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ABSTRACT: We have extensively studied by multiple microscopic techniques the growth and 

crystallization of silicon nanoparticles in pulsed SiH4/Ar plasmas. We observe that the crystallinity of the 

particles can be tuned from amorphous to crystalline by altering the plasma ON time, tON. Three phases 

can be identified as a function of tON. Microscopic studies reveal that, in the initial gas phase (phase I) 

single particles of polycrystalline nature are formed which according to our hypothesis grow out of a 

single nucleus. The individual crystallites of the polycrystalline particles become bigger crystalline 

regions which marks the onset of cauliflower shaped particles (phase II). At longer tON (phase III) distinct 

cauliflower particles are formed by the growth of these crystalline regions by local epitaxy. 

INTRODUCTION   

The increasing interest in silicon nanoparticles (NPs) is because of new opportunities to use them for 

widespread potential applications in nano-electronic devices [1], light emitting diodes [2], photovoltaic 

devices [3] and biological applications [4]. The size and size distribution have a strong influence on the 

optical and electrical properties of nanostructured materials and thus precise control of the particle size 

is a prerequisite to exploit their size dependent optoelectronic properties. Pulsed radio frequency (RF) 

discharge is known to be very effective in suppressing powder concentration in the discharge volume 

[5]. Fine tuning the parameter space with this technique, pulsing of a silane plasma made by RF plasma 

enhanced chemical vapor deposition (RF PECVD) has shown to help grow quantum-sized nanocrystalline 

silicon (nc-Si) particles with a narrow size distribution [6]. Precise size control of NPs can be obtained by 

varying the gas residence time in the discharge region or by pulsing the RF power ON (tON) and OFF times 

(tOFF). Particle growth can be controlled by varying the plasma ON time. As a consequence the 

photoluminescence (PL) spectra can be tuned, by changing the tON [7]. Plasma OFF time is critical in 

refreshing the source gases in the discharge area and tOFF longer than the gas residence time is found to 

be favorable for obtaining quantum sized particles [8].   

One of the first experimental evidences of a multistep growth process of NPs in a silane-argon low 

pressure discharge was given by A. Bouchoule and L. Boufendi [9], who interpreted their results by 

invoking a process that involves nucleation and agglomeration, followed by silicon deposition on 

growing particles. An analytical model of the particle growth is considered and shown to be a three step 

phenomenon [10]. According to this model, the first generation of supersmall (2 nm) particles grow as a 

*Manuscript

Click here to view linked References



chain of negative-ion molecular reactions, stimulated by vibrational excitation. As the cluster size 

increases, their probability of reaction with vibrationally excited molecules decreases, limiting the size of 

first generation particles. The negative particles and the neutral particles which have acquired a 

negative charge are trapped in the discharge. During the agglomeration phase the NPs acquire a 

negative charge and the Coulomb repulsion becomes stronger. After a certain threshold value, the 

agglomeration phase stops and the NPs continue to grow by radical deposition on their surface [9]. 

These trapped particles coagulate and a critical phenomenon of α to γ` transition takes place when the 

particle size increases and their concentration in the plasma decreases dramatically, altering the plasma 

parameters [11]. This theoretical approach is in good agreement with effects observed in experiments. 

In this paper we show that the nanoparticles do not always grow according to the above mentioned 

agglomeration mechanism. Experiments done in ETP (expanding thermal plasma) also support our 

hypothesis that particle formation in their system (and possibly in the systems where particle formation 

is strongly governed by drift and diffusion in finite growth regime) does not follow the commonly 

believed nucleation, agglomeration, coagulation sequence [12].  

For long plasma durations (> 30 s), which is equivalent to a continuous plasma, occurrence of several 

well-defined particle sizes, corresponding to successive (in time) particle generations has been observed. 

Transmission electron microscopy (TEM) studies of Si NPs grown/formed in various plasma processes in 

capacitively coupled discharges show cauliflower morphology with smaller crystalline subsystems [13] 

[14]. The luminescence decay time of cauliflower shaped Si NPs produced in a cluster source by 

magnetron sputtering has been shown to be enhanced by a thousand times by the use of vacuum 

grease [15]. Although the mechanism of formation of these structures is not fully understood, the 

commonality between them is that they are composed of smaller crystalline subsystems. The aim of this 

paper is to study the NPs growth as a function of time in a silane plasma and propose a mechanism that 

ultimately leads to the observed cauliflower-structured particles. In the following sections of our paper, 

we report our observations in the formation and crystallization of the nanoparticles at different tON 

times in the gas phase by HRTEM studies. 

EXPERIMENTAL  

The NPs described in this paper are grown in a dedicated plasma reactor, more details of which can be 

found elsewhere [14] [16]. The source gases of SiH4 and Ar are fed through the bottom showerhead 

electrode and are dissociated by the applied oscillating very high frequency (VHF) electric field of 60 

MHz. The NPs formed in the gas phase are collected at a Corning glass substrate mounted at the top of 

the reactor, behind the perforated ground electrode, thanks to thermophoretic effect and the drag due 

to gas pumping which aids in collection of particles upstream. The radius of the electrode is 10 cm and 

the height (distance between the grounded electrode and the powered electrode is 1 cm). The total 

radius of the reactor is 16 cm.   

For the particles mentioned in this paper, a SiH4:Ar flow ratio of 4 sccm:50 sccm was used for the 

particle synthesis at a pressure of 0.8 mbar. A forward VHF power of 150 W was applied to the 

showerhead electrode, and the substrate stage was unheated. The applied power was pulsed, and a 

range of plasma ON times (tON = 50 ms to 60 s) was applied to study the time evolution of particle sizes 



and their crystallinity. For each plasma ON time (tON) the discharge was sustained multiple times for a 

total duration of 45 minutes. The plasma OFF time (tOFF) was kept constant at 2 s (which is longer than 

the residence time of gases in the reactor) for all tON. Structural characterization of deposited particles 

has been done with a Tecnai 10 and a JEOL ARM 200 Transmission electron microscope operated at 200 

kV. This accelerating voltage – together with the beam doses used – is sufficient to avoid defect 

generation in bulk silicon. As nanoparticles may be more sensitive to electron beam irradiation, care was 

taken to minimize the dose used for imaging. Comparison of images taken from the same area at various 

stages of the TEM study did not show any tendency to particle coalescence. Fast Fourier Transform (FFT) 

analysis of High resolution TEM (HRTEM) images was used to detect local crystal orientations within the 

particles studied. Analysis of the periodicities in each of the FFT patterns yielded lattice constants that 

were within 1% of the 0.5428 nm lattice parameter of cubic silicon. The crystalline ratio was calculated 

[17] from Raman spectra obtained ex situ with an inVia Renishaw microscope equipped with a laser with 

a wavelength of 514.5 nm, a grating with 1800 lines mm−1 and a CCD detector to study the vibrational 

modes of the nanoparticles. The laser power was kept low, at 0.3 W mm−2 with a spot size of 

approximately 500 µm2 to ensure that we do not crystallize the samples.  

RESULTS  

To understand the time evolution of the formation of particles and their progress into cauliflower 

shaped particles, the properties of the collected particles are studied as a function of tON. Optical and 

structural studies are performed on particles with tON from 50 ms to 6 s at a constant tOFF time of 2 s 

which is longer than the residence time of the gases (1 s) in the reactor.  

The TEM images of the NPs grown at different tON indicate there are various successive phases in the 

particle formation. Phase I corresponds to NPs grown with tON ≤ 0.5 s, phase II corresponds to NPs with 

0.5 s < tON ≤ 2 s and phase III contains NPs grown with tON > 2 s. The size of the particles increases with 

increasing tON, as expected [7] [18]. From here on the term “clustered NPs” refers to unpassivated silicon 

nanoparticles which tend to aggregate into larger clusters facilitated, among others, by the dangling 

bonds on their surface [19] [20]. The term “agglomerated NPs” correspond to the coalescence or 

merging of polycrystalline NPs of which the single crystalline regions (domains) grow out to become NPs 

with larger domains.  

TEM images of phase I NPs show open 3-dimensional (branched) networks of particles that have a size 

of a few nm, whose formation may be attributed to polymerization. It is proposed that polymerization 

pathway propagates via the negative ions [21]. Theoretical investigation proposes that negative ions are 

the precursors to large clusters which are nucleation centers for particle formation [22]. This is 

attributed to the longer average residence time afforded by negatively charged clusters which allows 

growth of large clusters to occur. Individual particles have not been observed, which may either be due 

to their limited contrast on the supporting carbon membrane or because they are not present at all. The 

crystallinity of the NPs formed in the early stages of phase I could not be determined, most likely 

because of oxidation during transfer from the growth reactor to the TEM set up or simply because they 

are inherently amorphous. For brevity we will refer to particles of phase I as ‘amorphous’. However NPs 

in the later stage of phase I (tON =0.5 s), did show crystallinity and detailed HRTEM of these are reported 



in the following sections. NPs observed in phases II and III have a well-defined morphology and are 

found both as individual and clustered particles. This distinction in morphology can be understood from 

the difference in residence times of the particle precursors within the plasma zone. Reports from J. 

Costa et al [23] support this argument and it can be formulated that the initial growth of Si powder 

starts with the appearance of small particles due to polymerization and as the residence time increases, 

cross linking between the polymeric chains increases and more compact particles are formed. The first 

hint of the onset of cauliflower shaped particles occurs at phase II (tON of 2 s); detailed extensive HRTEM 

studies on these particles are reported in the following sections. While the NPs found in phase I and II 

predominantly have single type of particles, in phase III, i.e. for longer ton, different ensembles of 

particles are observed. It is beyond the scope of this paper to discuss all the different ensembles of 

particles and we focus our attention on the dominant particles obtained in phase III, the cauliflower 

shaped NPs.  

It is of interest to note that the crystallinity, estimated from the Raman spectra [17], of the particles 

depends on tON, as shown in Fig. 1. For short tON times, i.e. particles obtained in phase I (from 0.05 s to 

0.25 s) only amorphous particles are produced. In our case discernable crystallinity sets in at the end of 

phase I (at 0.5 s) and gradually increases with tON. For particles produced at 0.25 s, although in HRTEM a 

few particles were found to be crystalline, the Raman signal had only the amorphous peak. At tON of 0.5 

s, a small crystalline peak makes an appearance at 520 cm-1 against the background of a broad 

amorphous spectrum. From then on the crystalline fraction gradually increases with increasing tON, and 

saturates for longer times. A pulsed plasma with tON >10 s is indeed almost equivalent to a continuous 

plasma, with respect to the formed particles.  

 



Fig. 1 : Raman crystalline ratio of the deposited NPs as a function of tON. The inset gives the zoomed in 

image at the smaller values of tON, indicating the early phases I and II by the dotted circle. 

Various plasma process parameters such as coupled power, process pressure, gas flow, and source gas 

ratios (SiH4:H2) and inter-electrode distance play crucial roles in determining the size and crystallinity of 

the synthesized Si nanoparticles (NPs). We have performed an extensive study on the synthesis of 

silicon nanoparticles in the gas phase in a capacitively coupled VHF discharge as a function of crystalline 

ratio by changing the above parameters and highlighted the interdependence of crystalline ratio and 

residence time [24]. In this reference we changed the residence time both by changing the pressure and 

inter-electrode distance. The crystalline ratio is determined by surface effects driving local epitaxial 

growth. 

HRTEM of particles produced at tON = 0.5 s (Phase I) 

As stated above, the first crystallinity could be detected by Raman spectroscopy for particles made with 

tON = 0.5 s. Subsequent HRTEM studies of free-standing particles was performed to avoid overlap 

between different particles. Fig. 2 (a) and (b) give an overview of the NPs detected in the images and we 

identified particles in these regions. Detailed HRTEM studies (Fig 2 (c) and (d)) show that these particles 

are polycrystalline. The yellow arrow in Fig. 2 (c) indicates the amorphous shell around the particles. 

Crystalline regions within a seemingly amorphous matrix (region marked in red) can be recognized, as 

shown in Fig. 2 (c). The absence of crystallinity in this matrix can have two causes: either the matrix is 

indeed amorphous or, alternatively, the matrix consists of (nano)crystals of which the majority is not 

aligned to any main crystallographic axis that would allow for lattice fringe imaging. In order to 

investigate further, we acquired HRTEM for a series of sample orientations w.r.t. the electron beam. 

The HRTEM image of the same single particle imaged at a sample tilt angle of α = 5  ͦ is shown in Fig. 2 

(d). This image confirms the second hypothesis discussed above: the particle contains crystalline regions 

with different orientations which cannot be seen in a single HRTEM image. Fringes are only visible when 

the electron beam is aligned to the crystallographic planes. In Fig. 2 (c), the region marked in red seems 

to be amorphous. However for other orientations of the particle w.r.t. the electron beam, this region 

appears to be crystalline (Fig. 2 (d)). It should be mentioned that, although different grains appear at 

different positions within the NP, it cannot be excluded that the particle does contain some amorphous 

sub-volumes. This is because of the fact that TEM is a projection technique. Comparison of FFT patterns 

of selected regions within the particle studied did not yield any basic symmetry relations (such as twin-

relations) between individual crystalline parts of the particle, suggesting a polycrystalline nature of 

randomly oriented domains. A part of the particle (region marked in white) in Fig 2 (c) is overlapping 

with yet another particle in the projection. This area was excluded from FFT studies. On the other hand, 

the evidence presented here does not exclude that the different crystalline areas are correlated by a 

more complex system of planar defects that did not show up in the studies we performed. 

Very limited papers have reported polycrystalline Si particles formation in the gas phase. Two kinds of 

crystalline structures (single domain and two domains) have been produced by pulsed plasma in the gas 

phase [25]. While most clusters (> 99%) have single domain, a very small fraction of particles have two 



domains unlike our case, where a majority of NPs has more than 2 domains. Si nanoclusters produced in 

magnetron sputtering inert gas condensation cluster beam source also shows polycrystalline silicon 

structure [26].  

 

Fig 2 : (a) Overview of clustered NPs (b) Inset indicates our selected region of single NP studied at 

different tilt angles α (0  ͦ and 5  ͦ) w.r.t. the incoming electron beam as shown in (c) and (d) respectively 

The region marked in red indicates amorphous nature (in Fig 2(c)), however at a different orientation, 

the same region is found to have crystallites (in Fig 2(d))  



 

Fig. 2(e) 3 selected areas indicated by the squared boxes obtained from the HRTEM image of Fig. 2(c). 

The center FFT pattern is a superposition of 2 FFT patterns, originating from the 2 encircled areas. The 

corresponding FFT patterns from the boxed areas are displayed in (f) thus giving an indication that these 

areas could represent 3 individual crystals. 

FFT patterns of NPs shown in Fig. 2 (e) are given in Fig. 2 (f) and are presented here to highlight the care 

required to interpret this type of image. The FFT patterns corresponding to the boxed areas are 

displayed on the right. The center FFT pattern is a superposition of periodicities from two individual 

crystals that largely overlap in this projected image. In the two encircled areas, parts of the individual 

crystals can be discerned (the upper FFT pattern represents one of the two crystals). The FFT pattern 

from the lower green boxed area does not display a simple symmetry relation to those of the other 

crystals. Thus, this analysis suggests that these areas represent three individual crystals within the same 

nanoparticle. A few other particles in an adjacent region were also checked using FFT pattern 

comparisons, and similar results were obtained. It appears that even the small particles display a 

complex poly-crystalline structure which could possibly be formed by the presence of many (different) 

crystal defects.  

Inclusions of less dense material and/or material of different compositions or voids can be detected 

using high angular annular dark field – scanning transmission electron microscopy (HAADF-STEM) 

imaging. The HAADF detector uses the electrons scattered over large angles for imaging. The HAADF 

detector is therefore mass sensitive, which means that higher brightness in the image corresponds to 

the presence of (a larger concentration of) heavier atoms and vice versa. Even though the samples are 

contaminated severely by the oxygen plasma etch, from the HAADF-STEM of our polycrystalline particles 

it was seen that neither voids nor inclusions are present inside a single particle. 

 



HRTEM of particles produced at tON = 2 s (Phase II) 

NPs produced at tON of 2 s are clusters of spherical particles, which show their poly-crystalline nature 

more clearly. The domain size of the single-crystalline areas within each particle is significantly larger 

than in phase I (Fig. 3). An example of this larger domain size is the wedge-shaped domain visible in (Fig. 

3 (c)).  This increase in domain size is the beginning of a transition to cauliflower shaped particles, as will 

be discussed below.   

 

Fig. 3 : (a) Overview of NPs formed in phase II (b) and (c) HRTEM of particles in two regions A and B; the 

particles found at B clearly includes a wedge shaped domain. 

The (at least two) crystalline regions in particle A (marked with I and II) have the same crystallographic 

orientation. This correlation is slightly masked by the fact that this particle has partial overlap with 

another particle. The vertical darker and brighter lines at the position of “II” are Moiré interference 

fringes [27] because of this partial overlap. The Moiré fringes have a larger spacing than the lattice 

fringes themselves – their interspacing strongly depending on the difference in orientation between the 

two grains - and thus are already visible at a magnification lower than that used for HRTEM imaging. 

HRTEM of particles produced at ton = 4 s (Phase III) 

For longer tON, the dominant particles are the cauliflower shaped ones as shown in Fig. 4 (a). From tON = 

4s to 60 s in a pulsed SiH4/Ar plasma and in continuous plasmas we observe the appearance of 

cauliflower-type particles. Further HRTEM studies reveal some of their interesting structural 

characteristics. Fig. 4 (b) and 4 (c) displays imaging data of cauliflower particles acquired in HAADF-STEM 

and HRTEM modes, respectively. The dark lines in between the ‘branches’ of the cauliflower confirm 

that less material (like voids) or less dense material (like SiOx) is present here. We interpret the dark 

lines as being ‘crevices’ which extend inwards from the surface of the cauliflower. In order to interpret 

this structure according to agglomeration model, we would have to assume that, in this case, three 

individual particles have stuck together. However, it will be a large coincidence that they fit together so 

perfectly with straight interfaces. In addition, the cauliflower particles display a shape with a 

recognizable core. We thus do not interpret this cauliflower particle as being the result of 3 particles 

having become connected in a later stage of the growth process. 



The FFT pattern in Fig. 4 (d) corresponding to the HRTEM image of Fig. 4 (c) displays the polycrystalline 

nature of the entire particle. In order to study the orientation relations between the different branches 

of the particle, selected area FFT patterns were constructed and analyzed. The right half of the particle 

in Fig 4 (e) seems to consist of roughly two crystalline regions (I, II). Fig 4 (f), (g) and (h) display the 

corresponding selected area FFT images of the areas indicated by the green boxes.  

All three FFT patterns are [011] zone axis patterns. The dashed lines in the FFT patterns are guides to the 

eye. In all three FFT images, these lines have the same orientation, indicating the orientation of one set 

of {111} planes. Patterns I and II are identical, proving that areas I and II are symmetrically equivalent, 

implying that they will have originated from the same nucleus. The transition area I-II shows an FFT 

pattern characteristic of a twinned region. On both sides of this ‘transition region’, the crystallographic 

orientation is the same. The alignment of the dark and brighter stripes in the transition region to the 

lattice planes in the image implies that these lines are in fact diffraction contrast variations of a series of 

twin domains in this transition area, similar to e.g. the multiple twinned structures in [28] .On the other 

hand, area III, forming the left part of the cauliflower, is a polycrystalline area having orientations (not 

shown here) that could not simply be correlated to the orientation of areas I and II. 

It is probable that the particles discussed here originate from a single nucleus. As stated above, regions I 

and II are crystallographically related. What can be noticed from the images is that the twin boundaries 

in both regions start in the center of the particle and run outwards. It is known (from e.g. silver halide 

crystal growth) that the direction parallel to a twin boundary can be a fast-growing crystal direction, due 

to the so-called re-entrant corner effect [29]. The existence of these boundaries in the primary nucleus 

might thus introduce fast growing “branches” on the primary crystal which are shown in Fig 5. 



 

Fig. 4 : (a) Overview of cauliflower shaped nanoparticles; (b) and (c) HAADF STEM and HRTEM image of 

highlighted cauliflower particle respectively, (d) FFT patterns of the center of the particle covering area I, 

II and III, (e) HRTEM image of the highlighted particle with its 3 crystalline regions I,II and III, (f), (g) and 

(h) FFT pattern of regions I, I-II and II respectively 

  

Fig. 5: HRTEM image of cauliflower particles obtained at different tilt angles. At lower tilt angles five 

branches are seen, at larger angles and at under-focus a 3-dimensional structure is revealed with a sixth 

branch (dashed line) which is not in the same plane as the other branches. 



Fig. 5 displays a second type of particle that has a more compact morphology. HRTEM images were 

collected at sample tilts from 1  ͦ to 15  ͦin steps of 2.5  ͦ as indicated in Fig. 5. Although only images of 

tilting series obtained for one sample are shown here, these studies were performed on four different 

particles and the same trend was observed for all series. At low tilt angles it appears as if this particle 

has only four branches. Upon closer inspection five branches can be discerned and after further tilting 

(at least) six branches were revealed. Upon tilting and adding some defocus showed a 3-D structure and 

revealed that these six branches are not present in the same plane. Especially the one discovered for α = 

15  ͦ (dashed line) appears to be pointing out of the plane in which the other branches are present. Such 

a 3-D structure may severely hamper crystallinity studies as branches are overlapping in the projected 

images for most of the tilt range available to orient the particle w.r.t. the electron beam. FFT-studies of 

the non-overlapping parts revealed that not all branches have a simple (i.e. identical or single-twinned) 

crystallographic relation to each other. Therefore it can neither be confirmed nor excluded that this 

particle originated from one nucleus.  

DISCUSSION 

It is known that nanoparticle heating is the mechanism behind nanoparticle crystallization [30], and this 

can be used to understand our observation of the increase in crystalline fraction with increase in tON, an 

effect that can be explained as a combination of two phenomena. First, the effect of higher electron 

temperature at higher tON is here related to the transient nature of the initial rise of power coupled to 

the plasma, mainly caused by the capacitive response of instruments. The rise time has been observed 

by time resolved OES signal and plasma current (oscilloscope).  

Although pulsed plasma offers intriguing possibilities, it presents significant challenge for power delivery 

and control systems such as maintaining pulsed power regulation under changing impedance condition. 

These issues make active impedance matching using traditional matching network almost impossible 

[31]. Coherent to this observations, we observe slower power matching for particles grown in phase I. 

The power coupling remains suboptimal for the most part of short tON and it only exponentially reaches 

to its delivered power. This is an inherent limitation of the VHF power source and matching network 

used. Thus for a short tON a stable plasma with optimum value of coupled power is not reached unlike 

the plasma obtained for higher tON. 

The combination of these two phenomena (suboptimal power coupling at shorter tON) and higher power 

leading to higher crystalline fraction of particles reinforces our observation that a higher power thus 

delivered at longer tON, leads to higher electron temperature which aids in particle heating resulting in a 

higher crystalline fraction of particles. 

For particles grown in phase I due to slower power matching, the power coupling remains suboptimal 

for the most part of short tON. This is an inherent limitation of the VHF power source and matching 

network used. Thus for a short tON a stable plasma with optimum value of coupled power is not reached 

unlike the plasma obtained for higher tON. A higher power thus delivered at longer tON, leads to higher 

electron temperature which aids in particle heating resulting in a higher fraction of crystalline particles 

[32].  



The different contributions to particle heating deduced from energy balance have shown to be 

predominantly from recombination processes of free electrons and ions at the particle surface which 

acts as the heat source for crystallization of the particle. Another contribution to particle heating comes 

from the recombination of dissociated hydrogen (abstraction reaction) at the surface of the particle 

[33]. Most particulates are expected to be charged negatively and trapped in the discharge during the 

entire tON time, so the longer the tON, the higher is the probability of the recombination processes (free 

electron and ions and abstraction reactions) at the particle surface and higher the crystallinity of the 

particle. This study shows that tON not only controls the particle size, but also its crystallinity.  

The three phases in the growth of NPs are discussed using HRTEM images and FFT studies. The particles 

formed at the beginning of phase I are composed of branched networks of particles with sizes of a few 

nm, that can be attributed to polymerization, which as discussed above are mostly amorphous. The 

beginning of crystallinity sets in at the end of phase I and these particles display a polycrystalline nature. 

Comparison of FFT patterns of selected regions within the particle did not yield any basic symmetry 

relations between individual crystallites of the particle. We hypothesize that the complex polycrystalline 

particle could originate from a single nucleus and the gas phase species are subsequently added to this 

growing nucleus. When it becomes energetically more favorable for the formation of a new nucleus or 

crystal defect on the growing surface, another crystalline domain starts. A new nucleus is formed on the 

surface of the growing particle and local-epitaxial growth continues enabling the formation of multiple 

domains. This could be one possible explanation for observation of randomly oriented multiple 

nanostructures.   

It is very important to note that most of the single-crystalline domains observed at tON = 4 s are bigger 

than the single-crystalline regions in the smaller poly-crystalline particles produced at tON = 500 ms (Fig. 

2 (c) and 4 (e)). For example, in the sample produced at tON = 500 ms typical crystalline regions of 4 - 5 

nm are found with exceptions of 2 or 9 nm, and in the samples produced at tON = 4 s such single 

crystalline regions have dimensions of typically 13 - 16 nm with exceptions of 11 and 22 nm. The late 

phase I particles are thought to be the precursors of the phase II particles. This means that if the 

cauliflowers are formed by local epitaxy from the existing polycrystalline nanostructure, a longer tON 

would facilitate more particle heating resulting in epitaxial growth of the domains, hence larger 

crystalline areas in the NP.  

We do not invoke the bulk particle temperature to explain epitaxial growth. According to the proposed 

nc-Si growth model, epitaxy is local in nature, the whole particle need not be in thermal equilibrium. 

Analogy is the nc-Si growth on a substrate in a PECVD process, where once nucleation takes place, the 

local epitaxial growth on crystal surface takes place [34] even though the substrate (bulk film) is kept at 

~200  ͦC which is much too low for epitaxy. Hence, in our hypothesis, the surface heating leads to local 

epitaxy. The second point is that the radiative cooling is considered negligible compared to conductive 

cooling for nanoparticles. The conductive cooling depends on the back ground pressure and it is 

reported that at low pressures in mbar range (as in our case), particle can build up heating in time [35] 

due to low conduction loss (net energy gain). The slow conductive cooling at low pressures allows the 

particle temperature to increase as a cumulative result of successive surface heating events and heat 

accumulates as time progresses.  



Similarly other plasma processes [36] attributes the growth of larger crystallite particles to subsequent 

surface growth of the particle in an epitaxial manner once a crystalline nucleus of a few nanometers 

diameter is formed. 

Larger particles have higher cross section for various events to occur such as particle recombination. The 

particles gains energy from the kinetic energy of electrons and ions, from their recombination and from 

reactive processes like association of atoms at the particle surface. Energy loss occurs via conduction 

and radiation. This energy balance will determine if there is net heating. According to simulations 

referred to in Uwe R. Kortshagen’s review article [37], even particle in the range 1 micron shows net 

heating (temperature higher than gas). Larger crystals have been shown to have a lower cooling rate 

[26]. As crystallization is a stochastic process, slower cooling provides longer times for a phase transition 

to take place, as the NCs stay longer at the crystallization temperature. Hence for particles in phase III 

the combination of slower cooling and a larger surface area - facilitating more ion-electron 

recombination reactions and absorption of kinetic energy of impinging ions on their surface - leads to 

bigger crystalline particles. For instance for a 50 nm particle in a plasma (at a pressure of 1 Pa, Te = 3.4 

eV ) the average energy of the impinging ions on the surface of the particle estimated by is 7.5 eV 

estimated by PIC/MCC simulations [38]. 

For the polycrystalline growth leading to cauliflower shaped particles an alternative mechanism could be 

proposed. This initial complex polycrystalline could also be interpreted to originate from more than one 

nucleus instead of being the result of different crystalline areas correlated by a complex system of 

planar defects that did not show up in the studies we performed. The simultaneous growth of multiple 

seeds to obtain a final nano-polycrystalline structure has been shown both experimentally and with 

simulations [26]. Topological analysis reveals the positions of different seeds of crystallinity. In the 

mentioned report, for a 9 nm particle, at least 3 individual crystallites are identified that grow separately 

from several nuclei of random shapes. Although from the evidence provided here, the single nucleus 

hypothesis seems most likely, we cannot rule out that the cauliflower shaped NPs could be formed by 

coalescence of more than one nucleus.   

At longer tON, the resultant NPs could also be formed by agglomeration of smaller particles. These 

smaller particles must have become more crystalline during the process, as the temperature on particle 

rises with increased tON. The temperature is high enough for the defects (dislocations, slip planes, twin 

boundaries etc) to anneal out, allowing for an alignment of the domains. It has been demonstrated that 

the temperatures on the surface of 10 nm particles can reach up to 1200 K [39] and this range of 

temperatures would suffice for subsequent growth of crystalline regions in our case to form the 

“branches” of the cauliflower. 

The HAADF image shows polycrystalline growth from a single nucleus is one example where the classic 

growth model does not always apply. We cannot claim single-point branching from all the other 

particles. We are aware of the other possibilities such as coalescence of different “branches” of the 

cauliflower particles as indicated by [9] or coagulation between oppositely charged particulates which 

oscillate in the electric field of the plasma to form larger particles [40]. The leaves of our cauliflower 

nanoparticles could also have originated in similar regions of the plasma, which could have coagulated 



later. Molecular dynamic simulations have found that formation of new chemical bonds during the 

coalescence of two particles release energy and therefore significantly increase the particle temperature 

[41]. Simulations have also shown that for the coalescence of 6-nm particles temperatures of 1500 K 

would be required [42]. As we do not have an exact estimate of the temperature of our particles or their 

heating rate, we cannot rule out coalescence.  

From the above arguments we may state that, if the starting material already shows a complex poly-

crystalline structure as a result of many crystalline defects, then the one nucleus theory for the 

formation of cauliflower structure is possible. If, on the other hand, very small monocrystalline particles 

form agglomerates, the same structure as observed here is still possible. However, the absence of any 

voids or less dense regions in phase I between the multiple domains strengthen our one nucleus 

hypothesis compared with agglomeration.  Another experimental observation that strengthens our one 

nucleus hypothesis is the morphology of the resultant structure. HAADF images clearly indicate a center 

from which these branches of the cauliflower emerge out. 

CONCLUSION  

Three phases of particle growth have been identified as a function of tON. By changing tON both the size 

and crystallinity of the particles can be controlled. After gas phase reactions, we obtain nano-

polycrystalline structures which we hypothesize originate from one nucleus in phase I. These poly-

crystalline structures act as seeds for the growth of spherical particles in phase II. Cauliflower shaped 

particles appear at longer tON in phase III. Some “branches” of the cauliflower are crystallographically 

related to each other and we propose that they are formed from polycrystalline NPs in phase I. Although 

agglomeration of “branches” to the cauliflower structure cannot be ruled out, due to the absence of 

voids, it is more likely that they originate from the single nucleus of the particle formed in phase I.  
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