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Si nanocrystals (NCs) are synthesizable in low-pressure plasmas with narrow diameter distributions because of
unipolar negative charging in the plasma. However, NCs must pass into a spatial afterglow, where NCs may
decharge and aggregate. We use both low-pressure differential mobility analysis and quantitative TEM image anal-
ysis to examine Si NCs sampled from a 2 Torr Ar-SiH, plasma reactor. We find that Si NCs are incorporated into ag-
gregates largely composed of 20 and fewer primary particles with nearly equal concentrations of negatively and
positively charged NCs. The projected areas of aggregates scale with aggregate volume in similar manner to the
scaling observed for aggregates from atmospheric pressure systems. Higher aggregate concentration is observed
with increasing flow rate, while larger aggregate size is found with increasing precursor concentration. Measure-
ments show that the spatial afterglow has a significant influence on the charge and extent of NC aggregation.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Nonthermal plasmas are now established technology applied in the
synthesis of sub-10 nm group IV semiconductor nanocrystals (NCs),
with demonstrated potential to be extended to a wide variety of other
materials [1-3]. Such plasmas are characterized by a non-equilibrium
thermal state wherein the electron temperature can be up to several
eV while other plasma species remains at room temperature [3-5]. In
nonthermal plasma synthesis reactors, vapor phase precursors (or subli-
mated/evaporated condensed phase precursors [6,7]) chemically react,
leading to nucleation and growth of the target NCs; growth reactions
are facilitated by energetic plasma species. Commonly operated as flow
tubes [5], in plasma synthesis systems the size distribution of the output
NCs can be tuned via control of operating conditions, including flow rate,
precursor concentration, neutral gas composition, operating pressure,
neutral gas temperature, and plasma power. Although the synthesis re-
action can be optimized for specific NC sizes by trial-and-error, detailed
understanding of the nucleation and growth process in such plasma re-
actors is lacking, and there is interest in developing and implementing
both measurement techniques [8] and theoretical analysis [9] to exam-
ine NC nucleation and growth in plasma flow tube reactors.

Interest in improved descriptions of nonthermal plasma based NC
synthesis and growth processes extends beyond reactions occurring in
the plasma volume, to processes affecting NCs as they pass through
the boundaries of the reactor. Upon exiting a plasma, NCs are exposed
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to a spatial afterglow, wherein both electron and ion concentrations
decay, electron temperatures decay, and there is an overall transition
from a highly non-equilibrium environment to an equilibrium environ-
ment [10]. As the NCs must either be collected or deposited for eventual
application or incorporation into a device, it is important to consider the
possible changes in NC size distribution brought about via passage
through the spatial afterglow. Within the plasma volume, unipolar neg-
ative charging via electrons can keep NCs electrically isolated from one
another [11,12]; this appears to lead to the smaller polydispersity in pri-
mary NC size for nonthermal plasma synthesis [5] in comparison to
higher power density plasmas [13-15], in which particles likely do not
nucleate in the plasma volume but in the plasma afterglow. In a spatial
plasma afterglow, depletion of electrons relative to ions can lead to re-
duced negative charge levels [10,16] and possibly neutralization and
charge reversal for NCs, drastically increasing the aggregation rate
[3,17-19]. The extent of NC aggregation and resulting aggregate struc-
ture can, in turn, affect NC transport and deposition downstream of
the plasma reactor. For example, the morphologies and porosities of
NC films assembled by deposition from the gas phase, as has been
implemented by several groups [20-29), is directly affected by NC ag-
gregation state prior to deposition [30,31]. Dispersal of aggregated NCs
into solvents is additionally difficult without in-flight functionalization
prior to the occurrence of substantial aggregation [32].

While aggregation in the post-plasma environment of atmospheric
pressure microplasma synthesis reactors [17] and in microwave plasma
reactors [13,14,33] has been observed and quantified, the potential for
NC decharging and aggregation in the post-plasma environment of
low pressure, nonthermal plasma synthesis systems has not been
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probed. Motivated to better understand the effects of the post-plasma
region of flow tube synthesis reactors on the synthesized NCs, in the
present study we apply a combination of online and offline measure-
ment techniques to examine the size distribution functions and struc-
tures of Si NCs synthesized in a SiH4-Ar nonthermal plasma flow tube
reactor. For online measurements we apply ion mobility spectrometry,
using a uniquely designed low pressure different mobility analyzer
(LPDMA) [34,35] coupled to a Faraday cage electrometer (FCE) to deter-
mine the mobility size distribution functions of NCs and NC aggregates.
In prior work [35], we have demonstrated that this LPDMA can operate
at pressures relevant to plasma NC synthesis (<5 Torr, where ejector
based sampling [14,36] is not effective). With an appropriately applied
transfer function correction scheme, LPDMA measurements can yield
size distribution functions for plasma synthesized NCs akin to the
size distribution function measurements traditionally made for nano-
particles synthesized in flame aerosol reactors [37,38] and made in
monitoring nucleation and growth in high temperature [39] and non-
equilibrium atmospheric pressure systems [40,41]. Mobility size distri-
bution measurements have been central to understanding particle
formation and growth in flames. While measurements have been dem-
onstrated in low pressure plasma reactors previously, here we expand
on prior work by varying both SiH, precursor concentration (partial
pressure) and reactor residence time (total flow rate). Both negative
and positive mode ion mobility spectra are collected and inverted to
detect the presence of both residual negatively charged and charge re-
versed (positively charged) NCs. Mobility size distribution function in-
version is coupled with structural characterization of detected Si NCs
via offline transmission electron microscopy (TEM). Comparison is
made to both primary NC and aggregate size distribution functions in-
ferred from TEM measurements. In addition, from TEM images for de-
tected NC aggregates, modeling aggregates as statistical fractals, we
infer radii of gyration and the number of primary NCs per aggregate, ex-
amining the scaling between these two quantities, as well as the scaling
between projected area and the aggregate volume. Measurements con-
firm that under all tested operating conditions, Si NCs indeed decharge
and can even undergo charge reversal upon exiting a plasma reactor, fa-
cilitating NC aggregation. Measurements additionally highlight how the
precursor concentration and residence time influence the NC growth
process in the post-plasma environment. Comparison to TEM confirms
that the LPDMA-FCE instrument combination can be used as a tool for
online process monitoring of plasma NC synthesis, yielding the NC ag-
gregate size distribution function.

2. Methods
2.1. Plasma synthesis reactor

The flow tube reactor utilized in this study is a commonly used sys-
tem for the synthesis of group IV semiconductor NCs [5,42]. Briefly, as

Table 1

Experiment conditions.
SiH, flow rate scem 04 0.5 0.6 0.45 0.55
Ar flow rate sccm 59.6 59.5 59.4 53.55 65.45
SiH, partial pressure mTorr 133 16.7 20 16.7 16.7
Total flow rate scem 60 60 60 54 66

depicted in Fig. 1, Si NCs were synthesized in a flow-tube nonthermal
argon plasma operating at 2 Torr (266 Pa), with SiH, as the silicon pre-
cursor. SiH, (originally in a 5% SiH,, 95% Ar mixture) was mixed with Ar
flow before entering a quartz tube reactor (1/4” 1.D., 3/8"” 0.D., and 10"
length). The nucleation of Si in the plasma involves a sequence of chem-
ical reactions, primarily silane addition to silicon hydride anions and the
elimination of hydrogen. Larger particles then grow through coagula-
tion of the initial nuclei [3]. Five distinct reactor operating conditions
were examined in this study, which are noted in Table 1. These condi-
tions were selected to yield two groups; in the first the volumetric
flow rate through the reactor is held constant (constant flow residence
time) and the silane volume fraction is varied, and in the second the vol-
umetric flow rate is varied, while the silane volume fraction is held con-
stant. Two 1-cm wide copper ring electrodes were wrapped around the
plasma reactor with a 2 cm separation distance. To maintain the plasma
in the tube reactor the electrodes were connected to a 10 W radiofre-
quency (RF) power source operated at 13.56 MHz. RF power was
applied through impedance matching network. In initial design of
such reactors for Si NC synthesis (though with distinct power settings)
[5], the plasma (electron) density was estimated to be of the order
10'® m~3. In comparison, the Si atomic concentration in this study
was of the order 10'® m 3. Therefore, early in the nucleation and gro-
wth process, the assumption of complete unipolar charging of nucleat-
ing NCs is not valid; presumably a significant fraction of the smallest
clusters formed in reactors are neutral, though as noted, prior work
[43-45] demonstrates that anionic clusters play an important role in
NC nucleation.

The ends of the tube reactor were connected to grounded ultraTorr
fittings. The distance between the downstream grounded ultraTorr con-
nector to the nearest copper ring electrode was 2 cm. We observed that
the plasma extended from the electrode pair to the grounded ultraTorr
fitting. A 150 square openings per linear inch wire mesh followed by a
46 square openings per linear inch wire mesh was placed 5.5 cm from
the nearest plasma reactor electrode. Nucleated Si primary NCs were
carried by Ar flow, partially collected by the grounded wire mesh, and
then went through the LPDMA for IMS characterization or for collection
for TEM measurement. The wire mesh significantly reduced NC total
concentration. This effectively ‘freezes’ the NC size distribution function
at the mesh location, because the aggregation rate scales with the
square of the NC number concentration. Deposition onto the mesh oc-
curs by both diffusion and inertial impaction at low pressure, and
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Fig. 1. A schematic diagram of the RF plasma reactor system and low pressure differential mobility analyzer utilized for size distribution measurements.
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while the deposition efficiency is not corrected for in data inversion of
ion mobility spectrometry measurements, it is not anticipated to
strongly alter the shape of the measured size distribution functions.

2.2. Low pressure differential mobility analysis

Wire mesh filtered Ar—Si NC flow entered the LPDMA at its aerosol
inlet. The operation of differential mobility analyzers is described in de-
tail previously [34,46], and in particular the LPDMA transfer function is
described previously [35]. The LPDMA was operated at the same pres-
sure as the plasma reactor with a non-recirculating N2 sheath flow, at
a rate set at 10 times the aerosol inlet mass flow rate under all condi-
tions. The LPDMA classification region is composed of two concentric
cylinders where the inner cylinder (22 mm diameter) is connected to
a high voltage DC power source and the outer cylinder (36 mm diame-
ter) is grounded. NCs and NC aggregates migrating through the LPDMA
are driven from an inlet on the outer electrode radially inward via elec-
trostatic forces, and axially via gas flow to the outlet, which is positioned
on the inner electrode, 10 mm axially downstream of the inlet position.
The current of mobility-selected NCs transmitted through LPDMA was
measured by the Faraday Cage electrometer attached to a deposition
chamber downstream of the LPDMA outlet. By stepping the voltage of
the DC power source in 4 V increments from 3 to 359 V, the mobility
size distribution function of NCs was characterized in terms of the cur-
rent measured (Iy) for a given applied LPDMA voltage (V}). The mobility
K, is the proportionality coefficient between a charged NCs steady mi-
gration velocity in an electric field and the electric field strength. For
the pressure range examined, it is given by the equation:

3ze 1

Kp=— & -
P M80gCees (d, + dy)?

(1)

where z is the number of elementary charges on the NC, e is the elemen-
tary charge, § is the momentum accomodation coefficient [47], and pgas
and cg,s are density and thermal velocity of the neutral gas species, re-
spectively. d,, is the mobility diameter, and d, is the effective gas mole-
cule diameter for the sheath gas (0.3 nm [47]). For spherical NCs, prior
measurements show excellent agreement between Eq. (1) inferred di-
ameters and the mass diameter (based on the measured particle mass
and density) [47] using § = 1.36, which originally derives from the Mil-
likan oil drop experiments [48]. At the same time, several studies [49-
51] find that in the 1 nm size range, § may be material dependent, falling
in arange from 1.2 to 1.4. While Eq. (1) has not been explicitly tested for
Si, we elect to utilize § = 1.36 in this study, as is the conventional ap-
proach. This assumption could introduce an error of ~7% in the inferred
mobility diameter at most (i.e., if § = 1.2). For non-spherical or aggre-
gated entities, both theory [52] and comparison of Eq. (1) to structural
features observed in electron microscopy images [53,54] reveal that
the mobility diameter in reduced pressure environments coincides with
an orientationally averaged, projected area equivalent diameter, hence
the mobility diameter can be physically interpretted for both spherical
and non-spherical NCs. The measured current is linked to the mobility
size distribution function (dn/dd,) via the equation:

L=eQu 3 2 f(zdy) g 0u(K)dd, @

where Q, is the volumetric flow rate sampled into the LPDMA, f(z,d,,) is
the fraction of NCs or NC aggregates of mobility diameter d, with z ele-
mentary charges and 6,(K,) is the LPDMA transfer/transmission func-
tion with applied voltage Vi (for NCs of mobility K,). The size
distribution functions noted in Eq. (2) and provided here are given with
units of m~* (number concentration per unit change in diameter), such
that the integral of the size distribution function yields the total number
concentration measured for the charge polarity under examination. The
transfer function of the LPDMA for operating conditions relevant to low

pressure plasma synthesis reactors was the focus of our prior study, and
is hence a known function [35]. We note that the LPDMA transfer func-
tion was developed with N as both sheath and aerosol sample flow
while in our experiment the aerosol flow was Ar. However, we argue
that the influence of changing the composition of the inlet gas in the
LPDMA transfer function is small. The exchange of aerosol inlet gas com-
position and sheath gas composition in DMAs was studied by Li and
Chen [55], who found that the N,—Ar aerosol-sheath gas pair has a mi-
nor influence on the evaluated particle mobility diameter in comparison
with N,-N, aerosol-sheath gas pair. With all parameters in Eq. (2) aside
from dn/dd, either known a priori or measured, measurement of [y at m
specified applied voltages yields m Fredholm integral equations, with
which an inversion method can be applied to yield dn/dd, [56]. How-
ever, as noted in the introduction, the charge distribution is uncertain
following the plasma reactor. In typical aerosol measurements, the
charge distribution is modulated prior to ion mobility spectrometry
via exposing particles to roughly equal concentrations of positive and
negative ions; after sufficient time this leads to a steady state where
f(z, dp) can be reasonably approximated [57,58]. While particle charge
conditioning approaches have been developed for low pressure condi-
tions [59,60], such devices are not readily available (i.e., they are rather
unique), and furthermore, in the current study we sought to use ion mo-
bility measurements to obtain information about the post-plasma NC
charge distribution. Therefore, in inverting mobility size distribution
functions, for both negatively charged NCs and positively charged NCs
(for which Eq. (2) is summed from z = +1 to + instead of over neg-
ative charge states), we assumed all detected NCs and NC aggregates
were singly charged (z = +1 or z = —1 only), reporting distinct posi-
tively and negatively charged mobility size distributions. A second im-
plicit assumption made with this approximation is that the fractions
of z = +1 and z = —1 NCs are weakly size-dependent, such that the
distribution function shapes inverted from positive and negative mode
measurements reflect the true distribution function. The assumptions
of singly charged NCs and size-independent charge fractions are scruti-
nized subsequently through comparison of mobility size distribution
functions to those inferred from TEM analysis; the latter does not re-
quire any assumptions regarding NC elementary charge states and
charge fractions. Measurements of positively and negatively charged
NCs were conducted by switching the polarity of DC power source used
in operating the LPDMA. All the LPDMA measurements were conducted
in duplicate for each charge state, in a manner alternating between pos-
itively and negatively charged NCs. A Twomey-Markowski algorithm
[56], as described previously [35], was used to solve the system of equa-
tions brought about by measurements, yielding mobility size distribu-
tion functions.

2.3. Transmission electron microscopy

TEM samples of Si NCs were collected on carbon coated copper grids
(Ted Pella, Inc. 01803-F), which were placed in the LPDMA deposition
chamber as shown in Fig. 1. During sample collection, NCs synthesized
from the plasma reactor were again partially collected by the wire
mesh in the same manner as in LPDMA measurements, but were depos-
ited on TEM grids downstream of the LPDMA without LPDMA selection,
that is the LPDMA sheath flow and voltage were turned off during TEM
collection. Collection was carried out for ~2 s only in order to limit depo-
sition induced aggregation [61]. TEM images were collected with a FEI
Tecnai T12 transmission electron microscope at the University of Min-
nesota Characterization Facility with a 120 kV accelerating voltage.
The primary NC diameters (dy) were measured manually with Image]
software. Aggregates were observed in TEM images, and to quantify
their structural features possible three-dimensional NC aggregate prop-
erties were inferred with the aid of an in-house written MATLAB pro-
gram. While there has been considerable recent progress [62,63] in
developing methods to analyze aggregate morphologies from TEM im-
ages, we note that the method we describe and apply in this work is
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distinct in that we first attempt to identify probable three-dimensional
structures for aggregates, and then examine properties of the estimate
three-dimensional structures collectively, as opposed to directly exam-
ining the calculated properties of the two-dimensional projections. Spe-
cifically, as described by Thajudeen et al. [53], first, we used the in-house
written MATLAB program to identify individual NC aggregates and to
calculate the perimeter, projection area, longest-end-to-end distance,
and two-dimensional radius of gyration for each (the projection de-
scriptors). Second, we assume each aggregate can be modeled as a sta-
tistical fractal, approximately satisfying the equation:

N ¥
Rg = Gpgee (k—f) 3)

where Ry is the three-dimensional radius of gyration, N is the base
spherical units comprising the aggregate, apqs. is the base unit radius
of the spheres used to construct the aggregate, Dris the fractal dimen-
sion, and kyis a pre-exponential factor. D;, which ranges from 1.0 for a
straight chain to 3.0 for a densely packed architecture, quantifies how
branched the aggregate is, while kris linked to the width or thickness
of the branches relative to ap... Simulated aggregates satisfying Eq.
(3) were computationally generated using the cluster-cluster algorithm
described by Filippov et al. [64], with prescribed N, kf, and Dy inputs.
We examined the range N < 1000, 1.3 < Dy < 2.9 (with Filippov et al.
[64] sequential algorithm used for fractal dimension above 2.7), and
1.3 < kr < 2.0. The deposition of each computationally generated aggre-
gate was then simulated for 10 randomly selected orientations (leading
to more than 60 000 projections, in total) and the four projection de-
scriptors were calculated for each computationally generated projec-
tion. For computationally generated projections, @pgs. is taken to be a
dimensionless unit value. In analyzing aggregate projections in TEM im-
ages, (pqse iS determined via a thresholding algorithm. As discussed in
prior studies examining TEM-inferred primary particle size distribution
functions [65,66], dpase determined via thresholding is not equivalent to
the true primary particle radius; here we commonly observed it to be a
factor 2-3 times smaller than the manually measured primary particle
radius. For this reason, @y, is only used in comparing the TEM-observed
projection descriptors to those for computationally-generated aggre-
gates. We consequently only report large scale aggregate descriptors
(radius of gyration, projected area, and volume), which are not strongly
dependent on apgs (i.e., they are dimensional). Normalizing TEM-ob-
served projection descriptors by apgse (the projection area is normalized
by maz..), we then utilized the error weighted averaging approach of
Jeon et al. [67] to determine the most probable values of N, k, Dy, and
the orientationally averaged projected area (AT,, calculated via the algo-
rithm provided by Gopalakrishnan et al. [68]) for each TEM observed ag-
gregate. With N, k;, Drdetermined, we then determined each aggregate’s
radius of gyration (Rg) via Eq. (3) and each aggregate's volume via the
relationship V = N4"a} .. 663 total aggregates (across the five mea-
surement conditions) were examined in this manner. From the orienta-
tionally averaged Erojeq(}gd area we also inferred the mobility diameter
[54] (i.e.,dp = (4A,/m) ), and by binning observed aggregates in mo-
bility diameter we created TEM-inferred mobility size distribution func-
tions. Subsequently, we compare both the primary NC size distribution
functions and the TEM based mobility size distribution functions to ion
mobility spectrometry results for all examined plasma reactor operating
conditions.

3. Results and discussion
3.1. Aggregate structural characterization

We elect to present offline TEM based aggregate characterization
prior to discussing ion mobility spectrometry measurements as we

compare size distributions from ion mobility spectrometry to those
inferred from TEM, and we extract structural descriptions of NCs
from TEM. Selected TEM images of Si NCs collected under the five
utilized operating conditions are shown in Fig. 2, along with a
zoomed-in image revealing the lattice structure of crystalline Si.
Under all examined conditions, Si NC aggregates composed of multi-
ple primary Si NCs are evident along with several isolated primary
NCs. This suggests that Si NC aggregation does in fact occur within
the flow tube reactor lines, and while aggregation within the plasma
volume cannot be completely ruled out [9], it is more likely to occur
within the spatial afterglow region. For the aggregates examined via
quantitative TEM image analysis, normalized NC aggregate volumes
(noted as V*) are plotted versus the primary NC normalized radii of
gyration in Fig. 3a. Volume normalization is carried out with the
manually determined primary NC volume (dy = 6.8 nm, assuming
spherical NCs); the normalized volume is representative of the num-
ber of primary NCs in each imaged aggregate. Values less than one
indicate isolated primary NCs or small aggregates composed of pri-
mary NCs smaller than the mean size. Diffusion and ballistic limited
cluster-cluster aggregation simulations [69,70] and experiments
[71,72] typically show that in the absence of external forces and
without aggregate restructuring or coalescence, the number of pri-
mary particles in an aggregate scales with the radius of gyration
raised to a power of 1.7-2.0 (the Hausdorff fractal dimension).
Most of the aggregates observed in this work had volumes equiva-
lent to 20 primary NCs or fewer, which is smaller than typically ex-
amined in prior simulations in experiments, where the aggregates
often were composed of 102-10> primary spheres. Correspondingly,
the scaling between normalized volume and normalized radius of
gyration observed here is weaker than in studies of larger aggre-
gates. At the same time, highly similar results are observed for all
tested synthesis conditions, and while a very narrow range of oper-
ating space is examined in this study, this suggests that aggregation
occurs in a similar manner in all instances. The experimental range is
limited because the particle signal needs to be higher than the noise
level of the FCE yet low enough to avoid clogging on the LPDMA de-
tection slit. The limitation is also attributable to the need to vary the
total flow rate through the reactor while keeping the pressure con-
stant and balancing the sheath-to-aerosol inlet flow rate ratio for
proper measurements.

Inferred, orientationally averaged projected areas (normalized
by the projected area of a primary NC) are plotted versus normalized
aggregate volumes in Fig. 3b. Scaling between the normalized
projected area and normalized volume is noticeably clearer than
the scaling between volume and radius of gyration. Similar observa-
tions were made by Thajudeen et al. [73] in simulating aggregation
in the transition regime in the absence of coalescence and particle-
particle interactions; they observed that independent of the simula-
tion temperature and pressures (which were represented
dimensionlessly), a clear scaling for all aggregates between
projected area and normalized volume emerged. For this reason, in
Fig. 3¢ we plot a comparison of the projected area versus normalized
volume results obtained here to Thajudeen et al. [73] simulation re-
sults, Thajudeen et al. [53] inferred results for TiO, nanoparticle ag-
gregates synthesized in an atmospheric pressure flame reactor, and
Chen et al. [17] inferred results for aggregates formed via the decom-
position of nickelocene in an atmospheric pressure microplasma. Al-
though we report on smaller aggregates in this study (as aggregation
is mitigated after the mesh collectors), the combined set of simula-
tion and experimental measurements shows a single scaling be-

tween normalized area and volume (A;¥*%). The slight offset for
the results presented here is likely attributable to the lower numbers
of primary NCs per aggregate, as well as the numerous approxima-
tions made in the image analysis approach employed. This strong
agreement with prior work suggests that the aggregation of NCs
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Fig. 2. Representative TEM images of the synthesized Si NCs under all examined operating conditions, and a demonstration of primary NC and aggregate definitions. The middle-left figure
is a zoomed-in image of a Si NC aggregate at 16.7 mTorr silane partial pressure and 60 sccm total flow rate synthesis condition; the spacing of the fringes is 0.31 nm, which corresponds to

the (111) plane in diamond cubic silicon. In all other images, the scale bar is 50 nm.

synthesized in nonthermal plasma reactor systems is not unique
from other gas phase processes in higher pressure environments,
and equilibrium environments. Also noteworthy is that aggregation
can be described as a ballistic (free molecular) process in the low
pressure reactor examined, while all other results plotted in Fig. 3¢
apply for systems outside the ballistic limit, where the Knudsen
numbers defining growth evolve from free molecular to continuum
(the transition regime). In spite of this difference in environment,
aggregate projected area scales similarly with volume across multi-
ple decades in normalized volume.

3.2. Aggregate and primary nanocrystal size distributions

Fig. 4 displays a combined plot of the unprocessed mobility spec-
tra from the LPDMA (current as a function of mobility diameter, as-
suming singly charged NCs and NC aggregates), the inverted size
distribution functions, manually determined primary NC diameter
distributions (from TEM), and mobility based size distributions con-
structed by binning results from aggregate image analysis. Integrals
of the latter two result in the total number of primary NCs and aggre-
gates counted, respecitively. Comparison to TEM based distributions
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Fig. 3. A plot of the normalized volumes of aggregates inferred from image analysis versus normalized radii of gyration (a), a plot of the inferred orientationally averaged projected areas
versus normalized volumes (b), and a comparison (c) of the projected area versus normalized volume scaling observed here to the simulation results of Thajudeen et al. [73], the
experimentally inferred values of Thajudeen et al. [53] for TiO, in an atmospheric pressure flame synthesis system, and the experimentally inferred values of Chen et al. [17] for
aggregates formed via the decomposition of nickelocene in an atmospheric pressure microplasma.

long these lines is a common approach to examine the performance
of low pressure particle analysis instruments [74]. LPDMA based re-
sults are shown for both negatively and positively charged NCs. Data
inversion corrects for the influences of the mobility analyzer
tranmission efficiency. In general inverted curves are modestly
shifted to smaller sizes as such NCs are transmitted less efficiently
through the device. Immeditately apparent, even prior to data inver-
sion, is that both negatively and positively charged NCs are detected
downstream of the synthesis reactor under all conditions; in fact
negatively and positively charged NCs are sampled in nearly equal
concentrations. This finding is consistent with our preliminary mo-
bility measurements of Si NCs from nonthermal plasma reactors
[35]. It is also consistent with the findings of van Minderhout et al.
[16], who examined the charge distributions on microparticles in a
spatial afterglow. While they found consistently negatively charged
particles, the level of charge was orders magnitude below the ex-
pected level within the plasma volume, suggesting rapid decharging
in the afterglow. We observe not only decharging, but charge rever-
sal, as the Si NC and NC aggregates examined appear to have a nearly
symmetric, bipolar charge distribution. As noted in the methods sec-
tion, inversion was carried out separately for negatively and

positively charged NCs assuming singly charged NCs and aggregates.
With this assumption, the LPDMA based mobility size distribution
functions and those inferred from TEM analysis for aggregates are
in excellent agreement with each another for all measurement con-
ditions (with slight disagreement for the 16.7 mTorr, 60 sccm flow
rate measurement condition). This internal consistency supports
both the singly charged assumption, the weak size-dependency of
the charge fraction over the narrow-size range examined, and the
application of three dimensional aggregate reconstruction from
TEM aggregate projections. If NCs were multiply charged, the peak
location of TEM size distribution functions would be multiple times
of that of the LPDMA inverted mobility size distribution functions.
As can be seen from Eq. (1), neglecting the addition of the gas mole-

cule diameter, the mobility diameter of a doubly-charged NC is v2
times that of a singly-charged NC and there would be much poorer
agreement in mobility size distribution function and TEM inferred
count distribution mode diameters if a large fraction of multiply
charged NCs were present. While future, theoretical, numerical,
and experimental studies of the spatial afterglow environment will
be necessary in order to understand how NC and NC aggregates can
not only decharge, but can become positively charged, in total we
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Fig. 4. A summary of LPDMA measurement results in comparison to TEM measurement results for all examined reactor conditions. Results plotted in the left column correspond to
measurements for fixed reactor volumetric flow rate (60 sccm) and variable SiH, partial pressure (at a total reactor pressure of 2 Torr), and results plotted in the right column
correspond to SiH4 partial pressures of 16.7 mTorr, at variable total reactor volumetric flow rate. Directly measured LPDMA signal and inverted mobility size distribution functions are
plotted for both positively and negatively charged NCs, and compared to both primary NC diameter count distributions determined via manual TEM measurements as well as mobility

size distributions inferred via aggregate image analysis.

find that the presence of bipolarly charged aggregates is supported
by both ion mobility spectrometry and TEM measurements.

3.3. Reactor operating condition influences

After establishing that LPDMA-FCE measurements yield mobility
size distribution functions of bipolarly charged Si NC aggregates, we ex-
amine how resulting mobility sizes are affected by changes to SiH,4 par-
tial pressure and reactor flow rate. The mean mobility diameter and
primary NC diameter are plotted in Fig. 5 varying these two parameters,

while holding the other parameters fixed, including the total plasma
power. To interpret these results, it is instructive to discuss what is com-
monly observed in equilibrium, high temperature gas phase reactors.
Typically, the aggregate mobility diameter increases with increasing
precursor concentration and decreases with increasing reactor flow
rate. The aggregate number concentration is less sensitive to precursor
concentration, while increasing the flow rate leads to higher number
concentrations of aggregates (which are smaller). In probing aggrega-
tion of particles at the outlet of an atmospheric pressure microplasma
reactor [17], we observed aggregation largely consistent with this
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Fig. 5. The average mobility diameters and primary NC diameters as functions of SiH,4
partial pressure at a total reactor flow rate of 60 sccm and as functions of total reactor
flow rate at a SiH, partial pressure of 16.7 mTorr. The average diameter of the NC is the
geometric mean diameter of the LPDMA inverted size distributions with error bars
showing the extent spanned by the geometric standard deviation of the size distribution
function; the average diameter of primary NC is the arithmetic mean diameter from
TEM measurement with error bars showing standard deviation.

depiction; as precursor concentration increased both aggregate size and
number concentration increased, while as flow rate increased, aggre-
gate size decreased while number concentration increased. Consistent
with the finding in atmospheric pressure, with increasing SiH, partial
pressure, here we find that mean aggregate mobility size increases (by
nearly 33% over the narrow parameter space examined) and by examin-
ing inverted size distribution functions in Fig. 4, the aggregate number
concentration is found to be relatively insensitive to SiH, partial pres-
sure. However, with increasing system flow rate, the NC aggregate
mean mobility size is found invariant, while there is a substantial in-
crease in aggregate number concentration (by nearly a factor of 2 as
the reactor flow rate increases from 54 to 66 sccm). We attribute this
to decreased Si NC deposition and decreased precursor and cluster reac-
tion on the reactor walls with decreased residence time, suggesting that
in nonthermal plasma synthesis the NC synthesis reaction is in direct
competition with deposition and film growth reactions (i.e., flow tube
reactors are the inverse of plasma enhanced chemical vapor deposition
systems, wherein NCs are a contaminant).

All reactor operating conditions yield similar primary NC diame-
ter distributions, with the mean diameter actually decreasing
slightly with increasing precursor concentration. The primary NC di-
ameter is controlled by nucleation and surface growth reactions in
the plasma volume [45], and it unfortunately appears that LPDMA-
FCE measurements cannot be correlated with primary NC diameter
distributions. Nonetheless, because the mobility diameter is a mea-
sure of aggregate size and because proper data inversion yields
quantitative distribution functions, we propose that LPDMA-FCE
measurements can be used for online characterization in non-ther-
mal synthesis systems; both the increase aggregate mobility sizes
and number concentrations are indicative of higher yields. Further-
more, in conjunction with TEM analysis of primary NCs, LPDMA-
FCE measurements can be used to quantify the structure of aggre-
gates formed, enabling prediction [29,30,75] of the morphologies
of films produced via NC deposition, and ultimately prediction of
NC film properties [76,77].

4. Conclusions

Low pressure, nonthermal plasma flow tube reactors enable the pro-
duction of NCs with narrow primary NC diameter distributions, but as
NCs must pass through a spatial afterglow for collection or subsequent
gas phase functionalization, there is the potential for decharging and ag-
gregation. We have applied a combination of ion mobility spectrometry
and quantitative image analysis to show that the NCs are not unipolarly
negative following passage through a spatial afterglow and in fact those
detected are primarily singly charged, both negatively and positively.
This also suggests that most NCs are neutral, though neutral NCs cannot
be examined via ion mobility spectrometry. NCs are further grouped
into small aggregates, largely composed of 20 primary NCs or fewer,
whose projected areas, and hence mobility diameters, scale similarly
with number of primary NCs (normalized volume) as aggregates sam-
pled from atmospheric pressure systems [17,53] and computationally
generated aggregates [73] from Langevin simulations. While ion mobil-
ity spectrometry does not yield primary NC diameter distributions, it
can be used to monitor the extent of aggregation and aggregation size
distribution; this, in turn, yields the NC aggregate diffusion coefficients
and enables prediction of NC aggregate transport and deposition.

Future studies to gain further insight into the NC growth processesin
low pressure plasmas may also utilize ion mobility spectrometry. While
the measurements made in the present study focused on NCs with di-
ameters above 4 nm and were carried out using a modest resolving
power differential mobility analyzer, high resolution drift tube technol-
ogy [78,79], or higher resolution differential mobility analyzers [80]
optimized for the operating pressure of low pressure plasmas, may en-
able detection and characterization of growing nanoclusters (~1 nm in
characteristic size) in plasma reactors. Such characterization would
need to be coupled with improved sampling techniques to examine spe-
cies as they persist in the plasma volume, as the present work shows
that the spatial afterglow has a direct influence on the NC agglomeration
at the exit of plasma flow tube reactors.
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