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Abstract. The synthesis of iron nanocatalysts on silicon substrates via the Electron Beam Physical Vapor
Deposition method has garnered significant attention due to its catalytic uses. The influence of annealing
temperature (500°C, 550°C, and 600°C) on the structural and morphological characteristics of Fe nanocatalysts
and their use in the growth of carbon nanotubes via Chemical Vapor Deposition is investigated in this study.
Atomic Force Microscopy and Scanning Electron Microscopy measurements reveal that an increase in the
annealing temperature reduces the average nanocluster size, and annealing at 600°C yields nanoclusters with an
average size of approximately 30 nm; hence, they are more effective as catalysts. Raman spectroscopy proved that
carbon nanotube growth was only observed on the 600°C-annealed substrate, and it exhibits a high Ip/lg ratio
(<1), indicating high crystallinity and low defect concentration. The absence of Radial Breathing Mode peaks
represents additional evidence that the synthesized carbon nanotubes are multi-walled. These findings indicate
that nanocluster size and distribution must be controlled with high accuracy using Electron Beam Physical Vapor
Deposition and thermal treatment in order to maximize Fe nanocatalysts for carbon nanotubes growth.

Keywords: Iron nanocatalysts, Carbon nanotube, Physical Vapor Deposition, Chemical Vapor Deposition, Raman
spectroscopy, Atomic Force Microscopy, Scanning Electron Microscopy.

1. Introduction

In recent years, metallic nanomaterials have gained widespread popularity due to their physical,
chemical, and catalytic properties which make them ideal for use in green chemistry, waste reduction, and
environmental remediation [1- 3]. Iron (Fe) nanocatalysts are especially interesting due to the abundancy and
low cost of iron, its favorable magnetic characteristics, and versatile reactivity [4,5]. Fe nanocatalysts have
numerous applications in chemical synthesis, conversion of renewable energy, and even in cleaning up the
environment [6]. Moreover, their involvement in the formation of carbon nanotubes (CNTSs) has created a
need to refine their synthesis and control their morphology, in order to increase catalytic activity [7]
alongside these developments. Central to interest in Fe nanocatalysts is their application in the production of
carbon nanotubes. Myriad approaches have been devised for the preparation of Fe nanocatalysts. The most
common methods of chemical synthesis include: chemical reduction [8, 9], sol-gel technique [10], thermal
evaporation [11], and sputter deposition [12]. Unfortunately, these techniques present important limitation
related to the control over the particle size distribution, surface agglomeration, and contamination. It is clear
that these features hamper the full potential of the synthesized nanomaterials thus being hampered their
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effectiveness [13]. As response to these issues, Electron Beam Physical Vapor Deposition (EB-PVD) has
been found to be a highly effective method due to its capacity to function under high vacuum conditions,
thereby maintaining low levels of contamination and enabling deposition of very uniform and pure
nanostructures [14]. The intrinsic control over deposition parameters of EB-PVD, such as the evaporation
rate, substrate temperature or beam current enables the fine adjustment of catalyst morphology, which is a
critical factor in optimizing the ensuing catalytic activity and CNT growth [15]. It was demonstrated the
possibility to achieve high-purity films and nanostructures by using a ultraclean environment, thus
minimizing the formation of defects and contaminants, and the same time promoting fast deposition with less
material loss [16]. EB-PVD has also succeeded in optimizing the size and distribution of metallic
nanocatalysts, which is essential for high surface area and active site requirements in applications [17]. It has
been recently reported that alteration of the annealing conditions following deposition can impose severe
changes in the morphology of Fe nanocatalysts, thus further enhancing their catalytic activity for CNT
growth [18]. For instance, the reduction in particle size and enhancement in particle uniformity by annealing
have been attributed to increased catalytic activity and enhanced crystallinity of CNTs [19]. The current
state-of-the-art in CNT synthesis places higher priority on the construction of solid and scalable catalyst
preparation methods that can form catalysts of suitable size, distribution, and purity [20]. Despite many
physical and chemical methods being tried out, the EB-PVD method is unique in its ability to offer the best
balance between controllability and efficiency, especially with the inclusion of subsequent thermal
treatments [21]. This mixture not only improves the physical characteristics of the catalyst but also CNT
guality and yield in Chemical Vapor Deposition (CVD) conditions [22]. Further, advances in in-situ
characterization techniques have also enabled enhanced understanding of nanocatalyst structural evolution
on annealing and CNT growth, thus enabling improved process optimization [23]. Despite these
advancements, reproducibility of catalyst performance and- elucidation of detailed mechanism underlying
morphological evolution during the annealing process remains challenging. Numerous works have reported
differences in various schemes of annealing and their implications on the character of catalyst, but
relationship of deposition parameters with annealing treatment and the resulted synthesis efficiency of CNT
remains unclear [24]. Filling this gap is a crucial step for the advancement of the nanocatalyst design field
and for the broader application of CNTSs in electronics, sensors, and energy storage [25].

In this paper, we report the optimization and synthesis of Fe nanocatalysts via EB-PVD followed by
different annealing temperatures (500°C, 550°C, and 600°C). The novelty of our contribution is the rigorous
investigation of the annealing-driven morphological evolution and its immediate impact on the growth of
CNTs using CVD. With accurate tuning of annealing parameters, we demonstrate a critical temperature for
which the nanocatalysts exhibit an ideal size distribution and geometric configuration beneficial for effective
nucleation of CNTs. Our experimental outcomes, confirmed with Atomic Force Microscopy (AFM),
Scanning Electron Microscopy (SEM), and Raman spectroscopy, reveal that only substrates annealed at
600°C exhibit the properties of the requisite nanoparticles and improved quality CNT growth [26]. This
study not only offers a deeper understanding of the inherent mechanisms that control the development of
nanocatalysts but also offers a pragmatic route to the synthesis of next-generation catalysts for new
applications of CNTSs [27].

2. Instrumentals Part

Figure 1 illustrates the setup of an EB-PVD system used for the deposition of Fe nanocatalysts on a
silicon substrate. In this configuration, the core components include a vacuum chamber, an electron beam
source, and pumping systems to maintain high vacuum conditions essential for precise deposition. The main
components and their functions are as follows:

1. Electron Beam Source and Control Panel: The electron beam source is powered by a high-voltage
supply, controlled through an interface that allows users to adjust the output voltage in kilovolts (kV). This
high-voltage electron beam vaporizes the iron target material, creating a vapor that deposits on the silicon
substrate within the vacuum chamber. The control panel includes switches for turning the high voltage (HV)
on and off.

2. Vacuum Chamber: The deposition process occurs in the vacuum chamber, which isolates the
deposition environment from atmospheric contaminants. Maintaining a high vacuum is crucial for creating
uniform nanostructures, as it allows for a controlled deposition process with minimal interference from air
particles.
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3. Turbomolecular Pump: This pump creates and maintains the high vacuum required for EB-PVD by
removing air and other gases from the chamber. It plays a critical role in ensuring that the vaporized material
travels directly to the substrate without unwanted reactions or scattering.

4. Asynchronous Rotary Pump: Positioned before the turbomolecular pump, this pump performs initial
evacuation, creating a lower vacuum that facilitates the turbomolecular pump's operation. Together, these
pumps ensure a clean and stable vacuum environment essential for high-quality nanocatalyst deposition.

5. Cooling Water Lines: Cooling water flows through the system to prevent overheating, which can
damage components or alter deposition parameters. This water flow is vital for maintaining temperature
stability in both the electron beam source and the pumping system.
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Fig.1. Schematic diagrams" setup of EB-PVD system.

The EB-PVD system operates under high-vacuum conditions, with a chamber pressure of 10-° torr and
an applied electron beam voltage of 10 kV, thus providing the precise and stable environment necessary for
nanocatalyst deposition. This controlled environment allows a fine-tuning nanocatalyst properties, such as
size and morphology, to enhance catalytic performance.

3. Experiment

Silicon wafers (KEC-001, 100, n-type) were sequentially cleaned in three stages, as schematically
shown in Figure 2. To form a deposited buffer layer (DBL) on the obtained substrates, an oxide layer was
grown using the Thermal Oxidation method. The DBL thickness was controlled by temperature and grown to
various thicknesses over a period of 2-5 hours [28]. The substrates were cut into 2 x 1 cm pieces, with two
samples taken from each (one directly for CVD after PVD, and the other for analytical characterization).

The prepared substrates were placed in an EB-PVD instrument, where a high-vacuum environment (2-4
x 10™ ¢ Torr) was achieved. Iron material, placed in a crucible, was deposited onto the substrate surface for
3 seconds using a cathode filament operated at 10 kV and a current of 30-35 A. During the deposition
process, the wafers were maintained at room temperature.

After deposition, under the same vacuum conditions, the iron-coated substrates were annealed at three
different temperatures: 500°C, 550°C, and 600°C, each for 30 minutes. Upon completion of the annealing
process, the substrates were allowed to cool to room temperature under vacuum before the chamber was
opened. A portion of the obtained substrates was immediately transferred to the CVD system.
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Fig.2. Fe nanocatalyst formation and CNT synthesis via CVD.

The CVD process was also conducted under vacuum conditions. To prevent oxidation of the Fe
nanocatalysts' surface, the substrates were reduced in a hydrogen atmosphere at temperatures ranging from
400°C to 500°C for 45 minutes. Subsequently, Ar was introduced as a carrier gas, and an ethanol mixture
was supplied as the carbon source into the quartz tube. Regardless of their annealing temperature, both sets
of substrates underwent CNT synthesis at 500°C for 1 hour, followed by natural cooling to room
temperature.

4. Characterization Techniques

The AFM micrographs were obtained with the equipment NT-MDT Next Solver, operated in semi-
contact mode to minimize tip—sample interaction. The scans were performed at a frequency of 1 Hz with a
resolution of 300 x 300 pixels, under ambient conditions. This setup enabled precise visualization of the
surface morphology and height variations of the catalyst nanoparticles. SEM imaging was conducted using a
Thermo Fisher Scientific Apreo 2S LoVac system, operated in low vacuum mode. The system provided a
lateral resolution of up to 500 nm, which allowed clear observation of the nanocatalysts' size distribution,
surface coverage, and structural uniformity. Raman spectra were acquired using a Renishaw inVia Raman
microscope equipped with a 785 nm excitation laser. The measurements were taken in backscattering
configuration under ambient conditions. The system offered a spectral resolution better than 1 cm™ !,
enabling detailed analysis of the D, G, and 2D bands of CNTSs to assess their degree of graphitization and
structural defects.

5. Results and discussion

Figure 3 presents AFM images on 3 X 3 um? of iron nanoclusters annealed at 500°C and 550°C. .One
can observe the presence of almost spherical grains distributed on the surface. The size analysis of the
nanoclusters revealed that the average diameter of the particles annealed at 500°C was 250 nm (Figure 3a),
while those annealed at 550°C exhibited an average diameter of 170 nm (Figure 3b). Only spherical Fe
grains can be observed on the surface, without any features on the surface, indicating the absence of CNT
growth. This can be attributed to the excessively large size of the nanoclusters, which prevents them from
functioning effectively as nanocatalysts. Although carbon atoms adhered to the surface of the nanoclusters,
no structured CNT growth was detected.

SEM imaging of iron nanoclusters on substrates annealed at 600°C (Figure 4) demonstrated a
significant reduction in particle diameter compared to the samples annealed at the two lower temperatures.
The minimum, maximum, and average diameters of the nanoparticles were determined to be 7 nm, 115 nm,
and 30 nm, respectively, with a standard deviation (o) of 15 nm.

This phenomenon indicates that the nanoparticles have reached the critical size required for their
functionality as nanocatalysts. Additionally, their geometric shape closely resembles that of droplets (Figure
4a). The particle size distribution derived from SEM analysis indicates that the Fe nanocatalysts have an
average diameter of approximately 30 nm. The histogram was constructed using ImageJ software, which
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enabled accurate measurement and statistical analysis of nanoparticle dimensions. The distribution shows
that the most frequently occurring particle sizes lie within the 15-25 nm range, which is close to the
calculated mean. The data exhibits a positively skewed (right-skewed), log-normal distribution, commonly
encountered in nanostructure synthesis.

a) b)
Fig.3. AFM images of Fe nanoclusters annealed at 500°C (a) and 550°C (b).

Diameter

a)
Fig.4. (a) SEM image and (b) diameter distribution of Fe nanoparticles annealed at 600°C.

This suggests a high population of small particles, while larger particles are comparatively rare,
indicating a polydisperse system. Such non-uniformity in particle size can significantly affect their catalytic
behavior during CNT growth (Figure 4b). Furthermore, the appearance of a small number of particles in the
80-100 nm range may be attributed to agglomeration or sintering phenomena occurring during deposition or
annealing processes. This confirms that 600°C represents the threshold temperature at which the iron thin
film transforms into catalytically active nanoparticles.

EDX analysis further confirmed that the elemental composition of the substrate is uniformly distributed
across the surface, as depicted in Figure 5a, b, and c. The absence of foreign elements in the sample serves as
evidence of the high precision and purity maintained during the nanocatalyst preparation process.

Additionally, Figure 5d illustrates the percentage composition of the elements, providing insight into
their relative abundance within the overall sample.

Raman spectroscopy (785 nm laser) analysis conducted after the CVD process confirmed that no CNT
growth occurred on the surfaces of the substrates annealed at 500°C and 550°C. However, CNT formation
was observed on the 600°C-annealed substrate after CVD at 500°C (Figure 6).

The Raman spectrum displayed a dominant G band at 1582 cm™ ' compared to the D band at 1326
cm™ '. The intensity ratio of D to G (Ip/lg) corresponded to 0,56 , indicating high crystallinity and low
defectiveness in the CNTs. Compared to the MWCNTs grown in [29], the obtained results indicate
significantly higher quality. According to the best Raman analysis results of MWCNTS synthesized by Miura
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et al., the Ip/lg ratio was found to be 1,11. Our results suggest an approximately twofold improvement in
Io/lg over them, a finding that complements rather than contradicts their contributions. The smaller this ratio,
the more ordered and high-quality the nanotubes are. If the intensity ratio of the D peak to the G peak is less

than 0,5, it indicates highly ordered and high-quality nanotubes.
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Fig.5. EDX analysis of nanoparticles annealed at 600°C: (a), (b), (c), and (d).

N
[eo]
[Vp]
>
L.
> o
= Yol
(7] © O
= N (9]
_.9 o
E -
T T T T T T T T T T T T T 1
0 500 1000 1500 2000 2500 3000 3500

Raman shift (cm™)

Fig.6. Raman spectrum of CNTs grown on Fe nanoparticles annealing at 600 °C.
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If this ratio falls within the range of 0,5 to 1, it suggests the presence of some defects; however, the
nanotubes remain structurally viable. Furthermore, the absence of RBM peaks in the 100-400 cm™ ! range
confirmed that the synthesized CNTs were multi-walled rather than single-walled.

6. Conclusion

In the present study, Fe nanocatalysts were successfully grown on Si substrates by means of Electron
Beam Physical Vapor Deposition (EB-PVD) and subsequently subjected to annealing at various
temperatures (500, 550, and 600 °C). The variation of annealing temperature was investigated for optimizing
the structural and morphological characteristics of Fe nanoclusters to be used as catalysts in the growth of
carbon nanotubes (CNTs). From Atomic Force Microscopy (AFM) and Scanning Electron Microscopy
(SEM) investigations, it is confirmed that the higher annealing temperature attributed to the decrease in
nanocluster size, with the most favorable size distribution at 600° ranging from 7-115 nm (average 30 nm).
Raman spectra show CNTs only after annealing at 600°C with an ID/IG of 0.56, a value associated with high
crystallinity and low defect levels. Taken together with prior studies under the same conditions, these data
point to an approximate twofold reduction in ID/IG, implying enhanced structural quality. Based on the
SEM-derived size distribution of the nanoparticles, the samples are consistent with multi-walled carbon
nanotubes. In addition, the absence of Radial Breathing Mode peaks further elaborated this conclusion.

The iron nanocatalysts obtained in this study have great potential for various advanced fields such as
nanoelectronics, nanomedicine, energy storage and conversion, environmental remediation, and sensor
technologies, where precise control over nanoparticle size is crucial for optimizing performance; therefore,
the method developed here, which enables fine-tuning of nanocluster dimensions, represents a highly
valuable approach that not only advances these fields but also provides evidence that controlling the
nanocatalyst size and distribution can optimize their use in carbon nanotube synthesis, with the EB-PVD
technique under appropriate annealing conditions offering an effective way to produce high-quality
nanocatalysts possessing uniform morphology and enhanced catalytic efficiency, while further refinement of
deposition and annealing parameters is expected to enable even more precise control over nanostructure
formation and catalytic performance, and in addition, exploring other catalyst materials and substrate
modifications may open new avenues for improving processes related to CNT synthesis.
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