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A B S T R A C T   

We describe the formation of highly uniform Quenched-carbon (Q-carbon) layers by plasma-enhanced chemical 
vapor deposition (PECVD) followed by low-energy Ar+ ion bombardment to achieve wafer-scale integration of Q- 
carbon films. After PECVD, 9 nm and 20 nm thick silicon-doped diamond-like carbon (Si-DLC) films showed 
complete conversion into Q-carbon using 250eV Ar+ ions via negative biasing. However, this conversion was 
only partial for 30 nm thick films. Detailed EELS, XPS, Raman, and EDS studies were carried out to confirm the 
formation of Q-carbon by this method. We discuss the mechanism of Q-carbon formation as a result of low- 
energy ion bombardment during PECVD of thin films. These ions during negative biasing are energetic 
enough to create Frenkel defects, which support the conversion of the three-fold coordinated sp2 carbon units in 
as-deposited carbon into sp3 bonded five-atom tetrahedron units in Q-carbon. This process enhances the atomic 
number density and fraction of sp3 bonded carbon. These diamond tetrahedra are randomly packed and provide 
easy nucleation sites for diamond. If the underlying substrate can provide an epitaxial template for diamond 
growth via domain matching epitaxy, then wafer-scale growth of diamond epitaxial films can be achieved for 
wafer-scale integration and next-generation novel device manufacturing from diamond-related materials.   

1. Introduction 

Quenched-carbon (Q-carbon) is a new allotrope of carbon with a 
unique structure and many extraordinary properties. Q-carbon consists 
of randomly packed tetrahedra with four-fold sp3-hybridized carbon 
(>75–80%) and the rest three-fold sp2-hybridized carbon at the inter
face [1]. This allotrope has a higher number density of covalently 
bonded carbon atoms than diamond; therefore, it is harder than dia
mond because hardness is shown to scale approximately with the 
number density of atoms [2]. The diamond crystal lattice (DCL) has the 
highest number density of covalently bonded carbon atoms (1.77 × 1023 

cm−3), which provides it with ultra-high hardness properties. However, 
DCL has the lowest atomic packing fraction (APF) of 34% (compared to 
74% for the close-packed FCC and HCP lattices). This low APF attracted 
us to make efforts to enhance the number density of atoms and create 
new covalently bonded materials. Upon a closer examination of the 
diamond unit cell, it was found that the diamond cubic unit cell consists 
of two types of tetrahedra, one with central atoms (D1) and the other 
with a missing central atom (D2). The unit cell consists of four D1 and 
four D2, which alternate to create the DCL, with 8 atoms per unit cell. It 
occurred to us that by putting together D1 only, we can gain 4 atoms and 

increase the number of atoms to 12 atoms per unit cell, thereby 
increasing the APF to 51%; this value is still lower than the APF for the 
simple cubic structure (54%). This unit cell with 12 atoms has the CaF2 
structure; however, this covalently bonded carbon unit cell cannot be 
repeated as the face atoms already have four covalent bonds. However, 
D1 tetrahedra can be packed randomly and lead to a 60% higher number 
density of atoms with 80% packing efficiency of D1. This is the essence 
of the discovery of Q-carbon, in which D1 are formed in a metallic 
undercooled carbon melt, quenched rapidly, and packed to create a new 
structure with many extraordinary properties [3,4]. 

The Q-carbon is an ideal ultrahard coating since it is harder, tougher, 
and more adherent than diamond. Undoped Q-carbon exhibits robust 
room-temperature ferromagnetism [1]. Upon doping with B, Q-carbon 
forms amorphous polymorphs with distinct record superconducting 
transition temperatures [3,5]. This process is consistent with our basic 
understanding of the intimate relationship between hardness and su
perconductivity through Debye frequency and spring constant (stiff
ness). In addition, Q-carbon provides easy nucleation sites for diamond 
growth by conventional HFCVD, PECVD, and MWCVD, all of which 
require seeding for diamond growth. If the underlying substrate can 
provide an epitaxial template via domain matching epitaxy, then it is 
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possible to achieve wafer-scale epitaxial growth of diamond films [6]. 
Until now, Q-carbon has been produced by laser irradiation of 

diamond-like carbon (DLC) films using a nanosecond pulsed excimer 
laser [7]. During the pulsed laser annealing (PLA) method, the DLC film 
experiences a fast undercooling and a first-order phase transformation 
from liquid to solid, which culminates in the formation of Q-carbon. The 
Gibbs free energy (ΔGT) is given by ΔGT = -ΔHm. ΔTu/Tm, where ΔTu is 
the undercooling, ΔHm is the enthalpy of melting, and Tm is the melting 
temperature. Thus, the driving force for Q-carbon formation is provided 
by the undercooling ΔTu. We have shown that a high undercooling 
(>1000 K) and fast quenching are necessary for this transformation [7, 
8]. 

Past efforts involving the deposition of diamond using plasma- 
enhanced chemical vapor deposition (PECVD) have shown that by 
applying negative bias, an amorphous layer of carbon is generated; the 
diamond nucleation increases on the amorphous carbon layer. The 
carbon layer formed during the biasing is responsible for the greater 
diamond nucleation density. Yugo et al. described an improvement in 
diamond nucleation by applying negative bias during the PECVD pro
cess [9]. Stoner et al. utilized negative biasing during bias-enhanced 
microwave PECVD for diamond synthesis on a silicon substrate. They 
described the formation of an amorphous layer of silicon carbide with a 
thin layer of amorphous carbon on top due to biasing [10]. They noted 
that the amorphous carbon layer plays an important role in the 
improvement of diamond nucleation. Kim et al. also detected the for
mation of a carbon layer on the top surface of bias-treated substrates 
during the bias enhanced nucleation (BEN) process for the growth of 
diamond [11]. Later, when the BEN process was used by Schreck et al. 
for diamond nucleation, the emergence of some bright domains during 
the BEN process was an interesting observation [12]. The diamond 
nucleation and growth were significantly higher and epitaxial inside the 
domains compared to outside the domains. They reported that the bright 
domains were highly stable; however, they did not provide a detailed 
structural understanding of the domains. Liao et al. revealed that the 
main mechanism for the enhancement in diamond nucleation during the 
BEN procedure is ion bombardment [13]. In another study, Schreck 
et al. suggested that during the ion bombardment in the microwave 
PECVD process, the ions promote the formation and lateral growth of the 
domains with a lateral growth velocity of 1.67 nm/s [14]. However, 
such a growth rate is not possible without excessive displacement 
damage. Recently, Narayan et al. proposed mechanisms to explain the 
structure of the amorphous carbon layer produced by negative biasing 
[15]. They noted that since the domains are highly rich in sp3 content 
with some diamond components [13–15], the structure of the domains is 
very similar to the Q-carbon structure. They also provided the mecha
nisms for the formation of Q-carbon domains under low-energy ion 
bombardment in the solid state. Based on this theory, the energy of the 
ions during ion bombardment is high enough for the formation of 
Frenkel pairs per ion. The Frenkel pairs consequently convert the sp2 

carbon bonds into sp3 carbon bonds. The energy is adequate to stabilize 
and produce compact sp3 diamond tetrahedra units that are needed for 
the Q-carbon structure. 

In the present work, the formation of silicon-doped Q-carbon (Si-Q- 
carbon) by low-energy ion bombardment in a PECVD chamber using 
appropriate values of negative bias was demonstrated. In this process, 
the CH3

+ ion bombardment assisted with the formation of sp3 carbon 
bonds. Postprocessing of the surface of Si-Q-carbon by argon ion 
bombardment was performed to obtain a first-order phase trans
formation of sp2 bonds into sp3 bonds for Q-carbon formation. Our 
analysis shows the formation of silicon-doped Q-carbon with a high 
content of sp3 C–C bonds (up to 86%). We have examined the changes in 
the structure and the sp3 content of the Si-Q-carbon films with an 
increasing duration of CH3

+ ion bombardment during the deposition 
process. The mechanism of Q-carbon formation using low-energy ion 
bombardment is discussed in detail. This method provides the capability 
of Q-carbon production at a large scale (up to 12” wafer) with controlled 

thickness. The ability to produce continuous Q-carbon at a large scale is 
important for industrial applications. Therefore, this method is suitable 
for Q-carbon and diamond coatings for applications such as protective 
coatings and diamond-based electronic devices. 

2. Materials and methods 

2.1. Si-Q-carbon deposition by PECVD 

The silicon (100) substrates 6” diameter were cleaned by ultra
sonication in an acetone bath for 5 min and then in methanol bath for 5 
min. The substrates were immediately loaded inside the chamber of the 
deposition system. The deposition system utilized in this work is a Radio 
Frequency Plasma-Enhanced Chemical Vapor Deposition (RF-PECVD) 
system in the Nanofabrication Facility (NNF) at North Carolina State 
University (NCSU). The PECVD system is a custom-designed system that 
generates plasma in a capacitively coupled mode. The stainless-steel 
chamber of the system has a cylindrical shape and is custom manufac
tured for deposition on large-size substrates. In the capacitively coupled 
mode, plasma is generated between a driving electrode that is connected 
to a radio frequency power supply and a counter electrode. In this sys
tem, the driving electrode with a diameter of 12 inches is seated on the 
bottom plate of the chamber and also serves as the substrate holder. 
Thus wafers up to 12” diameter can be used for Q-carbon deposition. The 
driving electrode is connected to an RF power supply (RFX-600, 
Advanced Energy, Denver, CO, USA) with a 13.56 MHz frequency; it is 
electrically insulated from the rest of the chamber, which serves as the 
counter electrode. The counter electrode is grounded; the chamber is 
equipped with a water-cooling system. The pumping system provides a 
base pressure of approximately 2 × 10−8 Torr. The process gases flowed 
inside the chamber from above through a showerhead distribution ring. 
The deposition procedure was comprised of loading, plasma cleaning, 
plasma deposition, postprocessing, and unloading steps. After a pump- 
down for at least 3 h and attainment of the base pressure, a plasma 
cleaning procedure was carried out for 10 min using argon gas with a 
mass flow rate of 90 SCCM. The deposition step was carried out using 1.6 
SCCM of tetramethylsilane (TMS) and 90 SCCM of argon for 3 min, 4.5 
min, and 6 min to obtain the 9 nm, 20 nm, and 35 nm samples, 
respectively. During the deposition step, the peak-to-peak voltage (Vpp) 
was maintained at 300 ± 10 V with an RF power of 83 ± 10 W and a DC 
bias of −150 ± 10 V. The postprocessing plasma treatment was per
formed by 90 SCCM argon gas for 5 min with a Vpp of 500 ± 10 V, an RF 
power of 160 ± 10 W, and a DC bias of 250 ± 10 V. During all of the 
procedures, the total pressure was kept at 50 mTorr by a Baratron gauge 
(MKS, Andover, MA, USA). 

2.2. Si-Q-carbon characterization 

The thickness of the samples was estimated by the contact profil
ometry method through the step-height measurement technique using a 
Dektak D150 (Veeco, Plainview, NY) with a tip size of 12.5 μm in radius. 
The thickness of the samples was evaluated using cross-section high- 
resolution TEM imaging from prepared cross-sectional samples. Raman 
characterization was conducted using an alpha300 M confocal micro
scope system (WITec, Ulm, Germany); the instrument was equipped 
with a 532 nm solid-state green light laser and a UHTS 300 spectrom
eter. The laser spot size was ~2 μm in diameter; the grating size was 600 
I/mm. The Raman spectra were calibrated using the standard charac
teristic peak of silicon (520.6 cm−1). The cross-sectional samples were 
prepared using a Focused Ion Beam (FIB) technique (Quanta 3D FEG, 
FEI, Hillsboro, OR, USA). The cross-sectional images, the energy- 
dispersive X-ray analysis (EDS) data, and electron energy-loss spec
troscopy (EELS) data were obtained with a high-resolution transmission 
electron microscope (S/TEM, Talos-F200 microscope, Hillsboro, OR, 
USA) with an ‘XFEG’ Schottky field emission electron gun source oper
ating at 200 keV. The EELS signals were acquired using a collection 
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semi-angle of 5 mrad and a dispersion of 0.25 eV/channel. X-ray 
photoelectron spectroscopy (XPS) data were acquired using an Axis 
Ultra XPS system (Kratos Analytical, Spring Valley, NY, USA); the in
strument contains monochromated aluminum Kα (1.487 keV) as the X- 
ray excitation source. For the survey scan, a pass energy of 160 eV was 
utilized; for the region scan, a pass energy of 20 eV was utilized. All of 
the data were calibrated to the C–C peak at 284.8 eV. 

3. Results and discussion 

3.1. The silicon-doped Q-carbon formation 

The thickness of the three sets of samples was measured to be 9 ±
0.5 nm, 20 ± 0.5 nm, and 35 ± 0.5 nm by using the contact profilometry 
method. Raman analysis, which provides information about the vibra
tional modes and bonding of the samples, is shown in Fig. 1. The 
Gaussian distribution was utilized for the deconvolution of the peaks. All 
of the signals can be deconvoluted into two peaks. The fitted peak at 
around 1320 cm−1, which is known as the D peak, is assigned to the 
breathing mode of the sp2 bonds due to the presence of defects in the 
structure [16]. The second fitted peak at around 1485 cm−1 is the G peak 
and is ascribed to the stretching of the sp2-bonds present in the rings or 
chains [17,18]. For carbon structures that are not doped with silicon, the 
D and G peaks are typically observed at higher wavenumber values [19]. 
With the incorporation of silicon atoms in the lattice of the carbon 
structures, a downshift in the D and G peak positions was observed 
[20–23]. Since silicon can only form fourfold-coordinated links with 
carbon atoms, it cannot form the threefold-coordinated configuration. 
Therefore, no π-bond will form with silicon atoms, and the ratio of 
sp3/sp2 in the structure increases. This process shrinks the size of the sp2 

domains in the structure. The increase in the sp3 content results in the 
reduction of the internal residual compressive stress in the silicon-doped 
Q-carbon structure. The de-strained bonds vibrate with lower fre
quencies. Thus, the downshift in the wavenumbers of the D and G peaks 
is partially related to the internal stress reduction. The addition of sili
con to the structure also weakens the bonds between the C–C bonds by 
forming Si–C bonds and culminates in the downshift of the D and G 
peaks and the reduction in the intensity ratio of the peaks (ID/IG) 
[20–22,24]. The increase in the ID/IG ratio is proportional to the increase 
in the sp2/sp3 ratio [23,25–29]. The fitting results represent the ID/IG 
values of approximately 0.26, 0.23, and 0.20 for the samples with 
thicknesses of 35 nm, 20 nm, and 9 nm, respectively. Hence, the sp3 

content of the sample with a thickness of 9 nm is the highest, and the sp3 

content of the sample with a thickness of 35 nm is the lowest. The trend 
of the changes in sp2 and sp3 content with the changes in the thickness of 
Si-Q-carbon films will be further investigated to understand the basis of 
these changes. A typical Raman signal from silicon-doped diamond-like 
carbon structures is shown in the supplementary file (Fig. S.1). The re
sults indicate the enhancement in the sp3 content of the Si-Q-carbon 
structures in comparison with the silicon-doped diamond-like carbon 
structures. 

To confirm and quantify the sp3 and sp2 carbon-carbon content of the 
three films, the room-temperature EELS close to the surface of the 
samples was carried out. The focused ion beam method was utilized to 
prepare the samples for EELS characterization. The enlarged spectra of 
the C–K edges of the three samples between 280 and 310 eV is illustrated 
in Fig. 2. The samples show the characteristic C–K edge EELS signal of Q- 
carbon structures. A typical EELS spectrum of Q-carbon consists of a π* 
peak with the onset of ~284 eV and a broad σ* peak with the onset of 
~290 eV [30]. The π* peak is assigned to the sp2-hybridized orbitals, 
and the σ* peak reveals the presence of the sp3-hybridized atomic or
bitals in the Q-carbon structure. When comparing the π* region of the 
three samples in Fig. 2, it is evident that the π* region in the sample with 
35 nm thickness is greater than that of the other two samples; the 
thinnest sample (9 nm) has the smallest π* region. Therefore, qualita
tively, the thinnest sample (9 nm) has the highest sp3 content, and the 
35 nm sample has the lowest sp3 content. 

To quantify the carbon-carbon sp2 and sp3 fraction of each sample, 
the C–K edges are fitted using the Gaussian fitting routine [31,32]. The 
sp2 content can be estimated by comparing the π*/σ* value of the sample 
with a known π*/σ* using the following equation [33,34]: 

(π*/σ*)carbon structure

(π*/σ*)std
=

3x
4 − x

(1)  

where x is the sp2 fraction and (π*/σ*)std is equal to 1/3, which is the 
π*/σ* value for graphite. Graphite is utilized as the reference material 
since it is composed of 100% sp2 bonds [35]. Fig. 3 depicts the Gaussian 
fitting of the C–K edges of the samples. The C–K edges can be fitted using 
the three characteristic peaks of C––C π*, C––C σ1*, and C–C σ2*. The sp2 

fractions estimated from Eq. (1) are ~14% (sp3 ≈ 86%), ~23% (sp3 ≈

77%), and ~27% (sp3 ≈ 73%) for the samples with a thickness of 9 nm, 
20 nm, and 35 nm, respectively. Thus, the trend of changes in sp3 con
tent with changes in thickness is consistent with the results obtained 
from Raman analysis. The 9 nm silicon-doped Q-carbon sample contains 

Fig. 1. The Raman spectra of the three samples with different thicknesses (Si- 
Q-carbon refers to the silicon-doped Q-carbon structure). (A colour version of 
this figure can be viewed online.) 

Fig. 2. The C–K edge EELS spectra of the three samples with different thick
nesses. (A colour version of this figure can be viewed online.) 
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approximately 86% sp3 C–C bonds; in comparison, the typical value of 
sp3 content for silicon-doped diamond-like carbon (Si-DLC) structures is 
~55% [32]. Hence, low-energy ion bombardment has effectively pro
moted the formation of sp3 bonds, prevented the formation of sp2 bonds, 
and resulted in the generation of silicon-doped Q-carbon. The mecha
nisms of how the low-energy ion bombardment facilitates the generation 
of Si-Q-carbon will be discussed later. 

The XPS analysis provides the bonding information and the 
elemental composition near the surface. Fig. 4(a) highlights the XPS 
spectra acquired from the three samples and shows the presence of sil
icon, carbon, and oxygen in the structures of all of the samples. Fig. 4(b) 
summarizes the atomic ratio (atomic%) of carbon, silicon, and oxygen 
that is present on the surface of the samples. From Fig. 4(b), it is clear 
that the atomic ratio of the Si-Q-carbon samples with 9 and 20 nm 
thickness are similar; the atomic ratios for these two samples are 
different from that of the 35 nm sample. On the surface of the 35 nm 
sample, the atomic percent of oxygen is significantly higher than the 
other two samples. The increase in the oxygen content on the surface of 
the 35 nm sample may occur due to the sputtering of the chamber walls 
with the ions from the low-energy ion bombardment process. The 
oxygen-containing bonds exist on the walls of the chamber from previ
ous use of the chamber with oxygen gas or from moisture and provide 
the source of oxygen. Since the desorption of the oxygen-containing 
species from the walls of the chamber depends on time, by increasing 
the thickness of the samples with a longer deposition time, the 
contamination of the sample with oxygen is increased. As such, the 35 
nm sample contains a higher amount of oxygen on its surface. We will 
further examine this matter with EDS characterization. 

The XPS high-resolution C 1s spectra (Fig. 5) reveal the bonding 
characteristics of the samples. Fig. 5(a) shows that the C 1s band of the 
samples becomes broader and less conspicuous with increasing thick
ness. Thus, the sp3 content of the samples is decreasing with increasing 
thickness. The tail of the spectra in the region of 286–290 eV becomes 
more dominant with increasing thickness, implying an increase in the 
oxygen-carbon bond content. The Shirley model was used for the 
background omission, and the Gaussian distribution model was applied 
following a previous approach [36] to appropriately establish the 
deconvoluted peaks. The deconvoluted bonds observed at 283.5, 284, 
284.9, 286.4, and 288 eV are attributed to Si–C bonds, sp2-hybridized 
carbon bonds, sp3-hybridized carbon bonds, C–O bonds, and C––O 
bonds, respectively [37]. The 35 nm sample also shows the presence of 
O–C––O bonds at 289.5 eV. The content (%) of each bond is displayed in 
Table 1. Table 1 indicates that by increasing the thickness, the Si–C 
content and carbon-carbon sp3 content decrease, while the 
carbon-carbon sp2 content and oxygen-carbon content increase. The sp3 

content of the 9 nm sample was almost 80%; in comparison, our pre
vious XPS sp3 quantification results for the silicon-doped diamond-like 
carbon (Si-DLC) structure [32] that was produced using the same PECVD 
system without applying the low-energy ion bombardment was ~55%. 
The XPS data may indicate lower sp3 content in comparison with the 
EELS data since the carbon-oxygen and carbon-silicon bonds are also 
considered in the XPS calculations. Hence, the results are in good 
agreement with the Raman and EELS data; in addition, the results pre
dict the formation of oxygen-containing bonds on the surface over the 
time of deposition with increasing thickness. 

The focused ion beam method was utilized to prepare samples for the 

Fig. 3. The Gaussian fitting of the C–K edges of the samples with different thicknesses. (A colour version of this figure can be viewed online.)  

Fig. 4. (a) The XPS spectra of the Si-Q-carbon samples, and (b) the atomic ratio of the elements (in atomic%) present on the surface of the samples. (A colour version 
of this figure can be viewed online.) 
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high-resolution transmission electron microscopy imaging (Fig. 6(a–c)) 
and EDS mapping (Fig. 6(d–f)). The red rectangles in the figures show 
the position of the Si-Q-carbon films. The thickness values observed in 
Fig. 6(a–c) match the thickness values obtained from the contact pro
filometry method. In EDS mapping (Fig. 6(d–f)), the elements are 
marked with different colors: carbon in green color, oxygen in red color, 
and silicon in orange color. A layer of SiO2 that normally exists on the 
surface of silicon substrates can be observed under the three Si-Q-carbon 
layers. The dominated color in the Si-Q-carbon layers is green, indi
cating the presence of carbon as the main element. In Fig. 6(f), an 
oxygen-rich layer can be observed on the top surface of the 35 nm Si-Q- 
carbon layer. This layer confirms the results obtained from XPS char
acterization and is the result of the time-dependent effusion of the ox
ygen from the chamber walls during the ion bombardment process. 

3.2. The mechanism of Si-Q-carbon formation by low-energy ion 
bombardment 

During the deposition step with argon and TMS gases, a negative bias 
of ~150 V was applied to the substrate, resulting in the bombardment of 
the substrate with a high dose of positive ions (on the order of 1015-1017 

cm−2 s−1 [10,13,38]). Generally, in the plasma of Ar/TMS, the main 
generated ions with intense signals characterized by mass spectrometry 
(MS) and optical emission spectroscopy (OES) are [39]: H3

+, Ar+, C3H5
+, 

ArH+, CH3
+, SiCH+, SiH2CH3

+, SiH(CH3)2
+, and Si(CH3)3

+. Among them, 
CH3

+ ions with an energy of 150 eV (bias voltage × charge) are not able 
to generate Frenkel pairs in the amorphous carbon structure upon 
collision to the surface. The Number of the Frenkel pairs (NFP), which 
are vacancy-interstitial pairs, can be estimated using [40]: 

NFP =
0.8ED

2Ed
(2)  

where Ed is the threshold energy of damage and ED is the damage energy 
that can be calculated for low-energy ions by: 

ED =
4m1m2Ei

(m1 + m2)
2 (3)  

where m1, m2, and Ei are the mass of the incident ion, the mass of 
substrate, and incident ion energy, respectively. Considering the 
threshold damage energy or the displacement energy of diamond (Ed) as 
45–70 eV [41,42], the CH3

+ ions with 150 eV energy are not able to 
create Frenkel pairs upon bombarding the surface of amorphous carbon 

Fig. 5. (a) The high-resolution C 1s bands of the three samples, and the deconvolution of the high-resolution C 1s band of (b) 9 nm Si-Q-carbon, (c), 20 nm Si-Q- 
carbon, and (d) 35 nm Si-Q-carbon. (A colour version of this figure can be viewed online.) 

Table 1 
The content (%) of each bond from the deconvolution of the C 1s bands of the 
three samples.  

Si-Q-carbon Deconvoluted Peaks in C 1s spectra 

Si–C sp2 sp3 C–O C=O O–C––O 

Content (%) 

9 nm 3.4 7.7 79.6 5.1 4.2 – 
20 nm 1.4 10.7 75.2 9.4 3.3 – 
35 nm 0.6 12.54 54.21 26.6 3.99 2.06  
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(assuming Ed = 70 eV). Thus three-fold coordinated carbons are not 
converted into the tetrahedron units with a central atom (consisting of 
five four-fold coordinated carbons) [6]. 

To promote the generation of Frenkel pairs and the conversion of sp2- 
bonded carbons into sp3-bonded carbons, postprocessing of surface 
treatment on the samples was performed utilizing argon plasma. During 
this process, the surface of the samples was bombarded using argon 
plasma with a negative bias of ~250 V. The argon ions with an energy of 
~250 eV are able to generate one Frenkel pair per each argon ion. 
Considering the high dose of argon ions of up to 1017 cm−2 s−1, the argon 
surface treatment can effectively convert ~10 nm thick amorphous 
carbon structure into the Q-carbon phase. This Q-carbon conversion for 
thicker layers beyond 10 nm is only partial. It is noteworthy to consider 
that the energy of argon ions is not sufficiently high to generate signif
icant damage to the structure and prohibit the formation of sp3 carbon 
bonds. We estimate that multiple Frenkel pairs produced by Ar + ions in 
the energy range of 500 eV–1000 eV may lead to more damage and thus 
not be conducive to the formation of Q-carbon. 

4. Conclusions 

Low-energy ion bombardment through applying negative bias was 
utilized during the PECVD deposition to transform the low sp3-content 
amorphous carbon structure into a Q-carbon structure. Ar and TMS were 
used as the processing gases for the deposition of Si-Q-carbon. For 
further transformation of the three-fold coordinated carbons into five- 
atom tetrahedron units, postprocessing of the samples using Ar+ ion 
bombardment with a ~250 eV negative bias was carried out. The EELS, 
XPS, and Raman analyses confirm that the energy of the CH3

+ ions during 
the deposition and the energy of the Ar + ions during the postprocessing 
were adequate for this transformation into Si-doped Q-carbon structure 

with a sp3 carbon content of up to 86% was formed on a 6” silicon wafer. 
With the low-energy ion bombardment method, we deposited three 
different thicknesses of Si-Q-carbon (9 nm, 20 nm, and 35 nm). The 250 
eV Ar+ ion bombardment is able to convert ~10 thick amorphous car
bon into Q-carbon effectively. For thicker carbon layers this conversion 
into Q-carbon was only partial. Applying ion bombardment with an 
optimized energy is important for the successful generation of the Q- 
carbon phase. The energy of the ions during low-energy ion bombard
ment should be high enough to contribute to the formation of Frenkel 
pairs and the generation of five-atom tetrahedron units. However, with a 
further increase in the energy of the ions during ion bombardment, the 
stress induced by the ions is much higher and faster than the relaxation 
time (the time for the transformation of sp2 bonds into sp3 bonds); this 
phenomenon causes graphitization and an increase in the sp2 content. 
Since Q-carbon can be converted readily into nanodiamonds with 
additional laser pulses, these Si-doped Q-carbon layers provide an ideal 
platform to create SiV nanodiamonds for nanosensing and qubits for 
quantum computing. Our recent results on magnetic measurements have 
shown robust ferromagnetism at room temperature in Si-doped Q-car
bon. The coercivity and saturation magnetization decrease with 
increasing thickness. This finding is consistent with a decreasing fraction 
of Q-carbon. The details of this work will be reported shortly [43]. 
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