Journal of Physics D: g‘::; PURPOSE-LED
Applied Physics *»i# PUBLISHING

PAPER « OPEN ACCESS You may also like

Controllable location-dependent frequency

Importance Of gaS heat|ng |n CapaC|t|Ve|y COUp|ed -conversion based on space-time

transformation optics

radiofrequency plasma-assisted synthesis of Xiaoyu Zhao, Xiaoke Gao, Jiawei Wang et
carbon nanomaterials - An orvchip photonic digtabto-analog

converter with phase-change-based bit
control

To cite this article: Tanvi Nikhar et al 2024 J. Phys. D: Appl. Phys. 57 475205 Jingxi Li, Jigeng Sun, Ziyang Ye et al.

- Spontaneous anomalous Hall effect in
magnetic and non-magnetic systems
AV Vedyayev, L L Tao and M Ye
Zhuravlev
View the article online for updates and enhancements.

) The Electrochemical Society

i =
Advancing solid state & electrochemical science & technology SC’en ce +

= Technology +

ECS Meeting

Chicago, IL

October 12-16, 2025 .~ |
’ — SUBMIT
Hilton Chicago .‘( ABSTRACTS by
March 28, 2025
SUBMIT NOW

LOCCUCCOCOCCCCCKC

This content was downloaded from IP address 198.125.233.211 on 13/03/2025 at 17:38



https://doi.org/10.1088/1361-6463/ad6d78
/article/10.1088/1361-6463/ad6d7b
/article/10.1088/1361-6463/ad6d7b
/article/10.1088/1361-6463/ad6d7b
/article/10.1088/1361-6463/ad6d7a
/article/10.1088/1361-6463/ad6d7a
/article/10.1088/1361-6463/ad6d7a
/article/10.1088/1361-6463/ad6d77
/article/10.1088/1361-6463/ad6d77
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjssd_ts68jqOCrJ87RYxywKp6Bbv9YfXRM3Ftp8FqQCCBWxEg-ivziXArs16S3ZYMhwd8kq0fQ4_xluOgdruBIlGg2KCsQOqMQWxWOhQBApcb8vA0Xk8cgIMbus7U5wok4BT4Am5CBrMUfIqmHK8G4TnZKVEEK9ThHJ_YBxd12TBF3yn8GVjg9U9gTRAqUFAp7ghVOBmFccyEOx71E8rcx079eZkbYNP0Agx6zLYyZQTiQZP3xdSJ9a8m_Pmg6ujnrNlnKZ5xFH4SQ40ZGtG0D7EQXRCIXK9pMNqsYTVx4bxy0O8fqDHep0EV34_nauE9LNq95aXyPuJ7jKoLO6TPcyclKepvax1LYcNGCoH6jc90H0&sig=Cg0ArKJSzAax6P7ji6Qn&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://ecs.confex.com/ecs/248/cfp.cgi%3Futm_source%3DIOP%26utm_medium%3Dbanner%26utm_campaign%3DIOP_248_abstract_submission%26utm_id%3DIOP%2B248%2BAbstract%2BSubmission

OPEN ACCESS

10P Publishing Journal of Physics D: Applied Physics

J. Phys. D: Appl. Phys. 57 (2024) 475205 (11pp) https://doi.org/10.1088/1361-6463/ad6d78

Importance of gas heating in
capacitively coupled radiofrequency
plasma-assisted synthesis of carbon
nanomaterials

Tanvi Nikhar!°©, Sankhadeep Basu®*>(, Shota Abe*, Shurik Yatom*,
Yevgeny Raitses*(, Rebecca Anthony>>* and Sergey V Baryshev'>*

! Department of Electrical and Computer Engineering, Michigan State University, East Lansing, MI
48824, United States of America

2 Department of Chemical Engineering and Material Science, Michigan State University, East Lansing,
MI 48824, United States of America

3 Department of Mechanical Engineering, Michigan State University, East Lansing, MI 48824, United
States of America

4 Discovery Plasma Science Department, Princeton Plasma Physics Laboratory, Princeton, NJ 08542,
United States of America

E-mail: ranthony @msu.edu and serbar@msu.edu

Received 6 May 2024, revised 25 June 2024
Accepted for publication 9 August 2024
Published 30 August 2024

CrossMark

Abstract

In pursuit of diamond nanoparticles, a capacitively-coupled radio frequency flow-through
plasma reactor was operated with methane-argon gas mixtures. Signatures of the final product
obtained microscopically and spectroscopically indicated that the product was an amorphous
form of graphite. This result was consistent irrespective of combinations of the macroscopic
reactor settings. To explain the observed synthesis output, measurements of C, and gas
properties were carried out by laser-induced fluorescence and optical emission spectroscopy.
Strikingly, the results indicated a strong gas temperature gradient of 100 K per mm from the
center of the reactor to the wall. Based on additional plasma imaging, a model of hot constricted
region (filamentation region) was then formulated. It illustrated that, while the hot constricted
region was present, the bulk of the gas was not hot enough to facilitate diamond sp® formation:
characterized by much lower reaction rates, when compared to spz, sp3 formation kinetics are
expected to become exponentially slow. This result was further confirmed by experiments under
identical conditions but with a H,/CH4 mixture, where no output material was detected: if
graphitic sp? formation was expected as the main output material from the methane feedstock,
atomic hydrogen would then be expected to etch it away in situ, such that the net production of
that sp-hybridized solid material is nearly a zero. Finally, the crucial importance of gas heating
was corroborated by replacing RF with microwave source whereby facile sp* production was
attained with H,/CH,4 gas mixture.
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1. Introduction

Low-temperature plasmas (LTP) have been an enabling tech-
nology and indispensable tool for the microelectronics and
semiconductor industry [1]. The critical importance of LTP
technologies keeps growing in the modern era of sub-10 nm
node 3D integration, where UV lithography, etching, pas-
sivation and ultrathin film growth are the most critical steps
of integrated circuits fabrication and integration. At the
same time, LTP-based syntheses occupy a special place in
semiconductor nanomaterial manufacturing which is import-
ant in photovoltaics and quantum information sciences [2,
3]. Among other types of LTP reactors, sub-atmospheric
capacitively-coupled radio frequency (CCRF) continuous
flow-through reactors gained a lot of attention and implement-
ations since the early 2000’s due to their simplicity, high pro-
duction rates/material yields, simple means of material col-
lection and post-synthesis treatment and integration (includ-
ing 3D printing) [4-16]. By now, flow-through CCRF LTP
reactors succeeded in creating a profound list of compound
(oxide, sulfide, nitride, and phosphide) and elemental group IV
semiconductors [3]. To date, syntheses of group IV nanomater-
ials have included well-established and vetted synthetic routes
for Si, Ge, and SiGe nanocrystals [17-19], SiC, and graphite
or sp2 moieties of carbon, but never diamond itself.

Historically, microwave plasma-assisted chemical vapor
deposition (CVD) is used to deposit diamonds in bulk thin
film form where substrate surface kinetics governs the growth.
Gas phase diamond nucleation and growth is a subject that was
studied much less. In the 1970’s, Deryagin and Fedoseev pro-
posed the possibility of nucleating diamond in the gas phase
inside a plasma [20]. Experimental work on gas-phase nucle-
ation was conducted by Frenklach er al at Penn State using
a low-pressure microwave plasma. As-synthesized materials
had to be treated and purified before sub-micron diamond crys-
tals could be retrieved thereby proving Deryagin’s hypothesis
[21]. At that time, there were a limited number of reports cor-
roborating the results by Frenklach et al. Much later, Sankaran
et al produced nano-diamonds using a dc atmospheric pres-
sure flow-through micro-discharge plasma [22]. Synthesis of
diamond nanocrystals in CCRF flow-through reactors remains
elusive. Given the scarcity of characterization results of the
plasmas that successfully produced nano-diamonds, the con-
ditions required for nanocrystals of sp*-bonded carbon (i.e.
nano-diamond) synthesis are not well known.

At face value, this synthesis route to diamond nano-
crystals appears obvious, when compared to that of silicon
nanocrystals. If diamond cubic Si nanocrystals are synthes-
ized in SiH4/Ar plasmas, then simple switching to CHy/Ar
plasma would be expected to produce diamond cubic dia-
mond nanocrystals. Such a switching was successfully imple-
mented in CVD reactors at the Argonne National Lab where

ultra-nano-crystalline-diamond (UNCD) was patented and
trademarked [23]. In this work, we study this trivial switch-
ing in a moderate pressure flow-through CCRF reactor and
find that carbon allotropy plays the critical role in engineer-
ing plasma and gas phase conditions to successful diamond
nanocrystal synthesis by LTP flow-through reactors.

2. Experiment

2.1. Reactor setup and sample characterization

The syntheses were carried out in a flow-through tubular
reactor. A schematic of the reactor is shown in figure 1.
The gases used for the synthesis were argon (or hydrogen)
and methane, where methane was the carbon precursor for
the reaction. The reactor consisted of a 1.27 cm outer dia-
meter quartz cylindrical tube of length 23.5 cm to which the
gas mixture of 100 standard cubic centimeters per minute
(sccm) of argon (or hydrogen) and 2 sccm of methane flowed
via mass flow meters (Alicat Inc.). The total pressure meas-
ured upstream of the reaction region was between 4 and
4.2 Torr. RF power of 200 W at 13.56 MHz from the power
supply (AG0313, T&C Power Conversion) was delivered to
the reactor via a copper ring electrode placed around the tube,
with a ground electrode placed 3.5cm downstream of the
powered electrode. An impedance matching network (MFJ
989D) was used in addition to the power supply to minimize
the reflected power.

Nanomaterials were collected on stainless steel meshes or
Si coupons placed downstream of the reactor. Samples were
characterized using scanning electron microscopy (SEM) on
a Verios 460XHR instrument , UV (325 nm) Raman spectro-
scopy with Horiba LabRAM ARAMIS Raman instrument and
grazing incidence x-ray diffraction (GIXRD) on a high res-
olution Rigaku SmartLab instrument with Cu Ka source of
wavelength 1.54 A,

2.2. Laser induced fluorescence (LIF)

LIF was used to measure the absolute densities of carbon
dimer C, as one of the suspected pre-cursors for the synthesis
of carbon nanomaterials generated from the plasma-induced
reactions inside the reactor [24-26]. The LIF approach is a
versatile tool for the absolute density measurement of atoms
and molecules, including C, [27]. An Nd: YAG+OPO tun-
able laser system [28, 29] was used to generate the laser pulse
at 438.8 nm, to excite the (2,0) swan band transitions, and the
fluorescence from the corresponding excitation was detected
around 470 nm. The excitation beam was generated by a Nd:
YAG laser producing nanosecond duration laser pulses with
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Figure 1. Schematic of the reactor with the picture of carbon
nanoparticle deposition on stainless steel mesh (orifice-shaped
deposition area marked by the yellow oval).

a frequency of 20 Hz. The laser beam was shaped with a cyl-
indrical lens into a laser sheath with a height of 4.2 mm and
width of 754 pm.

The laser energy was limited to 650 uJ per pulse. The beam
passed through the cylindrical tube from one end to the other
and was terminated with the help of a beam dump placed at
the other side of the reactor (see LIF schematic in appendix A).
The fluorescence signal is observed in a direction normal to the
incoming excitation beam. A mechanical slit was situated on
the detection axis, with its position and width adjusted to elim-
inate reflections from the sides of the tube. The detector iCCD
camera PIMAX4, Princeton Instruments, Gen III HBf intens-
ifier) was used with a spectral filter (470 nm, FWHM 10 nm).
The camera gate and the laser pulse were synchronized with
the help of a pulse delay generator (BNC 575-4 C).

The determination of the absolute C, molecular density
from the LIF signal followed the protocol developed by Luque
et al [30]. The instrumental calibration has been done by
Rayleigh scattering, with the procedure described in detail in
[28, 29].

2.3. Optical emission spectroscopy (OES)

Broadband OES was performed using Ocean Optics
HR2000+ spectrometer for preliminary detection of vari-
ous species present in the plasma. For the measurement of gas
temperature, high-resolution OES (HROES) was performed
using (HRS SpectraPro 750 monochromator coupled with
PiMAX4 iCCD camera) to detect CH(A-X) and C, emis-
sions. In the HROES setup the entire length of the discharge
tube was imaged (with demagnification) on the spectrometer

slit (14 mm), so that the obtained spectra contained spatially
resolved emission from all the investigated locations along
the vertical axis of the iCCD screen, while the horizontal axis
corresponded to the dispersion axis. A similar approach was
utilized in earlier work on plasma characterization [31].

3. Results

Figure 2(a) shows the SEM image of the synthesized nano-
material exhibiting agglomerated carbon colonies indicating
its amorphous nature. The Raman spectrum from figure 2(b)
shows the presence of D band around 1400 cm~! and G band
around 1590 cm™!. Ferrari and Robertson [32] demonstrated
that these peak positions, when obtained using 325nm of
excitation wavelength, corresponded to amorphous carbon (a-
C) that features sp? hybridization. The absence of 1332 cm™!
peak indicates the lack of any sp® bonded carbon in the
sample which was further confirmed from the XRD pattern
(figure 2(c)) of the carbon nanoparticles depicting poor sp?
phase crystallization with a broad peak around 23° for the
graphite (002) plane and a second peak around 43.5° for the
graphite (100) plane.

These characterization findings raise the question of
why crystalline carbon allotropes like graphite, diamond, or
lonsdaleite were not created within the reactor parameters
studied here. With Si or other materials, the primary variable
responsible for crystallization is the temperature of the grow-
ing nanomaterial environment (as realized via the delivered
power to the reactor), [4, 33-35] and so it is important to get
an estimate of the gas temperature inside the reactor along
with the reactive species responsible for the formation of the
obtained amorphous sp? carbon.

To identify the reactive species present in our reactor, we
carried out a preliminary broadband OES, which revealed the
presence of C,, CH, H, and Ar lines. The OES spectrum for
the Ar/CH4 plasma is shown in figure 3.

Since C, is attributed to play a major role in sp? carbon
formation [36], LIF was performed using the swan band trans-
itions in C, to quantify its number density in our reactor. The
LIF signal Sg. is related to the total number density o (m™3)
of the target species by the following equation: [30]

Q \%
Fp (477877AL> (1

where f, = 0.00 655 is the Boltzmann factor calculated follow-
ing the method stated by Luque et al [37] using the rotational
and vibrational temperature of 825 K and 2827 K, respectively
corresponding to the C, emission spectrum (discussed later in
this section) from the following relation:

B I 7o
Sk =no fo—EL———
c Av 7

; exp (—;ft‘b") (2J+ 1)exp (;TLS‘) .
b Qvierothlec

where E;, and E,, are the vibrational and rotational ener-
gies, (2J+ 1) is the rotational degeneracy. Qvib, Orot, and QOejec
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Figure 2. (a) SEM morphology, (b) UV Raman spectrum and (c)
XRD pattern of the material synthesized using the CCRF reactor.

are the vibrational, rotational and electronic partition func-
tions, respectively. The energies of the rotational and vibration
states are calculated from E,(J) = bJ(J + 1), [38] where b is
the effective rotational constant and J is the rotational energy
level; Eyip = we(v+ %) —wex.(v+ %)2, [39] where v is the
quantum energy level, w, = 1641.35cm™~! is the vibrational
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Figure 3. Low-resolution OES spectrum showing the main
plasma-activated species in the Ar/CHy4 plasma.

wavenumber and w,x, = 11.67 cm™" is the anharmonic con-

stant. Taking into account the vibrational dependence of the
rotational constant, b is further expressed as b = b, — a(v+
%), [39] where o« = 0.1661 cm ™! is the vibration-rotation inter-
action constant and b, = 1.6324cm™~" is the rotational con-
stant of the equilibrium state. All the constants used in the cal-
culations have been taken from [40].

B=2.5x10°m?J"!s~! is the absorption coefficient for
laser excited rotational transition as given in [30]; ¢ =3 X
108 ms~! is the speed of light; E;. = 650 x 10~ is the laser
energy; I' = 1.75 is the line shape overlap integral obtained
using the process stated in [41]; Av =504m~! is the laser
bandwidth; T/ 7o is the fluorescence quantum yield, where
Teif = 79.4 ns is the effective lifetime shortened by quenching
calculated from the time-resolved exponential decay of the LIF
signal using [30] and 79 = 100 ns is the radiative lifetime value
corresponding to C; as given in [30]. F = 1 is the fraction of
light emitted by the pumped transition in the collected spec-
tral region. {2 is the solid angle of the laser-probed volume V.
€ is the transmission efficiency of the optics, 1 is the photo-
electric efficiency of the photomultiplier, and Ay is the laser
cross-section area.

The term (;Len %) is determined by the calibration meas-
urements of Rayleigh scattering of air. The Rayleigh signal of
the incident light collected at a normal angle is given by the
following relation: [30]

EL 80' %4
=N/ Qen—
S thu o0 ( 67IAL>

where N = p/kT is the gas number density, pressure p = 1 atm
or 101325Pa, k=1.38 x 10723 JK—! is the Boltzmann con-
stant, and gas temperature 7 =293 K; h = 6.626 x 10734

is the Planck’s constant; v = (438 x107%)"! m™! is
the wavenumber of the scattered photon; g—g =1418 x

1073 m?sr~! is the Rayleigh cross section corresponding

3
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to the polarizability of air= 1.8 x 107 m? and depolariza-
tion ratio of air=0.028 calculated using [42]. The slope of
the plot Sr vs (EL X p), obtained by varying Ep, from 1.7 to
17mJ at atmospheric pressure, is used to calculate the term
(%snA—VL) which is plugged in equation (1) to give the absolute
number density of C, ~ 10'® m—3. This concentration of C,
in the highly collisional plasma is sufficient for the formation
of sp? phase carbon nanomaterial [30, 43].

To estimate the gas temperature in the reactor during syn-
thesis, HROES was used to measure the C, emission spec-
trum around 516 nm and was fitted in Specair software [44]
which calculates the molecular spectrum of a species for
a given set of rotational and vibrational temperatures. A
theoretical spectrum was thus generated that best fits the
experimentally obtained spectrum giving a rotational tem-
perature of 825K and a vibrational temperature of 2827 K
(see figure 4).

To extrapolate the reactor gas temperature from this meas-
urement requires the assumption that there is thermal equi-
librium among the heavy species in the plasma (though the
electrons have much higher energies), and that the rotational
temperature is similar to the gas temperature [45]. From these
assumptions, the C, spectrum indicated the gas temperature
of ~800 — 900K in the reactor. This temperature is too low
to induce crystallization via gas heating because crystalliz-
ation temperatures of graphite or diamond exceed 1300 K.
Furthermore, in a previous study, the authors reported that
higher temperature promotes graphitization in CVD systems
[46].

The gas temperature finding of ~800—900K deserves
closer consideration. In capacitively-coupled flow-through
reactors, gas temperature has been said to remain close
to room temperature, exceeded only by a couple of hun-
dred Kelvin [47]. In the present study, the variable in ques-
tion is apparently high in the traditional sense. Outside
wall temperature measured by an attached thermocouple
indicates that there must be a temperature gradient from
the reaction zone (high temperature) to the wall (low
temperature).

4. Discussion

The most plausible hypothesis that could explain self-
consistently the extreme thermal gradient in the reactor
(~500K between centerline and wall) and, otherwise the
overall amorphous sp?> product output is the presence of
a hot filamentary region (in other words, plasma constric-
tion) in the centerline of the reactor. If this were true, then
RF power would be absorbed by the constricted plasma,
thereby immensely increasing the power density and hence
heating it to the condition of a hot wire. The rest of the
reactor where gas flows at a given velocity would then
receive additional heating through thermal conductivity and
diffusivity.

To prove this hypothesis, first, a separate experiment
in a linch tube (same reactor parameters as described in

— Experimental
— Fitted (7, = 825 K, T,,,= 2827 K)
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Figure 4. Experimental (from HROES) vs fitted spectrum for C,
used for gas temperature calculation.

Figure 5. (Left) Photograph and (right) demonstration and model of
the hot filament.

section 2.1) was conducted to exaggerate the spatial dimension
and better visualize any potential constricted region. The res-
ult is shown in figure 5(left), in which a bright straight colum-
nar structure in the middle of the reactor can be seen. This
observation is then converted into a model representation
shown in figure 5(right). To connect the hot wire observa-
tion to the measurement results, the applied power portion
absorbed by the plasma (i.e. electrons) and not the sheath
must be determined. A formula derived by Godyak et al [48]
was used. Equation (4) represents the ratio between the power
absorbed by the ions in the sheath and the power absorbed by
electrons:
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Figure 6. The temporal dependence of the relative temperature increase according to equation (6) with the specified parameters. These
calculations do not include the heating taking place at the metal electrodes.

P; 3y (&)2

i 4
P, 2dv,, \w “)

Here, v, = \/% is the ion Bohm velocity at the plasma-
sheath edge, with e being the electron charge, g being the state
of charge of ions, and 7, being the electron temperature. Since
CH, is a minor fraction of the feedstock mixture dominated
by the argon flow, it is plausible to assume that the gas prop-
erties are largely defined by those of argon. Hence, M can be

approximated as the argon atom mass. With 7, =2eV [49],
M = 6.6 x 1072 kg, v, becomes 2.2 x 10° ms™!. w, = |/ £%
is the plasma frequency with n, being electron concentration
m, being the electron mass and ¢, being the vacuum per-
mittivity. With n, = 10" m=3, [49, 50] m, = 9.1 x 103! kg,
and ¢g = 8.85 x 10712 F m~!, w, becomes 1.78 x 100 s~!.
Ve, 1s the electron-neutral collision frequency. Using a scal-
ing for argon from Raizer [51] as v, =p x 5.3 x 10° Torr
x s~ !Torr™!, v,, becomes 2.12 x 10'° s~! for p=4 Torr.
With d = L/2 = 1.75 cm, where L is the distance between the
electrodes as shown in figure 1, and the source frequency
w = 13.56 MHz, we finally find P;/P, = 15.4. Next, the input
power P;, can be written as P;, = P; + P, = P,(1 + 1‘;) Then,
a new relation for the finalized P, can be written:

_ 7Pin
1+ 5

&)

e

where v is the matchbox efficiency. With assumed v = 0.7,
the nominal input power of 200 W results in 8.5 W given to
the electrons.

Because the ionization degree of the studied discharge was
low, it is then plausible to treat the reactor medium as a neutral
gas. Further on, assuming that the gas properties are largely
defined by those of argon, the plasma is approximated as a
thin hot wire source. Mathematically, the hot wire model,
shown in figure 5(right), can be expressed by the gas heating
AT [52] as:

PJL (4
at(ra) = Flky, (rf‘ct) ©)

where C = ¢%377 = 1.781, « is the thermal diffusivity, \ is
the thermal conductivity, and P, /L is the linear power dens-
ity. Equation (6) quantifies the gas heating AT relative to the
room temperature of 300 K at different coordinates r, from the
reactor center to the wall, as a function of time ¢. This math-
ematical model is applicable for a collisional plasma, i.e. the
condition of » > [mean free path] must be satisfied. From the
calculations detailed in appendix B, equation (6) is applicable
at any r > 0.23 mm.

Since the atom-atom mean free path is much smaller
than the radius of the tube, we use the thermophysical
data presented in [53] to find o =20x 10> m?s~! and
A=0.02WmK~!. From equation (6), the plot presented in
figure 6(left) shows a striking result: to enhance a measur-
able temperature increase on the wall, the gas flowing through
the reactor has to spend at least ~0.06s. At the same time,
the residence time of the gas 7 is only 0.0087 s, calculated as
follows:

r= L.izL 60 )
9, 1

where ¢ is the flow rate in sccm, p, is the atmospheric
pressure of 760 Torr and p is the operating reactor pressure,
and 60/1 is the minute-to-second conversion. With p = 4 Torr,
equation (7) yields the noted residence time of 0.0087 s and a
gas flow velocity of 4.03 ms~!. On the other hand, at the cen-
ter of the tube, as shown in figure 6(right), this residence time
is enough to increase the gas temperature by ~500 K above
room temperature.

Hence, from the model results it is seen that the main body
(right outside the hot filament) of the discharge is cold. These
results now can be used to explain the synthetis results. Once
methyl radical is generated from a methane molecule, the
activation energy for the initial step *CH3; + *CH3 — *C,Hg
to eventually form an adamantane molecule is high, close
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or above 13kJmol~! with a reaction rate < 107! cm®s~
[54]. To counter this limited kinetics, a higher gas tem-
perature is required. At the same time, sp? graphitic reac-
tions are expected to be virtually barrierless [55] explaining
immense product formation in cold Ar/CHy4 discharge. The
cold gas medium does not allow sp? to crystallize leaving
it in an amorphous state. While the same process should be
happening in Hy/CHy, sp? phase is immediately etched by
atomic hydrogen with net zero product effect. The nonexist-
ence of Si allotropy is the main reason of successful and well-
developed Si syntheses with capacitively coupled RF continu-
ous flow-through reactors, where *SiH; + ®SiHj3 reactions are
barrierless [56].

The limiting nature of methyl radical chemistry in the gas
phase or on the substrate [57] explains well why CVD reactors
have to operate at high gas and substrate temperatures. From
this, various diamond reactors can be compared as shown in
figure 7. Diamond growth starts at gas temperatures above
1000 K. In the early 1980’s, small tubular DC flame, jet or
arc reactors were successfully developed and used for dia-
mond synthesis at high production rates [58]. These designs
were obviously successful because their operating gas tem-
peratures are near 5000 K allowing for fast diamond kinetics.
At the same time, such designs were quickly ruled out due
to scalability issues and cavity microwave reactors became
the industrial workhorses for single crystal diamond wafer
productions.

pump

Figure 8. Schematic of the flow-through microwave reactor.

In the new era of 3D additive manufacturing, reactor
compactness is a plus, and flames, jets and arcs could be
reconsidered for nanodiamond production. Talking about
flow-through reactors, a number of new reactor strategies
can be proposed. For CCRF, ambient pressure reactors of
very small diameters could be beneficial for nanodiamond
production. The plasma constriction (aka hot filament) is
an unstable effect, therefore the easiest way to seize the
hot gas filament is to induce it in a narrow capillary. High
pressure increases RF power to electron coupling because,
according to equation (4), P;/P, ratio decreases. For lar-
ger reactor volumes, inductively coupled flow-through sys-
tems could be useful such that gas heating is optimized
for best diamond chemistry/kinetics. Third option could be
using microwave flow through reactors where gas temperat-
ure can be manipulated by the same pressure-power product
but in much wider ranges over a wider range of reactor
volumes thanks to more efficient microwave to plasma power
coupling.

To test this hypothesis, a proof-of-concept flow-through
microwave CVD reactor was developed, the schematic of
which is shown in figure 8. The reactor consists of a quartz tube
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Figure 9. (a) SEM morphology, (b) UV Raman spectrum, and (c)
XRD pattern of the material synthesized using the microwave

reactor.

placed inside a compact cylindrical 2.45 GHz cavity, thereby
replacing the RF ring electrodes. In preliminary experiments,
precursor gases, H, and CHy4, were flown through the tube
to generate a stable plasma discharge. The reactor was oper-
ated under a similar pressure-power product regime as that of
the CCREF reactor and samples were collected on a Si coupon
placed in the reactor tube away from plasma. The morphology
of the collected sample was typical to that of nanodiamond
[46] as seen from the SEM image in figure 9(a), which con-
sists mainly of sp> bonded carbon along with some amount
of sp? bonding. The Raman spectrum in figure 9(b) shows the
presence of G peak around 1590 cm™! corresponding to sp?
bonded carbon and a strong 1332 cm~! peak, a key marker
attributed to sp® diamond phase. The XRD pattern clearly
reveals the presence of diamond (111) peak [46] at 43.9° as
shown in figure 9(c). From modeling [60], it was found that the
microwave reactor had extremely efficient cavity-to-plasma
power transfer leading to a gas temperature of ~2000 K. These
results substantiate the hypothesis that gas temperature is a
critical parameter in the synthesis of carbon nanomaterials via
flow-through plasmas.

5. Conclusion

A flow-through CCREF reactor utilizing Ar/CH4 mixture was
attempted to synthesize diamond nanocrystals. For standard
conditions 4 Torr and 200 W, typical for diamond-cubic Si
and Ge nanocrystal syntheses, final product material analyses
revealed that only a sp? graphitic nanomaterial could be
obtained, and with a fraction of sp3 diamond nanocrys-
tals (if any at all) that could not be registered experiment-
ally. Using high-resolution LIF and OES diagnostics of the
reactor, it was shown that power density and hence gas
heating is concentrated in the narrow 1.5mm on the axial
region of the reactor, while the remainder of the plasma
volume contains cold gas. This promotes the formation of
the thermodynamically favorable graphitic allotrope, although
some small amount of sp? hybridization in the material
cannot be ruled out. If the same reactor was switched to
operate with Hy/CH4 mixture (traditionally used for dia-
mond synthesis), no product was detected to form because
atomic hydrogen actively must have etched the sp? hybrid-
ized nanomaterial, thereby leading to a net zero synthesis
effect.

A flow-through microwave reactor was demonstrated to
successfully synthesize sp® hybridized carbon from a H,/CH,
feedstock owing to higher gas temperature. These results
put into context the legacy polycrystalline diamond syn-
thetic routes, and outline practical strategies that could allow
for future diamond nanocrystal feedstock production using
flow-through low-temperature plasma reactors for bottom up
additive manufacturing.
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Appendix A. Setup for plasma diagnostics

The schematics of the diagnostic setup is shown in figure 10.
This was the same setup used in [28, 29] where details of each
component and the settings used to operate them are described.
The tunable laser system consists of a Nd YAG laser pump-
ing an optical parametric oscillator (OPO). The laser beam
out of the OPO was shaped with a cylindrical lens. The beam
was then guided to the plasma, where the laser photons inter-
act with the plasma species creating emissions that were then
collected as LIF and OES signals in direction normal to the
laser propagation axis. The HROES signal was imaged at the
entrance slit of the monochromator to which an iCCD camera
was coupled. The LIF signal detector was an iCCD camera
equipped with a spectral filter and an objective lens.

The calibration for LIF measurements was done by
Rayleigh scattering performed with the same detection setup
as for LIF according to the procedure followed by Yatom et al
[29]. Signals from Rayleigh scattering of air were recorded by
varying the laser pulse energy from 1.7 to 17 mJ at atmospheric
pressure. The energy of the laser pulse was varied using a
series of optical density filters from 0.2 to 1. The resultant plot
of Sr vs (EL X p) is shown in figure 11 obtaining a slope of
219860~ 'Pa—! which is used in equation (1) for the abso-
lute number density calculation of C,.

Nd: YAG laser |-

-:i:.
o @I

l?’ filter
1
objective
_ LIF
ICCD| detection

Figure 10. Schematic of the setup used for LIF and HROES
measurements.
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Figure 11. The plot of Sz vs (EL x p) from Rayleigh scattering.

Appendix B. Applicability of equation (6)

Equation (6) gives an upper limit boundary for the maximum
attainable temperature for a given distance r from the center of
the tube, assuming no radiation losses. Equation (6) is applic-
able to collisional systems, i.e. as long as r is larger than the
mean free path of Ar. Mean free path can be calculated as
follows:

kgT

[— BT
V2rdi p

®)
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Figure 12. (a) AT corresponding to the gas residence time of
0.0087 s, and (b) the corresponding mean free path as a function of r.

where kg =138 x 1073 JK~!,  T=AT(r,t) +293K,
dar =3.4%10"%m is the kinetic diameter of Ar, and
p =4 x 133.32 Pa. The residence time of gases in the CCRF
reactor presented here is 0.0087 s. During this time, gas heat-
ing AT as a function of r for the 5 mm radius of the reactor
chamber can be plotted as shown in figure 12(a). Using this
AT(r), mean free path as a function of r can be plotted as
in figure 12(b) which sets the boundary condition for the
applicability of equation (6) as r > 0.23 mm. According to this
model, the maximum attainable temperature at »=0.23 mm
is 4000 K.
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