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EFFECT OF PLASMA PARAMETERS ON THE SYNTHESIS
OF CARBON NANOMATERIALS BY THE PECVD METHOD

Abstract: This work covers an experimental study of the effect of plasma parameters on the synthesis of carbon
materials by the PECVD method. It was found that, depending on PECVD synthesis parameters,in particular,
temperature, discharge power, gas pressure, percentage of gas mixture and etc., various carbon nanomaterials are
synthesized. The obtained samples were analyzed by using analytical equipment such as Quanta 3D scanning
electron microscope (SEM, FEI USA), NThegra Spectra Raman spectroscopy and Leica optical microscope. Thus,
the morphology and quality of the structure of the obtained samples (carbon nanoparticles (CNP), carbon nanofibres
(CNF) and nanotubes (CNTs), carbon nanowalls (CNWs) and multilayered graphene sheets) were studied by optical
and electron microscopies, as well as by the method of combined light scattering. Found, that with the increase of
power of the radio-frequency discharge, the production of qualitative nanostructures is complicated by the formation
of their nanoclusters. For the synthesis of CNT, it is necessary to control the thickness of catalytic nanolayer, since
the quality of CNT structures can be worsened by the formation of thicker nanofibers. The obtained experimental
results can be used to determine the optimum PECVD synthesis condition to synthesize various carbon
nanomaterials.

Keywords:carbon nanoparticles, carbon nanofibers, carbon nanotubes, carbon nanowalls, multilayer graphene,
radio-frequency (RF) discharge plasma.

Introduction

Analysis of the state and trends in the modern development of nanoindustry objects allows us to
conclude that one of the most promising areas of nanotechnology is the production of carbon
nanomaterials (CNMs). As is well known, carbon exists in the solid phase in several modifications, the
properties of which sharply differ from each other: carbon nanoparticles [1-2], carbon nanofibres, carbon
nanotubes [3-4], graphene [5-6], carbon nanowalls [7- 8], fullerene [9] etc. The research relevance of
CNMs is due to the wide range of their practical application in various areas of industry. For example,
carbon nanoparticles can find their application in water purification [10,11], automobile tires as
reinforcing fillers [12], in determining cancer cells at an early stage [13], etc. Scientists suggest the use of
carbon nanotubes as reinforcing elements for the production of high-quality concrete [14,15] in
construction. The unique properties of CNTs are also used for medicine purposes like water disinfection,
production of antimicrobial coatings and drugs [16] and in targeted drug delivery [17]. CNTs and
composites based on them are used in power engineering to store hydrogen [18], to create high-capacity
capacitors (supercapacitors) [19]. The unique semiconductor properties of graphene allow them to be used
in electronics to create highly sensitive sensors, high-speed electronic devices [20,23] etc. As for carbon

—— |4 ——
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nanowalls (CNW), they are one of the allotropic modifications of carbon, which are vertically oriented
graphene sheets [24,25], which find their application for energy storage as a blackbody-like material, for
bolometers [26] and solar cells [27] as electrodes for supercapacitors [28,29], etc. Thus, taking into
account the relevance of CNM, in this work a method of plasma-enhanced chemical vapor deposition
(PECVD) was used for the synthesis of carbon nanomaterials at different plasma parameters.

Experimentalpart

The scheme of the experimental setup is shown in Fig. 1. The PECVD system consists of a working
chamber, a system of radio-frequency electrodes (6), a heating element (5), which reduces the effect of
power RF discharge on the process of dissociation of carbon-containing gas for the gas-phase deposition
process of a CNT, power supply for heating element (8), a high-frequency (RF) generator (9) for igniting
a plasma, a vacuum system and a gas inlet system. The substrate with the catalyst, in this case, a nickel
one, is placed on the surface of the lower electrode.

Pacxonomep
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Ar/CH4 i _
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ekTpon \ | =
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1 - valve, 2 - gas flowmeters, 3 - gas flowmeter controller, 4 - argon and methane gas cylinders,
5 - heating element, 6 - high frequency (RF) electrodes, 7 - substrate, 8 — power supply for heating element,
9 — HF (RF) generator with automatic matching device
Figure 1 — Structure of the PECVD system for the synthesis of nanocomposite materials based on CNTs
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The experiment was carried out as follows. First, a silicon substrate with a catalytic nanolayer was
annealed to form the islands of the nickel nanoclusters. To do this, the substrate is loaded into the working
chamber on the surface of the lower electrode and a vacuum condition is created, after the vacuum is
established, the working gas argon (Ar) flow is supplied to a pressure of the order of 1 Torr, the RF
plasma is ignited in the power range 1-25 W at the temperature of 400°C and processed for 10 minutes.
This process is well described in [30]. Further, for the growth of CNTs, a reaction carbon-containing gas,
methane, is injected into the working chamber up to a pressure of 1.1-1.6 Torr , and then the synthesis
process lasts for 15-30 minutes.

Figure 2 shows photographs of silicon substrates with a nickel catalyst before and after CNT
synthesis by the PECVD method. It can be seen that after the synthesis, the surface of the substrate has a
soot formation, which indicates the possible deposition of carbon nanostructures.
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Figure 2 — Silicon substrates with nickel catalyst before (left) and after (right) CNT synthesis by the PECVD method

Results and discussion

The samples synthesized by the PECVD method were investigated by scanning electron microscopy
(SEM) and Raman spectroscopy (Raman spectroscopy).

SEM images and Raman spectra of the samples obtained at temperatures 400-450°C, pressure of 1.3
Torr and discharge power in the range of 1-10 W are shown in Fig. 3. As can be seen, the surface of the
obtained samples has a deposition in the form of carbon nanoparticles with sizes of the order of 50 -100
nm and a carbon film. The absence of CNTs is explained by the low synthesis temperature for the
formation of nanoclusters (crystalline structure).

Further, the experimental work was carried out at a temperature of 500°C, a gas pressure of
methane/argon of 1-1.8 Torr, and a discharge power in the range of 1-25 W.

a — SEM image, shooting angle 0°
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Figure 3 — SEM analysis of samples after PECVD synthesis at a temperature of 400-450°C and discharge power of 1-10W
— 16 ——
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In experiments with synthesis conditions: pressure 1-1.8 Torr, temperature 500°C and duration of 20
minutes, carbon nanowires (1-5 W) and nanotubes (5-7 W) were obtained, which was proved by the
results of SEM and Raman studies, as well as optical microscopy.

Optical micrographs and SEM images of the obtained samples of carbon nanofibers and nanotubes
are presented in Figures 4 and 5, respectively.

10 um

Figure 4 — Optical micrographs of carbon nanofibers synthesized at discharge power of 1-5 W and temperature of 500°C

HFW — e [—

a -nanofiber b — nanotubesandnanofibers

Figure 5 - SEM images of carbon nanofibers and nanotubes at a discharge power of 1-7 W and temperature of 500°C
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Figure 6 — Raman spectrum of the obtained nanofibers (nanotubes)
at a discharge power of 1-7 W and a temperature of 500°C
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The result of Raman study of the obtained samples is shown in Fig. 6. The obtained spectrum is
typical for the multiwalled carbon nanotubes (MWCNT) and demonstrates G mode, which is usually
observed in graphite-like materials, D mode, which is associated with defects in the structure, the second
harmonic of the D mode - G'( 2D) mode and G+D mode, the origin of which is not fully understood yet.

It can be seen from the spectrum that the obtained MWCNTs are not of the high quality. The intensity
ratio of D and G peaks, responsible for the perfection of the graphene structure, is equal to 1.1, where for
CNTs it is about 1.5 and higher. In addition, the position and partial overlapping of D and G peaks
indicate amorphous structure. The low quality of MWCNTs is probably due to the presence of additional
constituents like nanofibers, which have higher diameter and more disordered structure.

With the increase in discharge power in the range of 10-15 W, the formation of carbon nanowalls
(CNW) was detected, which was confirmed by the results of SEM, Raman analysis (Figures 7-9).

a— 15Bt b - 10Bt

Figure 7 — SEM images of CNW synthesized on Ni/Si substrates at a discharge power of 15 W (a)
and 10 W (b) at a temperature of 500°C

As can be seen from the SEM image, after the synthesis process, the surface of the silicon substrate becomes covered with the
vertically aligned carbon sheets, also known as carbon nanowalls (CNW). As the discharge power is increased, it is possible to
observe the agglomeration of nanolayers - the formation of nanoclusters of the walls (Figures 7a and 8).

Figure 8 — SEM images of CNW synthesized on Ni/Si substrates at discharge power of 15 W and the temperature of 500°C

— 18 ——
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Figure 9— Raman spectrum of CNW synthesized on Ni/Si substrate at discharge power
of 10 and 15 W at the temperature of 500°C

The Raman spectrum of the obtained samples corresponds to the typical spectrum of CNW [31-33],
while the G-mode, which is usually observed in graphite materials, has a redshifted shoulder - D' peak.
The spectrum also contains characteristic D-peak, associated with defects in the sp” structures, 2D (G') -
peak, which corresponds to the second order of the D-mode and the G+D mode. The intensity ratio of the
D and G modes, which indicates the degree of disorder (defectiveness) in the crystal lattice of the
graphene sheet, ranges from 1.7 to 1.9. The calculated in-plane correlation length L, varies from 2.5 to 2.3
nm, the region in which the CNW can be considered as defect-free. As mentioned above, with the
increase of discharge power, the agglomeration of nanowalls occurs, and the ratio I(D)/I(G) increases as
well, which indicates the formation of defects in the structure.

With a further increase in the discharge power in the range of 20-25 W and under the same
parameters of temperature and pressure, multilayer graphene sheets were obtained (Fig. 10,11). As can be
seen from the SEM images, the islands of multilayer graphene with a thickness of the order of 50-75 nm
were formed on the surface of the silicon substrate. Raman studies indicate that the obtained structures
correspond to the graphite-like material. The in-plane correlation length L, is 2 nm, and the ratio [(D)/I(G)
is 1.4.

a— SEM image, shooting angle 0° 6 — SEM image, shooting angle 90°

Figure 10 — SEM analysis of the samples after PECVD synthesis at 500°C and discharge power of 15-25 W
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Figure 11 — Raman spectrum of the samples after PECVD synthesis at 500°C and discharge power of 15-25 W

Table 1 represents parameters for the synthesis of carbon nanomaterials by PECVD method

Table 1 — Parameters for the synthesis of carbon nanomaterials by PECVD method

Resulting product Synthesis parameters
Pressure, torr Temperature, °C Discharge power, W Gas mixture
Carbon nanoparticles 1.1-1.6 400-450 1-15 Ar/CH,
Carbon nanofibers and 1.1-1.6 500 1-7 Ar/CH,
nanotubes
Carbon nanowalls 1.1-1.6 500 8-15 Ar/CHy
Multilayered graphene 1.1-1.6 500 20-25 Ar/CH,
Conclusion

Thus, various carbon nanomaterials were obtained and characterized. It was experimentally revealed
that the type of the synthesized nanomaterial depends on the value of discharge power. At temperatures of
400-450°C and discharge power of 1-15 W carbon nanoparticles are synthesized, with increasing
temperature up to 500°C carbon nanostructures are formed, in particular, at discharge power of 1-7 W-
carbon nanofibres and nanotubes, 8-15 W- carbon nanowalls, 20-25 W multi-layered graphene. The
obtained experimental results can be used to determine the optimum PECVD synthesis condition to
synthesize various carbon nanomaterials.
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IIITIASMA TAPAMETPJIEPIHIH KOMIPTEKTI HAHOMATEPHUAJIJIAPIBIH
PECVD 9JICIMEH CUHTE3IHE 9CEPI

AHHOTAUMsA. ATaaFaH J)XKYMBIC IIa3Ma MapaMeTpiIepiHiH KemipTekTi Hanomarepuangapasiy PECVD omiciMen
CHHTE3IHe 9CpiH dKcHepuMeHTan bl 3eprreyre apHanradH. PECVD napamerprepine, Temneparypa, pa3psija KyarTbl,
ra3 KbICHIMBI, ra3fapblH NalbI3IbIK yleciHe OaiJIaHBICTBI SPTYPJIi KOMIPTEKTI HAaHOMaTepHalJap CHHTE3JIEeNeTiHI
aHBIKTAIIBI. AJIBIHFAH YJTLICp CKaHEepJeylli 3JeKTPoHIbIK Mukpockon Quanta 3D (COM, FEI USA), Pamanabik
cnekrpomerp NThegra Spectra, ontukaibslk MUKpockon Leica CHAKTBI aHAJIMTHKAJIBIK KOHIBIPFBUIAP KOMETiMeH
3eprrenai. Ocbulaifina, ONTHUKAIBIK JKOHE IEKTPOHIBIK MHUKPOCKOIL, YKOHE 1€ KOMOWHALMSUIBIK JKapblK MIAIIbIpay
KOMETiMeH KypbUIBIMIapAbIH MOpQOJOTHsICHl MEH camachl 3epTrenai: kemiprekti HanoOemmekTep(KHB),
kemiprekti HaHotanmublKk (KHT) men nanoryrikme (KHT), xemiprekri HanoxaObipra (KHK) jkoHe kemka0OaTTh
rpaden mapaxmamapel. JXOK pa3psn KyaTblH ecipreH Kesle HaHOKaOBIpFalapIblH HAaHOKIIACTEPTe KYPBLTYHI
KUBIHIANIBITEIHGI aBbIKTangpl. KHT cuHTe31 yIniH KaTamuTHKAIbIK HAHOKBIOBIKTHIKIIAHBIH KANBIHIBIFEIH 0acKapy
Kaxer, ce6e6i KHT KyppUIsIMBI Hammapian HaHOTAIIIBIKTEIH ©CyiHEe aibll Kejeni. AnbiHFaH HoTmkenep, PECVD
dmiciMeH 9pTYpili KOMIPTEKTi HAaHOMATEePHAJAAPAbl CHHTE3IEY e KOIIaHBLTYBl MYMKIH.

Tipek ce3xep: KoOMIpTEKTI HAHOOOJIIEKTEp, KOMIPTEKTI HAHOTAIIIBIKTAP, KOMIPTEKTI HAHOTYTIKIIeNIep,
KOMIpeTeKTi HaHOKaObIpFaiap, KenkaoaTThirpadeH, )KOFapbl )KUUTIKTI pa3psij I1a3Machl.

VK 539.23; 539.216.1
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BJIMSATHUE TAPAMETPOB IIVIA3MbI HA CUHTE3
YIJIEPOJHBIX HAHOMATEPHUAJIOB METOJAOM PECVD

AnHoTanus. J[aHHas paboTa MOCBAIIEHA 3KCIEPUMEHTATBHOMY HCCIICIOBAHHIO BIUSHUS IAPAMETPOB ILTa3MbI
Ha CHHTE3 yIIepoAHbIX MarepuanoB MmerogqoM PECVD. YcranoBneHo, 4To B 3aBHCHMOCTH 0T mapamerpoB PECVD
CHHTE3a B YACTHOCTH, TEMIIEPATYPbI, MOLITHOCTH pa3psja, JaBJI€HHE Ta3a, IPOLCHTHOE COOTHOLIEHUE CMECU Ta30B U
T.JI., CHHTE3MPYIOTCS pa3jMyHbIe YIJIEpOIHbIe HaHOMarepuaibl. [losydeHHbIe 00paslbl OBUIM HCCIIEIOBaHbI C
MOMOLIBIO0 aHATUTUYECKUX 000PYJOBaHMM, TAKUX KaK CKAaHMPYIOIIHUH 3JeKTpoHHBIH MuKpockon Quanta 3D (COM,
FEIUSA), PamanoBckuii crnektpockon NThegraSpectra, onrtuueckuii Mmukpockon Leica. Takum oOpazom, c
MIOMOIIBIO ONTHYECKOH M 3JIEKTPOHHONH MHKPOCKOIIMH, & TAaKXKE METOJAOM KOMOWHHMPOBAHHOTO PacCesHHs CBETa
ObutM MccienoBaHbl MOP(OJIOrUs W KAadeCTBO CTPYKTYPHI MOJYYEHHBIX OOpas3loB: YyIJIEPOJHbIE HAHOYACTHIBI
(YHY), yrneponusie nHaHoBosokHa (YHB) u nanorpyoku (YHT), yrinepoansie Hanoctensl (YHT) n MHOTOCHOIHBIE
rpad)eHOBBIE JHCTH. YCTAaHOBJIEHO, YTO C YyBeJIMYeHHeM MomHocTH BY paspspa mosydeHne KadecTBEHHBIX
HAHOCTEH ycJIoXHsAeTcs (popMupoBaHmeM nx HaHOKIAcTepoB. st cuaTesa YHT HeoOX0AMMO KOHTPOIH TONIIHHBI
KaTaJIATUYECKOr0 HAHOCIOS, TaKk Kak KadecTBo cTpykryp YHT Moker yxyammrhes ¢opMupoBaHueM Ooiee
TOJICTBIX HAaHOBOJIOKOH. IlomydeHHBIE pe3ylbTaThl MOTYT OBITh HCIIONB30BAHBI AJSI ONPENEICHHUS ONTHUMAIbHBIX
ycnosuit PECVD Mertona 1y cMHTe3a pa3IyHBIX YTIEPOIHBIX HAHOMATEePHAJIOB.

KnaroueBble cjioBa: yriepoiHble HAHOYACTHUIBI, YIJIEPOAHBIE HAHOBOJIOKHA, YIJICPOJHbIE HAHOTPYOKH,
yIJIepO/IHbIE HAHOCTEHBI, MHOTOCIIOMHBINTpadeH, mia3ma BEICOKOYAaCTOTHOTO pa3psiaa.
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