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Abstract

The hot filament chemical vapor deposition (HFCVD) technique is limited only by the
size  of  the  reactor  and  lends  itself  to  be  incorporated  into  continuous  roll-to-roll
industrial fabrication processes. We discuss the HFCVD reactor design and the interplay
between the reactor parameters, such as filament and substrate temperatures, filament-
to-substrate distance, and total pressure. Special attention is given to the large-area
synthesis of bilayer graphene on copper, which is successfully grown by HFCVD with
transmittance greater than 90% in the visible region and no gaps. We also discuss the
HFCVD synthesis of carbon nanotubes, microcrystalline diamond, and nanocrystal‐
line diamond.

Keywords: hot filament chemical vapor deposition, bilayer graphene, diamond,
carbon nanotubes, 2D material

1. Introduction

Graphene can be obtained by a variety of techniques, including mechanical and chemical
exfoliation of graphite, and chemical vapor deposition (CVD) methods, such as hot wall and
hot filament CVD. Each technique has its own advantages and disadvantages that have to be
weighed according to the intended application. The mechanical exfoliation of graphite produces
high-quality monolayer graphene flakes [1, 2], whereas chemical exfoliation produces gra‐
phene flakes with significant structural defects [3].  Although the individual micron-scale
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graphene flakes can be used to make miniature test devices that provide useful insight into the
physical properties and potential applications of graphene [3], the reality is that graphene
powders obtained by exfoliation methods are not useful for the mass production of reliable and
reproducible electronic devices. However, hot-wall CVD appears to be the most straightfor‐
ward method to produce monolayer graphene films with low defect density, typically on Cu
substrates [4]. Nonetheless, the graphene films obtained by this technique are polycrystalline
and discontinuous [5]. Table 1 compares the physical properties of graphene obtained by
different methods.

Method Crystallite size
(μm)

Sample size (mm) Charge carrier mobility
(room temperature)
(cm2V−1s−1)

Sheet resistance (Ω/sqr) / 2L

Mechanical
exfoliation [1, 2]

~1 [5] ~1 [8] (2L) >104 (at low
temperature) [9]

102 [9]

Chemical
exfoliation [3]

≤0.1 [3] Large area of
overlapping
flakes [3]

100 (for a layer of
overlapping
flakes) [5]

30 kΩ Drop-cast film [3]

Chemical
exfoliation
through
graphene
oxide [3]

~100 [3] Large area of
overlapping
flakes [3]

200–300 (for a layer
of overlapping
flakes) [8]

8–150 kΩ Multilayer
Langmuir-Blodgett
film [3]

CVD [9] 0.5 [5] ~5 [10] 5000 [9] 900 [11]

Epitaxial
growth
(SiC) [12, 13]

50 [5] 50 [5] 15,000 [14] 150–300 [15]

HFCVD [7] ≤0.1 [7]
0.1–0.2 [16]

30 [7] ~2500 [This work] ~800 [This work]
~650 [16]

Table 1. Properties of graphene films obtained by different methods.

An alternative approach to advance the potential applications of graphene is to focus the
attention on bilayer graphene, which has a zero band gap like monolayer graphene. Further‐
more, the band gap of bilayer graphene has been shown to be tunable, and its domain walls
have shown ballistic electron-conducting channels [6]. These exciting physical properties
expand the potential applications of bilayer graphene beyond those of monolayer graphenes.

Mendoza et al. [7] reported that large-area bilayer graphene can be grown by hot filament
chemical vapor deposition (HFCVD) with transmittance greater than 90% in the visible region
and no gaps. The size of the graphene wafers that can be obtained by HFCVD is only limited
by the size of the reactor and lends itself to be incorporated into a continuous roll-to-roll
fabrication process, thus lowering the cost per unit area and enabling the integration of bilayer
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graphene in large-scale industrial production lines. The HFCVD method has the potential to
enable large-area applications of graphene, such as transparent electrodes for flat panel
displays and solar cells. In this chapter, we review the HFCVD state of the art for the synthesis
of bilayer graphene and provide insight into how to tune the synthesis process to obtain
optimum bilayer graphene films. We also discuss the HFCVD synthesis of diamond and carbon
nanotubes.

2. The hot filament chemical vapor deposition reactor

The hot filament chemical vapor deposition (HFCVD) technique relies on a heated coiled wire
to decompose the precursor reactants present in the gas mixture and deposit a film on the
substrate surface kept near the filament at lower temperatures. HFCVD was introduced in
1979 for the synthesis of amorphous silicon films from silane gas at low substrate temperatures
and high deposition rate [17]. For the synthesis of carbon materials (e.g., diamond, carbon
nanotubes, graphene), a gas mixture consisting of a hydrocarbon (e.g., methane, acetylene)
diluted in hydrogen is decomposed utilizing a refractory metal filament (such as tungsten,
tantalum, or rhenium) that is resistively heated and maintained to 1800–2300°C, as measured
with a dual wavelength pyrometer. Heterogeneous reactions at the hot filament surface and
the emissive properties of the incandescent filament [18–21] initiate the decomposition of the
hydrocarbon gases and the subsequent cascade of chemical vapor reactions. The filament
temperature plays an essential role and influences the type and quality of the carbon materials
that are grown. For example, at filament temperatures below 1800°C, little or no diamond film
is obtained. Higher filament temperatures up to 2300°C lead to higher growth rates and higher
quality polycrystalline diamonds. However, the higher the filament temperature, the faster
the filaments become carburized. The metal carbides are brittle, resulting in relatively short

Figure 1. Internal details of the HFCVD setup for large-area graphene film deposition.
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filament lifetimes and unsteady growth conditions. For stability and reproducibility, the
filament material of choice is rhenium, which carburizes very slowly and lasts many cycles
before requiring replacement.

For a 5-cm wafer, the HFCVD reactor typically consists of a 20-liter six-way cross stainless steel
chamber. The substrate holder sits on the top of the substrate heater at the center of the
chamber. The filament assembly is kept 5–10 mm above the substrate holder. Figure 1 shows
an actual picture of the main internal components in an HFCVD system. The filament wire
diameter, length, and geometry must be optimized according to the intended film size, as well
as the filament temperature and gas pressure required by the specific chemical vapor deposi‐
tion reaction. It is necessary to assess the filament material’s resistivity as a function of
temperature and pressure. For example, the empirical resistivity of rhenium is approximately
2 × 10−6 Ω⋅m at 2000°C and 3 × 103 Pa. The filament is held fixed by two parallel electrodes
made of a refractory metal, typically molybdenum, to avoid evaporation of the electrode
material onto the growing film. Coil-shaped filaments are often used because they enhance
the total surface area available for initiating the heterogeneous decomposition reactions, but
they tend to bend downward over time during film growth causing unsteady growth condi‐
tions. A filament arrangement consisting of multiple parallel stretched filaments of 0.25–0.50
mm diameter, as shown in Figure 1, is usually a better choice because it enhances the uni‐
formity and total area of the resulting films while also providing considerable surface area for
the heterogeneous decomposition reactions. However, the multiple filament arrangement
requires very high-current power supplies.

The substrate temperature required for the synthesis of a particular material is determined by
the residence time and mobility of reactant molecules and radicals that adsorb at the substrate
surface. In the HFCVD reactor, the substrate temperature is intrinsically affected by the
filament temperature and power, filament-to-substrate distance, and total pressure. Therefore,
active substrate temperature control is needed in most cases in order to be able to optimize the
quality of the films grown. While the filament temperature is dictated by the energy required
to break the precursor gas molecules to initiate the chemical vapor reactions, the filament-to-
substrate distance and total pressure are determined by the mean free path of critical radicals
that form at or near the filament and must travel to the substrate surface before they get
scavenged through other chemical reactions that do not lead to film deposition.

Besides determining the required filament and substrate temperatures, filament-to-substrate
distance, and total pressure, the choice of substrate material and gas composition are also
critical parameters to obtain the intended film type and quality. For example, under the same
conditions, diamond can grow on molybdenum but not on quartz. The right gas-phase
chemical environment and substrate temperature are conditions necessary but not sufficient
to grow the intended film. The heterogeneous reactions that take place at the substrate surface
are critically important in any chemical vapor deposition process. Therefore, the appropriate
substrate must be provided to adsorb the reactive chemical species from the gas phase and
catalyze the film synthesis reactions. After the right substrate is provided, the relative abun‐
dance of reactive chemical species will determine the film quality and growth rate and is
primarily determined by gas composition. Priming or preparation of the substrate surface is
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usually needed because it is covered with all sorts of adsorbates from the ambient environment;
seeding may also be needed in some cases. The priming may be done before insertion in the
HFCVD chamber or during the initial HFCVD process. For example, diamond growth on
silicon must be preceded by diamond seeding prior to insertion in the HFCVD and by the
removal of the native silicon oxide layer, which can be accomplished by attack of the hydrogen
radicals in the HFCVD [Solid State Communications 116, 217, 2000]. In this case, there is an
induction period during which the intended film does not grow until the substrate surface is
ready to adsorb the reactive species. In the case of graphene grown on copper foil, the copper
oxide layer is first removed by exposure to hydrogen at 1000°C.

3. Reports on HFCVD graphene

Singh et al. [16] reported the growth of large sp2 domain size (117–279 nm) single, bilayer, and
multilayer graphene films on thick Ni foils using HFCVD at a relatively low substrate
temperature of 700°C and low pressure (<200 Pa) at relatively short deposition time (10–30
min). The strategy used in this work is based on the mechanism by which hydrocarbon
molecules decompose at the metal surface and diffuse into the bulk. Carbon diffuses into the
bulk of nickel while it is kept hot and precipitates on the nickel surface forming nonuniform
and discontinuous graphene layers during the fast cooling phase. This work presents the
HFCVD as the advantage to dissociate at high temperature on filaments (tungsten filament at
1800–2200°C) source gases while temperature on heater is relatively low (700°C) compared
with other CVD process obtaining high-quality films. Accordingly, with the different charac‐
terization (i.e., Raman spectra and SAED-TEM) presented in his report, the graphene samples
(1–6 layers) obtained on nickel shows good crystallinity and also low sheet resistance values
(630 Ω/sqr).

Figure 2. (a) Schematic diagram of the HFCVD used, (b) Raman spectra of the graphene obtained, (c) picture of the
graphene transferred on SiO2 substrate, and (d) Raman mapping of a selected area of the hydrogenated graphene. (Im‐
age adapted with permission from Kataria et al. [22]).
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Using Cu instead of Ni and higher substrate temperature, Kataria et al. [22] reported the growth
of relatively large discontinuous patches (~100 µm2) of high-quality monolayer graphene at
1000°C by HFCVD, see Figure 2a the schematic diagram about HFCVD used. This report is
summarized in Figure 2. Through Figure 2b, we can see that the graphene obtained is
monolayer, which is corroborated by Raman area map in Figure 2c. The Raman spectra in these
samples showed an additional band termed 2D’ peak (2946 cm−1) in combination with D (~1353
cm−1) and G (1622 cm−1) bands, indicating hydrogenated graphene. Kataria’s group analyzed
the possibility to remove hydrogen from the graphene samples by applying temperatures up
to 600°C in inert atmosphere. These procedures and Raman spectroscopy examination confirm
the desorption of hydrogen from the graphene samples.

Behura et al. [23] reported the synthesis of nonuniform large-domain graphene films on Cu
substrates inside a HFCVD reactor [24, 25]. From the report, it is not clear that they actually
used the filament during the synthesis process. The material obtained shows high number of
defects in the film. This is observable through the large intensity of D-band accordingly with
the Raman spectra. Also, the intensity ratio between the G and 2D bands is ~0.7, and the FWHM
of the 2D band is ~55 cm−1 indicating the growth of few-layer graphene. This report is sum‐
marized in Figure 3.

Figure 3. (a) SEM micrograph of graphene films on Cu surface with optical photograph shown in the inset, (b) Raman
spectrum of graphene film on Cu surface. (Image adapted with permission from Behura et al. [23]).

4. Obtaining uniform bilayer graphene by HFCVD

The general process to grow graphene by HFCVD is represented in Figure 4. The first step is
the removal of the copper oxide layer from the copper substrate by exposure to hydrogen at
1000°C. We carry out this step at 4.7 × 103 Pa for 30 min. The second step is the actual growth
of graphene by adding methane to the gas mixture and heating the filament to 1800°C.
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Figure 4. Performance of the temperature during the cleaning process and deposition time.

Mendoza et al. [7] performed a parametric study that included the variation of methane
concentration, total pressure, and substrate temperature. The filament-to-substrate distance
and filament temperature were kept at 5 mm and 1800°C, respectively. The methane concen‐
tration was varied in the 1–50% range in 5% steps, while keeping the pressure at 4.7 × 103 Pa
and the substrate temperature at 850°C. The ratio of the intensity of the 2D band to that of the
G band is used to determine the number of graphene layers, while the ratio of the intensity of
the D band to that of the G is used to determine the degree of disorder in the trigonal carbon
network.

Graphene growth took place only in the 15–25% methane concentration range. The pressure
was then changed in the 2.7–4.7 × 103 Pa range, and the quality of the graphene films deterio‐
rated as indicated by the D band. Increasing the pressure to 5.3 × 103 Pa yielded amorphous
carbon. The substrate temperature was then lowered from 850 to 750°C in steps of 50°C,
resulting in lower graphene quality as indicated by the D band. At temperatures higher than
850°C, the graphene quality improves and monolayer is achieved, but it grows in discontin‐
uous patches. In HFCVD, there seems to be a fundamental trade-off between continuous-
discontinuous coverage and bilayer-monolayer graphene [26].

Based on the above-described results, we extended the deposition time from 30 to 100 min for
the HFCVD graphene growth in the temperature range from 750 to 1000°C, while keeping the
gas mixture of 15% methane in hydrogen at 4.7 × 103 Pa. As shown in Figure 5, multilayer
graphene is obtained below 850°C, and turbostratic bilayer graphene is obtained between 850
and 1000°C. The most uniform bilayer graphene is obtained at 950°C; the graphene film grown
at 1000°C is discontinuous.
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Figure 5. Graphene film evolution as a function of substrate temperature.

We then carried out graphene synthesis experiments as a function of time, keeping the
substrate temperature at 950°C and the other parameters constant as well. Figure 6 shows the
Raman spectra of the graphene films as a function of deposition time. The optimum bilayer
graphene quality and continuous surface is obtained for the 100-min deposition time. As the

Figure 6. Effect of growth time on bilayer graphene synthesis at 950°C.
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deposition time is decreased in 5-min interval down to 20 min, the film continuity is
compromised, and gaps remain open on the substrate surface as seen under the optical
microscope. The graphene that is grown for less than 10 min shows a very large D band,
indicating very small crystallite sizes (<10 nm). Hence, it appears that 100 min allows enough
time for the graphene crystallites to grow, defects to heal, and gaps to close. Above 100 min,
multilayer graphene starts to dominate the film composition.

Figure 7. Comparison of sheet resistance values reported for graphene.

Figure 8. (a) Graphene on copper foil, (b) graphene transferred onto PET, and (c) graphene transfer process from Cu to
SiO2/Si.
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The bilayer graphene grown by HFCVD should also be compared with other graphene reports
in terms of transmittance and sheet resistance (Ω/sqr) [27–31]. Figure 7 shows the sheet
resistance values for HFCVD and hot wall or thermal chemical vapor deposition (TCVD)
graphene with visible transmittance in the 90–95% range. The HFCVD bilayer graphene films
grown at 850°C show an average sheet resistance in the order of 3 × 103 Ω/�, whereas those
grown at 950°C show an average sheet resistance value in the order of 8 × 102 Ω/sqr. The latter
value is close to values reported for monolayer graphene grown by TCVD techniques, as seen
in Figure 8. Moreover, the indium tin oxide (ITO) transparent electrode that is deposited on
glass for flat panel systems has sheet resistance values in the order of 1.5 × 103 Ω/sqr [32].

5. Graphene transfer

For transparent electrode applications, the bilayer graphene grown on copper substrates
(Figure 8a) must be transferred onto the transparent substrate of choice (e.g., PET, Figure 8b).
The transfer process is another critical step that can preserve or damage the integrity of the
graphene films. First, a polymer support is attached to the graphene film, such as polymethyl
methacrylate (PMMA), polydimethylsiloxane (PDMS), polyethylene terephthalate (PET). The
polymer support is designed to hold the graphene film when the underlying Cu foil is etched
away in iron chloride (FeCl3) at 70°C, as shown in Figure 8c. Once the Cu is removed, the
graphene on polymer support is thoroughly cleaned in HCl to remove residual FeCl3 and Fe3+.
Then, the graphene on polymer support is rinsed with deionized water several times and let
to dry. The graphene is then ready to be transferred onto any substrate according to the
intended application. In the example shown in Figure 8, the HFCVD bilayer graphene film
was transferred onto a SiO2/Si wafer by pressing them firmly together and slowly peeling off
the polymer support. The integrity of resulting graphene film depends greatly on carefully
carrying out the transfer process. The electrical properties of graphene are particularly
sensitive to remnant FeCl3 impurities and cracks produced in the transfer process.

6. HFCVD diamond

Microcrystalline and nanocrystalline diamond films are grown by HFCVD on Si, Mo, and other
carbide-forming substrates. The substrates need to be seeded by polishing the surface with
<0.1-µm synthetic diamond powder. Before the clean reactive gas mixture is introduced into
the HFCVD chamber, it is evacuated to 10−3 Pa or lower. The gas flow of methane and hydrogen
is controlled to obtain fixed methane concentrations of 0.3 and 2.0% for microcrystalline and
nanocrystalline diamond, respectively. The gas mixture enters at a rate of 100 sccm and is
activated by a heated Re filament positioned at 8 mm above the substrate. The choice of Re for
the filament material has the advantage that it does not react with carbon and therefore is not
consumed during the diamond reaction. The filament is resistively heated in the range of 2300–
2500°C, as measured by an optical pyrometer. The total gas pressure of the chamber is kept at
approximately 2.7 ± 0.1 Pa. The substrate temperature can be varied in the 600–900°C range.
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The growth rate varies in the 0.1–0.5 µm/h range depending on the substrate temperature [33].
The SEM images in Figure 9 illustrate the differences in morphology and grain size between
microcrystalline and nanocrystalline diamond.

Figure 9. Micrographs of (a) nanocrystalline and (b) microcrystalline diamond.

7. HFCVD carbon nanotubes

Carbon nanotubes (CNTs) are grown by HFCVD on Cu at a substrate temperature of 900°C
using a concentration of 2.0% methane in hydrogen. The growth parameters are similar to
those required to grow nanocrystalline diamond; the crucial difference is the choice of
substrate material, which should act as catalyst for the growth of CNTs. Before the clean
reactive gas mixture is introduced into the HFCVD chamber, it is evacuated to 10−3 Pa or lower.
The gas mixture enters at a rate of 100 sccm and is activated by a heated Re filament positioned
at 8 mm above the substrate. The filament is resistively heated in the range of 2300–2500 °C,
as measured by an optical pyrometer. The total gas pressure of the chamber is kept at approx‐
imately 2.7 ± 0.1 Pa. A thick layer of carbon nanotubes is readily obtained in about 15 min
[34, 35].

The SEM images (Figure 10a and b) show that the films are composed of entangled clusters of
nanotubes or nanofiber structures with the catalyst material present in the form of spherical
tips. A more detailed by TEM (Figure 10c) shows that the fibers are bamboo-like carbon
nanotubes (BCNTs) with diameters ranging from 50–100 nm and variable lengths. They
contain nanocavities that are stacked one over the other with closed walls consisting of a
number of graphene layers.
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Figure 10. Scanning electron microscopy of (a) HFCVD carbon nanotubes, (b) Bamboo-like carbon nanotubes (BCNTs),
and (c) transmission electron microscopy of BCNTs.

8. Summary

In this chapter, we discussed the HFCVD reactor design and the interplay between the reactor
parameters, such as filament and substrate temperatures, filament-to-substrate distance, and
total pressure. Special attention was given to the large-area synthesis of bilayer graphene on
copper, but we also discussed the HFCVD synthesis of microcrystalline diamond, nanocrys‐
talline diamond, and carbon nanotubes. Large-area bilayer graphene grown by HFCVD has
transmittance greater than 90% in the visible region and no gaps. The size of the graphene
wafers that can be obtained by HFCVD is only limited by the size of the reactor and lends itself
to be incorporated into a continuous roll-to-roll fabrication process, thus lowering the cost per
unit area and enabling the integration of bilayer graphene in large-scale industrial production
lines. The HFCVD method has the potential to enable large-area applications of graphene, such
as transparent electrodes for flat panel displays and solar cells.
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