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We demonstrate a method for synthesizing free standing silicon nanocrystals in an argon/silane gas

mixture by using a remote expanding thermal plasma. Transmission electron microscopy and

Raman spectroscopy measurements reveal that the distribution has a bimodal shape consisting of

two distinct groups of small and large silicon nanocrystals with sizes in the range 2–10 nm and

50–120 nm, respectively. We also observe that both size distributions are lognormal which is

linked with the growth time and transport of nanocrystals in the plasma. Average size control is

achieved by tuning the silane flow injected into the vessel. Analyses on morphological features

show that nanocrystals are monocrystalline and spherically shaped. These results imply that

formation of silicon nanocrystals is based on nucleation, i.e., these large nanocrystals are not the

result of coalescence of small nanocrystals. Photoluminescence measurements show that silicon

nanocrystals exhibit a broad emission in the visible region peaked at 725 nm. Nanocrystals are

produced with ultrahigh throughput of about 100 mg/min and have state of the art properties, such

as controlled size distribution, easy handling, and room temperature visible photoluminescence.
VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4799402]

I. INTRODUCTION

In recent years, prominent features of silicon nanocrys-

tals (Si-NCs) like size-dependent optical and electrical prop-

erties, and increased surface reactivity were discovered.

Owing to these findings, Si-NCs became not only scientifi-

cally interesting but also promising materials for novel appli-

cations. For instance, Si-NCs can potentially be used as

tunable light emitters in light emitting devices,1 charge

storage elements in high capacity Li-ion batteries2 and non-

volatile memories,3 and spectrum converters in next genera-

tion solar cells for higher efficiency.4 In the context of future

applications with Si-NCs, realizing efficient and reliable

devices by using scalable and low-cost techniques is of

critical importance. Therefore, main research challenges of

Si-NC synthesis are size control, surface engineering, easy

handling, and high throughput processing.

In the literature, several Si-NC synthesis methods have

been reported. Sputtering is convenient for synthesizing size

controlled and luminescent Si-NCs.5,6 A drawback of this

technique is the low processing rate, hampering large scale

applications of Si-NCs using this technology. Formation of

Si-NCs is only favorable with intensive heat treatments.

Moreover, Si-NCs are embedded in a matrix and handling of

nanocrystals is difficult. Ion implantation is another method

for synthesizing Si-NCs.7,8 In this technique, the projected

range of implanted ions has a dispersed density profile.

During annealing, therefore, a size distribution of Si-NCs is

obtained. Similar to the sputtering, the processing rate is low

and handling of Si-NCs is not feasible. Apart from these

techniques, a variety of chemical solution-based production

methods of Si-NCs have been reported in the literature. Such

Si-NC synthesis techniques include using inverse micelles as

reaction vessels,9 reduction of silicon halides,10 and thermal

degradation of phenyl-silane groups at high temperatures

and pressures.11 These techniques produce free standing

Si-NCs. However, most of these techniques require multiple

production steps and have low yields. Somewhere in

between the physical and chemical processing techniques are

gas phase or plasma based synthesis techniques. Gas phase

synthesis of Si-NCs by means of high power infrared laser

pyrolysis produces free standing Si-NCs with better size con-

trol and relatively higher throughputs.12 Yet, manipulation of

Si-NCs could be a problem as nanocrystals coagulate

strongly. This can detrimentally affect the unique properties

of produced Si-NCs. Therefore, utilizing this technique, an

etching route for separation of coagulated nanocrystals might

be necessary.13 In contrast, using plasmas for production of

silicon nanocrystals has many advantages. Plasmas offer

more flexibility on size control and surface passivation
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during synthesis. Particle charging in the plasma inhibits

strong coagulation of synthesized Si-NCs and enables easy

handling. Non-thermal plasmas are reported as being suitable

for synthesizing free standing Si-NCs by using various pre-

cursors.14,15 Moreover, in situ passivation of Si-NCs with

chlorine14 and hydrogen,15,16 and in situ etching17 is possi-

ble. When compared to the techniques mentioned above,

non-thermal plasmas have higher deposition rates with better

size control and could be considered as a next step in the

context of large scale production. However, achieving the

required throughputs for industrial applications is still a

problem due to scalability issues of that non-thermal plasma

technology in view of the usual low gas flow used. Thus, a

higher throughput, with better compatibility of the process-

ing tool to industry, is necessary.

A suitable and scalable plasma technique is the remote

expanding thermal plasma (ETP). ETP is a remote plasma in

the sense that plasma production, plasma transport, and sur-

face treatment regions are geometrically separated.18

Consequently, downstream properties, in the region where

plasma transport and Si-NC formation take place, have no

influence on the upstream plasma production region. This

enables independent variation of processing parameters (i.e.,

pressure, plasma power, substrate conditioning), thus simpli-

fying optimization of the quality and processing rate of the

material to be synthesized. Apart from that, utilizing high

power and high feed gas flows injected into downstream pro-

mote high throughput processing of silicon based thin films.

Solar grade hydrogenated amorphous silicon (a-Si:H)19 and

silicon nitride (a-SiNx:H)20 thin films have been reported at

deposition rates up to 10 nm/s in the optimized parameter re-

gime. In addition to silicon based thin films, realization of

silicon based nanomaterials by using the ETP is possible. In

particular, higher densities of silane related species can initi-

ate gas phase polymerization reaction sequences realizing

formation of small molecular clusters. Within the residence

time of the plasma, these clusters can reach significant sizes.

Inspired by this idea, we realize the use of the ETP for

producing free standing Si-NCs in an argon plasma with var-

ious downstream injected flow rates of silane. Formation of

primary ionic silicon clusters is favored by means of silane

polymerization reactions in which recombining interactions

of ions, neutrals, and silane molecules are involved.21

Primary ionic silicon clusters that reach a critical stable size

and number density in the plasma grow further via nuclea-

tion.22 The required high temperature for crystallization dur-

ing the growth is reached by means of growth reactions and

ion recombination on the nanocrystal surface,23 and

hydrogen-hydrogen association since the removal of surface

hydrogen atoms by the atomic hydrogen is an important

heating mechanism.24 The final size of Si-NCs is determined

by the time in the plasma during which the nucleation takes

place.25 Indeed, we find an ultrahigh processing rate of Si-

NCs under optimum parameter regime about 100 mg/min.

Synthesized Si-NCs have a bimodal size distribution that

suggests the presence of two distinct residence times in dif-

ferent plasma regions. Apart from that, observed size distri-

butions are lognormal. As we will demonstrate, no evidence

is found for coalescence of smaller nanocrystals into larger

particles as large particles have monocrystalline morphol-

ogy. Size distribution of small Si-NCs is controlled by tuning

the silane flow rate.

This paper reports the formation mechanism and mate-

rial properties of Si-NCs synthesized in argon/silane gas

mixtures by using the ETP. Section II is devoted to a molec-

ular level description on the formation mechanism of

Si-NCs. In Sec. III, the experimental details are provided. In

Sec. IV, we show the morphological properties and size dis-

tribution of Si-NCs acquired by using X-ray diffraction

(XRD), transmission electron microscopy (TEM), Raman

spectroscopy (RS), and photoluminescence (PL) spectros-

copy. Finally, important aspects, advantages, and challenges

of this technology are summarized.

II. FORMATION OF SILICON NANOCRYSTALS
IN EXPANDING THERMAL PLASMA

Formation of nano-sized silicon particles is observed

and extensively studied in various plasmas.14,15,26–29 In

addition to silicon, nanoparticles of germanium,30 silicon

carbide, and carbon31 can be synthesized in plasmas depend-

ing on the feed gases used. Up to now, several models are

developed to describe the growth mechanism of

nanoparticles.32–35 All these models have in common that

nanoparticle growth starts with initial polymerization reac-

tions, induced by radicals or ions, leading to formation of

primary ionic clusters. Growth of particles is favorable when

the primary ionic cluster reaches a critical size of about

1–2 nm.29 After reaching the critical size, the probability of

reactive gas phase species nucleating on the cluster surface

becomes higher than the probability of diffusion losses.36

Eventually, rapid nucleation and agglomeration takes place

leading to formation of particles with sizes from a few to

hundreds of nanometers as long as the residence time for

growth reactions permits.25 Depending on the plasma tech-

nique used, these clusters can be neutral or positively/nega-

tively charged during the growth. Once the particles are

formed, they are influenced by various forces in the plasma,

such as the electric field force, ion and neutral drag force,

and thermophoretic force, potentially providing longer resi-

dence times than provided by feed gas flow and pumping

speed. A particular example of this latter effect is the con-

finement of negatively charged particles in RF capacitively

coupled plasmas.27 Similar longer residence times of par-

ticles can be provided by confined recirculation cells in

plasma chemical reactors.37

Before discussing the particular plasma chemistry of Si-

NC formation in the ETP, the flow pattern inside the reactor

needs to be briefly discussed. In Fig. 1, the ETP reactor is

schematically shown. An argon plasma, having temperatures

of around 1 eV and an ionization degree of about 10%, is

generated inside a cascaded arc at subatmospheric pressures.

The overall 2D flow simulation of the plasma is also shown

in Fig. 1. To obtain the picture of the flow, Navier-Stokes

equations are numerically solved with no slip boundary con-

ditions at the walls,37 a parallel flow with parabolic velocity

distribution with U0¼ 900 m/s at the arc exit, i.e., where the

argon gas enters the vessel. This plasma expands
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supersonically into a low pressure vessel, where after a sta-

tionary shock front located 3 cm in front of the nozzle,37 it

expands further subsonically towards a temperature con-

trolled substrate. Due to the finite pumping capacity, recircu-

lation cells are formed in the background of the plasma

beam. It should be noted that this flow geometry of the ETP

and its remote character result in a flow dynamics in which

the residence time in the plasma beam sbeam is relatively

short (the residence time within the plasma beam depends on

the axial velocity and the distance between the plasma

source and substrate) and the residence time in the recircula-

tion cells is srecirc relatively long. As the recirculation cells

consist of closed stream lines,37 transport between regions of

open stream lines (which end at the pumps and which

encompass the plasma beam) and closed stream lines occurs

by diffusion. This results in much longer residence times

of particles in the recirculation cells than the overall resi-

dence time sres calculated on basis of the injected total flow,

reactor volume, and pumping capacity. The following scal-

ing holds

sbeam � sres < srecirc; (1)

where sbeam � 10 ms and srecirc � 0.1–0.5 s as determined

from mass spectroscopy measurements.38

Previous studies on the ETP have demonstrated the ob-

servation of small ionic Si clusters in a configuration where

the arc operated in a pure argon/hydrogen plasma and silane

gas was injected in the expanding beam in the downstream

region.21,39 Mass spectroscopy experiments in silane/argon/

hydrogen plasmas have demonstrated the presence of

hydrogen-poor cationic clusters up to ten silicon atoms, lim-

ited by the range of the mass spectrometer.

In this work, we use an argon/silane plasma for synthe-

sizing Si-NCs. Due to the remote feature of the expanding

DC plasma, the electron temperature is relatively low

(Te� 0.1–0.3 eV) in the downstream region, and therefore,

the plasma chemistry is ruled by Arþ ions that are produced

in the cascaded arc. Produced Arþ ions initiate dissociative

charge exchange reactions with silane molecules leading to

the formation of SiHn
þ (n� 3) ions

Arþ þ SiH4 ! SiHn
þ þ lHþ mH2 þ Ar; (2)

with n� 3 and lþ 2mþ n¼ 4. The rate of this reaction is on

the order of k� 10�16 m3 s�1.38 The molecular ion formed

in Eq. (2) can further react with an electron by means of a

dissociative recombination reaction

SiHn
þ þ e� ! SiHp þ lHþ mH2; (3)

with n� 3, p� 2, and n¼ p þ l þ 2m. The rate of dissocia-

tive recombination shown in Eq. (3) depends on the electron

temperature (k� 10�13 Te
�1/2 m3 s�1, Te in eV)24 and for the

ETP downstream, the rate is in the range of 1.5–3.0� 10�13

m3 s�1. The radicals formed in this way can undergo further

polymerization reactions with silane to form polysilanes,

e.g.,

SiH2 þ SiH4 ! Si2H6
� ! Si2H5 þ H; (4)

and eventually larger clusters. The rate is 4.6� 10�16 m3 s�1

for this reaction.24 Another pathway of the molecular ions

formed in Eq. (2) is to react with silane (or the polysilane

clusters formed) in an associative charge exchange reaction

with a rate of k� 6.0� 10�16 m3 s�1,24 leading to formation

of polysilanes ions via ion-molecule reactions, e.g., for

SiH3
þ

SiH3
þ þ SiH4 ! Si2H5

þ þ H2 (5)

with the general form

SinH2nþ1
þ þ SiH4 ! Sinþ1Hp

þ þ lHþ mH2; (6)

where 2n þ 5¼ l þ 2m þ p. Since the rate of dissociative

recombination is three orders of magnitude faster than

FIG. 1. The expanding thermal plasma,

which is used for synthesizing Si-NCs.

Two dimensional velocity simulation of

the pure argon plasma expansion is also

shown (bottom half of the image). The

plasma expands in the form of a beam

surrounded by recirculation cells as evi-

denced from closed stream lines.
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ion-molecule reaction rate, the radical pathway is dominant

until the electron density is quenched to values where the

electron to ion density ratio is approximately greater than

10�3. After this point, the ion-molecule route becomes

dominant.

In both of these radical and ion assisted routes, addition

of further species drives the polymerization process. As a

result, first ionic clusters with a few silicon atoms appear in

the plasma. When approximately 30 silicon atoms have

come together to form a cluster, the critical size (�1 nm) is

reached. Considering the partial silane pressures used in this

work with respect to our previous work,38 this is easily

achieved in times much shorter than the residence time in

the plasma beam. Ionic clusters larger than the critical size

can be considered as stable Si-NCs as they survive in the

plasma and grow further via vapor growth, i.e., nucleation of

silane molecules and radicals on the cluster. During nuclea-

tion, the abundant atomic hydrogen produced in the plasma

(atomic hydrogen in Eqs. (2) and (3)) can undergo hydrogen

abstraction reactions with SinHm radicals and SinHm
þ ions

Hþ SinHm ! SinHm�1 þ H2; (7)

Hþ SinHm
þ ! SinHm�1

þ þ H2: (8)

As these are exothermic interactions,40 the heat released

from these reactions can be considered as an important crys-

tallization mechanism of silicon nanoparticles during

growth.24 Other possible crystallization mechanisms are the

excess energy released by the collisional stabilization of

excited SinHm
* species (Eq. (4)) and ion recombination on

the nanocrystal surface.23

In the early stages of nucleation (particle sizes

�1–2 nm), most of the particles are found to be neutral41 or

even positively charged21,38 due to the Arþ ion induced

chemistry. Because of this reason, the electric field force has

a minor effect on the transport of particles in the plasma.

Therefore, in the ETP, the main force acting on Si-NCs is by

means of the flow field, i.e., in the downstream region, Si-

NCs follow the trajectories dictated by the drag force. For

Si-NCs diffused into recirculation cells, the motion is driven

by the centrifugal force where the flow field dictates a closed

loop. As a matter of fact, the influence of flow fields over-

takes the weak repulsive forces between oppositely charged

Si-NCs preventing sticking and coagulation. Thus, particle

growth dominantly proceeds via nucleation. The absence of

any grain boundaries in large Si-NCs as observed from

HRTEM images is an evidence for the fact that large Si-NCs

are not the result of coagulation of smaller Si-NCs but that

each Si-NC is the result of crystal growth upon a nucleation

event starting from a primary core cluster. As expected, the

characteristic shape of the final size distribution of nanocrys-

tals is influenced by the transport of species and nanopar-

ticles in the plasma. According to a particle nucleation

model,25 in systems where particles are transported through

a finite-length growth zone by means of diffusion and drag, a

lognormal particle size distribution should be expected. In

this model, the origin of the lognormal distribution is

explained based on the nucleation event during particle

growth. Lognormal distributions of metal and semiconductor

nanoparticles are experimentally observed in various nano-

particle synthesis methods.42,43 Analyses on size distribu-

tions of Si-NCs synthesized in the ETP demonstrate that

Si-NCs formed in the central beam and in the recirculation

cells have lognormal size distributions. Moreover, the obser-

vation of a single crystalline morphology of Si-NCs corre-

lates well with the theory in which the particle formation

mechanism is based only on nucleation.25

III. EXPERIMENT

The expanding thermal plasma consists of two main

parts as shown in Fig. 1: a cascaded arc for generating the

thermal plasma, and a cylindrical low pressure downstream

vessel for synthesizing and depositing Si-NCs. Three catho-

des are used for igniting the plasma in the arc channel which

has a diameter of 4 mm. The structure of the arc is a combi-

nation of water cooled, electrically floating copper plates.

Argon gas is introduced into the arc at a fixed flow rate of 20

sccs (standard cubic centimeters per second). The DC dis-

charge is controlled by means of the current level and is held

at 45 A during experiments. The voltage on each cathode is

in the range of 30–40 V, leading to plasma powers in the

range 1.3–1.8 kW. The pressure in the arc is in the range of

150–200 mbar. The thermal plasma generated in the arc

channel has an electron and gas temperature of about 1 eV

(Ref. 44) and an electron density of ne� 1022 m�3.38 The

downstream deposition chamber is pumped down to a pres-

sure of 1 mbar. The plasma density in the downstream is

about 1021–1022 m�3.45 Silane is introduced as the reactive

gas by means of an injection ring, which is placed in the sub-

sonic region, 5 cm in front of the nozzle exit. The injection

ring has a diameter of 8 cm and has eight holes each 1 mm in

diameter. Silane flow is varied in the range 1–10 sccs. The

gas temperature at the injection point is about 1500 K and

decreases rapidly to 400 K in the vicinity of substrate and in

recirculation cells.37 Si (100) wafers and plexiglass sub-

strates are transferred into the deposition vessel from a load

lock by means of a magnetic arm. The substrate holder is

protected by a shutter during the startup of the plasma. The

distance from the nozzle to the substrate holder is 40 cm. A

list of setup parameters is given in Table I.

X-ray diffraction data are obtained by a diffractometer

using Cu Ka radiation. 2h scans are recorded in the range

20�–60� for observation of the morphology of Si-NCs. The

(111) diffraction peak of crystalline silicon is analyzed for

TABLE I. Setup parameters for the expanding thermal plasma.

Parameter Processing values

Ar flow 20 sccs

SiH4 flow 1–10 sccs

Arc current 45 A

Arc voltage 30–40 V

Arc pressure 0.1–0.2 bar

Vessel pressure 1.0 mbar

Substrate temperature 25 �C

Process time 5 s
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average nanocrystal size estimation. Transmission electron

microscopy is performed after transferring the deposited ma-

terial to holey carbon films. Beam intensities at 300 kV

accelerating voltage are chosen sufficiently low in order to

prevent any electron-beam related artifacts on Si-NCs.

Raman spectroscopy measurements are done with a 514 nm

laser. The step size of the measurement is 1.7 cm�1. The

laser power during the measurements is fixed at 0.3 W/mm2

with a spot size of approximately 400 lm2. This laser power

is sufficiently lower than the threshold power for Fano

broadening,46 which is an artificial broadening and shift

observed in the Raman spectrum of Si-NCs as a result of

laser induced heating. By means of a power series experi-

ment, it is also verified that the selected laser power does not

induce any artificial shift and broadening in the Raman spec-

trum of Si-NCs. Observed Raman spectra are deconvoluted

for estimation of the nanocrystal size distribution by using

Lorentz and lognormal fitting functions. PL measurements

are done by illuminating the samples using a 334 nm Ar laser

with continuous mode. Luminescence is detected with a UV-

grade fiber, connected to a spectrometer, coupled to a nitro-

gen cooled CCD.

The processing rate of synthesized Si-NCs defined as

weight/time is obtained by measuring the weight of the

deposits after the deposition. The processing rate of Si-NCs

is measured about 100 mg/min for various silane flow rates

injected downstream. Fig. 2 shows an image of the deposited

Si-NCs on a 4 in. Si (100) wafer indicating three different

deposition areas namely, central, ring, and outer regions.

This pattern of deposition is closely related to the flow of Si-

NCs in different plasma regions. The yellow colored ring-

like feature with eight edges is a result of the trajectory of

the injected silane from the injection ring. The central and

outer parts are the deposits under the influence of the plasma

beam and recirculation zones, respectively. Since Si-NCs

with different sizes diffuse randomly between the reactor

regions, nanocrystals are expected to have a mixed size dis-

tribution for each position on the substrate. Therefore, in all

of the measurements, only data from the central parts are

compared for better consistency unless otherwise indicated.

IV. RESULTS AND DISCUSSION

A. X-ray diffraction

XRD is used for obtaining information about the mor-

phology, i.e., the crystallinity and average size of Si-NCs

synthesized in the ETP. XRD spectra of Si-NCs as a function

of silane flow rate are demonstrated in Fig. 3. From the spec-

tra, three diffraction peaks corresponding to Si (111), (220),

and (311) crystal planes are observed at diffraction angles

28.4�, 47.3�, and 56.2�, respectively. The spectra do not

show any amorphous feature as noticed from the flat back-

ground signal. The increase of XRD intensity with silane

flow under identical measurement conditions is a sign of an

increased amount of deposited material. Apart from that,

observed (111) peaks of Si-NCs at 28.4� indicate that Si-

NCs are under minimal tensile strain as 2h¼ 28.4� is the Si

(111) peak in unstrained polycrystalline Si.47 Strain free fea-

ture of Si-NCs produced in the ETP is most probably related

with the absence of a solid host matrix which can induce

strain as a result of lattice mismatch. Fig. 4(a) shows Si

(111) diffraction peaks analyzed for average size estimation

of Si-NCs by using the Pseudo-Voigt fitting function. The

average crystal size is calculated using Scherrer’s formula,48

posing that the diffraction peak width is inversely propor-

tional to the crystal size

D ¼ Kk
bð2hÞ cos h

: (9)

In Eq. (9), D is the average crystal size, K is the Scherrer

constant (�0.9 for spherical nanoparticles), k is the wave-

length of the X-ray (1.54 Å for Cu Ka), b(2h) is the FWHM

in radians, and h is the position of the diffraction peak. The

average crystallite size of Si-NCs varies in the range of

FIG. 2. Image of as-deposited Si-NCs on a 4 in. substrate. Three main

regions are recognized: a central part, a ring part, and an outer part. This pat-

tern is imposed by the flow field in the downstream region which affects the

transport of Si-NCs. Nanocrystals are deposited on the whole substrate sur-

face; however, because of its well defined shape, the central part is analyzed

for nanocrystal properties and for comparison of the data.

FIG. 3. XRD spectra of Si-NCs as a function of silane flow rate. Three dif-

fraction peaks are observed corresponding to the Si (111), (220), and (311)

reflections. The absence of a background signal is an indication of good

crystallinity.
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35–60 nm, as shown in Fig. 4(b). Here, lack of a clear trend

in size with silane flow rate should be interpreted carefully.

First of all, the calculated crystal sizes correspond to the av-

erage size distribution of Si-NCs and no information can be

obtained about the sub-distributions. Second, the characteris-

tic lognormal shape of the sub-distributions cannot be

probed. Thus, although providing valuable information on

the crystallinity of Si-NCs, XRD is insufficient for facilitat-

ing a detailed size analysis of nanocrystals with a multimodal

size distribution. In this case, a more sensitive technique for

analyzing the size distribution is needed.

B. Transmission electron microscopy

For getting more information on the size distribution,

shape, and arrangement of Si-NCs, TEM is used. Fig. 5

shows a series of TEM images of the sample deposited with

4 sccs silane flow rate. The image shown in Fig. 5(a) depicts

a random mixture of Si-NCs. With Fig. 5(a), we draw atten-

tion to three important points. First of all, most of the Si-

NCs visible in the image are spherically shaped and have a

monocrystalline morphology. Second, Si-NCs are observed

as free standing. Third, Si-NCs do not have one distinct size.

In fact, there is a bimodal size distribution. In other words,

Si-NCs are divided into two main groups with respect to

their size. The first group is composed of small Si-NCs with

sizes in the range of 2–10 nm, and the second group consists

of larger Si-NCs with sizes in the range of 50–120 nm.

HRTEM images of Si-NCs are acquired to obtain more

detailed information about their crystallinity. Fig. 5(b) shows

a group of small Si-NCs with sizes of about 4 nm, while

Figs. 5(c) and 5(d) show individual Si-NCs with sizes of

about 10 nm and 80 nm, respectively. It should be noted that

all images show defect-free Si crystal lattices without any

dislocations or grain boundaries, implying a uniform and

monocrystalline character of all Si-NCs. This observation

shows that particle growth occurs by means of nucleation

instead of coagulation. The monocrystalline particle mor-

phology also suggests that sufficient heat is available for

heating the particles up to crystallization temperatures. As

discussed above, the heat is most probably provided by

abstraction and adsorption reactions of silane molecules and

hydrogen radicals.

The Si-NC size distribution is investigated in more

detail by statistical size distribution studies. Fig. 6 plots the

variation of Si-NC sizes in terms of count frequency

obtained from TEM images (approximately 200 NCs are

counted from the sample shown in Fig. 5(a)). The measure-

ments show the bimodal size distribution of Si-NCs. An

interesting feature of Fig. 6 is that the size distribution of

small Si-NCs is narrow and mostly in the range 4–5 nm. In

contrast, a wider size distribution of large Si-NCs is obtained

from 50 to 120 nm. Remarkably, the size distribution of

small and large Si-NCs exhibits a lognormal behavior sug-

gesting that these nanocrystals are influenced by diffusion

and drag forces during nucleation.25 An important point to

note here is the difficulty of accurately measuring the diame-

ter of the smaller Si-NCs. Resolving small Si-NC is a chal-

lenging task since all analyzed samples are densely

populated and most of the small Si-NCs are found as large

FIG. 5. TEM images displaying a bimodal size distribution of free standing,

spherical Si-NCs. Green color: small Si-NCs. Brown color: large Si-NCs.

Colors do not mention a scale (a). Small Si-NCs with sizes of about 4 nm (b)

and 10 nm (c). Detail from a large Si-NC with a size of about �80 nm with a

fast Fourier transform (FFT) image (inset) demonstrating its crystalline mor-

phology (d). All images are taken from a sample synthesized with 4 sccs

silane flow rate.
FIG. 4. Si(111) diffraction peaks as a function of silane flow rate. The

FWHM of the peaks is used for calculation of the average crystallite size

(a). Average crystallite size as a function of silane flow rate as determined

by using Scherrer’s formula (b).
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groups attached together and/or attached on the large

Si-NCs. For this reason, only the small Si-NCs that could be

imaged separately are used in the analysis. This leads to an

underestimation of the relative number of small Si-NCs.

However, the result shown in Fig. 6 provides useful informa-

tion about the behavior of the size distribution in the depos-

ited samples.

C. Raman spectroscopy

A sophisticated technique for the analysis of the mor-

phology and size distribution of Si-NCs is Raman spectros-

copy. RS has major advantages over XRD and TEM. First of

all, amorphous and crystalline features of silicon could be in-

dependently detected and analyzed since a-Si and c-Si have

their own characteristic phonon frequencies. Second, size

related effects are not only observed by peak broadening, but

also detected by a shift to lower wavenumbers from the

transverse optical (TO) phonon mode of bulk silicon located

at 521 cm�1. This effect is known as the phonon confinement

effect, which describes the confinement of phonons in the

grain boundaries due to reduced size.49–52 For Si-NCs,

effects of phonon confinement are generally significant when

the size of the nanocrystal is smaller than 20 nm.52 For larger

Si-NCs, the peak position remains unchanged at 521 cm�1;

however, a negligible broadening of the TO mode is

observed with respect to the natural Lorentzian line shape of

bulk silicon. Fig. 7 demonstrates the normalized Raman

spectra of Si-NCs as a function of silane flow rate. The inset

shows wide-scan spectra. The presence of strong TO phonon

modes and the absence of amorphous silicon related modes,

i.e., a broad peak centered at 480 cm�1, indicate that the syn-

thesized material is predominantly crystalline. From the

spectra, a clear shift to lower wavenumbers and a broadening

of the Raman peak with increased asymmetry is observed

with increasing silane flow rate. Moreover, the high fre-

quency tails of the phonon peaks do not depart significantly

from its actual position while the low frequency tails shift

significantly. This observation is consistent with the presence

of a bimodal size distribution since the distribution of small

Si-NCs exhibits a shift to lower wavenumbers while large

Si-NCs are still present in the mixture. Therefore, contribu-

tions from small and large Si-NCs can be estimated by

deconvolution of the observed spectra. Fig. 8(a) shows the

deconvoluted spectrum of Si-NCs synthesized with 4 sccs

silane flow rate. The distribution of large Si-NCs is defined

by a Lorentzian peak located at 521 cm�1. Since we observe

a lognormal size distribution from statistical studies, the

remaining part of the spectrum is defined by a phonon con-

finement model, which involves a lognormal distribution

function for representing the size distribution of small Si-

NCs.49 The asymmetry of the lognormal shape is a result of

FIG. 6. Statistical size distribution of Si-NCs deposited with 4 sccs SiH4

flow, based on the size measurements performed using TEM images.

Approximately 200 Si-NCs are counted for generating the image.

FIG. 7. Normalized Raman spectra of Si-NCs for various SiH4 flow rates.

Inset: Wide-range spectra from 400 to 550 cm�1 demonstrating the absence

of amorphous features. Plexiglass substrates are used in this experiment to

make sure that the observed signal is purely from the deposited material.

FIG. 8. A deconvoluted Raman spectrum of Si-NCs demonstrating separate

contributions from small and large nanocrystals. The sample deposited with

4 sccs silane flow rate is shown (a). The peak shift and peak size (inset) of

small Si-NCs as a function of silane flow rate. Inset data are plotted accord-

ing to the analytical formula (Ref. 49) based on the phonon confinement

model (Ref. 52) (b). Peak deconvolution routes are performed in the same

way as shown in (a).
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size distribution, and the maximum of the peak corresponds

to the peak size. The shift of the peak position from the bulk

silicon TO phonon mode is used to estimate the average size

of small Si-NCs by using the size related shift formula49

DxðDÞ ¼ 120:8
a

D
þ 0:53

� a

D

� �2

; (10)

which is the analytic version of the phonon confinement

model defined by Faraci et al.52 In Eq. (10), Dx(D) is the av-

erage shift of the peak position, D is the peak nanocrystal

size, and a is the lattice constant (aSi¼ 0.543 nm). Fig. 8(b)

depicts the shift in the peak position and the peak size (inset)

of small Si-NCs as a function of silane flow rate estimated

after deconvolution of the raw data. As shown in this figure,

the average sizes of small Si-NCs decrease from 5.4 to

3.8 nm with silane flow rate. For the flow rate of 4 sccs, the

peak Si-NC size is estimated about 4.0 nm. This result is in

close agreement with the average size estimated from TEM

analyses. The volume fraction of small Si-NCs is estimated

from the ratio of deconvoluted peak areas assigned to small

and large Si-NCs. For Si-NCs synthesized with 4 sccs silane

flow rate, the volume fraction is estimated as 60%, and in

general, it is found to increase from 13% to 63% with silane

flow rate. A comprehensive analysis of nanocrystal proper-

ties by using Raman spectroscopy will be reported in an

upcoming article.

D. Photoluminescence spectroscopy

Photoluminescence spectroscopy is employed for further

investigation of the size distribution and optical properties of

Si-NCs. Size dependent luminescence from Si-NCs is

observed when NCs are scaled-down to a size regime

comparable to the exciton-Bohr radius (rSi� 4.9 nm).12,53,54

Fig. 9 presents PL spectra of Si-NCs synthesized with 4 sccs

silane flow rate. The spectra are measured at multiple points

from the central, ring, and outer regions (see Sec. III for

detailed information) of the sample. As shown in Fig. 9,

Si-NCs from different regions exhibit similar luminescence

features in the visible region of the spectrum centered at

725 nm. The observed emission originates only from small

Si-NCs. Large Si-NCs do not exhibit luminescence because

of their lowered external quantum efficiency. In other words,

large Si-NCs absorb significant amount of the excitation as a

result of their large cross section; however, they release the

absorbed energy in non-radiative ways, i.e., in the form of

heat. The presence of large Si-NCs in the deposits does not

modify the characteristic shape of the emission. However, it

reduces the actual PL intensity originated from small Si-NCs

because of re-absorption of the emitted luminescence. The

size distribution as a function of band gap energy is defined

as55

EðDÞ ¼ Eg;Si þ
3:73

D1:39
; (11)

where Eg,Si is the band gap energy of bulk silicon crystal

(1.1 eV), D is the average size of Si-NCs, and E(D) is the

size dependent band gap energy. The estimated size distribu-

tions from the different positions on the substrate are similar.

Fig. 10 shows that the PL size distribution has a similar trend

with TEM size distribution at smaller sizes. The observed

deviation with increased size could be due to weakened con-

finement within the larger NCs and/or due to the defects that

quench the luminescence from larger Si-NCs. Another possi-

ble reason for the observation of this deviation in the size

distribution is the formation of an oxide shell on the surface

of Si-NCs, which results in a decrease in the size of Si-NCs.

In the Introduction, it is mentioned that establishing a

production technique that can reach scalable throughputs of

Si-NCs with controlled material properties is essential for

realization of devices based on Si-NCs. Our findings confirm

that Si-NCs can be produced with ultrahigh throughputs by

using a remote expanding thermal plasma technique. It is im-

portant to note that synthesized Si-NCs are free standing and

it is possible to control the peak size of small Si-NCs by

varying the silane flow rate. The results obtained from XRD,

TEM, RS, and PL analyses suggest that small Si-NCs synthe-

sized in the ETP have similar optical and morphological

properties with respect to the Si-NCs synthesized in other

techniques that provide good control on the material proper-

ties, however, with lower throughputs.14,15 Observation of

the bimodal size distribution is related with the significant

differences in the residence times found in the plasma

FIG. 9. PL spectra of small Si-NCs measured from various parts of the sam-

ple deposited with 4 sccs silane flow rate.

FIG. 10. Comparison of PL size distribution and TEM statistical size distri-

bution for the sample deposited with 4 sccs silane flow rate.
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regions concluding that small and large Si-NCs are synthe-

sized in the central beam and recirculation cells, respec-

tively. Moreover, as a result of diffusion and drag forces in

both of these plasma regions, a lognormal size distribution is

observed for small and large Si-NCs. TEM images show the

presence of significantly larger Si-NCs with monocrystalline

morphology implying that they are not the result of coales-

cence of smaller Si-NCs, i.e., large Si-NCs are formed from

primary core clusters by means of nucleation of plasma spe-

cies. If coalescence is considered as a possible formation

mechanism for large Si-NCs, the coalescence of large par-

ticles (tens of nanometers) into larger particles (hundreds of

nanometers) should be taken into account as well as the coa-

lescence of small particles. In this case, inter-particle grain

boundaries should be observed in the large Si-NCs as the

recirculation cells do not have sufficient heat for triggering

large particle coalescence. However, TEM images in Fig. 5

demonstrate that this is not the case for large Si-NCs, i.e.,

large Si-NCs have monocrystalline morphology. On the

other hand, small Si-NCs synthesized in the central beam are

observed as dendritic groups suggesting that the collision

rate is faster than a possible coagulation rate, leaving the

nucleation as the most favorable formation mechanism for

Si-NCs. These observations are noteworthy in the sense that

the particle formation in our system (and possibly in the sys-

tems where particle formation is strongly governed by drift

and diffusion in a finite growth regime25) does not follow the

commonly believed nucleation, agglomeration, coagulation

sequence.

According to the indications of Raman spectroscopy,

there is an inverse relation between the silane flow and the

average size of small Si-NCs. Higher silane densities in the

plasma beam increases the population of critical-sized clus-

ters and promotes rapid nucleation which results in a rapid

decrease of the nucleating species in the plasma beam due to

the increased number of available sites on the surface of

small clusters. Therefore, higher silane flows increases the

volume fraction of small Si-NCs in the deposits and

decreases their average size.

One of the main advantages of the ETP is the high

throughput processing of Si-NCs with a rate of 100 mg/min,

which is achieved in lab-scale conditions. The level of

throughput achieved is dramatically higher when compared

to other high-rate processing techniques. In comparison, a

high rate laser pyrolysis method56 and a non-thermal plasma

method15 are reported with throughputs up to 200 mg/h and

52 mg/h, respectively. When scaled up, the ETP can poten-

tially reach significantly higher throughputs of Si-NCs.

Generally, when all the process parameters are scaled up lin-

early, the level of throughput scales up with 1.5–2.0 mg

cm�2 min�1 as a function of surface area where the deposi-

tion takes place. Even though more than 90% of the silane is

converted into Si-NCs, the practical efficiency is limited by

the surface area of the deposited substrate. When the total

mass of silane injected into downstream is considered for 5

sccs flow rate (�350 mg min�1), the amount of throughput

collected on a 4 in. diameter substrate (100 mg min�1) is

about 30% of the converted silane. Therefore, using larger

substrates can further increase the practical efficiency.

For most of the technological applications, large Si-NCs

are unwanted as their presence can detrimentally affect the

unique size-dependent optical, electronic, and chemical

properties of small Si-NCs and decrease the overall external

quantum efficiency. Therefore, elimination of large Si-NCs

is an important subject. Assuming small Si-NCs are formed

in the plasma beam and large Si-NCs are formed in the recir-

culation cells, spatial isolation of recirculation cells can pos-

sibly prevent diffusion of small Si-NCs to these cells and

potentially hinder the formation of large Si-NCs.

V. CONCLUDING REMARKS

Remote expanding thermal plasma is a scalable tech-

nique which brings along high throughput production of

Si-NCs together with easy handling and average size control.

The established throughput in the lab-scale conditions is

about 100 mg/min which is promoted by utilizing high

powers and high silane flow rates injected into downstream

during synthesis. Plasma chemistry during nanoparticle syn-

thesis is initiated only by Arþ ions as the electron tempera-

ture is not high enough for dissociation of silane molecules.

All observed nanoparticles are monocrystalline and no evi-

dence is found for coalescence of smaller nanocrystals into

larger particles. The required heat for crystallization of nano-

particles is provided by abundant hydrogen abstraction and

passivation reactions, and by dissociative adsorption of radi-

cals and silane molecules. Residence time distribution in the

plasma imposed by the flow field is an important parameter

on the final size of Si-NCs. Among the analysis techniques,

Raman spectroscopy is found to be the most useful technique

as it reveals the morphology, size distribution, and average

size of Si-NCs in a non-destructive and time efficient man-

ner. Finally, the challenge relies on establishing a better con-

trol on the average size distribution of Si-NCs, which is a

prerequisite for realistic future applications based on Si-NCs.
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