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The self-induced growth of GaN nanocolumns (NCs) on SixN1-x/Si (111) is investigated as 

a function of the ratio of molecular to atomic nitrogen species generated via plasma assisted 

molecular beam epitaxy. Relative concentrations of the molecular and atomic species are 

calculated using optical emission spectroscopy. The growth rate (GR), diameter and density 

of NCs are found to vary with the molecular to atomic nitrogen species relative abundance 

ratio within the plasma cavity. With increasing ratio the GR and diameter of NCs increase 

while the density of NCs seems to be decreasing. The morphologies and the coalescence of 

GaN NCs exhibit a trend for molecular/atomic ratios up to 11, beyond which they still 

change but at a lower rate. The detrimental effect of taperedness of the NCs decrease with 

increasing molecular/atomic ratios. This is possibly because of reduction in radial growth in 

NCs due to increase in diffusivity of nitrogen species with increasing ratios.  
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I. Introduction  

Gallium nitride (GaN) nanocolumns (NCs) are found suitable for low-cost, high-performance 

wide band gap electronic devices, such as light emitting diodes [1-3] lasers [4,5] and field 

effect transistor applications [6]. Previous literature reports on the catalyst assisted growth of 

GaN NCs employed numerous techniques, viz. organometallics vapor phase epitaxy 

(OMVPE), hydride vapor phase epitaxy (HVPE), metalorganic molecular beam epitaxy 

(MOMBE), and direct synthesis. In catalyst free molecular beam epitaxy (MBE), GaN NCs 

form spontaneously. Though there are several reports on self-induced GaN NC growth by 

MBE [7-9], the understanding of structural/morphological evolution of NCs has been 

challenging. Self-induced NCs have been reported on various substrates, e.g. sapphire [10] 

and silicon [11], with or without a starting buffer layer, e.g. AlN [12] and SixNy [13], and under 

nitrogen rich conditions without any catalyst. In those reports the morphologies, density, length 

and diameter, of NCs were shown to be influenced by growth parameters such as Ga flux 

[14], substrate type, substrate temperature [15], buffer layers [16], surface energy and 

sticking coefficients [17]. However there exists a discrepancy between the reported growth 

conditions and the resulting NC morphologies. One aspect that has been understudied, 

especially in the plasma assisted GaN NC growths, is the effect of nitrogen species. Due to 

the multiple states and concentrations of the available excited species, it has been difficult to 

quantify and correlate their role with the morphologies of the resulting NCs. As such, a 

comprehensive GaN NC growth model encompassing the effect of species remains to be 

desired. Out of few reported studies on the effect of species, Bertness et.al. reported an 

increase in growth rate (GR) with increasing molecular N2 species for GaN NCs grown on an 

AlN buffer layer on Si(111) and stressed on the necessity of an AlN buffer layer and excess 

of N atoms on the nucleation of GaN NCs [18].  
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Optical Emission Spectroscopy (OES) is generally used to characterize the emission spectra 

from the RF nitrogen plasma source.  OES gives information about which nitrogen species 

(N and N2
*) are dominant in the plasma chamber and how their relative abundance varies with 

power and flow rate. But the actual concentration of species or their ratio reaching the substrate 

surface is not necessary the same as that measured by OES. The relative abundance of the 

various species inside and outside of the plasma cavity are determined by the source geometry 

and the specifics of the PBN exit aperture design as well as the species charge, energy and 

relaxation and recombination times.  Ptak et. al. [19] showed that the growth rate of GaN thin 

film depends on both atomic N and metastable N2
*flux. Using OES Iliopoulos et. al. [20] and 

Kikuchi et. al.  [21] have correlated the effect of the relative concentration of N and N2
* with 

GaN thin film GR. Carrere et. al. [22] further demonstrated this for dilute nitrides. Furthermore, 

by line-of-sight threshold ionization mass spectrometry Agarwal et. al.  [23] showed the best 

way to determine the absolute densities of N and N2
* at the substrate plane in an inductively 

coupled N2 plasma. Similarly Meyers et. al. [24] used the source in a direct line of sight of a 

quadrupole mass spectrometer and measured the effect of atomic and metastable nitrogen flux 

on the GR and electrical properties of GaN thin film. In a nitrogen plasma, the dissociation 

degree (D) can be estimated by Quadrupole Mass Spectroscopy (QMS) [25]. By OES Vaudo 

et. al. [26] showed a more direct measurement of the dissociation degree and proposed the 

estimation of D in nitrogen plasmas based on the atomic to molecular ratios. Based on the 

combined OES and QMS experiments, McCullogh et. al. [27], [28] found a linear relationship 

between the intensity of the atomic nitrogen line 746.8 nm to the intensity of 4-2 molecular 

band (750.4nm) of the first positive system and the quantity D/(1-D). Also, Cho et. al. [29]. 

conducted a comparative study between ECR and RF plasma sources using QMS and OES and 

found that the RF sources generate a higher atomic than molecular nitrogen species density, 

are more favorable to getting lower state molecular and atomic nitrogen species and a good 
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correlation between the OES (inside the cavity) and QMS (near the substrate) intensities. Thus, 

the OES done inside the plasma cavity is a good qualitative measurement of the relative 

abundance of N species reaching the substrate surface. 

In this work, re flection high energy electron diffraction (RHEED) and field emission 

scanning electron microscopy (FESEM) are employed for surface structure, plan-view and 

cross-sectional imaging of GaN NCs. OES is used to characterize the emission spectra from 

the RF nitrogen plasma source in order to calculate (Cmol/Cat) ratio of nitrogen species 

for the entire range of varying power and flow rate of RF nitrogen plasma source. GaN NC 

morphologies have been compared in the following scenarios: (a) modulating the 

concentration of molecular species (Cmol) while keeping the atomic species concentration 

(Cat) constant, (b)  modulating  the  concentration  of  atomic  species  (Cat)  while  keeping  

the  molecular  species concentration (Cmol) constant and (c) identifying the effect of  

the molecular/atomic ratio (Cmol/Cat) of species on the morphologies. Thus the effect of 

modulating the molecular and atomic nitrogen species on the morphology, length, size and 

density o f  GaN NC on SixNy / Si substrates is studied.  

 

II. Experimental  

The GaN NCs are grown in a conventional custom made MBE system outfitted with a 

Knudsen cell for gallium and a Veeco Uni bulb RF nitrogen plasma source for N. The Si (111) 

wafers are prepared for growth by degreasing in trichloroethylene, acetone and methanol, 5 

mins each, followed by 1 min. etch in a HF: CH3OH (1:9) mixture by volume, followed by 

rinsing in deionized water, and blown dry with nitrogen. After chemical cleaning the substrate 

is degassed in a preparation chamber at ~ 125 °C for 1 hr. and then deoxidized at 830°C in 

the growth chamber, as confirmed by observation of a 7x7 RHEED reconstruction pattern.  A 
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thin silicon nitride layer is formed on the Si (111) wafer by exposing the surface to a nitrogen 

plasma flux for 35 sec for nitridation. The Ga beam equivalent pressure (BEP) is kept at 4x10-

7 Torr, the substrate temperature is kept constant at 742 °C and growth time of two hours for 

five samples numbered 1, 2, 3, 4 and 5. The BEP is measured using an ion gauge while a 

pyrometer is used to monitor the growth temperature as a blackbody radiation emitted from 

the Si substrate. The reported RF power is the forward-going power into the plasma which is 

varied from 375 to 450 Watts, whereas, reflected power around zero Watt is kept same for all 

samples. Nitrogen flow rate in standard cubic centimeter per minute (sccm) unit is controlled 

and measured by a mass flow controller. The uncertainty in nitrogen flow rate is typically 

±0.01sccm and in BEP is ± 0.1×10-5 Torr. The power range of 250 W to 500 W and the flow 

rates of 0.50 sccm to 4.00 sccm is employed. Once the entire range was defined then the 

spectra for each possible individual condition of power and flow rate was studied and the 

selection of the 5 specific conditions discussed in this work is summarized in Table I. In-situ 

RHEED images are taken every minute for the first 20 minutes and then every 10 minutes  

(but only relevant images are included here). High resolution FESEM is employed for cross-

sectional and plan-view imaging, with a line resolution of 5 nm. Height of the nanocolumns 

is measured from cross-sectional imaging of cleaved pieces.  

The optical emission of N plasma is collected by a lens mounted at the base of a view port in 

line of sight of the plasma discharge. A fiber optics cable is connected between the lens and 

a diffraction grating with the resulting signal amplified by a photomultiplier tube. The 

absolute intensities are sensitive to the lens mounting, and to maintain consistency all samples 

are grown consecutively without disturbing the lens mount. Otherwise careful realignment of 

the optics to obtain similar OES signals for a set power and flow conditions is performed. 

Furthermore the optical spectra are captured before, during and at the end of each growth to 

confirm the stability of the plasma conditions. In an RF nitrogen plasma source, the relative 
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abundance of the nitrogen species can be varied through control of two parameters: plasma 

power and nitrogen flow rate. The plasma composition was investigated by (OES) [20]. Fig.1 

corresponds to emission spectra captured within the 500-880 nm range for an RF power of 

450W and N2 flow rate of 2.0 sccm. The broad band emission (570-680 nm) corresponds to 

the first positive series of excited molecular N2
* arising from B3πg to A3Ʃu transitions [30]. 

The peaks centered at 744.6 nm, 821.3 nm and 865.8 nm are the emission from multiplets of 

atomic nitrogen N [30]. The concentration of molecular N2
* species (Cmol) is calculated using 

the total area under the curve within the spectral range (562-691 nm) and the concentration of 

atomic N species (Cat) is calculated by taking the area under the spectral line  (816-826 nm). 

Cmol/Cat
 ratio is then calculated as a function of power and flow rate. It is to be noted that the 

plasma source was characterized over the entire range of power and flow rates that would 

yield bright and stable plasma conditions. In order to do background correction, the nitrogen 

emission spectra of the blank substrate was obtained under experimental condition, both the 

blank and experimental spectra were baseline corrected and then blank spectra was subtracted  

 

 

Fig 1.  Representative emission spectra of nitrogen plasma acquired at 450 Watt RF power 

and 2.00 sccm nitrogen flow rate. 
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from the experimental emission spectra using Origin software. After calculating the area 

under the curve the Cmol/Cat ratios are: for sample 1 (9.6), sample 4 (10.3), sample 2 (11.2), 

sample 3 (14.1) and sample 5 (15.6).   

 

Table I: The growth conditions for five GaN NC samples  

 

 

III. Result and Discussion 

Fig 2a) and 2b) represent the respective molecular N2
* bands and atomic N lines for samples 1, 

2, 3, 4 and 5. Sample 2 yielded highest total concentration of molecular N2
* species followed 

by 5, 4, 3 and 1 (Fig 2a). In Fig 2(b) the concentration of atomic N peak in OES for sample 2 

> 4 > 5 > 3> 1 is shown. Fig 2c) shows the variation of molecular and atomic nitrogen species 

concentration as a function of the ratio Cmol/Cat with sample numbers corresponding to their 

ratios. The total concentration of the species are calculated by adding the total concentration of 

molecular species over 562-691 nm range and atomic species over 816-826 nm range. The total 

intensities (measured in arbitrary units) are 85064, 173698, 126081, 143724 and 160653, for 

Sample  

 

Nitrogen plasma power 

(Watts) 

Nitrogen flow rate (Sccm) V/III ratio Cmol/Cat ratio 

1 450 0.50 23 9.6 

2 450 2.00 97 11.2 

3 450 2.80 142 14.1 

4 430 0.95 45 10.3 

5 375 2.10 105 15.6 
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samples 1, 2, 3, 4 and 5 respectively. It is to be noted that various powers and flow rates were 

specifically selected to modulate the ratio of the atomic to molecular nitrogen species. As such 

we can see that three plasma conditions were utilized with nearly identical powers while the 

other two conditions utilized with near identical flow rates, yet the resulting concentrations 

were different.  Hence the focus of this work is to study the trend in GaN NC morphology as a 

function of Cmol/Cat ratio.  

 

 

 

 

 

 

 

 

Fig 2. Optical emission for different nitrogen plasma conditions for spectral regions 

representing (a) excited molecular N2, (b) atomic N lines for samples 1, 2, 3, 4  and 5  and (c) 

Molecular and atomic concentrations (with sample 1,4,2,3,5) plotted as a function of Cmol/Cat 

ratio. The insets in figures 2a) and 2b) represent the sample number. 

 

Prior to GaN growth the oxide free Si (111) surface is confirmed by observing a 7x7 RHEED 

reconstruction (Fig. 3a) after a high temperature sample degassing. RHEED patterns (Fig. 3b) 

with a bright background indicate the silicon nitride layer is a mixture of crystalline and 

amorphous phases [31]. At 742 °C the nitride layer is exposed to the Ga flux and nitrogen 

species. As soon as GaN growth begins the RHEED intensity diminishes and no RHEED 

reconstructions are observed over a period of 5 to 16 min, called the incubation time [8]. The 

incubation time is the time required for the starting of the NC growth. The incubation time for 

the NC samples varies from 5-16 mins. For samples 1, 2 and 3 the N2 plasma power is kept 
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constant at 450W and flowrate is changed to 0.5, 2.0 and 2.8 sccm respectively. The incubation 

time is found to be 14, 9 and 5 mins. With increasing flowrate the active metastable N2
* 

population increases which raises the island nucleation rate and hence decreases the incubation 

time as per the island nucleation theory [8]. With increasing Cmol/Cat nitrogen ratio, a decrement 

in the incubation time for the GaN NC samples can be observed. All the NC samples are grown 

effectively for 2 hrs. excluding the incubation time. At the end of this incubation period 

RHEED patterns transform to a broken rings plus spots pattern suggesting nucleation of 

randomly oriented crystalline GaN NCs (Fig.3c). With continued growth the long ring like 

structures transform into a RHEED pattern with elongated spots which indicates growth of 

wurtzite (WZ) 3D GaN NCs as seen from the [112̅0] azimuthal sample direction (Fig. 3d) [32]. 

The broadening in RHEED images implies a slight spread in the orientation of the GaN NCs 

with respect to the Si (111) substrate [33]. A thin silicon nitride layer ~ 2.0-3.0 nm is formed 

at high temperature on the Si (111) substrate via nitridation by exposing the sample to the 

plasma for 35s (Fig. 3e). 

 

 

 

 

 

 

 

 

 

 

Fig.3 Four typical RHEED images captured during NC growth. a) 7x7 reconstruction of bare 

Si prior to nitridation, b) SixNy layer after 35s of nitridation, c) GaN NC nucleation on SixNy 

layer, d) GaN NCs at the end of growth and e) TEM image of silicon nitride layer (shown by 

the arrows) on Si (111) for the NCs. Marker bar of the image is 10nm. 
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Fig. 4 identifies samples for each set of cross sectional and plan view images. The cross 

sectional images show that the columns are well separated and the plan views show that NCs 

have cross-sections which are either regular hexagons or six-sided polygons. In the plan 

FESEM views, Fig. 4 (b), (d), (f), (h), (j) the top facet of NCs is parallel to the substrate along 

c-plane (0001). In some cases, the NCs cross-section appear as a six sided irregular polygon 

which might be due to coalescence of adjacent NCs. The observed bending of NCs, as seen in 

plan view images, is a result of electrostatic charging or damage caused due to sample cleavage. 

The GR of the NCs is calculated from the cross sectional SEM images (Fig. 4a), c), e), g), i)). 

The length of NCs has been determined by using cross sectional FESEM image. The length 

has been measured manually as well as by using the ImageJ software. The GR has been 

determined by dividing the length by total growth time. The NCs diameter and density were 

determined from the plan-view FESEM images (Fig. 4b), d), f), h), j)) using the ImageJ 

software. To determine the diameter and density, at first, a low magnification was chosen and 

the whole image was divided into few segments. The edges of the cluster were detected by 

adjusting the threshold and average surface area of the cluster was determined. Average surface 

area of single NC was determined by recognizing the NC in the cluster. Density was determined 

by dividing the cluster surface area by NC mean surface area [34]. The result obtained is 

averaged over few iterations. The average NC diameter thus obtained is different than the 

cluster diameter. The average growth rate, diameter and density of nanocolumns samples is 

displayed in Fig. 5. 

The NCs are smaller in diameter and shorter in length for sample 1 (Fig. 4b and 4a) with lowest 

Cmol/Cat ratio of 9.6 and grow larger in diameter and length as the ratio increases to 10.3 and 

11.2 for samples 4 and 2 respectively. Afterwards the GR gets saturated even if the ratio  
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Fig 4. (a), (c), (e), (g) and (i) represent cross sectional SEM images of samples 1, 4, 2, 3 and 5, 

respectively, while (b), (d), (f), (h) and (j) represent the plan view of the same. Marker bar for 

cross sectional images is 500nm and that for plan view images is 200nm. 

 



  

  12 

increases beyond 11.2 but the diameter gradually increases with increasing ratio. The average 

GR and diameter of the NCs for these samples vary from 4.8-12.8 nm/min and from 45-77 nm 

respectively depending on the ratio of nitrogen species Cmol/Cat. The density of the NCs varies 

from 188-45 μm-2 as the ratio changes from 9.6 to 15.6. Also with increasing ratio the NCs are 

found to be more coalesced in samples 3 and 5 as can be seen in Fig 4 (h) and 4 (j) respectively. 

The degree of coalescence of the NCs is determined by the following formula: αcoalescence =1-

(ρcluster/ρNC). When coalescence is small, the cluster density approaches NC density and is given 

by a very small fractional value. As coalescence increases, the cluster density is much smaller 

than the NC density, giving rise to a bigger fractional value.  

The variation of the degree of coalescence with Cmol/Cat ratio (Fig. 5c) shows, the NCs 

experience a rapid increase in radial growth rate with increasing Cmol/Cat ratio till 11.2, and then 

the radial growth rate slowly increases causing coalescence to saturate as Cmol/Cat ratio 

increases. This explains why the diameter increment is initially abrupt and then gradual as a 

function of Cmol/Cat ratio.  

For MBE grown self-induced GaN NCs, the factors governing the NC nucleation and growth 

are still under debate. Bertness et.al. [18] discussed how the molecular and atomic nitrogen 

species affect the GR and nucleation of GaN NCs on AlN/Si(111).  In their work the GR of 

NCs increased with higher excited molecular N2
* species, which were selected by increasing 

the nitrogen gas flow (with no significant effect of plasma power), whereas the nucleation 

density of NCs increased with increasing concentration of the atomic nitrogen species. Our 

experimental results show that samples 2 and 5 grown with almost the same nitrogen flow rates 

but different nitrogen plasma powers, yielded near identical molecular spectral concentration 

(see Fig. 2a and 2c). The NCs GR for these two samples are nearly identical (see Fig. 5a), 

which supports the findings in reference [18]. We have observed that lowering the RF power 
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for the N2 plasma source from 450W (sample 2) to 375W (sample 5) has increased the diameter 

of the NCs as they grow (Fig. 5b). The lower RF power has reduced atomic N flux and  

increased the Ga migration length for lateral growth. Two other samples, 1 and 3, are grown 

with the same nitrogen plasma power but different nitrogen flow rates which yielded the same 

atomic line species concentrations (see Fig. 2b and 2c). Under a high nitrogen flow rate (sample 

3) GaN nucleation density is high. For a low nitrogen flow rate (sample 1) GaN nucleation 

density is low at the initial stage of growth [10]. For a low nucleation density, initial GaN 

islands are widely separated with more nucleates forming due to the small nitrogen migration 

length. This induces size fluctuation and height randomness as is evident from Fig. 4a). Hence, 

as seen in sample 1, the NC density increases abruptly with time ultimately resulting in 

shadowing effect and a lower GR. The consequence of a higher nucleation density is usually 

coalescence of neighbouring NCs. This is seen in sample 3 where, with increasing growth time, 

the close proximity of the islands leads to increased coalescence and a drop in the final NC 

density (see Fig. 5c). This could be the reason behind the measured drop in NC density with 

increased flow rate. 

In addition, for samples 1, 2 and 3, the nitrogen plasma conditions are such that the 

concentration of excited molecular N2
* species vary in the following order: sample 2 > sample 

3 > sample 1 (see Fig. 2a and 2c). It is evident from Fig. 5a) that the GR of GaN NCs increases 

with higher excited molecular N2
* species (which supports reference [18]) up to a certain point 

and then GR remains the same (for samples 2 and 3). Also the change in RF power for samples 

2 and 5 changes the concentration of the atomic N species, which varies as follows: sample 2 

> sample 5 (see Fig. 2b and 2c). So the nucleation density of GaN NCs is higher in sample 2 

than in 5 as per Bertness et. al. [18] and so is the NC density as is evident from Fig. 5c) though 

there is coalescence to some extent in both samples. But when the sample 4 is included in the 
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analysis, the change in NCs GR, diameter and density can be explained using the Cmol/Cat ratio 

instead.  

The changes in GR, diameter and density of the columns with Cmol/Cat nitrogen ratio are shown 

in Fig 5. We can observe from Fig. 5(a) that the GaN NCs GR has two distinct regions: GR 

increases rapidly as the Cmol/Cat ratio increases from 9.6 to 11.2; beyond which it stays constant.  

The NC diameter increases monotonically from 45 to 77 nm for Cmol/Cat ratio up to 11.2 beyond 

which it still increases but at a lower rate up to 15.6 (Fig. 5b). The NC density, the cluster 

density and the degree of coalescence are plotted in Fig. 5c) as a function of the nitrogen 

Cmol/Cat ratio. The NC density (cluster density) evolution follows two steps: The density 

abruptly drops from 188 to 100 μm-2 (165 to 80 μm-2) when the Cmol/Cat ratio increases from 

9.6 to 10.3 and then slowly decreases to 75 μm-2 (47 μm-2) with increasing Cmol/Cat ratio. The 

degree of coalescence initially increases till a Cmol/Cat ratio of 11.2, beyond which the increase 

rate is lower until it reaches a final value of 0.4.  In Fig. 5(c), the NC density decreases 

drastically as Cmol/Cat increases from 9.6 to 10.3 with a slower change with continued increase 

in the ratio. Nevertheless the Cmol/Cat parameter seems to be vital in any attempt to model the 

GaN NC growth process-as it is clear that the density of the individual N species alone is not 

sufficient to understand the growth mechanism. From the evolution of GR with Cmol/Cat ratio 

(Fig. 5a) it can be assumed that initially the sidewall diffusion of active N2
* increases (sample 

4, with Cmol/Cat ratio 10.3) with increasing ratio and then the diffusivity of N2
* saturates at a 

higher Cmol/Cat ratio (sample 5 with Cmol/Cat ratio 15.6). Diameter evolution (Fig. 5b) of GaN 

NCs from sample 4 to 5 is possibly because of the increasing diffusion of active metastable N2
* 

on the NC top with increasing ratio. Thus, the nature of increase of the diffusion length of 

active metastable N2
* is also different on the two planes, which results in a plateau in NC GR 

and a gradual increase in NC diameter with increasing Cmol/Cat ratio. 
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Fig.5 The diagrams represent plot for a) GR, b) diameter and c) NC density, cluster density 

and degree of coalescence of GaN NCs as a function of Cmol/Cat ratio of nitrogen species. 

 

Close inspection of the GaN NC samples shows as the Cmol/Cat ratio increases the tapering of 

NCs is decreases (Fig. 6). The possible reason may be the increasing diffusivity of active 

metastable N2
* with increasing ratio. The plot of coalescence as a function of Cmol/Cat ratio also 

shows the radial growth rate of NCs tends to saturate beyond a Cmol/Cat ratio of 11.2. The 

quantity GR x diameter x density which is equivalent to the total amount of material deposited 

shows a gradual rise in the beginning followed by saturation as the ratio increases. This is 

probably the result of limited increase in diffusion of N species on m- and c- planes at the 

higher ratios. Overall, the above results show that while the V/ III ratio is usually the main 

control parameter reported during the growth of both 2D and 3D thin GaN layers, the relative 

abundance of the various active species, independent on the RF source flow rate and power, 

are more critical with respect to the morphology, GR, and density in the NCs growth regime. 

Thus the relevance of using the Cmol/Cat ratio as an additional parameter in understanding the 

mechanism of GaN NCs by MBE is established. 
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Fig.6. Images a, b, c represent cross sectional images of GaN NC with Cmol/Cat ratio 9.6, 11.2 

and 14.1 respectively. Images show tapering of NCs reduce with increasing Cmol/Cat ratio. 

 

4. Conclusion GaN NCs are spontaneously grown on SixN1-x/Si (111) by RFMBE and their 

morphologies are characterized as a function of the ratio of molecular to atomic intensities 

obtained by varying the RF plasma source power and N2 flow rate. GR, diameter and density 

of GaN NCs exhibited significant changes with initial increase in Cmol/Cat nitrogen ratio but the 

changes becoming more gradual for larger values. The incubation time decreases at a higher 

ratio, possibly because of the higher nucleation rate. The changes in GR and diameter with  

Cmol/Cat nitrogen ratio is due to the possible increase in diffusion of active metastable N2
* over 

m- and c-planes with increasing Cmol/Cat ratio, but the rate of increase in diffusivity slows down 

because of higher concentration of nitrogen species at these higher ratios. This results in 

decrease in radial growth rate at a higher Cmol/Cat nitrogen ratio suppressing taperedness in NCs 

and giving rise to uniformity in NC diameter.  
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