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ROLE OF SYNTHESIS TIME IN SHAPING THE MORPHOLOGY
AND STRUCTURE OF CARBON NANOWALLS

Carbon nanowalls (CNWSs), a unique class of vertically oriented graphene-based
nanostructures, have attracted significant attention due to their promising applications in energy
storage, electronics, and sensing technologies. These materials combine high surface area,
excellent electrical conductivity, and tunable morphology, making them ideal for a range of
functional devices. However, controlling their structural evolution during synthesis remains a
critical challenge. This study aims to systematically investigate the effect of synthesis duration on
the morphological, structural, and optical properties of CNWs grown on silicon substrates using
capacitively coupled plasma-enhanced chemical vapor deposition (CCP-PECVD). The research
focuses on understanding how variations in growth time influence nanowall formation, defect
density, and surface characteristics, which are essential for tailoring material performance. The
CNWs were synthesized at four different durations—30, 60, 90, and 120 minutes—and
characterized using SEM, AFM, Raman spectroscopy, and UV-Vis reflectance analysis. The results
demonstrate a clear time-dependent evolution in CNW morphology and structure: from sparse
and disordered features at 30 minutes to dense, petal-like graphitic walls at 120 minutes. Raman
analysis showed increasing defect density with time, followed by partial graphitization at longer
durations. Optical measurements revealed reduced reflectance with increasing synthesis time,
indicating enhanced light trapping and surface roughness.

Key words: carbon nanowalls, deposition, substrate, growth time.
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KemipTeKTi HaHOKabblpFanapabiH, MOPHONOrUACHI MEH KYPbINbIMbIH
KaNbINTaCTbIpyAafbl CUHTES YaKbITbIHbIH, Peni

KemipTekTi HaHOKabbipfanap (KHK) — rpadeHre HerisgenreH TiK  HafbiTTanfaH
HaHOKYPbINbIMAAPAbIH, epeKlle KAacbl — 3HepruaHbl CakTay, S/1EKTPOHMKA KaHEe CEHCOP/bIK
TEXHOMOMMANAP  CananapblHAa@ KeH, nepcnekTMBanapfa we  OONFAHABIKTAH,  FblAbIMM
KaybIMAACTbIKTbIH, Y/IKEH KbI3bIFYLWbIAbIFbIH TYAblIPbIN OTbIp. byn MaTepuangap YAKeH MeHLWiKTi
6eTKi ayJaHFfa, *KoFapbl 3NEKTP OTKI3TILUTIKKE KaHe peTTeneTiH mopdonoruara ne, byn onapabl
bYHKUMOHANAbIK, KypbIAFbLIAPAbIH, KEH ayKbiMbl YWiH nepcnektuBansl etedi. Ananga, KHK-HbiH
CWHTe3 KesiHAeri KypblbIMAbIK 3BO/IIOUMACLIH 6acKapy aAi Ae MaHbI3apb! FblibiMK Macene 60/bIn
Tabbinaabl. Ocbl 3epTTeyaiH, MaKkcaTbl — KPeMHUI HerisiHgeri cybcTpaTtrapaa CblnbIMAbINAbIKNEH
HalinaHbICKaH NaasmManbl-xMMUAAbIK By dasacbiHaa TyHAbIpy (CCP-PECVD) sgicimeH anbiHfaH
KHK-HbIH, MOPONOTUANBIK, KYPbINbIMABIK KaHE ONTUKANbIK KacMeTTepiHe CUHTE3 Y3aKTblfbIHbIH,
9CepiH XyMheni Typae 3epTTey. 3epTrey OapbiCbiHAa ©Cy yaKkbiTbiHbIH, ©3repyi KHK Ty3inyiHe,
aKkaynap Tbifbl3blFbiHa KaHe BeTKi cunaTTamanapblHa Kanan acep eTeTiHi TanaaHabl. KHK TepT
TypAai y3akTblikta — 30, 60, 90 »sHe 120 muHyT — cuHTesgenin, COM, ACM, PamaH
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dimensional (OD) fullerenes and carbon dots, one-

CMEKTPOCKOMUACHI XaHe YOD-kepiHeTiH Auana3oH4afbl Wafblly CAEKTpAepiMmeH cunaTTanabl.
AnbiHFaH HaTukenep KHK-HbIH Mopdoaornacsl MeH KypblibiMbIHbIH yaKbITKa 6ainaHbICTbl @K bIH
3BONOUMACBIH KepceTTi: 30 MUHYTTa CUPEK KaHe PEeTCi3 KypblabimaapaaH 6actan, 120 MMHyTTa
TbIfbl3 9pi Kanblpak Topisai rpaduTTi Kabblpranapra AeniHri e3repic 6alkanabl. PamaH
CNEKTPOCKOMMUACHI CUHTE3 YaKbITbl apTKaH CaWblH akaynap TblFbI3AbIFbIHbIH, ©CKEHiH, aa oAaH
KeriHri KeseHae iliHapa rpaduTM3auUmMAHbIH OPbIH affaHblH KepceTTi. ONTUKanbIK esweynep
CMHTE3 Y3aKTbIfbl aPTKAH CalblH LWAFblYAbIH TOMEHAENTIHIH KepceTTi, By 63 KeseriHae XapbIKTbl
TUIMAI Ty3aKTayFa *KaHe BeTKi Keaip-0yablpAbIKTbiH apTybiHa BalNaHbICTbl eKeHiH bingipea,.
TyiiH ce3aep: KemMipTeKTi HaHOKabbIpFanap, TYHAbIPY, CybCTpaT, ecy yaKpITbl.
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Ponb BpemMeHu cMHTe3a B GopMMpoBaHUM mopdonormm
W CTPYKTYpPbl YrNepoaHbIX HAHOCTEH

YrnepogHble HaHocTeHbl (YHC), YHWKanbHbIM KaacC BepTUKaZbHO OPUEHTUPOBAHHbLIX
HAaHOCTPYKTYP Ha oOcHoBe rpadeHa, MNPUBAEKAM 3HAYUTENbHOE BHMMaHME U3-33 WX
MHOroobeLaoLIMX MPUMEHEHUI B TEXHONOTMAX XPaHEHUA IHEPTUM, SNEKTPOHMKE M CEHCOPHbIX
TEXHONOMMAX. ITU MaTepmasbl coyeTatoT B cebe H0/bLUYI0 NN0LLAAb MOBEPXHOCTM, NMPEBOCXOAHYIO
3N1EKTPONPOBOAHOCTb M HAcTpamMBaemyto MopdOoaormio, YTO AeNaeT UX UaganbHbIMW ANA pAaa
bYHKUMOHANbHBIX yCTPOMCTB. OAHAKO KOHTPO/b MX CTPYKTYPHOM 3BOJIIOLMM BO BPEMA CMHTE3a
OCTaeTcs KpuTmyeckon npobaemolt. Lenbto AaHHOro UCCNe0BaHUA ABNSETCA CUCTEMATMYECKOe
M3y4YeHWe BAMAHMA NPOAOIKMTENBHOCTM CUHTE3a Ha MOPGONOTMYECKME, CTPYKTYpHble W
onTuyeckne ceoicTBa YHC, BbIpallleHHbIX Ha KPeMHMWEBbIX MOAJ/0XKAX C MCMNO/Ab30BaHMEM
©MKOCTHO-CBA3aHHOIO MAa3MeHHO-XMMUYECKOro ocaxkaeHusa us naposoit dasbl (CCP-PECVD).
NcecnepoBaHmne cocpeioTOMEHO Ha MOHMMAHWKM TOTO, KaK MU3MEHEHWA BO BPEMEHUW POCTa BAMNAIOT
Ha ¢opmupoBaHne YHC, MNOTHOCTb AePEKTOB WM XapPaKTEPUCTMKM MOBEPXHOCTM, KOTOPble
HeobXxoAMMbl ANS aanTaummn XapakTepucTnk matepmnana. YHC 6biam CMHTE3MPOBAHbI B TeYeHUe
yeTblpex Pa3anyHbIX NpoaoKmuTenbHocTen — 30, 60, 90 1 120 MUHYT — M OXapaKTepPU30BaHbI C
nomouwbto CIM, ACM, KPC un aHanmsa oTpaxeHus B YP-suaumom AmanasoHe. PesynbTaTbl
LEMOHCTPUPYIOT YETKY 3BOMOLMIO MOPHONOrMn 1 cTpyKTypbl YHC co BpemMeHem: OT peaKmx U1
HeynopaaoYeHHbIx ocobeHHocTel Yepes 30 MUHYT A0 NAOTHbIX, 1eNecTKoobPa3HbIX rPaPUTOBbIX
CTEHOK 4epe3 120 mMuHyT. AHanm3 PamaHa nokasan ysBenunyeHwe NNOTHOCTM AedeKToB Co
BPEMEHEM, 3a KOTOPbIM CledyeT YacTMyHaa rpadutusaumsa npu  Honee  ANUTENbHbIX
ANMTeNbHOCTAX. ONTUYECKME M3MEPEHMWA BbIABUIM CHUMKEHME OTPaKaTeNbHOM CnocobHOCTM ¢
YBE/MYEHNEM BPEMEHW CUHTE3a, YTO VYKa3blBaeT Ha Y/AydlleHWe YaBAMBaHWA CBeTa U
LLIepOoX0BaTOCTM NOBEPXHOCTU.

Kniouesble cnosa: yrneposHble HAHOCTEHbI, OCaXKAeHWe, NOAOXKKA, BPEMA pocCTa.

Introduction

Carbon nanomaterials — including zero-

diamond,

materials such as graphite, carbon black, and
carbon nanostructures exhibit unique

dimensional (1D) carbon nanotubes (CNTs) and
carbon nanofibers (CNFs), two-dimensional (2D)
materials such as graphene and its derivatives, as well
as three-dimensional (3D) forms like nanodiamonds
— have attracted significant attention since their
discovery [1-3]. Unlike conventional carbon

mechanical and transport properties due to their
distinct atomic arrangements [4]. Despite variations
in geometry and dimensionality, these materials share
a common structural motif: a hexagonal (honeycomb-
like) lattice composed of sp - hybridized carbon
atoms [2]. This structural feature endows them with
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exceptional  electrical  conductivity, chemical
stability, and a range of other outstanding physical
properties.

For the practical implementation of carbon
nanomaterials in various devices, precise control over
their morphology and chemical characteristics during
deposition onto substrates is essential. In particular,
the ability to synthesize these materials at low
temperatures is crucial for applications involving
thermally sensitive substrates.

Graphitic carbon is of particular interest for use
in battery electrodes and thermal management
systems in energy and electronics due to its high
electrical and thermal conductivity, chemical
inertness, and mechanical strength [5-9]. It also finds
applications in biotechnology, benefiting from its
chemical stability. Graphite flakes, with their high
specific surface area, promote uniform substrate
coverage and facilitate the wvertical growth of
graphene sheets. Nanowall structures, due to their
porosity and interplanar spacing, provide a high
surface-to-volume ratio, which is especially
advantageous for sensor and electrochemical
applications [10,11].

Methodology

CNWs were synthesized via capacitively
coupled plasma-enhanced chemical vapor deposition
(CCP-PECVD) [8,15] on silicon substrates (Si (100),
500 um thickness, ST orientation, University Wafer,
USA). Prior to deposition, all substrates were
sequentially cleaned in an ultrasonic bath using
acetone and isopropanol (Sigma-Aldrich), followed
by drying with nitrogen gas. Following substrate
preparation, CNWSs were synthesized according to the
procedure described in [8] for different durations (30,
60, 90, and 120 minutes) to systematically investigate
the effect of deposition time on the morphology and
structural characteristics of the CNWs. The resulting
samples were characterized using various analytical
techniques. The morphology of the CNWs was

Results and discussion

Figure 1 presents SEM images of carbon
nanowalls (CNWs) synthesized on silicon substrates
at different deposition times. The results clearly
demonstrate the strong influence of synthesis
duration on the surface morphology of CNWs. At 30
minutes (Figure 1a), the silicon surface appears
mostly smooth, with virtually no visible formation of
CNWs or vertical graphene sheets. By 60 minutes
(Figure 1b), initial growth of CNWs is observed,
characterized by a labyrinth-like morphology with
emerging vertically aligned graphene nanosheets.
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To date, a variety of carbon nanostructures —
such as carbon nanowalls (CNWSs), vertical graphene
(VG), and three-dimensional graphene (3DG) — have
been synthesized using plasma-enhanced chemical
vapor deposition (PECVD) on different types of
substrates and with various plasma sources [10,12—
14]. However, the detailed mechanisms governing the
deposition process remain insufficiently understood.
Further investigation into the deposition Kinetics is
necessary, Wwith particular emphasis on the
interactions between ions and radicals generated by
the plasma, as well as the effects of deposition
duration and plasma exposure time on the resulting
material’s morphology and structure.

This study focuses on investigating the effect of
synthesis time on the morphological and structural
properties of carbon nanowalls. CNWSs were
synthesized on silicon substrates using the PECVD
method, with synthesis durations ranging from 30 to
120 minutes. The morphological and structural
characteristics of the resulting samples were
examined to determine how synthesis time influences
the formation and properties of CNWs.

examined using a scanning electron microscope
(SEM, ZEISS Crossbeam 540). Surface topography
and roughness were analyzed using atomic force
microscopy (AFM, Solver Spectrum NT-MDT)
operated in semi-contact mode with silicon probes
(NSGO01, tip radius ~10 nm, resonance frequency
~170 kHz). Raman spectroscopy (Solver Spectrum
NT-MDT, 473 nm laser) was employed to study the
structural and vibrational properties of the samples
[16]. UV-Vis reflectance spectra were recorded in
diffuse reflectance mode over the 200—800 nm range
using an Agilent Cary 5000 spectrophotometer
equipped with a DRA-2500 integrating sphere. All
spectra were acquired in dual-beam mode with a
spectral bandwidth (SBW) of 2.0 nm.

Extending the synthesis time to 90 minutes (Figure
1c) leads to a denser and more developed network of
nanowalls with increased wall thickness. At 120
minutes (Figure 1d), the CNWs exhibit a transition
from labyrinthine to petal-like morphology.
Additionally, individual graphene sheets become
more prominent, and thicker wall structures are
observed. Occasional graphite-like deposits also
begin to appear on the surface, indicating the onset of
secondary carbon aggregation processes. These
morphological changes indicate that synthesis time
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plays a critical role in the evolution and structural
characteristics of CNW films.

The SEM series in Figure 1 clearly demonstrates
how CNW morphology evolves with synthesis time —
from negligible growth at 30min, through
labyrinthine walls at 60-90 min, to petal-like, edge-

n-30min

¢ ~Mmin

rich structures at 120 min. These findings are
consistent with existing literature, providing strong
evidence that deposition time critically controls wall
thickness, surface area, and nanostructure edge
characteristics — key factors for optimizing CNWs in
functional devices.

b « 60ynin

d - 120min

Figure 1 — SEM images showing the evolution of carbon nanowall (CNW) morphology synthesized on
silicon substrates via CCP-PECVD at different deposition times:
() 30 min, (b) 60 min, (c) 90 min, and (d) 120 min.

The AFM analysis clearly demonstrates the
time-dependent evolution of the surface morphology
of CNWs (see Figure 2). At 30 minutes (Figure 2a),
the substrate remains relatively smooth, with only a
few isolated nucleation sites and a maximum height
of ~28 nm, indicating minimal CNW growth. After
60 minutes (Figure 2b), the surface becomes more
uniformly covered with early-stage CNWs exhibiting
a granular texture and a height increase to ~49 nm. At
90 minutes (Figure 2c), the CNWSs begin forming

28 nm

vertically oriented structures with noticeable
roughness and a further increase in height to ~74 nm.
By 120 minutes (Figure 2d), a well-developed,
densely packed CNW network is observed, with a
distinct petal-like morphology and a maximum height
reaching ~119 nm. This trend highlights the
progressive thickening and vertical alignment of
CNWs over time, consistent with the SEM
observations in Figure 2.

49 nm
40
30
20

0

1||9nm

Figure 2 — AFM images showing the surface topography of CNWs synthesized on silicon substrates via
CCP-PECVD at different deposition times: (a) 30 min, (b) 60 min, (c) 90 min, and (d) 120 min.
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Raman analysis results are presented in Figure 3.
All obtained spectra (Figure 3a) exhibit a peak at
approximately ~520 cm™, corresponding to the
silicon substrate [17]. As the deposition time
increases, the intensity of this peak decreases, which
is attributed to the increasing thickness of the CNW
films that attenuate the silicon signal.In addition, all
spectra in Figure 3a reveal the key structural features
of CNWs, including the D, G, D', and 2D bands,
which indicate the presence of sp-hybridized carbon
networks with varying degrees of disorder [12,18,19].
At the shortest deposition time (30 min), the
intensities of the D and G bands are relatively low,
consistent with minimal CNW growth observed in
SEM (Figure 1a) and low surface roughness seen in
AFM (Figure 2a). As the deposition time increases to
60 and 90 minutes, the intensities of the D and G
bands rise, and the Ip/l ratio (Figure 3b) increases,
indicating a higher density of structural defects and
wall formation. This observation correlates well with
the labyrinth-like structures observed in SEM (Figure
1b-c) and the increased surface topography seen in
AFM (Figure 2b—c). Notably, the Ip/l¢ ratio peaks at

60 minutes, suggesting a maximum in structural
disorder or edge density. Beyond this point, at 90 and
120 minutes, a slight decline or plateau in the Ip/lc
ratio is observed, which may indicate partial
graphitization or increased wall thickness and
stacking of CNWs. This is in agreement with the
petal-like morphology and thick walls observed in
SEM (Figure 1d) and the increased height in AFM
(Figure 2d). The inset in Figure 3b shows the
evolution of the Gy parameter, which reflects the
relative contribution of the G band to the total
spectrum and can be interpreted as the degree of
graphitization. The trend further supports the
observed structural transition. In Figure 3c, the I/l
ratio, which is sensitive to edge defects, gradually
decreases with increasing synthesis time, indicating a
reduction in edge defect density and the lateral
growth or coalescence of CNW walls at longer
deposition durations. These spectroscopic results
strongly correlate with the morphological evolution
observed in both SEM and AFM analyses, providing
a comprehensive understanding of CNW growth
dynamics as a function of deposition time.
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Figure 3 — Raman spectroscopy analysis of CNWs synthesized at different deposition durations.
(a) Raman spectra of CNWs obtained at 30, 60, 90, and 120 minutes. (b) Evolution of the Ip/l¢ peak ratio
with deposition time and corresponding G content (inset). (c) Variation of the I/l peak ratio as a function
of deposition time.

Figure 4 shows the UV-visible reflection spectra
of CNWs synthesized for 30, 60, 90, and 120 minutes,
with pristine silicon serving as a reference. All CNW
samples display characteristic reflection features in
the 300-500 nm range.

The sample synthesized for 30 minutes exhibits
the highest reflectance, while reflection intensity
progressively decreases with longer synthesis
durations.

The 120-minute sample demonstrates the lowest
reflectance, suggesting that prolonged growth leads to
significant morphological modifications — such as
increased surface roughness, wall thickness, and
possibly defect density — that enhance light trapping
and reduce optical reflection.
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Figure 4 — UV-vis reflectance spectra of CNW
films synthesized at different growth durations.
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This trend is consistent with the morphological
evolution observed in the SEM and AFM analyses
(Figures 1 and 2), where extended synthesis time led
to a transition from sparse or labyrinth-like CNW
structures to dense, petal-like morphologies with
thicker walls and greater vertical height. Furthermore,
Raman spectroscopy (Figure 3) confirmed increased
structural disorder and partial graphitization at longer

Conclusion

In this study, carbon nanowalls (CNWSs) were
synthesized on silicon substrates using the CCP-
PECVD method for varying durations (30, 60, 90, and
120 minutes) to systematically investigate the effect
of deposition time on their morphological, structural,
and optical properties. SEM analysis revealed a clear
evolution of CNW morphology with increasing
synthesis time: from minimal or absent
nanostructures at 30 minutes to densely packed,
vertically oriented graphene-like walls at 60-90
minutes, and ultimately to thicker, petal-like
structures with partial graphitization and aggregated
carbon deposits at 120 minutes. AFM data supported
this trend, showing increasing surface roughness and
nanostructure height over time, indicating continuous
vertical and lateral growth. Raman spectroscopy
further confirmed these morphological
transformations. The increasing D and G band
intensities and rising Ip/lg ratios up to 60 minutes
reflect a rise in structural disorder and edge density

synthesis durations, which may contribute to
increased light absorption and scattering. Together,
these results indicate that the optical reflectance of
CNWs can be effectively tuned through controlled
growth time, enabling their application in
optoelectronic devices, anti-reflective coatings, and
photovoltaics.

during the early growth stages. At longer durations
(90-120 minutes), a slight decline in I/l along with
reduced | Ip/lg suggests partial graphitization, wall
merging, and a decline in edge defects — consistent
with thicker, more stacked CNW walls. Optical
reflectance measurements showed a steady decrease
in UV-visible reflectivity with increasing synthesis
time, suggesting enhanced light absorption due to
morphological changes such as increased roughness,
thickness, and structural disorder. This indicates that
CNW films with longer growth durations may be
advantageous for applications requiring light-
trapping or anti-reflective properties, such as
photovoltaics or sensing platforms.
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