 

ensembles presented in this study, micrographs 

were recorded in a field-emission scanning 

electron microscope using an acceleration voltage 

of 5 kV. The length and diameter distributions, as 

well as the number density of the NW ensembles 

were determined by analyzing cross-sectional 

and top-view micrographs with the help of the 

open-source software ImageJ [48]. Furthermore, 

the nearest neighbor distances of the NWs in the 

ensemble were extracted from top-view 

micrographs as described in Ref [30]. 

 

Results and discussion 

The scanning electron (SE) micrographs in Figs. 1 

(a)–(c) show the morphology of the NW 

ensembles A, B, and C grown at different 

 

Figure 1 (a)–(c) Scanning electron micrographs of the NW 

ensembles A, B, and C grown at three different substrate 

temperatures 750, 725, and 700 °C at otherwise similar 

conditions. The NW densities are 1.3×109 cm−2, 2.2×109 

cm−2 and 1.1×109 cm−2, respectively. The scale bars 

correspond to 500nm. 

 

substrate temperatures. The images reveal that 

changes in Tsub of about 25 °C have a strong 

influence on the final morphology of the NW 

ensembles on TiN. In the following, we discuss 

the differences in morphology on the basis of the 
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quantitative analysis of the NW density, diameter 

and length. We find that with decreasing Tsub, the 

number density initially increases from about 

1.3×109 cm−2 to 2.2×109 cm−2 and is then reduced to 

about 1.1×109 cm−2. The lowering of the number 

density for sample C is attributed to the 

coalescence of NWs, which leads to the formation 

of aggregates with larger diameters [7, 25–28, 30]. 

Consequently, in Fig. 2 (a) we observe in the 

diameter distribution of sample C with a mean 

diameter of 67 nm a clear skew with an extended 

tail towards larger diameters. In contrast, the 

diameter distributions of sample A and B with 

mean diameters of 22 nm and 42 nm, respectively, 

exhibit narrower and more symmetric 

distributions, signifying the absence of 

coalescence in these two ensembles [28]. A 

detailed analysis of the coalescence degree of a 

NW ensemble on TiN grown under optimized 

growth conditions will be presented later. 

The smaller NW diameters of sample A can be 

explained by a smaller self-equilibrated NW 

diameter due to an increased Ga adatom 

desorption at higher substrate temperatures [49]. 

More specifically, since during the early growth 

stage the NWs are able to collect a significant 

amount of Ga from the surface, the Ga adatom 

concentration at their top facets exceeds the one 

of N. As a consequence, radial growth sets in and 

the effective III/V ratio decreases with increasing 

diameter until stoichiometry at the top facet is 

reached. For higher Ga desorption, as expected 

for the high Tsub of sample A, the initial effective 

III/V flux ratio at the top facet of the NWs is 

lower and hence stoichiometry is reached earlier, 

resulting in a smaller self-equilibrated diameter. 

Indications for increasing Ga desorption are also 

seen in the length histograms in Fig. 2 (b). The 

mean length of the NWs decreases with 

increasing Tsub, while the width of the length 

distribution broadens. These trends can be 

explained as follows. The longer the NWs 

 

Figure 2 The histograms in (a) and (b) show the length and 

diameter distributions of samples A, B, and C with mean 

diameters of 22, 42 and 67 nm and mean lengths of 220 nm, 

1.5 μm and 2.0 μm, respectively. 

 

become during the growth, the smaller is the 

amount of Ga which is collected from the surface 

and reaches the NW tips by diffusion along the 

NW side facets. Hence, once the self-equilibrated 

diameter and with that stoichiometry at the top 

facet is reached, due to the elevated substrate 

temperatures, the effective III/V ratio may 

become smaller than one. As a result, the axial 

growth rate may become Ga-limited and 

decreases with increasing substrate temperature. 

Furthermore, at high substrate temperatures the 

increased Ga desorption and GaN decomposition 

lower the probability of NW nucleation. Hence, 

the individual NWs nucleate at very different 

times, resulting in a broader length distribution 
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as it is visible for sample A. The nucleation 

process of GaN NWs on TiN is discussed in more 

detail later. 

In general, from the temperature series shown in 

Fig. 1, it follows that for low substrate 

temperatures around 700 °C (sample C), one 

obtains NW ensembles which are rather uniform 

in length. However, these NWs are fairly thick 

and coalesced, similar to those grown on Si [28]. 

For high Tsub of around 750 °C (sample A), we 

found NW ensembles with very thin NWs that do 

not exhibit any obvious sign of coalescence. At 

the same time, they are rather short and very 

inhomogeneous in length, similar to what we 

previously observed for growth on TiN [9]. In 

contrast, for the growth at an optimum 

intermediate Tsub (725 °C for sample B 

corresponding to about 800 °C real surface 

temperature), NW ensembles with long and thin 

NWs which are homogeneous in length can be 

obtained. Most importantly, these NWs appear to 

be uncoalesced, and we will analyze this aspect 

in more detail below. Furthermore, very little 

parasitic growth is seen between these NWs 

grown on a conductive substrate. So far, the 

self-assembled formation of GaN NWs 

combining all these beneficial properties has been 

very difficult. 

In order to elucidate the origin of these beneficial 

characteristics, we study in the following the 

evolution of the morphology at the optimum 

substrate temperature for different growth times. 

Figure 3 shows bird’s eye [(a) and (b)] and top 

view [(c) and (d)] micrographs of the NW 

ensembles of sample D [(a) and (c)] and E [(b) 

and (d)], which were grown for 45 min and 6 h, 

reaching a mean NW length of about 120 nm and 

1.5 μm, respectively. From the analysis of 

top-view SE micrographs, we extract a NW 

number density for the samples D and E of 

5.9×108 cm−2 and 1.1×109 cm−2, respectively. 

Consistent with the results for sample B, both 

samples D and E exhibit mainly well separated 

NWs, which already suggests a low coalescence 

degree. Nevertheless, a closer inspection reveals 

that NWs may nucleate quite close to each other 

[see orange circle in Fig. 3 (c)], and such NWs 

might eventually coalesce during growth and 

Figure 3 Bird’s eye [(a) and (b)] and top view [(c) and (d)] micrographs of NW ensembles D [(a) and (c)] and E [(b) and (d)] grown 

at the optimum substrate temperature for 45 min and 6 h, respectively. The corresponding number densities are 5.9×108 cm−2 and 

1.1×109 cm−2, respectively. The histogram in (e) shows the diameter distributions of the two NW ensembles. The diameters of the 

NWs in both samples follow a Gaussian distribution (orange graphs), indicating a low coalescence degree of these NW ensembles. 

 



 7 

 Figure 4 Bird’s eye [(a), (b) and (c)] and top view [(d) and 

(e)] micrographs of sample F. The mean length of the NWs 

is with about 4.7 μm three times longer than for sample E. 

Most of the NWs are coalesced, as the high magnification 

images (b), (c) and (e) reveal. The sample has been grown 

for 7 h under the same conditions as the sample presented in 

Figs. 3 (b) and (d), however, the flux of active N species was 

twice as high. 

 

form an elongated aggregate [see orange circle in 

Fig. 3 (d)]. In order to quantify the degree of 

coalescence of NW ensembles, analyzing the 

circularity of the NW top facets as well as the 

dependence of the top facet area on its perimeter 

proved to be a good measure for NWs on Si [28, 

29]. However, on TiN the slight tilt of the NWs 

makes such an analysis of the circularity of the 

NWs impractical. Instead, we manually counted 

visibly coalesced NWs in top-view micrographs 

and divided this number by the total number of 

objects. Thus, we were able to estimate the 

coalescence degree of sample E to be around 7%, 

which is about a factor ten lower than what has 

been reported for NW ensembles of the same 

length grown on Si [28, 29]. For the short growth 

time of sample D, hardly any indication of 

coalesced NWs were found, leading to a 

coalescence degree of less than 1%. 

Another way to analyze the coalescence of NW 

ensembles is to consider the distribution of the 

NW diameters. In particular, the diameter 

distribution of a NW ensemble with mainly 

uncoalesced NWs can be well described by a 

Gaussian distribution [28]. Once the NWs 

coalesce, they form aggregates of larger 

diameters. As a result, the diameter distribution 

of a highly coalesced NW ensemble is clearly 

skewed with an extended tail towards larger 

diameter values and is then rather described by a 

gamma distribution [28, 50]. Figure 3 (e) shows 

the diameter histograms of samples D and E, 

with a mean diameter of 24 nm and 43 nm, 

respectively. The comparatively small diameters 

of sample D can be explained by the fact that in 

this early growth stage, most of the NWs have 

not yet reached their self-equilibriated diameter 

[49]. As the orange curves indicate, both diameter 

histograms are fit well by Gaussian distributions. 

Therefore, the different ways of analysis all show 

that GaN NW ensembles can be grown on TiN 

with very low coalescence degree up to a mean 

NW length of at least 1.5 μm. 

Next, we investigate whether coalescence 

becomes relevant in much longer GaN NWs 

grown on TiN. To this end, we consider sample F 

as shown in Figure 4 with a mean NW length of 

about 4.7 μm. The micrographs already reveal 

that for NW ensembles of such a length most 

NWs are coalesced also on TiN. The number 

density of objects, where one object can be a 

single NW or an aggregate of several NWs [see 

Fig. 4 (d)] is about 6.9×108 cm−2. Counting the 

individual wires visible in the thick, merged 

aggregates, as well as the free-standing NWs in 

between, the actual number density of nucleated 

NWs could be estimated to be at least 1.7×109 cm−2. 

Following the same procedure as for samples D 

and E, a coalescence degree of around 77% was 
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determined. In other words, in NW ensembles 

grown on TiN with a length of about 5 μm 

uncoalesced NWs are an exception, similar to the 

situation on Si for a length of about 1 μm [27–29].  

We now analyze the coalescence mechanism in 

more detail. In a recent study, we showed that on 

Si the coalescence process is mainly caused by the 

bundling of NWs and not by the merging of 

wires due to radial growth and/or their mutual 

misorientation [30]. Once the NWs reach a certain 

critical length Hc, it is energetically favorable for 

them to bundle and thus reduce their total 

surface energy at the expense of the elastic 

energy of bending. This critical length for 

coalescence by bundling strongly depends on the 

NW radii and the distance between the single 

NWs. The height at which the NWs merge 

together is then given by hc = 3Hc/4. 

Figure 4 reveals that the base of many NW 

aggregates on TiN consists of at least two initially 

uncoalesced NWs which bend towards each 

other and bundle at a certain height, similar to 

the behavior on Si. By a close inspection of 

various aggregates, we found that usually the 

smaller the NW diameter and the distance 

between the NWs, the smaller is the height at 

which the NWs coalesce. Figure 4 (b) shows an 

example where two NWs, which initially 

nucleated around 100 nm apart from each other, 

merge at a height of about 425 nm. 

Applying the quantitative model of Ref. [30] 

using diameters of 50 and 60 nm extracted from 

the SE micrographs for the two NWs, we obtain a 

height hc of about 415 nm, i.e., a value very 

similar to the measured one. As the second 

example, Figure 4 (c) depicts an event of multiple 

bundling, demonstrating that bundling also 

occurs among already coalesced aggregates. 

Inspecting the base of the two aggregates, we find 

that they themselves were originally formed by 

the coalescence of several thin and uncoalesced 

NWs, which had nucleated very close to each 

 Figure 5 The different graphs describe the critical length 

Hc derived in Ref. [30] for NW ensembles with number 

densities from 108 to 1010 cm−2. Note that here all NWs in the 

ensemble are assumed to have the same diameter, the same 

length and to be arranged in a hexagonal lattice at equal 

distances. Once the NW length in the ensemble exceeds Hc, 

it is energetically more favorable for the NWs to bundle and 

thus reduce their total surface energy at the expense of the 

elastic energy of bending. The graphs show that for a given 

diameter, the NW number density of the ensemble is the 

crucial factor which enables the growth of well-developed 

ensembles consisting of long and uncoalesced NWs. 

 

other. Both aggregates with diameters of around 

100 nm bundle at a height of about 1.2 μm. 

Taking into account the distance between the two 

thick aggregates of 270 nm, the model predicts a 

value for hc of around 1.25 μm, which is once 

again close to the measured value. The two 

examples in Figure 4 (b) and (c) show that the 

coalescence of GaN NWs on TiN can be well 

described by the model of Ref. [30]. We conclude 

that, in general, the coalescence of GaN NWs on 

TiN seems to be governed by the same 

mechanism as on Si. 

The analysis of samples D, E, and F has shown 

that for a certain NW number density, the 

coalescence degree depends mainly on how long 

the NWs are grown. The graphs in Figure 5 

illustrate the critical length Hc in dependence of  
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 Figure 6 (a) Analysis of nearest neighbor distances (red 

histogram) of sample E [see Figs. 3 (b) and (d)]. The vertical 

green line indicates the NW spacing that would occur in a 

perfectly ordered NW array with the same number density 

for a hexagonally closed-packed arrangement. The dark blue 

curve corresponds to the Poisson distribution that would be 

found in a NW ensemble with the same number density for 

completely random and independent nucleation sites. The 

light blue curve shows the nearest neighbor distance 

distribution of a simulated NW ensemble for a Ga adatom 

diffusion length on the surface of λ = 120 nm and m = 4. A 

detailed explanation of the simulation is given in the text. 

The inset depicts the behavior of the adatom concentration 

n(r) around a single NW in dependence on the distance r for 

different values of λ: 30, 120, and 300 nm. (b) Top-view SE 

micrograph of this NW ensemble. The inset depicts an 

atomic force micrograph of the TiN surface right before NW 

nucleation at the same magnification. 

the NW diameter, above which coalescence sets 

in for a certain NW number density of the 

ensemble. For an optimized NW ensemble on 

TiN with a number density of about 1×109 cm−2 

and a mean diameter between 40 and 50 nm, 

coalescence only occurs for NWs longer than 

around 1.3 μm. In comparison, for typical NW 

ensembles on Si, during the early growth stage 

the NW density rises to more than 1×1010 cm−2, 

resulting in coalescence already for very short 

NWs of only a few hundred nm length [25, 30]. 

Hence, the key factor for the growth of long and 

well-developed NW ensembles with low 

coalescence degree is the low NW number 

density that can be achieved for the 

self-assembled formation of GaN NWs on TiN. 

This consideration raises the question about the 

origin of the low NW number density on TiN. 

In order to answer this question, we now focus 

on the nucleation of GaN NWs on TiN since it is 

this process that determines the NW number 

density. We carried out a statistical analysis of the 

nearest neighbor (NN) distances between single 

NWs, and the result for sample E is shown in 

Figure 6 (a). We observe a broad distribution with 

values ranging from about 20 to 420 nm with a 

maximum around 185 nm and a slight tail 

towards longer NN distances. It is instructive to 

compare this experimental distribution with the 

distributions expected for perfect spatial order 

and complete disorder for the same NW number 

density. If the NWs nucleated in a perfectly 

ordered array at an equal distance from each 

other, the NN distance for each NW would be 340 

nm (vertical green line). In contrast, if the NWs 

nucleated independently from each other, the NN 

distance distribution would follow the Poisson 

probability density distribution p(x) = 2πρx 

exp(−πρx2) (dark blue curve), where x is the NN 

distance and ρ the number density of the 

ensemble. Obviously, on TiN neither of these two 

opposite extremes describes the case of NW  
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ensembles grown on TiN. Nevertheless, the shift 

of the NN distance distribution towards higher 

values with respect to the Poisson distribution is 

a clear indication that NWs do not form 

completely independently on the surface. Such a 

non-random nucleation behavior is a natural 

consequence of a diffusion-induced repulsion of 

neighboring NWs. In this scenario, once a NW 

nucleates, the adatoms diffuse towards the 

nucleus and the adatom concentration in the 

surrounding area decreases. As a result, the 

probability for further nucleation close to this 

NW is reduced. 

In the following, we discuss this nucleation 

process and the role of the Ga adatom diffusion 

on the surface in more detail. As a starting point, 

we consider the adatom concentration n(r) at a 

distance r around an already existing NW. It can 

be described by the stationary diffusion equation 

λ2Δn(r) − n(r) + n∞ = 0, where λ is the diffusion 

length of the Ga adatoms on the surface and n∞ is 

the adatom concentration far away from the 

nucleus. Considering the NW to be a perfect sink 

for Ga adatoms, the boundary condition is n|r=R = 

0. The solution of this two-dimensional diffusion 

problem is given by n(r)/n∞ = 1 − K0(r/λ)/K0(R/λ), 

where K0 is the modified Bessel function of zeroth 

order. The inset of Figure 6 (a) shows the 

behavior of n(r)/n∞ for three different Ga 

diffusion lengths of 30, 120, and 300 nm. In the 

immediate surrounding of the NW, the adatom 

concentration is small and equal to zero at the 

interface, but rises continuously with increasing 

distance r towards one. Moreover, a clear trend 

can be seen for the influence of the Ga diffusion 

length λ; with increasing λ, the surface area for 

which the NW affects the nucleation of further 

NWs is enlarged. 

In order to simulate the nucleation behavior of 

GaN NWs on TiN, we assume that the nucleation 

probability of a NW directly depends on the Ga 

adatom concentration on the surface. Using the 

explicit expression for the adatom concentration 

derived above, the probability p(r) for a new NW 

to nucleate at a site r in between a number of j 

already existing NWs is assumed to be p(r) = ∏ j 

[n(|r – rj|)/n∞]m, where rj is the position of the jth 

already existing NW and m is a parameter related 

to the number of Ga atoms contained in the 

critical nucleus [51–53].  

For the simulation of a whole NW ensemble by a 

Monte Carlo approach, we randomly choose 

nucleation sites on a predefined area, where NWs 

nucleate with a respective probability p(r) until a 

specific NW density is reached. Figure 6 (a) 

shows that the NN distance distribution of 

sample E can be very well modeled by the NN 

distance distribution of a simulated NW 

ensemble (light blue curve) using a diffusion 

length of λ = 120 nm and m = 4. The value for λ is 

actually comparable to that reported by Kishino 

et al. [54], who assessed the diffusion length of Ga 

adatoms on a nitridized Ti mask for selective-area 

growth by measuring the distance between single 

nucleation sites on the mask. The NN distance 

distribution of a simulated NW ensemble with a 

smaller adatom diffusion length (not shown here) 

would be close to the Possion distribution, similar 

to what has been found for GaN NW ensembles 

of similar density on Si [30]. For larger adatom 

diffusion lengths, however, the respective NN 

distance distribution would be narrower and 

shifted towards a perfectly ordered arrangement 

in comparison to sample E. 

This analysis shows that the Ga adatom diffusion 

length on the surface has an important influence 

on the ordering of the NWs and seems to be 

mainly responsible for the nucleation behavior on 

TiN. However, not only the ordering of the NW is 

influenced, but also the NW number density. The 

larger the Ga adatom diffusion length, the more 

unlikely it becomes for a new NW to nucleate 

close to already existing NWs, which in the end 

results in a lower NW number density for long 
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and well developed NW ensembles. 

Another origin of non-random nucleation, 

besides diffusion-induced repulsion of 

neighboring NWs could be heterogeneous 

nucleation at preferred sites on the surface. 

Figure 6 (b) shows a top-view SE micrograph that 

indeed evidences significant roughness of the 

TiN film on which NW nucleation takes place. 

The atomic force micrograph displayed in the 

inset of Figure 6 (b) shows that the surface 

consists of variously shaped islands of several 

hundred nm width and length with a 

peak-to-valley roughness of 90 nm over an area 

of 1×1 μm. However, a close inspection of several 

such SE micrographs did not reveal any 

correlation between the surface morphology and 

the spatial location of the NWs. The NWs were 

found to nucleate neither preferentially at the 

edges, nor on-top nor in between the islands. 

Hence, diffusion-induced repulsion seems to be 

the best explanation for the observed NN 

distance distribution. Interestingly, for the 

Stranski-Krastanov growth of InAs quantum dots 

on GaAs Moison et al. [55] found that higher 

surface roughness shifts the NN distribution 

towards shorter NN distances and hence closer to 

the Poisson distribution describing random 

nucleation. Due to the rather rough surface 

morphology of the TiN, it is likely that also in our 

case the diffusion of the Ga adatoms on the 

substrate and with that the NW density are 

affected by the surface roughness. 

Finally, we test whether the idea of 

diffusion-induced repulsion of neighboring NWs 

can explain how the NW density evolves on TiN 

from the early nucleation stage to the final, fully 

developed NW ensemble. To this end, we 

consider again samples D and E grown under the 

same conditions for different durations (see Fig. 

3). For sample D with a growth time of 45 min, 

most NWs are found to have a similar length of 

around 120 nm, and there are hardly any short 

NWs which have just nucleated. This observation 

suggests that the nucleation density on TiN 

increases rapidly to a value (here mid 108 cm−2) 

for which most Ga adatoms diffuse to a nearby 

NW and are incorporated there. As a 

consequence, the nucleation rate drops 

significantly. This interpretation is also consistent 

with the fact that for sample E, which was grown 

for an additional 5 h, the NW density is only 

twice as high as for sample D. At the same time, 

this increase implies that the nucleation of further 

NWs is not suppressed entirely. Indeed, the 

histogram of sample B in Fig. 2 (b) reveals the 

presence of NWs of varying lengths all 

significantly shorter than the average. One 

explanation for this ongoing nucleation is that the 

influence of the already existing NWs on the Ga 

adatom concentration on the surface decreases 

once they reach a certain length. Hence, 

diffusion-induced repulsion and a consequential 

low (but non-zero) probability of continuous 

nucleation explain satisfactorily the way in which 

the NW number density evolves with time on 

TiN. 

We note that this finding is in contrast to the 

self-assembly of GaN NWs on Si, for which we 

recently showed that the number density is 

limited not by adatom diffusion but by 

shadowing of the substrate from the impinging 

molecular beams by elongating NWs [30]. On 

TiN, we estimate that 2 and 70% of the surface 

are shadowed for sample D and E, respectively. 

The similar number densities for these samples 

despite a vast difference in the shadowing 

efficiency clearly shows that shadowing alone 

cannot be the main process limiting the number 

density on TiN. Obviously, shadowing will 

inevitably contribute to the reduction in 

nucleation rate with time and completely 

suppress it for a certain NW length. Still, the key 

factor that enables number densities as low as 109 

cm−2 for well developed NW ensembles on TiN is 
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diffusion-induced repulsion. 

The comparison of the processes limiting the NW 

number density on TiN and Si implies that the 

adatom surface diffusion length is noticeably 

larger on the former substrate. This result is 

rather surprising in view of the significant 

surface roughness of TiN films compared to the 

atomically smooth Si substrates. Note, however, 

that the diffusion length of about 120 nm 

estimated from the modeling of the NN distance 

distribution in Figure 6 (a) is actually smaller 

than the typical size of the islands seen in Figure 

6 (b). Thus, the main question is rather why the 

surface diffusion length of Ga adatoms is so short 

on Si. Further research is needed to develop an 

atomistic understanding of these diffusion 

processes. 

 

 

Summary and conclusions 

In this study, we have demonstrated that during 

the self-assembled growth of GaN NWs on 

metallic TiN substrates, the mutual coalescence of 

NWs is largely absent for NW lengths up to 

about 1.5 μm. For lengths clearly exceeding this 

value, coalescence takes place mainly by 

bundling, similar to what occurs on Si already for 

much shorter NWs. The key factor leading to 

coalescence degrees as low as 7% in fully 

developed NW ensembles on TiN is the low NW 

number density of about 109 cm−2. On TiN, the 

number density is limited not by shadowing that 

prevents the nucleation of further NWs on Si, but 

by the diffusion-induced repulsion of 

neighboring NWs. In other words, the adatom 

diffusion length on the substrate is the crucial 

factor which determines the NW number density 

and hence the coalescence degree of GaN NWs 

on TiN. 

As a perspective, the properties of the NW 

ensembles shown in the present work are an 

excellent basis for the fabrication of more 

complex structures. Due to the low coalescence 

degree, the GaN NWs on TiN exhibit a much 

more regular plan-view cross-section than the 

typical irregular aggregates on other substrates. 

This feature may significantly improve the 

structural quality of axial heterostructures. 

Finally, let us consider the suitability of 

self-assembled GaN NW ensembles on TiN for 

the growth of core-shell heterostructures on the 

non-polar side facets. High number densities 

result in strong mutual shadowing of the NWs 

and thus prevent homogeneous growth on their 

side facets. In contrast, on TiN the NWs in a 

fully-developed ensemble with the dimensions of 

sample E are only shadowed for less than 20% of 

the time from either Ga or N. Hence, these NW 

ensembles are promising templates for the 

realization of well-defined and homogeneous 

multi-shell heterostructures whose properties 

may prove useful for applications. 

 

 

Acknowledgement 

We are grateful to C. Herrmann, H.-P. Schönherr, 

and C. Stemmler for the maintenance of the MBE 

system, and A.-K. Bluhm for the SE micrographs. 

Furthermore, we are thankful to T. Auzelle for a 

critical reading of the manuscript. Financial 

support of this work by the Leibniz-Gemeinschaft 

under Grant SAW-2013-PDI-2 is gratefully 

acknowledged.  

The final publication is available at 

link.springer.com DOI 10.1007/s12274-017-1717-x. 

 
 
References 

 

[1] Yoshizawa, M.; Kikuchi, A.; Mori, M.; Fujita, N.; 

Kishino, K. Growth of Self-Organized GaN 

Nanostructures on Al2O3(0001) by RF-Radical 



 13 

Source Molecular Beam Epitaxy. Jpn. J. Appl. Phys. 

1997, 36, 459–462.  

[2] Sánchez-García, M.; Calleja, E.; Monroy, E.; 

Sánchez, F.; Calle, F.; Munõz, E.; Beresford, R. The 

effect of the III/V ratio and substrate temperature 

on the morphology and properties of GaN- and 

AlN-layers grown by molecular beam epitaxy on 

Si(1 1 1). J. Cryst. Growth 1998, 183, 23–30.  

[3] Cerutti, L.; Ristíc, J.; Fernández-Garrido, S.; 

Calleja, E.; Trampert, A.; Ploog, K. H.; Lazíc, S.; 

Calleja, J. M. Wurtzite GaN nanocolumns grown 

on Si(001) by molecular beam epitaxy. Appl. Phys. 

Lett. 2006, 88, 213114. 

[4] Bertness, K. A.; Roshko, A.; Mansfield, L. M.; 

Harvey, T. E.; Sanford, N. A. Mechanism for 

spontaneous growth of GaN nanowires with 

molecular beam epitaxy. J. Cryst. Growth 2008, 310, 

3154–3158. 

[5] Stoica, T.; Sutter, E.; Meijers, R. J.; Debnath, R. K.; 

Calarco, R.; Lüth, H.; Grützmacher, D. Interface 

and wetting layer effect on the catalyst-free 

nucleation and growth of GaN nanowires. Small 

2008, 4, 751–4. 

[6] Geelhaar, L. et al. Properties of GaN Nanowires 

Grown by Molecular Beam Epitaxy. IEEE J. Sel. 

Top. Quantum Electron. 2011, 17, 878–888.  

[7] Schuster, F.; Furtmayr, F.; Zamani, R.; Magén, C.; 

Morante, J. R.; Arbiol, J.; Garrido, J. A.; Stutzmann, 

M. Self-assembled GaN nanowires on diamond. 

Nano Lett. 2012, 12, 2199–204. 

[8] Sobanska, M.; Klosek, K.; Borysiuk, J.; Kret, S.; 

Tchutchulasvili, G.; Gieraltowska, S.; Zytkiewicz, 

Z. R. Enhanced catalyst-free nucleation of GaN 

nanowires on amorphous Al2O3 by 

plasma-assisted molecular beam epitaxy. J. Appl. 

Phys. 2014, 115, 043517. 

[9] Wölz, M.; Hauswald, C.; Flissikowski, T.; 

Gotschke, T.; Fernández-Garrido, S.; Brandt, O.; 

Grahn, H. T.; Geelhaar, L.; Riechert, H. Epitaxial 

Growth of GaN Nanowires with High Structural 

Perfection on a Metallic TiN Film. Nano Lett. 2015, 

15, 3743–3747. 

[10] Calabrese, G.; Corfdir, P.; Gao, G.; Pfüller, C.; 

Trampert, A.; Brandt, O.; Geelhaar, L.; 

Fernández-Garrido, S. Molecular beam epitaxy of 

single crystalline GaN nanowires on a flexible Ti 

foil. Appl. Phys. Lett. 2016, 108, 202101. 

[11] May, B. J.; Sarwar, A. T. M. G.; Myers, R. C. 

Nanowire LEDs Grown Directly on Flexible Metal 

Foil. Appl. Phys. Lett. 2016, 108, 141103. 

[12] Trampert, A.; Ristíc, J.; Jahn, U.; Calleja, E.; Ploog, 

K. TEM study of (Ga,Al)N nanocolumns and 

embedded GaN nanodiscs. IOP Conf. Ser. No. 180. 

2003; p 167. 

[13] Calleja, E.; Ristíc, J.; Fernández-Garrido, S.; 

Cerutti, L.; Sánchez-García, M. A.; Grandal, J.; 

Trampert, A.; Jahn, U.; Sánchez, G.; Griol, A.; 

Sánchez, B. Growth, morphology, and structural 

properties of group-III-nitride nanocolumns and 

nanodisks. Phys. Status Solidi (B) 2007, 244, 

2816–2837. 

[14] Bertness, K. A.; Sanford, N. A.; Davydov, A. V. 

GaN Nanowires Grown by Molecular Beam 

Epitaxy. IEEE J. Sel. Top. Quantum Electron. 2011, 

17, 847–858. 

[15] Hersee, S. D.; Rishinaramangalam, A. K.; 

Fairchild, M. N.; Zhang, L.; Varangis, P. 

Threading defect elimination in GaN nanowires. J. 

Mater. Res. 2011, 26, 2293–2298. 

[16] Zhang, X.; Dubrovskii, V. G.; Sibirev, N. V.; Ren, X. 

Analytical Study of Elastic Relaxation and Plastic 

Deformation in Nanostructures on Lattice 

Mismatched Substrates. Cryst. Growth Des. 2011, 

11, 5441–5448. 



 14 

[17] Kikuchi, A.; Kawai, M.; Tada, M.; Kishino, K. 

InGaN/GaN Multiple Quantum Disk 

Nanocolumn Light-Emitting Diodes Grown on 

(111) Si Substrate. Jpn. J. Appl. Phys. 2004, 43, 

1524–1526. 

[18] Wang, D.; Pierre, A.; Kibria, M. G.; Cui, K.; Han, 

X.; Bevan, K. H.; Guo, H.; Paradis, S.; Hakima, 

A.-R.; Mi, Z. Wafer-level photocatalytic water 

splitting on GaN nanowire arrays grown by 

molecular beam epitaxy. Nano Lett. 2011, 11, 

2353–7. 

[19] Waag, A. et al. The nanorod approach: GaN 

NanoLEDs for solid state lighting. Phys. Status 

Solidi (C) 2011, 8, 2296–2301. 

[20] Kamimura, J.; Bogdanoff, P.; Lähnemann, J.; 

Hauswald, C.; Geelhaar, L.; Fiechter, S.; Riechert, 

H. Photoelectrochemical Properties of (In,Ga)N 

Nanowires for Water Splitting Investigated by in 

Situ Electrochemical Mass Spectroscopy. J. Am. 

Chem. Soc. 2013, 235, 10242–10245. 

[21] Gogneau, N.; Chrétien, P.; Galopin, E.; Guilet, S.; 

Travers, L.; Harmand, J. C.; Houzé, F. GaN 

nanowires for piezoelectric generators. Phys. 

Status Solidi - Rapid Res. Lett. 2014, 8, 414–419. 

[22] Schuster, F.; Hetzl, M.; Weiszer, S.; Wolfer, M.; 

Kato, H.; Nebel, C. E.; Garrido, J. A.; Stutzmann, 

M. Optoelectronic properties of 

p-diamond/n-GaN nanowire heterojunctions. J. 

Appl. Phys. 2015, 118, 154303. 

[23] Zhao, S.; Nguyen, H. P.; Kibria, M. G.; Mi, Z. 

III-Nitride nanowire optoelectronics. Prog. 

Quantum Electron. 2015, 44, 14–68. 

[24] Aharonovich, I.; Englund, D.; Toth, M. Solid-state 

single-photon emitters. Nat. Photonics 2016, 10, 

631–641. 

[25] Calarco, R.; Meijers, R. J.; Debnath, R. K.; Stoica, T.; 

Sutter, E.; Lüth, H. Nucleation and growth of 

GaN nanowires on Si(111) performed by 

molecular beam epitaxy. Nano Lett. 2007, 7, 

2248–51. 

[26] Furtmayr, F.; Vielemeyer, M.; Stutzmann, M.; 

Arbiol, J.; Estradé, S.; Peirò, F.; Morante, J. R.; 

Eickhoff, M. Nucleation and growth of GaN 

nanorods on Si (111) surfaces by plasma-assisted 

molecular beam epitaxy - The influence of Si- and 

Mg-doping. J. Appl. Phys. 2008, 104, 034309. 

[27] Consonni, V.; Knelangen, M.; Trampert, A.; 

Geelhaar, L.; Riechert, H. Nucleation and 

coalescence effects on the density of self-induced 

GaN nanowires grown by molecular beam 

epitaxy. Appl. Phys. Lett. 2011, 98, 071913. 

[28] Brandt, O.; Fernández-Garrido, S.; Zettler, J. K.; 

Luna, E.; Jahn, U.; Chèze, C.; Kaganer, V. M. 

Statistical Analysis of the Shape of 

One-Dimensional Nanostructures: Determining 

the Coalescence Degree of Spontaneously Formed 

GaN Nanowires. Cryst. Growth Des. 2014, 14, 

2246–2253. 

[29] Fernández-Garrido, S.; Kaganer, V. M.; Hauswald, 

C.; Jenichen, B.; Ramsteiner, M.; Consonni, V.; 

Geelhaar, L.; Brandt, O. Correlation between the 

structural and optical properties of spontaneously 

formed GaN nanowires: a quantitative evaluation 

of the impact of nanowire coalescence. 

Nanotechnology 2014, 25, 455702. 

[30] Kaganer, V. M.; Fernández-Garrido, S.; Dogan, P.; 

Sabelfeld, K. K.; Brandt, O. Nucleation, growth 

and bundling of GaN nanowires in molecular 

beam epitaxy: Disentangling the origin of 

nanowire coalescence. Nano Lett. 2016, 16, 

3717–3725. 

[31] Consonni, V.; Knelangen, M.; Jahn, U.; Trampert, 

A.; Geelhaar, L.; Riechert, H. Effects of nanowire 

coalescence on their structural and optical 



 15 

properties on a local scale. Appl. Phys. Lett. 2009, 

95, 241910. 

[32] Jenichen, B.; Brandt, O.; Pfüller, C.; Dogan, P.; 

Knelangen, M.; Trampert, A. Macroand 

micro-strain in GaN nanowires on Si(111). 

Nanotechnology 2011, 22, 295714. 

[33] Grossklaus, K. A.; Banerjee, A.; Jahangir, S.; 

Bhattacharya, P.; Millunchick, J. M. Misorientation 

defects in coalesced self-catalyzed GaN 

nanowires. J. Cryst. Growth 2013, 371, 142–147. 

[34] Fan, S.; Zhao, S.; Liu, X.; Mi, Z. Study on the 

coalescence of dislocation-free GaN nanowires on 

Si and SiOx. J. Vac. Sci. Technol. B Microelectron. 

Nanom. Struct. 2014, 32, 02C114. 

[35] Kaganer, V. M.; Jenichen, B.; Brandt, O. Elastic 

versus Plastic Strain Relaxation in Coalesced GaN 

Nanowires: An X-Ray Diffraction Study. Phys. Rev. 

Appl. 2016, 6, 064023. 

[36] Hetzl, M.; Schuster, F.; Winnerl, A.; Weiszer, S.; 

Stutzmann, M. GaN nanowires on diamond. 

Mater. Sci. Semicond. Process. 2016, 48, 65–78. 

[37] Carnevale, S. D.; Yang, J.; Phillips, P. J.; Mills, M. J.; 

Myers, R. C. Three-dimensional GaN/AlN 

nanowire heterostructures by separating 

nucleation and growth processes. Nano Lett. 2011, 

11, 866–71. 

[38] Zettler, J. K.; Corfdir, P.; Geelhaar, L.; Riechert, H.; 

Brandt, O.; Fernández-Garrido, S. Improved 

control over spontaneously formed GaN 

nanowires in molecular beam epitaxy using a 

two-step growth process. Nanotechnology 2015, 26, 

445604. 

[39] Kong, X.; Ristíc, J.; Sánchez-Garciá, M. A.; Calleja, 

E.; Trampert, A. Polarity determination by 

electron energy-loss spectroscopy: application to 

ultra-small III-nitride semiconductor 

nanocolumns. Nanotechnology 2011, 22, 415701. 

[40] Largeau, L.; Galopin, E.; Gogneau, N.; Travers, L.; 

Glas, F.; Harmand, J.-C. C. N-polar GaN 

nanowires seeded by Al droplets on Si (111). Cryst. 

Growth Des. 2012, 12, 2724–2729. 

[41] Auzelle, T.; Haas, B.; Minj, A.; Bougerol, C.; 

Rouvière, J.-L.; Cros, A.; Colchero, J.; Daudin, B. 

The influence of AlN buffer over the polarity and 

the nucleation of self-organized GaN nanowires. J. 

Appl. Phys. 2015, 117, 245303. 

[42] Brubaker, M. D.; Levin, I.; Davydov, A. V.; Rourke, 

D. M.; Sanford, N. A.; Bright, V. M.; Bertness, K. A. 

Effect of AlN buffer layer properties on the 

morphology and polarity of GaN nanowires 

grown by molecular beam epitaxy. J. Appl. Phys. 

2011, 110, 053506. 

[43] Bertness, K. A.; Roshko, A.; Mansfield, L.; Harvey, 

T.; Sanford, N. A. Nucleation conditions for 

catalyst-free GaN nanowires. J. Cryst. Growth 2007, 

300, 94–99. 

[44] Luther, B. P.; Mohney, S. E.; Jackson, T. N. 

Titanium and titanium nitride contacts to n-type 

gallium nitride. Semicond. Sci. Technol. 1998, 13, 

1322–1327. 

[45] Gautier, S.; Komninou, P.; Patsalas, P.; Kehagias, 

T.; Logothetidis, S.; Dimitriadis, C. A.; Nouet, G. 

Optical and electrical properties of TiN / n-GaN 

contacts in correlation with their structural 

properties. Semicond. Sci. Technol. 2003, 18, 594– 

601. 

[46] Maus, C.; Stauden, T.; Ecke, G.; Tonisch, K.; 

Pezoldt, J. Smooth ceramic titanium nitride 

contacts on AlGaN/GaN-heterostructures. 

Semicond. Sci. Technol. 2012, 27, 115007. 

[47] Heying, B.; Averbeck, R.; Chen, L. F.; Haus, E.; 

Riechert, H.; Speck, J. S. Control of GaN surface 

morphologies using plasma-assisted molecular 

beam epitaxy. J. Appl. Phys. 2000, 88, 1855. 



 16 

[48] Schneider, C. A.; Rasband, W. S.; Eliceiri, K. W. 

NIH Image to ImageJ: 25 years of image analysis. 

Nat. Methods 2012, 9, 671–675. 

[49] Fernández-Garrido, S.; Kaganer, V. M.; Sabelfeld, 

K. K.; Gotschke, T.; Grandal, J.; Calleja, E.; 

Geelhaar, L.; Brandt, O. Self-Regulated Radius of 

Spontaneously Formed GaN Nanowires in 

Molecular Beam Epitaxy. Nano Lett. 2013, 13, 

3274–3280. 

[50] Pfüller, C.; Ramsteiner, M.; Brandt, O.; Grosse, F.; 

Rathsfeld, A.; Schmidt, G.; Geelhaar, L.; Riechert, 

H. Raman spectroscopy as a probe for the 

coupling of light into ensembles of 

sub-wavelength-sized nanowires. Appl. Phys. Lett. 

2012, 101, 083104. 

[51] Venables, J. A.; Spiller, G. D. T.; Hanbücken, M. 

Nucleation and growth of thin films. Reports Prog. 

Phys. 1984, 47, 399. 

[52] Thompson, C. V. On the grain size and 

coalescence stress resulting from nucleation and 

growth processes during formation of 

polycrystalline thin films. J. Mater. Res. 1999, 14, 

3164–3168. 

[53] Consonni, V.; Trampert, A.; Geelhaar, L.; Riechert, 

H. Physical origin of the incubation time of 

self-induced GaN nanowires. Appl. Phys. Lett. 

2011, 99, 033102. 

[54] Kishino, K.; Sekiguchi, H.; Kikuchi, A. Improved 

Ti-mask selective-area growth (SAG) by 

rf-plasma-assisted molecular beam epitaxy 

demonstrating extremely uniform GaN 

nanocolumn arrays. J. Cryst. Growth 2009, 311, 

2063–2068. 

[55] Moison, J. M.; Houzay, F.; Barthe, F.; Leprince, L.; 

André, E.; Vatel, O. Self-organized growth of 

regular nanometer-scale InAs dots on GaAs. Appl. 

Phys. Lett. 1994, 64, 196–198. 

 

 

 

 

 

 


