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ABSTRACT Plasma nanotechnology is widely used for nanoscale etching, dopant implantation and thin-film
deposition for state-of-the-art semiconductor devices. Such a plasma nanotechnology has another interesting
aspect of synthesizing nanoparticles, in a controlled manner of atomic composition, structure and those
size. Here, we present the polymerization and growth of silicon nanoparticles from a molecular level to
10 nm-particles in hydrogen diluted silane plasmas. The polymerization and growth are experimentally
studied using various plasma diagnostic tools. The results indicate that nanoparticles are rapidly formed
via gas-phase reactions in a low-density plasma comprising high-energy electrons. The growth kinetics and
the modification of plasma properties are discussed in terms of gas-phase reactions, charging and coagulation

of nanoparticles.

INDEX TERMS Silicon nanoparticles, silane plasmas, quantum dots, solar cells, lithium ion battery.

I. INTRODUCTION

In recent years, silicon (Si) nanoparticles [1], [2], [3], [4],
[5] have been of great importance on quantum computing,
third-generation solar cells, and high-performance lithium
ion batteries (LIBs). For example, in quantum computing
devices [6], [7], [8], Si nanoparticles can be used as quan-
tum dots (QDs), where electrons are confined and spins are
controlled for computing. For solar cells [9], [10], [11], Si
nanoparticles of QDs are expected to yield the multiple exci-
ton generation (MEG) for boosting the efficiency beyond the
Shockley-Queisser limit. In LIBs [12], [13], [14], [15], the Si
nanocomposite anode is demonstrated to increase the specific
capacity and cyclic performance, by replacing the current
anode of graphite. The Si nanoparticles are also employed for
luminescence, where the bandgap engineering is performed to
obtain the blue luminescence [16], [17]. For these devices, the

size of Si nanoparticles is crucial, which frequently governs
the device performances.

Si nanoparticles can be synthesized by several methods:
evaporation [18], laser ablation [19], [20], electrochemical
etching [21], and plasma nanotechnology [22], [23], [24].
Among them, the plasma nanotechnology has an advantage
for precisely controlling the atomic composition, structure
and size of nanoparticles. So far, the structure-controlled Si
nanoparticles such as amorphous or crystallined have been
successfully synthesized in a wide range of sub-nanometers
to hundreds of nanometers, by three orders of magnitude,
by simply changing the period of synthesis from millisec-
onds to hundreds of seconds [22], [23], [24]. Two examples
for those Si nanoparticles are shown in Fig. 1, where ~20
nm-amorphous or ~2 nm-crystallined particles are nicely
formed. Nevertheless, the details of the formation mechanism

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

94

VOLUME 3, 2022


https://orcid.org/0000-0002-6746-2619
https://orcid.org/0000-0003-3585-4578
https://orcid.org/0000-0003-3232-968X
https://orcid.org/0000-0002-9214-7493
mailto:s.nunomura@aist.go.jp

IEEE Open Journal of

ANO - Nanotechnology

(a) amorphous Si particles  (b) crystallined Si particles

FIGURE 1. Transmission electron microscope (TEM) images of (a)
amorphous silicon (Si) nanoparticles and (b) crystallined Si nanoparticles,
synthesized in silane plasmas [22], [23], [24].
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FIGURE 2. Experimental setup. Si nanoparticles are synthesized from a
source gas of silane (SiH;) diluted with hydrogen (H;) in
capacitively-coupled discharge plasma. The plasma is diagnosed by
quadruple mass spectrometry (QMS), optical emission spectroscopy (OES)
and laser light scattering (LLS) for nanoparticle detection.

of nanoparticles, i.e., the polymerization and growth kinetics,
are not fully understood. This is because the gas-phase reac-
tions in those plasmas are highly complicated, and a variety
of radicals, polymerized species of ions and neutrals as well
as clusters are coexisted, interacting one to another [25], [26].

In this paper, we present the polymerization and nanopar-
ticle growth in hydrogen-diluted silane plasmas, generated
by very-high-frequency (VHF) discharge. The plasmas are
diagnosed by the conventional methods of quadruple mass
spectrometry, optical emission spectroscopy and laser light
scattering for nanoparticle detection. The time evolutions of
the gas-phase composition including polysilane molecules
and nanoparticles are measured. Based on the measurements,
the polymerization and nanoparticle growth are discussed via
examining the densities of various gas-phase species and the
reaction rates of those species in plasmas.

Il. EXPERIMENTAL

A. DISCHARGE AND PLASMA PARAMETERS

The experiments of nanoparticle growth are performed in
capacitively-coupled 60-MHz-VHF discharge in a parallel-
plate configuration [27], [28], as shown in Fig. 2. Two elec-
trodes of powered (PWD) and electrically grounded (GND)
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are placed at the center of a vacuum chamber, and separated
at a distance of 6 mm for discharge. The discharge gas, i.e.,
a source gas of nanoparticles, is silane (SiH4) diluted with
hydrogen (H;). The source gas is introduced from the PWD
electrode shower head, and pumped out through a side port.
The SiH4 and H, gas flows are 2 sccm and 98 scem, respec-
tively; the H, dilution is 50. The gas pressure is controlled
at 5.0 Torr. A SiH4/H, discharge plasma is generated by ap-
plying a peak-to-peak voltage of V,, = 260 V to the PWD
electrode. The discharge power is 100 W (0.78 W/cm?) for
this V,,. The discharge period is set at 2.0 s. The electrode
and chamber wall are not heated; those are kept at room
temperature.

For the present configuration of discharge, the discharge
is symmetric [29]. The self-bias is nearly zero on the PWD
electrode. The time-averaged plasma potential is thus given
by one forth of V,,,, i.e., 265 V. The plasma density is ob-
tained to be ~10%cm™3 from the ion saturation current for
H; discharge [27]. The electron temperature is estimated to
be roughly 0.8 eV for H, discharge [27].

B. PLASMA DIAGNOSTICS

The SiH4/H; discharge plasma is diagnosed with conventional
methods: quadruple mass spectrometry (QMS), optical emis-
sion spectroscopy (OES) and laser light scattering (LLS) for
nanoparticle detection. The QMS is used for measuring the
gas composition and ion species [30], [31]. The QMS tube
is differentially pumped, down to < 10~ Torr for operation
(see Fig. 2 on the left-hand side). The orifice and skimmer are
mounted on the tube head. The orifice and skimmer hole diam-
eters are 300 wm and 200 pum, respectively. The QMS signals
are detected for silane, di-silane (SioHg) and tri-silane (SizHg)
molecules at mass numbers of 30, 60 and 90, respectively.
To obtain the time evolutions of these species, the signals are
recorded at an acquisition rate of 43 ms.

From OES, the radical generation is monitored throughout
discharge. The hydrogen Balmer series [32], H,, at 656.3 nm
and Hg at 486.1 nm, are measured to confirm the existence
of H radicals. The intensity ratio of Hg to Hy, Igg/Inq, is
calculated for monitoring the high-energy tail of the electron
energy distribution function (EEDF), which is related to the
dissociation and ionization of molecules. The optical emission
at 414 nm [33], Is;y, is measured for the detection of SiH
radicals, which are one of the dissociation fragments of SiHjy.

C. NANOPARTICLE DETECTION

The LLS is performed to detect nanoparticles growing in the
plasma [34], [35]. The laser light operated at 532 nm and
1.0 W is injected near the plasma sheath edge of the PWD
electrode through an aperture with a focus lens. The light scat-
tered from nanoparticles is detected with a photomultiplier
at the angle of 90° from the incident light, through another
aperture and interference filter. The LLS intensity, /s, re-
flects the amount of nanoparticles, which is proportional to the
nanoparticle density, n,, and the sixth power of the nanopar-
ticle diameter, dp, i.e., I ps & npdg, for Rayleigh scattering.
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FIGURE 3. Time evolutions of (a) gas-phase species and (b) optical
emission. Polysilane molecules of disilane (Si,Hg) and trisilane (SizHg) are
rapidly generated at the beginning of discharge. Nanoparticle amount is
increased with the discharge time, t.

In this study, both d), and n,, are consistently determined from
the coagulation dynamics of nanoparticles. Such coagulation
is triggered by the termination of discharge. The coagulation
results in an increase of the LLS intensity, from which both d,,
and n, are computed, using a formula of Rayleigh scattering
and mass conservation equation. The details for the determi-
nation of d,, and n,, are described in a reference [34].

11l. RESULTS

A. TIME EVOLUTIONS OF GAS-PHASE SPECIES AND
OPTICAL EMISSION

The time evolutions of the gas composition and nanoparticle
amount are shown in Fig. 3(a). The discharge is initiated at
t = 0.0 s and terminated at t = 2.0 s. As shown, the density
of SiH 4 is confirmed to be constant during the discharge;
the depletion of SiHy is not observed. For SioHg molecules,
they are efficiently generated at the early period of discharge
(r £ 0.3 s, denoted by a dashed line). The density of SioHg
reaches to one tenth of that of SiHy in the later period of
discharge (r £ 0.3 s). The generation of SizHg is also ob-
served, however the density is low; it is roughly two order
of magnitude smaller than that of SiH4. As for nanoparticles,
the LLS intensity is rapidly increased with the discharge time,
t, fort g 0.3 s, which reflects an increase in the nanoparticle
diameter. Later, the LLS intensity is gradually increased, and
a small oscillation is observed, indicating the excitation of
so-called dust acoustic waves [40], [41]. After the termina-
tion of discharge, the LLS intensity is slightly increased in a
short period of 0.1 s (denoted by arrow), which implies the
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coagulation of nanoparticles. This coagulation is induced by
the thermal motion of nanoparticles, which is suppressed by
repulsive Coulomb interaction among charged nanoparticles
during discharge. The details of charging and coagulation are
discussed in Section IV. The LLS intensity is finally mono-
tonically decreased, indicating the diffusion of nanoparticles
and the removal from the discharge gap [42].

Figure 3(b) shows the time evolutions of OES signals.
Carefully looking at the data, the following interesting feature
is recognized. At the early period of discharge (+ < 0.3 s),
Iny is low and Iyg/Ig, is high, comparing to those in the
later period (¢ Z 0.3 s). This low Iy, suggests a low-density
plasma, since Iy, is primarily proportional to the electron
density [36]. A high number of Ipg/ly, reflects the pres-
ence of high-energy electrons, because higher excited states
of H are generated more by high-energy electrons via the
electron impact dissociation of Hj [37]. So, the observed low
Iy and high Iyg /Iy, indicate a low-density plasma com-
prising high-energy electrons. Such a plasma is considered
to be formed by containing a large amount of nanoparticles.
When a large amount of nanoparticles are formed in a plasma,
a fraction of nanoparticles are negatively charged [38], via
the electron attachment on the particle surface. This elec-
tron attachment is enhanced for low-energy electrons because
of the polarization effect of nanoparticles, similar to the
formation process of negative ions [39]. The charging of
nanoparticles induces the collection of positive ions, causing
the recombination between electrons and positive ions on the
nanoparticle surface. As a result, the electron density is sim-
ply lowered and the high-energy electrons remain to sustain
the discharge. This point is discussed more in Section IV.
For Is;y, it shows a slightly decreasing tendency during the
discharge, which implies the generation rate of SiH,, radi-
cals via the electron impact dissociation of SiHj is slightly
reduced.

B. NANOPARTICLE DIAMETER AND DENSITY

For the nanoparticles, both d,, and n, are determined from the
LLS intensity. The results are shown in Fig. 4(a). As shown,
d), is increased with ¢, while n,, is decreased. Specifically, d,
is increased from ~2.0 nm at t = 15 ms to ~10 nm at t =
0.3 s, and n, is decreased from ~102 cm™3 atr = 15 ms
to ~ 3 x 1019 cm™3 at + = 0.3 s. From this data, the growth
rate of nanoparticles is calculated by a linear fit (indicated by
a dashed line), and it gives 34.8 nm/s. Interestingly, a linear
fit gives a constant value of ~ 1.9 nm, which implies the
existence of nuclei of nanoparticles, often called clusters [24].
The d), and n,, data imply that those clusters are fairly rapidly
formed (<15 ms) at a high density of ~10'> cm™3. The
details of the formation of clusters and nanoparticle growth
are discussed later in Section IV. The volume fraction of
nanoparticles is calculated by 4/3(d p/2)3n »» Which is plotted
in Fig. 4(b). The volume fraction is increased with ¢ and
saturated for the later period. It varies in a range of 10~ to
1078,
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FIGURE 4. (a) Time evolutions of nanoparticle diameter, d,, and density,
np. With increasing ¢, d, is increased and n,, is decreased. A liner fit of dp,
denoted by a dashed line, yields a constant value of 1.9 nm, which implies
the existence of clusters at the beginning of discharge. (b) Nanoparticle
volume fraction.
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FIGURE 5. Mass spectra of (a) neutrals and (b) ions. The spectra are
different between them, indicating a different channel of polymerization
for neutrals and ions.

C. MASS SPECTRA OF NEUTRALS AND IONS

The mass spectra of natural and ion species are measured
for a long period of discharge (10 min). These are shown
in Fig. 5. For the naturals (Fig. 5(a)), polysilane molecules
of SipHg, SizHg and SiyH;¢ are detected. The densities of
these molecules are estimated from the spectrum intensity, by
comparing to the intensity of SiH4. The density of SiHy is
known from the gas pressure, and it is ~ 3.22 x 10" ¢cm™3
for the present condition of 5.0 Torr and a Hj-dilution ratio
of 50. So, the densities of polysilane molecules are deduced
to be ~ 10 cm~3 for SipHg, ~ 103 ¢cm™3 for SizHg and
~ 10'2 cm™3 for SizHo, respectively. These numbers are
listed in Table 1.
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TABLE 1. Densities of Gas-Phase Species in SiH;/H, Plasmas

species density (ecm~3) | comments

electrons ~1010 for Hy plasma

positive ions (Si, H;h) | $101°

negative ions (SinHy,,) | $101° by QMS [39]

radicals (SiH3) ~1012-13 cavity ring-down [52]

radicals (SiHz2) ~10° interacavity laser absorption [53]
radicals (SiH & Si) ~108—9 laser-induced fluorescence [51]
H ~1012 for Hy plasma [47]

Ho 1.57x1017 from pressure

SiH4 3.22x 1015 from pressure

SioHg ~1014 from QMS

SizHg ~1013 from QMS

SigsHio ~1012 from QMS

clusters ~1012 from LLS

nanoparticles ~1010-12 from LLS

The mass spectrum of ion species is shown in Fig. 5(b),
which is fairly different from that of neutrals, described above.
The polysilane ions up to SigH}, are clearly observed. The
monosilane ions (SiH j,;) are detected, however the density is
low, although SiH;! are initially generated by electron impact
ionization of SiHy [43] and/or the reactions between hydrogen
ions of H;r and SiHy, i.e., H;r + SiHy — SiH;r + 2H, [44].
These observations indicate that the polysilane ions are not
generated via the electron impact ionization of the polysilane
molecules. Instead, the polysilane ions are generated via the
ion-molecule reaction of Si,H,; + SiHs — Si,+1H" + jHz
+ kH, where m + 4 = 2j + k +l [45], [46]. This SiH4
addition reaction is known to have a high rate constant of
k =z 10~ ecm3/s [25], [26]. For these positive ions, the den-
sity in total is expected to be of the order of < 10'% cm—3 from
the simulation [47] and a measurement [27] for H discharge,
which is listed in Table 1. The density of positive ions is
thus lower than those of polysilane molecules, clusters and
nanoparticles, by two order of magnitude. So, the clusters and
nanoparticles are mostly neutral; a fraction (a few-%) of those
are charged.

IV. DISCUSSION

Here, we discuss the polymerization and nanoparticle growth
observed in the present SiH4/H, plasmas. To do that, we
briefly describe the elementary processes in those plasmas
and summarize the densities of various neutral and ion
species (Table 1). Then, we examine the reaction rate con-
stants of reactive species for polymerization and nanoparticle
growth. The roles of hydrogen atom (H), charging, coagula-
tion of nanoparticles and the property of a plasma containing
nanoparticles are also discussed.

A. ELEMENTARY PROCESSES

In SiH4/H, plasmas, the electron impact on SiHy [48], [49]
or Hy [50] results in either ionization, dissociation, electron
attachment or excitation [51], as shown in Fig. 6 (the upper
part). In general, these elementary processes are highly de-
pendent on the incident energy of electrons. For low-energy
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FIGURE 6. Model of polymerization and nanoparticle growth. The
elementally processes in SiH;/H, plasmas are shown in the upper part.
The polymerization of neutrals is primarily owing to the SiH, insertion
reaction, which brings the formation of clusters, i.e., the nuclei of
nanoparticles (shown in lower-middle). The nanoparticles are grown by
the deposition of SiH; precursors on their surface (shown in lower-right).

electrons (é a few eV), the molecular excitation is dominant.
However, for the energy of ~10 eV or higher, the dissociation
becomes dominant over the other processes. The electrons
with such energies are abundant in the present plasma, so that
SiH4 and H, are efficiently dissociated. The dissociation is
confirmed by OES, shown in Fig. 3(b), where the existence of
H and SiH radicals are recognized.

The electron-impact dissociation of SiHs generates SiH,,
radicals: e + SiH4y — SiH,, + jH, + kH + e, where 4 = m
+ 2j + k. Among SiH,, radicals, SiH, and SiH3 are prefer-
entially generated (the blanching ratio is 43% for SiH,, 36%
for SiH3, 12% for SiH and 9% for Si at 70 eV) [25], [43].
The SiH, radicals are highly reactive, and they are rapidly
converted into SioHg via the insertion reaction with SiHy:
SiH, + SiH4 — SipHg [25], [26]. The rate constant for this
reaction is 4.6x107'% cm? s~! at 500 K [25], [26], which
is significantly high, compared with the other reactions of
yielding Si;Hg such as SiH3 + SiH3z — Si;Hg (& 10~ e¢m3
s~1) [26]. This SiH, insertion reaction can be confirmed by
the time evolution of gas-phase species, shown in Fig. 3(a),
where SioHg molecules are observed at the very beginning of
discharge and those density is relatively high. Because of this
insertion reaction, the density of SiHj is lowered, comparing
to that of SiHj3 (as listed in Table 1), although the blanching
ratio is similar, described above. The SiH3 radicals may react
with SiH4 molecules, however the resultant are mainly SiH3
radicals. So, the density of SiH3 is not lowered by this SiH3-
SiHy4 reaction.

B. POLYMERIZATION

The SiH, radicals are also highly reactive with Si;Hg, SizHg,
and other polysilane molecules of Si,H»,+>, observed in the
mass spectrum (Fig. 5(a)). So, the SiH; insertion reaction in-
duces the polymerization of these molecules: SiH; + Si,Ho,,42
— Siy+1H2,44. The polymerization based on this SiH, in-
sertion reaction is considered to continue until the polysilane
molecules become large enough, regarded as clusters, i.e.
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nuclei of nanoparticles [22], [23], [24]. The clusters are com-
posed of several tens to hundreds of Si atoms, and the size of
clusters may range from sub-nanometers to a few nanometers.
In the experiment, the formation of clusters is implied from
the time evolution of d, in Fig. 4(a), where d,, remains a
constant ¢ é 15 ms. From the data, the clusters of 1.9 nm in
diameter are rapidly formed at a high density of ~ 10! cm~3.

C. NANOPARTICLE GROWTH

Once the clusters are formed, the insertion reaction of SiH,
becomes less dominant. Instead, the deposition of SiH3 radi-
cals on the surface of clusters becomes dominant [22], [23],
[24]. The density of SiH3 [52] is higher than that of SiH, [53]
by three to four order of magnitude, thus the deposition pre-
cursors are regarded as SiH3 radicals. The deposition rate, DR,
can be estimated from the flux of SiHj3 radicals, and given
by DR = ygngim3vin AVsi, where y; is the sticking probability,
nsim3 is the density of SiHz, vy, is the thermal velocity, and
AVs; is the volume of a single Si atom occupying in dia-
mond structure of lattice. With y; = 0.09 [54], [55], nsius
~108 ecm™3 [52], vp= 4.7x10* cm/s, and AVg; = 2.0 x
10723 c¢m?3, the deposition rate is calculated to be DR ~
8.5 nm/s. The growth rate of nanoparticles is then given by
multiplying a factor of 2 to DR, taking account of the front-
and rear-side deposition of nanoparticles: GR = 2 x DR. Un-
der the present experimental condition, the growth rate is
estimated to be GR ~ 17.0 nm/s, which roughly agrees with a
measurement value of 34.8 nm/s, at least in terms of the order
of magnitude. The difference in factor of two may come from
the ambiguity of those values of y; on the nanoparticle surface
and ngjys for the current high-H; dilution. This ambiguity is
discussed in the next section.

D. ROLES OF HYDROGENS

The H atoms play important roles in the reaction kinetics in
SiH4/H; plasmas. They are generated mainly by the electron
impact dissociation of H; for a high-H, dilution condition.
The density of H is measured to be of the order of 10'> cm—3
for a Hp plasma [47] (as listed in Table 1) under a condition
similar to the present experiment. The generated H atoms re-
act with SiHy4 molecules, yielding the SiH3 radicals: H + SiHy
—H, + SiH3, where the rate constant is 1.2 x 10~ cm3s~!
at 500 K [25], [26]. So, SiHj3 radicals are efficiently generated
by this reaction, in addition to the election impact dissociation
of SiHy, described above. This additional generation of SiH3
radicals contributes to the growth of nanoparticles, via the
deposition on the nanoparticle surface.

The H atoms also impact on the growth rate of nanoparticles
via the modification of y;. In the previous section, y; = 0.09
is used to examine GR, although it’s value is obtained in SiH4
plasmas for a low-H atom density. The H atoms are known to
react with the surface Si-H bonds of nanoparticles, generating
the Si dangling bonds on the surface, i.e., the reaction sites
for SiH3 radicals [25]. Because of that, y, of the nanoparticle
surface is expected to be increased for SiH4/H» plasmas under
a high-H» dilution condition. This effect of increased y; may
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explain the discrepancy of GR between the estimation and
observation by a factor of two.

Besides, the H atoms have a strong impact on the structure
of nanoparticles, i.e., amorphous or crystallined, as shown
in Fig. 1. It is known that crystallined Si nanoparticles are
formed under a very high-H, dilution of Z100 [1]. The mech-
anism for the crystallization of Si nanoparticles is still not
clear. Nevertheless, it can be closely related to the reorga-
nization of bond configurations in amorphous network by H
atoms. For the present experiment, amorphous nanoparticles
are considered to be mainly formed.

E. CHARGING AND PROPERTY OF PLASMAS

The charging of nanoparticles strongly modifies the property
of plasmas. As listed in Table 1, the density of nanoparti-
cles is significantly higher than those of electrons and ions.
So, a fraction of nanoparticles are charged. The charging of
nanoparticles is primarily caused by either electron or ion
attachment. Because of the difference of thermal velocities be-
tween them, nanoparticles are charged negatively via electron
attachment. The electron attachment is considered to be highly
dependent on the energy of electrons, similar to the negative
ion formation [39], where the polarization plays an important
role. The electron attachment can be enhanced for low-energy
electrons because of the polarization effect of nanoparticles.
Once nanoparticles are charged negatively, they efficiently
collect positive ions via attractive Coulomb interaction, in-
ducing the recombination of electrons and positive ions. This
recombination causes a reduction in the plasma density, indi-
cated by the observation of a low number of Iy, in the early
period of discharge. The electron attachment is thus prominent
for low-energy electrons, and therefore high-energy electrons
remain in a low-density plasma to sustain the discharge, as
indicated by a high number of Iyg/In (see Fig. 3(b)).

F. COAGULATION OF NANOPARTICLES

The coagulation of nanoparticles is indicated by an increase in
the LLS intensity after the termination of discharge (Fig. 3(a),
denoted by arrow). This coagulation is induced by the thermal
motion of nanoparticles. During discharge, the nanoparti-
cles are charged negatively, as mentioned above, and thereby
the coagulation is suppressed via the repulsive Coulomb in-
teraction. The suppression of coagulation even works for
nanoparticles, where a fraction of them are charged. This is
because the charging of nanoparticles is faster than the col-
lision among nanoparticles, as described in a reference [1],
[38]. After the termination of discharge, the charged nanopar-
ticles are neutralized, and then they begin to collide each other
via their thermal motion, i.e., coagulation. The coagulated par-
ticles are observed by TEM under a similar condition, which
is shown in Fig. 1(a).

V. CONCLUSION

The polymerization and nanoparticle growth are experimen-
tally studied in a VHF discharge plasma of SiH4/Hj. The
discharge plasma is diagnosed with well-established methods
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of QMS, OES and LLS. The time evolutions of gas-phase
species and nanoparticle parameters of d, and n, are mea-
sured throughout the discharge. The polymerization and
nanoparticle growth are discussed by examining the reaction
rate constants and density of gas-phase species. The charging
and coagulation are also discussed. Based on the observation
and discussion, the followings are indicated. (i) The polysi-
lane molecules of SipHg, Si3Hg, and SigH|q are generated via
the SiH, insertion reactions. The densities of these molecules
are ~ 10" c¢cm™3 for SipHg, ~ 103 cm™3 for SizHg and
~ 10'2 cm™3 for Si4Ho, respectively. (ii) The clusters, i.e.,
nuclei of nanoparticles, are recognized at the beginning of
discharge. The clusters are rapidly formed within a period of
15 ms at a high density of &~ 10'> cm™3. The size of clusters
is deduced to be 1.9 nm. These clusters are formed via the
insertion reactions of SiH; into polysilane molecules. (iii) The
nanoparticles are grown in a SiH4/H» plasma. For the present
condition, d, is increased from ~2.0 nm at t = 15 ms to
~10 nm at t = 0.3 s, and n,, is decreased from ~ 1012 ¢m—3
att = 15msto~ 3 x 10 cm™3 at7 = 0.3 5. The mechanism
of nanoparticle growth is recognized as the deposition of SiH3
radicals on the surface. The growth rate, estimated in the
model, agrees reasonably with the measured value. (iv) The
generation of a large amount of nanoparticles modifies the
property of plasmas. The surface of nanoparticles behaves as
the recombination sites for low-energy electrons and positive
ions, which induces the formation of a low-density plasma
comprising high-energy electrons.
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