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Abstract

Carbon nanowalls (CNWs) are promising carbon nanomaterials for flexible and wearable electronic applications
due to their unique vertically oriented architecture and high electrical conductivity. In this work, the influence
of mechanical deformation on the electrical properties of flexible CNW films was systematically investigated.
CNWs were synthesized by inductively coupled plasma—enhanced chemical vapor deposition and transferred
onto polymer substrates for electromechanical testing. Hall effect measurements revealed that increasing bending
strain and cyclic mechanical loading result in a gradual increase in sheet resistance accompanied by a decrease
in electrical conductivity and charge carrier mobility, while the carrier concentration remains nearly unchanged.
Scanning electron microscopy showed the formation of deformation-induced microcracks and partial disruption
of conductive pathways after repeated bending, whereas the overall nanowall morphology was largely preserved.
Raman spectroscopy confirmed the stability of the sp2 carbon framework, with an increased defect-related signal
after deformation. The strong correlation between electrical, morphological, and spectroscopic results demonstrates
that defect accumulation governs the electromechanical response of CNWs. These findings highlight the mechanical
robustness of CNWs and their suitability for flexible electronic and sensing devices.

Keywords: carbon nanowalls, mechanical deformation, electrical properties, flexible electronics, Raman
spectroscopy.
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Introduction

Carbon allotropes have attracted significant attention in recent years for the development of
advanced electronic devices, including tactile sensors and strain sensors [1-3]. Their relatively
low cost, natural abundance, and high chemical and thermal stability make carbon-based materials
among the most promising candidates for next-generation electronic and sensing technologies [4, 5].
In layered carbon materials, van der Waals forces govern interlayer interactions, while precise control
of the interlayer spacing enables accelerated charge transport and enhanced sensitivity in sensor
applications [6, 7]. Moreover, tuning the electronic structure — such as the bandgap and band-edge
positions—can be achieved by modifying the material thickness, crystal structure, atomic arrangement,
surface functionalization, or by forming hybrid systems with other materials.

Carbon nanowalls (CNWs) represent a unique class of carbon nanostructures composed of
self-assembled multilayer graphene sheets, where individual graphene layers serve as fundamental
building blocks [8—10]. CNWs exhibit a distinctive morphology in which vertically oriented graphene
sheets grow perpendicular to the substrate surface with a high degree of preferential alignment. These
interconnected sheets form a self-supporting three-dimensional network with wall thicknesses ranging
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from several to several tens of nanometers [11]. Owing to their unique architecture, CNWs possess
an exceptionally high specific surface area of up to ~1000 m? g'!, a highly porous microstructure, and
excellent electrical conductivity. These properties make CNWs highly attractive for a broad range
of applications, including energy storage systems, catalytic supports, sensors, and various electronic
devices, particularly flexible and wearable electronics [12—16].

Recent studies on the mechanical properties of CNWs, led by Prof. Hori and co-workers, have
demonstrated that CNWs exhibit a Young’s modulus of approximately 28 GPa and a compressive
strength of about 50 MPa [17]. These values surpass those reported for many other graphene-based
materials and indicate pronounced elastoplastic behavior under mechanical deformation, highlighting
the suitability of CNWs for tactile sensing applications. Furthermore, Zhou et al. reported the
development of flexible and highly sensitive pressure sensors based on microstructured CNW
electrodes [18]. The fabricated sensors exhibited ultrahigh sensitivities of 6.64 kPa! at pressures
below 0.2 kPa, 1.26 kPa'! in the range of 0.2—1 kPa, and 0.15 kPa' at 10 kPa. In addition, the
sensors demonstrated an ultralow detection limit of 0.6 Pa, achieved through surface modification
of polydimethylsiloxane (PDMS) with CNWs, as well as a fast response time of only 30 ms. These
results indicate the superior overall performance of CNW-based pressure sensors compared to other
microstructured sensing platforms.

Despite the rapid progress in CNW-based flexible and tactile devices, a fundamental understanding
of how mechanical deformation influences the morphological, structural, and electrical properties of
CNWs remains limited. Such knowledge is crucial for the rational design of mechanically robust and
reliable flexible electronic devices. Therefore, systematic investigation of the effects of mechanical
deformation on the electrical behavior of CNWs is of significant scientific and practical importance.

In this work, we investigate the impact of mechanical deformation on the electrical properties
of CNWs. The obtained results provide fundamental insights into the electromechanical response of
CNWs and establish a solid foundation for their future application in flexible electronics and tactile
sensing systems.

Materials and methods

Synthesis of Carbon Nanowalls and Sample Preparation

Carbon nanowalls (CNWs) were synthesized on copper foil substrates (2 x 2 cm?, thickness 50
um) using inductively coupled plasma—enhanced chemical vapor deposition (ICP-PECVD) in a split-
tube furnace PECVD system (OTF-1200X-PEC4LV, MTI Corporation). A detailed description of the
synthesis setup and procedure has been reported in [19]. During growth, an Ar/CH, gas mixture was
introduced at a total flow rate of 20 sccm, while H, was supplied at 5 sccm. The deposition process
was carried out for 50 min.

The electrical properties of the samples under mechanical stress were evaluated on polymer
substrates. For this purpose, CNWs initially synthesized on copper foils were transferred onto
polymer substrates. The transfer process was carried out by immersing the CNW-coated copper
foils in an aqueous ferric chloride (FeCl,) solution to selectively etch the copper substrate [20, 21].
After complete dissolution of the copper, the freestanding CNW films were thoroughly rinsed with
deionized water to remove residual etchant. Subsequently, the cleaned CNW films were carefully
transferred onto clean polymer substrates by scooping them from the water surface. Following
the transfer, the electrical characteristics of the CNWs were measured under various mechanical
deformation modes to evaluate their flexibility and mechanical robustness.

Materials Characterization

The morphology of the synthesized CNW films was characterized using a scanning electron
microscope (SEM, ZEISS Crossbeam 540). The structural properties of the samples were investigated
by Raman spectroscopy (LabRAM Horiba Evolution and OmegaScope) using an excitation laser
wavelength of 514.5 nm. The electrical properties of the CNW films were evaluated by Hall effect
measurements employing a Van der Pauw configuration (HMS-5500, Ecopia).
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Results and discussion

Figure 1 presents the electrical characterization of flexible CNW films subjected to different
levels of mechanical bending [22]. Photographs in Figures 1a—c illustrate the sample configurations
in the undeformed state (wo) and under bending radii of 0.5 cm and 0.1 cm, respectively. The
electrical measurements were performed using Hall effect analysis in a Van der Pauw configuration
to systematically evaluate the influence of mechanical deformation on the key electrical parameters
of the CNW films.

As shown in Figures 1d—g, increasing the bending degree leads to a gradual increase in sheet
resistance (Figure 1d) accompanied by a corresponding decrease in electrical conductivity (Figure
le). This behavior can be attributed to the formation of microcracks, disruption of inter-wall electrical
contacts, and partial modification of conductive pathways within the interconnected CNW network.
In addition, the charge carrier concentration (Figure 1f) decreases with increasing mechanical
deformation, which is further reflected in the reduction of carrier mobility (Figure 1g).

The most pronounced variations in electrical parameters are observed at a bending radius
of 0.1 cm, indicating the critical deformation regime associated with the mechanical flexibility
limits of the CNW films. Notably, despite these changes, the samples maintain measurable electrical
conductivity even under severe bending conditions, demonstrating the high mechanical stability and
structural integrity of the CNW architecture.
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Figure 1 — Electrical properties of CNWs films at different degrees of mechanical bending:
(a) non-deformation measurement configuration (wo), (b) at 0.5 cm bending radius
and (c) at 0.1 cm bending radius; (d) sheet resistance, (e) electrical conductivity,

(f) concentration of charge carriers, and (g) mobility of charge carriers
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Figure 2 presents the electrical response of CNW films subjected to repeated mechanical bending
cycles, aimed at evaluating the stability of their conductive properties under cyclic deformation — a
critical requirement for flexible electronic applications. Figures 2a—d depict the evolution of sheet
resistance, electrical conductivity, charge carrier concentration, and carrier mobility as a function of
the number of bending cycles (10, 50, and 200 cycles).
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Figure 2 — Changes in the electrical properties of CNWs and N-CNWs films during cyclic mechanical
bending: (a) sheet resistance, (b) electrical conductivity, (c) concentration of charge carriers,
and (d) mobility of charge carriers after 10, 50, and 200 bending cycles

As shown in Figures 2a and 2b, increasing the number of bending cycles results in a gradual
rise in sheet resistance accompanied by a corresponding decrease in electrical conductivity. These
trends can be attributed to the progressive accumulation of microdefects and partial disruption of
conductive pathways within the nanowall network, leading to reduced electrical percolation and
inter-wall connectivity.

Notably, the charge carrier concentration (Figure 2¢) remains nearly constant throughout the
bending cycles, indicating the preservation of the chemical composition and the absence of significant
degradation at the crystallographic or electronic structure level. In contrast, the carrier mobility
(Figure 2d) exhibits a monotonic decrease with increasing cycle number, which can be associated
with enhanced carrier scattering at deformation-induced defects and interfaces.

To gain deeper insight into the mechanisms underlying the observed changes in electrical
characteristics, CNW samples were examined by scanning electron microscopy (SEM) before and
after 200 cycles of mechanical deformation. Figure 3 presents SEM images of the CNW surface in
the pristine state (Figure 3a) and after cyclic bending (Figure 3b).

Prior to deformation, the surface exhibits a homogeneous distribution of vertically aligned
nanowalls, forming a dense, well-interconnected conductive network without any visible structural
damage. After 200 bending cycles (Figure 3b), the emergence of microcracks and localized regions
of partial structural rupture can be observed, particularly along the directions of applied mechanical
strain.
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Despite the presence of these local defects, the overall morphology and vertical architecture of
the nanowall network remain largely preserved, indicating high mechanical robustness and structural
resilience of the CNWs. This morphological stability explains the retention of electrical conductivity
even under repeated bending.

These observations are in good agreement with the electrical measurements presented in Figure 2,
confirming that the gradual increase in sheet resistance and the reduction in charge carrier mobility
arise from the accumulation of deformation-induced microstructural defects under cyclic mechanical
loading.

Figure 3 — SEM images of the surface of N-CNWs films:
(a) before and (b) after 200 cycles of mechanical deformation

Figure 4 shows the Raman spectra of CNW films measured before and after mechanical
bending. Both spectra exhibit the characteristic Raman features of graphitic carbon materials,
including the D band (~1350 cm™), G band (~1580 cm™), D’ band (~1620 cm™), and the second-
order 2D band (~2700 cm™), confirming the graphitic nature and multilayer structure of the carbon
nanowalls [23, 24].

Before bending, the spectrum is dominated by a pronounced G band accompanied by a well-
defined D band, which is typical for vertically oriented CNWs with a high density of edge sites and
structural defects inherent to the nanowall architecture. The presence of the 2D band further indicates
the multilayer graphene character of the nanowalls.

After mechanical bending, no significant shifts in the positions of the main Raman peaks are
observed, indicating that the overall sp? carbon framework and crystallographic structure of the
CNWs remain preserved under mechanical deformation. However, a noticeable increase in the
relative intensity of the D and D’ bands compared to the G band is observed after bending, suggesting
an increase in defect density. This effect can be attributed to the formation of deformation-induced
microdefects, such as microcracks, edge disruptions, and local distortions within the nanowall
network.

These Raman results are in good agreement with the SEM observations (Figure 3), which
revealed the appearance of microcracks and partial structural rupture after cyclic bending, as well
as with the electrical measurements (Figures 1 and 2), which showed an increase in sheet resistance
and a reduction in charge carrier mobility. Together, these findings confirm that the degradation of
electrical performance under mechanical deformation is primarily associated with defect-induced
carrier scattering and disruption of conductive pathways, rather than with chemical degradation or
destruction of the graphitic backbone.
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Figure 4 — Raman spectra of CNW films before
and after mechanical bending

Conclusions

In this work, the effect of mechanical deformation on the electrical properties of CNW films
was systematically investigated. Electrical measurements revealed that increasing bending strain and
cyclic mechanical loading lead to a gradual increase in sheet resistance and a corresponding decrease
in electrical conductivity and charge carrier mobility, while the carrier concentration remained largely
unchanged. These results indicate that mechanical deformation primarily affects charge transport
rather than the intrinsic electronic structure of the material.

SEM analysis demonstrated that cyclic bending induces microcracks and partial disruption
of conductive pathways within the CNW network, whereas the overall vertical architecture and
structural integrity of the nanowalls are largely preserved. Raman spectroscopy further confirmed
the stability of the sp? carbon framework, showing no significant peak shifts after bending, while
an increase in defect-related Raman modes indicated deformation-induced microstructural damage.

The strong correlation between electrical, morphological, and spectroscopic results confirms
that the observed degradation in electrical performance originates from defect accumulation and
enhanced carrier scattering under mechanical stress. Despite these effects, CNW films retained
measurable conductivity even under severe and repeated bending, demonstrating high mechanical
robustness. These findings highlight the potential of CNWs as reliable conductive materials for
flexible and wearable electronic devices, including tactile and strain sensors.
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KOMIPTEKTI HAHOKABBIPFAJIAPABIH SJIEKTPJIIK
KACUETTEPIHE MEXAHUKAJIBIK AE®@OPMALIUAHBIH 9CEPI

AnjraTna

Kewmiprekti manokaObipramap (KHK) esmepiniy Oipereil Tik OaFbITTaTFaH apXHTEKTYpachl MEH JKOFaphI
AIIEKTPOTKISTIIMTITIHIH apKAchIHIAa UKeMJIi XKOHE KHIJICTIH SIEeKTPOHUKA YIMH TEePCIEeKTHUBTI KOMIpPTEKTi HaHO-
marepuanap. by sxkymbicta nkemai KHK ynmipiepiniH 2JIEKTPIIiK KaCHETTEPiHE MEXaHUKAIIBIK JAe(hopMarIisHbIH
acepi xyien typae 3eprrenai. KHK uHIyKTHBTI OaliilaHBICKAH IIIa3MajlbIK-XUMUSUIBIK TYHBIPY OICIMEH CHH-
TE3JIeIIII, JJIEKTPOMEXaHUKAIIBIK CBIHAKTAP KYPri3y YIIiH MOJUMepIi Tocemaepre kemipinai. Xowt addekrici ami-
CIMEH JKYPTi3iireH eimeyinep niry ae(opMalsChIHBIH JKOHE IUKIJIIK MEXaHUKAIBIK )KYKTEMEHIH apTybl OCTTIK
KeZepTiHiH OipTiHIeT 6CYyiHe, COHTal-aK 3IEKTPOTKI3TIIITIKTIH XKOHE 3apsi/I TACBIMAN Ay ITbIIap KO3FaJIF bIIITHIFBIHBIH
TOMEHICYyiHe OKeNEeTiHiH, ajl TachIMaJayIlblIap KOHIIEHTPAUMSICHIHBIH iC XKY3iHIE e3repicci3 KaJaThIHBIH Kep-
cerri. CkaHeplieyIlli JeKTPOH/IBIK MUKPOCKOIHS KON MOpTE Wiy HOTIIKECIHAEC MHKPOXKAPBIKTAP/bIH TY3UIyiH
JKOHE OTKI3TII apHATIap/IbIH ilIiHapa Oy3bLUIYbIH aHBIKTA[IbI, AJIaiia HAHOKAOBIPFAIAP IbIH KaJITbl MOP(OIOTHSICHI
HETi31HEeH cakTa/bl. PaMaH CIIeKTpOCKONHUSCH SP>-KOMIPTEKTI KaHKAHBIH TYPAaKTBUIBIFBIH pacTal, AeopMarusaan
KeliH nedexTizepre ToH MoJanap/AblH KapKblHABUIBIFBIHBIH apTKaHbIH KepceTTi. Anbiaran HoTmkenep KHK-HbIH
JKOFapbl MEXaHUKAJIBIK TYPAKTBUIBIFBIH JKOHE OJIApIbl HKEMTi SJIEKTPOHIIBIK 9pi CEHCOPIIBIK KYPBUIFbUIApA KOJITaHY
QneyeTiH afKbIHIaNIbI.

Tipek ce3aep: KeMipTeKkTi HaHOKaObIpFraiap, MEXaHHKaJbIK JeopMmanus, dJIEKTPIiK KacueTTep, MKeM/I
JNIEKTPOHMKA, PaMaH CIIeKTpOCKOMHUSCHI.
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"MHCTUTYT MPUKIAJAHBIX HAYK U HH()OPMAIIMOHHBIX TEXHOJIOTHIA,
. Anmartel, Ka3zaxcran

BJIUSSHUE MEXAHUYECKOW JTED®OPMAIIUU
HA DJEKTPUYECKHUE CBOVCTBA YIVIEPOJJHBIX HAHOCTEH

AHHOTAUMS

VYrnepoausie HaHoctenbl (YHC) sBISIOTCS NEPCIEKTUBHBIMU YIJICPOAHBIMU HaHOMaTEpHUaIaMK JUisi THOKOM
Y HOCHUMOM 3JIEKTPOHUKHM Ojarojapsi UX yHUKaJIbHOH BEPTHKAIBHO OPUEHTHPOBAHHOW apXUTEKType M BBICOKOM
NIEKTPOIIPOBOTHOCTH. B aHHO# paboTe crcTeMaTn4eckn UCCIEA0BaHO BIMSHUE MEXaHWYecKol aedopmarin Ha
anekTpudeckue cpoiictBa ruOkuX mieHok YHC. YHC Obii cHHTE3UpOBaHBI METOAOM HHIYKTHBHO-CBSI3aHHOTO
TIa3MEHHO-XUMHYECKOTO OCAXK/ICHUS U3 Fa30BOH (ha3bl U HEPEHECEHBI HA MTOIMMEPHBIC TIOUTOKKH /TSI IIPOBEICHUS
3NIEKTPOMEXaHWYECKUX HCIBITaHuH. M3mepennst metonoM >dpdexra Xosia mokasand, 4TO YBEIUUCHHE H3THOHOI
JnedopManuy U MUKINYECKOH MEXaHHUECKOH Harpy3KH MPUBOJHT K MOCTETIEHHOMY POCTY MOBEPXHOCTHOTO COMPO-
TUBJIEHUS U CHIDKEHHIO 2JIEKTPOIPOBOAHOCTH U MOABMKHOCTU HOCHUTENEH 3apsijia, MpU 3TOM KOHLEHTpALus HO-
CHUTEJIei ocTaeTcst MPakTHYECKH HeM3MeHHOH. CKaHMpyIONIas SIEKTPOHHAss MHKPOCKOIIHS BBISIBHIIA 00pa3oBaHne
MHUKPOTPELIMH U YaCTUYHOE HapyIIeHNE MPOBOISIINX KAHAJIOB MOCIE MHOTOKPATHOTO M3ruda, Toraa Kak oomas
MOpP(OJIOTHS HAHOCTEHOK B IIEJIOM COXpaHseTcsl. PaMaHOBCKasl CIIEKTPOCKOMHS TTOATBEPINIA CTA0MIBHOCTD Sp2-
YIJIEPOTHOTO KapKaca ¢ yBEIMYCHHUEM Je(eKTHBIX MOJ Tocie aedopmarmu. [lomydeHHbIe pe3yabTaTsl 1EMOHCTPHU-
pyloT MexaHu4eckyro ycroiunBocth YHC M MX MEpCIeKTHBHOCTH ISl MPUMEHEHUSI B THOKUX AJIEKTPOHHBIX U
CEHCOPHBIX YCTpOIcTBaxX.

KaroueBrnlie ciioBa: YIIIEpOAHbIE HAHOCTCHBI, MEXaHUYCCKasd Z[e(l)OpMaHI/Iﬂ, QJICKTPUYCCKUEC CBOﬁCTBa, ruoKas
OJICKTPOHHKA, paMaHOBCKas CIICKTPOCKOITHA.
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