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INVESTIGATION OF THE EFFECT OF SHORT-PULSED ION IRRADIATION ON THE STABILITY
OF CARBON NANOWALLS

Carbon nanowalls (CNWs) are promising carbon-based nanomaterials for radiation-resistant
electronic and optoelectronic applications due to their unique three-dimensional graphene-like
architecture and outstanding physicochemical properties. In this work, the effect of short-pulsed
high-current ion irradiation on the stability of carbon nanowalls was systematically investigated.
CNWs were synthesized on quartz substrates by inductively coupled plasma—enhanced chemical
vapor deposition and subsequently irradiated using the high-current pulsed ion accelerator
INURA at current densities of 4, 7, and 10 A/cm?. The radiation-induced changes in morphology,
structure, optical transparency, and electrical properties were analyzed using atomic force
microscopy, Raman spectroscopy, UV-Vis spectrophotometry, and four-point probe
measurements. Atomic force microscopy revealed only moderate surface rearrangement and
slight variations in roughness, while the characteristic vertically oriented nanowall morphology
was preserved even at the highest irradiation density. Raman analysis confirmed the retention of
the graphene-like sp? carbon structure, with minimal changes in the Ip/Is ratio, indicating limited
defect formation. Optical measurements showed moderate variations in transmittance
correlated with surface restructuring, without spectral degradation. Electrical characterization
demonstrated a stable or slightly reduced sheet resistance after irradiation, suggesting improved
interwall electrical contact and structural stabilization. Overall, the results demonstrate the high
resistance of carbon nanowalls to short-pulsed ion irradiation and confirm their suitability as
functional materials for radiation-resistant electronic, optoelectronic, and sensor devices.

Keywords: carbon nanowalls, ion irradiation, radiation resistance, short-pulsed ion beam,
surface morphology, Raman spectroscopy, electrical properties.
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KemipTeKTi HaHOKabbipFanapablH TYPaKTbIFbIHA KbICKA MMMNYAbCTbl NOHAbI
cayneneHaipyaiH acepiH 3epTrey

KemipTekTi HaHoKabbipranap (CNWSs) biperen ywenwemai rpadeHre yKkcac apxmTekTypacsl
MEH Xofapbl GUINKA-XUMUANBIK KacMeTTepPiHiH, apKacbiHAA paanaumasa TesiMai SNeKTPOHAbIK,
KOHE  OMTO3/MIEKTPOHAbBIK  KypblIFblAap4a  KOAZaHyfa  MEepCneKTMBasbl KOMIPTEKTI
HaHOMaTepuanaap KnacbliHa KaTadbl. Bya KyMbICTa KbICKAa MMMYAbCTI *KOFapbl TOKTbl MOHAbIK,
cayneneHyaiH KemipTeKTi HaHOKabbIpFanapablH TYPAKTbINbIFbIHA SCEPi Kyneni Typae 3epTTend,.
CNWs KBapUTbl TeceHiwTepae UHAYKTUBTI BalnaHbICKaH Naasma KoA4aHbINaTbiH XMMUANBIK Oy
daszacbliHaa TYHAIPY 94iciMeH cuHTesaenin, kenin INURA yaetkiwinge 4, 7 xaHe 10 A/cm? Tok
TbIfbI3AbIKTAPbIHAA WOHABIK Cay/aeneHyre yublpatbingpl. CaynenenydiH Mopdonoruanbik,
KYPbINbIMAbIK, ONTUKAbIK KoHE 3NEKTPAIK KacueTTepre acepi aTOMAbIK-KYLWTIK MUKPOCKOMNMUS,
paMaHAbIK CMEeKTPOCKOMNWA, YAbTPAKYArH-KepPiHETIH alMakK CNeKTPOPOTOMETPUACHI KaHe
TOPT30HATHI BAIC apKblbl OETTIK KepepriHi enwey KemerimeH 3epttengi. ACM Tangaybl
coyneneHyaeH KeliH 6eT beaepiHiH Tek LWamanbl KalTa KypblaybiH KaHe Keaip-byablpbiK,
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napameTp/iepiHiH, a3 faHa ©3repyiH KepCeTiM, €H, »Ofapbl Cay/efieHy Tbifbl34blFbIHAR Aa
HaHOKabblpFanap/blH TiK OafbiTTanfaH MoOpPdONOTMACLIHbIH, CaKTaNfaHbIH Aanenaeni. PamaHabik
CMNEKTPNEp KOMIPTEKTIH, rpadeHre yYKcac Spi-KypblibiMbiHbIH, CaKTanfaHbiH aHe Ip/ls
KaTblHACbIHbIH, MapAbIMCbI3 ©3repiciH KepceTTi, 6y aedbekTinepaiH wekTeyni Ty3inyiH bingipeai.
OnTuKanblk, enweynep 6eT KypblbIMbIHbIH, KakTa yibiMAacybiMeH OaiNaHbICTbl MOALIPAIKTIH,
OopTalla e3repicTepiH KepceTTi, anaga ChnekTpaadplK cunatTamanapabiH  Aerpafaumace
H6alikanmazbl. INEKTPAIK e/leynep cayneneHyaeH KeniH BeTTiK KeaepriHiH TypaKTbl Hemece
a3fan TeMeHaereHiH KepceTTi, byn HaHOKabbIpFanap apacbiHAAFbl 3NEKTPAIK BanaHbICTapapiH,
¥KaKcapybIMeH TYCIHAIPINYI MYMKIH. ANbiHFaH HRTUXKENEP KOMIPTEKTI HAHOKAbbIpFanapAbiH KbICKa
UMNYbCTI MOHABIK COyNeneHyre »ofapbl TO3IMAINIrIH KepceTin, onapabl pagnaumara Tesimaj
SNEKTPOHAbIK, OMTO3NEKTPOHADbIK YKIHE CEHCOP/bIK KypblAFblAap  YWiH OYHKUMOHANAbIK,
mMaTepuangap peTiHAe KoNAaHYAbIH KOFapbl a1eyeTiH pacTanapl.

TyliH ce3pep: KemipTeKTi HaHOKabbIpFanap, MOHAbIK CayNeNeHy, PaaMauUMAbIK TO3IMAIINIK,
KbICKa MMMYAbCTi MOHABIK CayneneHy, 6eT MoppoNornackl, paManablK CNEKTPOCKONMA, SNEKTPAIK
KacueTTep.
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WUccnepoBaHve BAVAHWMA KOPOTKOMMMNY/IbCHOMO MOHHOTO 061y4eHNA Ha CTabubHOCTb
YrNepoAHbIX HAaHOCTEH

YrnepoaHble HaHocTeHbl (CNWSs) npeacTasnatoT cobol nepcnekTUBHbLIN KNacc yrnepoaHblx
HaHOMaTepWanoB ANA NMPUMEHEHMA B PaAMALLMOHHO-CTOMKMUX SNIEKTPOHHbBIX M ONTO3NEKTPOHHbIX
yCTpOMcTBax Onaroaaps CBOEN YHWKanbHOW TPEXMepPHOMN rpadeHonofobHON apxuTeKkType U
BblAatoWMMea GU3NKO-XMMUYECKMM CBOMCTBaM. B AaHHOM paboTe npoBeaeHO cucTemaTnyeckoe
nccnefoBaHWe  BAMAHMA  KOPOTKOMMMY/AbCHOMO CWMABHOTOYHOTO WMOHHOTO 0BAy4YeHWMA Ha
cTabunbHOCTb yraepodHbix HaHocTeH. CNWSs Bbian CMHTE3MPOBaHbI Ha KBApLEBbIX MOANOMKKAX
METOZI0M XMMMYECKOrO OCaXKAeHuA M3 naposBok asbl C WMCNO/b30BaHUEM WHAYKTUBHO
CBA3AHHOM MAa3mbl, NOC/AE Yero NoABEPrHyTbl MOHHOMY 06yYeHMto Ha yckopuTene INURA npwu
NAOTHOCTAX ToKa 4, 7 n 10 A/cm?. PaamaupyoHHO-UHAYLMPOBaHHbIE M3MEeHeHUA MOopPdOoaorum,
CTPYKTYPbl, ONTUYECKUX U 3IEKTPUYECKUX CBOWMCTB OblIN MCCNeN0BaHbl METOAaMM aTOMHO-
CMNOBOM MMKPOCKOMMK, PaMaHOBCKOW CneKkTpockonuu, YP-BMAMMOM CNeKTpodOTOMETPUN U
M3MEPEHNN MOBEPXHOCTHOTO COMPOTUB/EHUSA MO YeTbIPEX30HA0BON cxeme. AHanmz ACM
NoKasan /ulllb YMEPEHHYID NEPEecTPOMKy MOBEPXHOCTU W He3HaYuTeNbHble W3MEHEHUS
NapameTpoB LWepoXoBaTOCTM MPWU COXPAHEHUM XapPaKTEPHOM BEPTUKAZbHO OPUEHTUPOBAHHOWM
MOpPdONOrMM HAHOCTEH AaXKe NPU MAaKCUMaNbHOM NAOTHOCTM 061y4eHUA. PamMaHOBCKMe CNeKTpbl
NOATBEPAMNM COXpaHeHMe rpadeHonoaobHOM Sp2-CTPYKTYpbl yriepoaa C MUHUMa/bHbIMMI
M3MEHEHMAMM OTHOWeEHUA Ipfls, 4YTO cBMAETenbCcTBYeT 06 orpaHMYeHHOM 06pa3oBaHMK
nedektoB. ONTUYECKME W3MEPEHUA BbIABMAM  YMEPEHHble M3MEHEHMA MPO3PaYHOCTY,
KOoppenumpytoLime c NepecTponKkom NoBepxHOCTK, 6e3 aerpagalmm CNeKkTpabHbIX XapaKTePUCTUK.
DNneKTpuYeckne  M3IMEepeHWs  MNokasanum  CTabUAbHOCTb  WMAM  YMEpPEeHHOe  CHUXeHue
MOBEPXHOCTHOIO COMPOTUBAEHUA Mocae 0b6ayYeHUA, YTO MOXKET ObiTb CBA3AHO C YydlleHWEeM
MEMCTEHOUYHbIX SNEKTPUYECKMX KOHTAKTOB. oay4yeHHble pe3ynbTaTbl 4EMOHCTPUPYIOT BbICOKYHO
YCTOMYMBOCTb YINEPOAHbIX HAHOCTEH K KOPOTKOMMMY/IbCHOMY WMOHHOMY 06ay4YeHuto U
NOATBEPXKAAOT MX MEpPCneKkTMBHOCTb B KayecTBe OYHKUMOHANbHbIX MaTepuanos  A/d
PaAMaUMNOHHO-CTOMKIMX 3NEKTPOHHbIX, ONTO3/EKTPOHHbIX M CEHCOPHbIX YCTPOMCTB.

Kntouesble cnoBa: yrnepoaHble HAHOCTEHbI, MOHHOe 0bJlyYeHne, paanaLmMoHHan CTOMKOCTb,
KOPOTKOMMMYbCHbIMA MOHHBIN NMy4YOK, MOPHONOrMsA NOBEPXHOCTU, PAMAHOBCKAA CMEKTPOCKONMS,
3NEeKTpMYEeCKMe CBOMCTBA.
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Introduction

Prolonged exposure to ionizing radiation leads to
the accumulation of radiation-induced damage in
functional semiconductor materials used in electronic
devices and ultimately results in their degradation and
failure, significantly limiting device lifetime [1,2].
Radiation interaction with matter can cause the
rupture of chemical bonds, alter morphological and
structural characteristics, and initiate processes such
as swelling, polymerization, corrosion, crack
formation, and degradation of mechanical, optical,
and electronic properties [2—4]. Achieving high
material stability under intense ionizing radiation is
therefore a critical challenge for a wide range of
applications, from nuclear energy systems to
electronic components for the rapidly expanding
space industry. Spacecraft and satellites operating in
near-Earth orbits are continuously exposed to both
electron and proton irradiation [4,5]. As scientific and
commercial space missions become increasingly
complex and long-term, the requirements for
radiation tolerance of functional electronic materials
continue to grow. Reliable operation under extreme
conditions involving multiple types of ionizing
radiation is a key prerequisite for the successful
realization of such missions.

In response to these challenges, extensive
research efforts have been directed toward the
development of radiation-resistant materials, as well
as toward gaining a deeper understanding of
radiation-induced processes and strategies for their
mitigation [6,7]. In this context, various allotropes of
carbon have attracted considerable attention due to
their unique physicochemical properties and wide
range of technological applications [8,9]. Carbon-
based nanomaterials are increasingly regarded as
promising candidates for radiation-hard electronics
and optoelectronics [10—12].

Among carbon nanomaterials, carbon nanowalls
(CNWs) have emerged as a particularly intriguing
class of structures. CNWs are three-dimensional
networks of vertically oriented, self-assembled
multilayer graphene sheets forming a labyrinth-like
architecture [13—16]. They are also referred to as
carbon nanosheets, graphene walls, vertical graphene,
graphene nanoflakes, or graphene nanopetals. The
thickness of individual walls typically ranges from
several to several tens of nanometers, corresponding
to more than ten graphene layers, while their height—
controlled by the growth duration—can reach several
micrometers. Owing to their distinctive morphology,
CNWs exhibit a high aspect ratio and a large specific
surface area of up to ~1000 m%/g [16,17].

The architecture of CNWs is characterized by a
high density of exposed edges, bends, and branching
features, forming an interconnected three-
dimensional network. Each wall consists of
nanographitic domains with a high degree of
graphitization, separated by domain boundaries
associated with enhanced defect density and
crystallographic distortions [13]. This structural
organization underlies the outstanding
electrochemical, catalytic, and sensing properties of
CNWs, making them one of the key research
directions in the field of functional carbon
nanomaterials. Due to their unique combination of
electrical, thermal, and mechanical properties, CNWs
have been explored for applications in
supercapacitors, sensors, field emitters, and fuel and
solar cells [7,18,19]. Their high defect density and
developed surface morphology further render CNWs
a versatile platform for functionalization and targeted
property modulation [8,18,20].

Recent studies have demonstrated that electron
and proton irradiation can induce pronounced
changes in the morphological and functional
properties of carbon nanowalls [21,22]. In particular,
irradiation with 5 MeV electrons and 1.8 MeV
protons has been shown to reduce wall density,
modify the electronic structure, increase surface

resistance, and enhance optical transmittance,
highlighting the complex interplay between
morphology and functional performance after

irradiation [21]. At the same time, heterostructures
incorporating CNWs have exhibited remarkable
radiation tolerance and, in some cases, even partial
improvement of device performance following
proton exposure. For instance, photodiodes based on
self-adaptive =~ CNWs/CdZnTe  heterostructures
retained stable photoelectric characteristics after
irradiation with 1.5 MeV protons at fluences on the
order of 10" p cm™, underscoring the potential of
CNWs for operation in radiation-harsh environments
[22].

Despite this progress, the effects of short-pulsed
ion irradiation on the stability of carbon nanowalls
remain insufficiently explored. In particular, a
systematic understanding of how transient ion beam
exposure influences the morphological, structural,
and functional characteristics of CNWs is still
lacking. Therefore, the present work aims to
investigate the impact of short-pulsed ion irradiation
on the stability of carbon nanowalls and to assess their
suitability for radiation-resistant electronic and
optoelectronic applications.
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Methodology

Synthesis of Carbon Nanowalls

CNWs were synthesized on quartz substrates
using inductively coupled plasma—enhanced
chemical wvapor deposition (ICP-PECVD) in a
PECVD Split Tube Furnace system (OTF-1200X-
PEC4LV, MTI)[13]. The experimental setup consists
of a horizontal CVD furnace equipped with a quartz
tube with an inner diameter of 76 mm and an
inductive coil connected to a radio-frequency power
generator operating at 13.56 MHz with an automatic
impedance-matching network. The gas delivery
system is connected to one end of the quartz tube,
while the opposite end is coupled to a rotary vacuum
pump.

The synthesis process was carried out as follows.
Quartz substrates with dimensions of 2 x 2 cm? were
placed inside the quartz tube, after which the reaction
chamber was sealed and evacuated to a base pressure
of approximately 10 Torr. The substrates were then
heated to 800 °C. At this stage, argon gas was
introduced into the chamber at a flow rate of 5 sccm,
and inductively coupled plasma was ignited at a
power of 140 W. The substrates were exposed to
these conditions for 10 min in order to remove
residual surface contaminants and to generate
localized high-temperature regions (“hot spots”) on
the substrate surface.

Following the plasma pretreatment, CNW
growth was initiated by introducing a gas mixture of
argon (Ar) and methane (CH4) with concentrations of
89.1% Ar and 9.9% CHa, along with hydrogen (H>).
The flow rates were set to 20 sccm for the Ar/CH4
mixture and 5 sccm for H,. Hydrogen facilitates the
dissociation of methane and serves as a source of
reactive species that promote nucleation. Carbon
atoms and hydrocarbon radicals generated during
CHas decomposition adsorb preferentially at the
surface hot spots, leading to the formation of graphitic
nano-islands that act as nucleation centers for the
vertical growth of multilayer graphene sheets. The
CNW films were grown for 40 min under these
conditions.

Irradiation of Samples Using the High-Current
Pulsed lon Accelerator INURA

Experiments on ionization irradiation were
carried out at the INURA high-current pulsed ion

Results and discussion
Figure 1 shows the AFM results of CNWs

samples before and after ion irradiation with an ion
beam of different current densities (4, 7 and 10
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accelerator located at Nazarbayev University [23].
The INURA accelerator operates on the basis of a
high-voltage pulse generator that delivers pulses with
a duration of ~100 ns to an accelerator diode with a
voltage slew rate of more than 10'* V/s. For
irradiation, CNWs samples were installed inside a
vacuum chamber on a rotating holder located at a
distance of 35 cm from the diode. The vacuum system
was pumped out to a pressure of about 5-10° mTorr,
which ensured the minimization of impurity effects
and the stability of the experimental conditions.

All irradiation procedures were performed in a
single vacuum cycle to prevent possible changes in
the properties of the samples between exposures. The
ion beam was directed to the surface of the carbon
nanowalls from the side of active layer and passed
through the substrate. Beam parameters were
controlled using a collimated Faraday cylinder
equipped with a magnetic cut-off, which made it
possible to accurately measure the current density and
energy of the particles. The stability of the accelerator
was checked by providing at least ten test pulses
before the main series of irradiation. Samples of
CNWs were exposed to an ion beam with different
current densities — 4, 7, and 10 A/cm? — to assess
dose-dependent effects.

Materials Characterization

The synthesized samples were characterized
using a range of analytical techniques. Surface
topography and roughness were examined by atomic
force microscopy (AFM, Solver Spectrum NT-MDT)
operated in semicontact mode using silicon
cantilevers (NSGO1) with a tip radius of
approximately 10 nm and a resonance frequency of
~170 kHz. Raman spectroscopy (Solver Spectrum
NT-MDT) with a 473 nm excitation laser was
employed to investigate the structural and vibrational
properties of the samples. Ultraviolet—visible (UV—
Vis) transmittance spectra were recorded in the
wavelength range of 200—-1200 nm using an Agilent
Cary 5000 spectrophotometer. All spectra were
acquired in a double-beam configuration with a
spectral bandwidth (SBW) of 2.0 nm. The sheet
resistance of the samples was measured using a four-
point probe system (RM3000, Jandel).

A/cm?). The images (Figures 1a—h) show changes in
surface morphology as a function of radiation dose.
The initial sample (Figures la, b) is characterized by
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a uniform and dense structure of vertically oriented
carbon nanowalls with a well-defined relief and
element height of about 150-180 nm.

After exposure to an ion beam with a current
density of 4 A/cm? (Figures 1c, d), a slight smoothing
of the surface and partial enlargement of the nanowall
formations are observed, which is associated with the
initial  stages of radiation-induced surface
rearrangement. With an increase in the current
density to 7 A/cm? (Figures le, f), the structure
remains mostly homogeneous, but a slight decrease in
the height of the nanowalls and the density of their
distribution is recorded, which may be due to the local
destruction of thin areas under the influence of the ion
flux. At a maximum current density of 10 A/cm?
(Figures 1gh), the morphology retains the

0 nm
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characteristic nanowall structure, although there are
some flattening of the relief and a decrease in the
amplitude of roughness, which indicates partial
relaxation of the surface and possible compaction of
the top layer.

In general, AFM analysis shows that the
structure of CNWs demonstrates high resistance to
ionization radiation: even at a maximum current
density of 10 A/cm?, the typical morphology of
nanowall formations is preserved without significant
destruction or degradation. This indicates the high
radiation resistance of carbon nanowalls and their
potential for use in conditions of exposure to ionizing
radiation.

reference

Figure 1 — AFM images of the surface of the CNWs before and after irradiation with an ion beam with
different current densities: (a,b) initial sample, (c,d) 4 A/cm?, (e,f) 7 A/em?, (g,h) 10 A/cm?.
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Figure 2 presents the results of the analysis of the
distribution of surface heights of CNWs obtained on
the basis of AFM data before and after ion irradiation
of different current densities. The graph (Figure 2a)
shows elevation profiles showing the change in
surface morphology with increasing radiation dose.
The original sample is characterized by a pronounced
relief with an amplitude of oscillations up to 150 nm,
which corresponds to a dense vertically oriented
nanowall structure. When irradiated with a beam with
a density of 4 A/cm?, a partial smoothing of the
surface and a decrease in the amplitude of altitude
fluctuations are observed, which indicates the initial
stage of radiation-induced modification. With a
further increase in the current density to 7 and 10
A/cm?, the shape of the profile becomes more orderly,
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while maintaining the characteristic nanowall relief,
which confirms the structural stability of the material.
The graph (Figure 2b) shows the average values of
roughness parameters — arithmetic mean (R,) and
quadratic (RMS). It can be seen that with an increase
in irradiation density, a slight increase in these
parameters is observed, which can be associated with
the formation of local microirregularities and changes
in surface stress under the influence of ion flux.

In general, the results of the analysis confirm that
ion irradiation does not cause significant damage to
the surface of the CNWs, but only leads to minor
changes in topography. The preservation of
roughness parameters in a narrow range of values
indicates a high radiation stability of the morphology
of carbon nanowalls.
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Figure 2 — Height profile and surface roughness parameters of CNWs before and after irradiation with an ion
beam of different current densities: (a) altitude profiles obtained from AFM data; (b) arithmetic mean (Ra)
and quadratic (RMS) surface roughness.

Figure 3 shows the results of Raman analysis of
CNWs samples before and after ion irradiation with
different current densities. The spectra (Figure 3a)
show characteristic peaks of carbon nanostructures —
D (~1350 cm™), G (~1580 cm™), D’ (~1620 cm™) and
2D (~2700 cm™), which confirms the preservation of
the graphene-like sp? structure after exposure to
ionizing radiation [24]. Regardless of the density of
the irradiation current, the main peaks retain their
position and shape, which indicates that there is no
destruction of the crystal lattice and no degradation of
the structure. The observed slight change in the
relative intensity of the D and G peaks with an
increase in the irradiation density may be due to the
partial formation of radiation-induced defects that
occur near the surface of the nanowall. However, the
In/lg ratio remains virtually unchanged, indicating
minimal structural damage. An increase in the
intensity of the 2D peak at 7 and 10 A/cm? (Figure
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3b) may indicate local ordering or recrystallization of
surface regions under the influence of energetic
particles. Thus, the results of Raman spectroscopy
show that even at high ion irradiation densities, the
structure of CNWs retains a graphene-like nature and
does not undergo significant degradation. This
confirms the high radiation resistance of the material,
which makes it promising for use in radiation-
resistant optoelectronic and sensor devices.

Figure 4 shows the optical transmission spectra
of CNWs films before and after ion irradiation with
different current densities (4, 7 and 10 A/cm?) in the
wavelength range from 200 to 1200 nm. For the
original (reference) sample, there is a smooth increase
in transmittance from the ultraviolet region (about
250 nm) to the near-infrared, reaching a maximum
value of about 55%. After exposure to the ion beam,
a decrease in optical transparency is observed in all
cases, indicating a change in surface morphology and
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a partial increase in the concentration of defects and
scattering centers in the material. The results obtained
are in good agreement with the AFM data (Figures 1
and 2), according to which, with an increase in
irradiation density, there is a smoothing of the surface
relief and a decrease in the amplitude of roughness,
accompanied by a partial restructuring of the
nanowall structure. The greatest reduction in
transmittance is recorded at a current density of 4
A/ecm?, which correlates with the results of AFM
analysis, which show local integrity violation and
enlargement of nanowall formations at an early stage
of radiation exposure. With a further increase in the
current density to 7 and 10 A/cm?, the transmittance
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values increase slightly, which is consistent with the
relaxation and surface ordering observed according to
the AFM data due to thermally induced effects. Thus,
the comparison of optical and morphological data
allows us to conclude that ion irradiation has a
moderate effect on the structure of CNWs without
causing its degradation. The preservation of the shape
of the spectrum and the smooth nature of the
dependence of transmission on the wavelength, along
with insignificant changes in roughness, confirms the
high radiation resistance of carbon nanowalls and the
stability of their optical properties in a wide range of
irradiation conditions.
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Figure 3 — Raman spectra of CNWs before and after ion irradiation: (a) comparative spectra at different
current densities (4, 7 and 10 A/cm?); (b) normalized spectra with enlarged regions of D and 2D peaks,
demonstrating stability of structural properties.
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Figure 4 — Optical transmission spectra of CNWs
films before and after ion irradiation at different
current densities (4, 7 and 10 A/cm?) in the
wavelength range of 200—-1200 nm.

Figure 5 shows the dependence of the sheet
resistance of CNWs films on the ion irradiation
density (4, 7 and 10 A/cm?). For the initial sample, the
value of sheet resistance is about 480 Q/o. After

irradiation, a distinct decrease in resistance is
observed, especially at a current density of 4 A/cm?,
where it decreases to ~400 /o, which may be due to
a partial modification of the surface layers and an
improvement in the electrical contact between the
nanowalls due to the local thermal effect of the beam.
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Figure 5 - Dependence of the sheet resistance
of CNWs films on the density of ion irradiation (4, 7
and 10 A/cm?).
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With a further increase in current density to 7 and 10
A/cm?, the resistance values stabilize and change
slightly, which indicates the achievement of a state of
structural equilibrium in which the processes of
defect formation and relaxation cancel each other out.
The results obtained are in good agreement with
morphological analysis (Figures 1 and 2), where it
was shown that the structure of the CNWs retains its
integrity after irradiation and undergoes only minor
changes in the surface topography.

Thus, the measurement results demonstrate that
ion irradiation does not cause degradation of the
electrically conductive properties of CNWs, but on
the contrary, can lead to a moderate decrease in
resistance due to structural stabilization and possible
improvement of interwall connections. This confirms

Conclusion

In this work, the effects of high-current pulsed
ion irradiation on the morphological, structural,
optical, and electrical properties of carbon nanowalls
were systematically investigated. Atomic force
microscopy revealed that ion irradiation with current
densities of 4, 7, and 10 A/cm? induces only moderate
modifications of surface topography. While slight
smoothing of the relief, partial rearrangement of
nanowall formations, and minor variations in
roughness  parameters were observed, the
characteristic =~ vertically  oriented  nanowall
architecture was preserved even at the highest
irradiation density. These results indicate a high
morphological stability of CNWs under intense
ionizing radiation.

Raman spectroscopy confirmed the preservation
of the graphene-like sp> carbon structure after
irradiation. The positions and shapes of the D, G, D/,
and 2D bands remained essentially unchanged for all
irradiation conditions, while only minor variations in
peak intensities were detected. The nearly constant
In/lg ratio suggests that radiation-induced defect
formation is limited and does not lead to significant
lattice damage. The observed enhancement of the 2D
peak intensity at higher current densities may be
associated with local ordering or partial
recrystallization processes induced by energetic ions.

Optical transmission measurements
demonstrated that ion irradiation causes moderate
changes in optical transparency, which correlate well
with the AFM results. A decrease in transmittance at
lower irradiation density (4 A/cm?) is attributed to
initial surface restructuring and increased scattering,
whereas partial recovery of transparency at higher
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the high radiation resistance and stability of the
electrical characteristics of carbon nanowalls, which
makes them promising for use in radiation-resistant
electronic and sensor devices.

Thus, the comprehensive analysis showed that
ion irradiation does not lead to a significant
degradation of the morphological, optical and
electrical properties of carbon nanowalls. Slight
changes in roughness and optical transmission are
accompanied by stabilization of the structure and a
decrease in sheet resistance at moderate doses of
radiation. The results obtained indicate the high
radiation resistance of CNWs and their potential for
use as part of functional layers of radiation-resistant
electronic and optoelectronic devices.

current densities is consistent with surface relaxation
and structural stabilization. Importantly, the overall
spectral shape remains unchanged, indicating the
absence of severe optical degradation.

Electrical measurements showed that ion
irradiation does not deteriorate the conductive
properties of CNWs. On the contrary, a moderate
decrease in sheet resistance was observed after
irradiation, particularly at lower current density,
which is likely related to improved interwall electrical
contact and beam-induced thermal effects. At higher
current densities, the resistance stabilizes, indicating
a balance between defect generation and relaxation
processes.

Overall, the comprehensive analysis
demonstrates that carbon nanowalls exhibit a high
degree of resistance to short-pulsed ion irradiation.
The preservation of their morphology, graphene-like
structure, optical response, and electrical conductivity
confirms the robustness of CNWs under extreme
irradiation conditions. These findings highlight the
strong potential of carbon nanowalls as functional
materials  for  radiation-resistant  electronic,
optoelectronic, and sensor applications.
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