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ABSTRACT: In this work, a complex experimental study of the
effect of electron and proton ionizing radiation on the properties of
carbon nanowalls (CNWs) is carried out using various state-of-the-
art materials characterization techniques. CNW layers on quartz
substrates were exposed to 5 MeV electron and 1.8 MeV proton
irradiation with accumulated fluences of 7 × 1013 e/cm2 and 1012

p/cm2, respectively. It is found that depending on the type of
irradiation (electron or proton), the morphology and structural
properties of CNWs change; in particular, the wall density
decreases, and the sp2 hybridization component increases. The
morphological and structural changes in turn lead to changes in the
electronic, optical, and electrical characteristics of the material, in
particular, change in the work function, improvement in optical
transmission, an increase in the surface resistance, and a decrease in the specific conductivity of the CNW films. Lastly, this study
highlights the potential of CNWs as nanostructured functional materials for novel high-performance radiation-resistant electronic
and optoelectronic devices.

■ INTRODUCTION
A prolonged exposure to ionizing radiation damages and
ultimately destroys functional semiconductor materials in
electronic devices, limiting their lifetime.1−3 Irradiation
exposure can cause chemical bonds within a material to
break, altering their morphological and structural character-
istics, which in turn can cause it to swell, polymerize, cause
corrosion, cause quality loss, contribute to cracking, or
otherwise change its desired mechanical, optical, or electronic
properties.1−12 Achieving high stability under intense ionizing
irradiation is of great importance for many applications,
ranging from nuclear power reactors to electronics for the
emerging space industry. Satellites orbiting the Earth
experience both electron and proton bombardment.4−7 As
scientific and commercial space missions have rapidly become
more and more ambitious, the employed functional electronic
materials have to meet growing requirements for their
radiation resistance as well. A reliable operation in extreme
environments with different types of ionizing radiation is a
crucial prerequisite for the success of such missions. In light of
these materials science challenges, extensive research of novel
radiation-resistant materials takes place alongside efforts to

gain an in-depth understanding of the radiation-induced
processes and how to mitigate them.2,8−12

Various allotropic modifications of carbon and a wide range
of their practical applications13−16 are attracting increasing
attention in the field of radiation-resistant electronics and
optoelectronics.9,17−22 Currently, experimental works on the
irradiation of carbon nanostructures focus on the induced
changes in mechanical, electronic, and even magnetic proper-
ties.8,23,24 There are also several experimental studies of the
radiation resistance of carbon nanomaterials and devices based
on them.21,25 Narayan et al.21 irradiated Q-carbon with heavy
ions, inducing extreme atomic displacements and electronic
excitations. Studies of samples before and after ion irradiation
reveal that the atomic structure and bonding characteristics of
the Q-carbon sample, as well as the sapphire substrate,
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remained unchanged after irradiation with an accumulated
dose of 10 dpa (displacements per atom), which is equivalent
to more than 20 years of neutron exposure in a conventional
nuclear reactor, suggesting excellent radiation-hardness.
Kanhaiya et al.3 investigated carbon nanotubes for radiation-
resistant electronics. The authors have demonstrated radiation-
tolerant carbon nanotube field-effect transistors (CNFETs)
using both the extrinsic advantages of CNFETs due to the
geometry of the devices provided by their low-temperature
fabrication and the inherent properties of the carbon nanotube
material. In summary, carbon nanomaterials are exceptionally
promising as radiation-resistant functional electronic materials.

Over the past 2 decades, one of the widely studied allotropic
modifications of carbon is so-called carbon nanowalls
(CNWs). CNWs are three-dimensional networks with open
edges connected by vertically oriented graphene nanosheets,
which are freely arranged perpendicular to the substrates and
form a labyrinth-like surface.26,27 As compared to classic
graphene, CNWs typically have a large specific surface area. At
the same time, due to the vertical orientation of small graphene
sheets, there is always a rather high level of defectiveness
contributed by crystallite edges.28,29 According to the
literature, different morphological forms of CNWs have been
observed depending on the arrangement of vertical graphene
sheets, including petal-like, cauliflower-like, maze-like, or floc-
like structures.27,30,31 Owing to unique structural, morpho-
logical, electrical, optical, and chemical properties,26,27,32,33

CNWs are attracting more attention as a functional electronic
material for solar cells,34−37 light-emitting diodes,38,39

sensors,40,41 superhydrophobic coatings,42,43 and supercapaci-
tors,44,45 which have recently become more popular due to the
ubiquity of wearable electronics and portable devices.46,47

However, until today, there were only a few papers focused on
the effect of ionizing radiation on the properties of CNWs.48

For instance, Esquinazi et al.48 studied the effect of proton

irradiation on the magnetic properties of CNWs. The results
suggest the existence of strong magnetic field gradients at some
edges, indicating a ferromagnetic order in CNWs after proton
irradiation. It was shown that proton irradiation might produce
defects in the graphene layers of the walls, enhancing their
magnetic order. Thus, considering the wide range of practical
applications of CNWs and the urging demand for novel
nanostructured radiation-resistant electronic materials, a
systematic understanding of the effect of different ionizing
radiations on the properties of CNWs is essential.

This contribution is devoted to the detailed study of the
effect of electron and proton irradiation on the properties of
CNWs, employing state-of-the-art materials characterization
techniques. Morphological, structural, optical, and electrical
properties of CNWs were rigorously investigated before and
after an irradiation treatment with electrons and protons under
controlled conditions.

■ RESULTS AND DISCUSSION
Figure 1 shows SEM images of CNW films on quartz
substrates before and after electron and proton irradiation.
Prior to irradiation, CNW films have a petal-like structure
(Figure 1a). As shown in the SEM images, the morphology of
the CNW films changes significantly after the irradiation
process. After electron (Figure 1b) and proton (Figure 1c)
irradiation, the density of CNWs decreases, resulting in
separately standing (few-layer) graphene sheets. An analysis
of the SEM images performed using ImageJ software is shown
in Figure 1d; the resulting graphs demonstrate a decrease in
density (units per cm2) and relative area (%) of CNWs after
the irradiation process.

Figure 2 shows the results of the structural analysis of the
CNW films before and after the electron and proton irradiation
treatments, obtained using Raman spectroscopy. The decon-
volution of the Raman spectra was done according to the

Figure 1. SEM images of CNW films (a) before, (b) after electron, and (c) after proton irradiation. (d) Changes in the density and relative area of
CNWs before and after irradiation processes.
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studies.49,50 The CNW samples demonstrate typical Raman
spectra with distinct characteristic graphite peaks D, G, D′, G′
(2D), and G + D.30,51 The D band is associated with defects in
sp2 structures. Peak G is an inherent band of graphite materials.
The shoulder D′ corresponds to the breaking of the symmetry
in the sp2 crystal of finite size and is characteristic of graphene
edges. Peak G′ (2D) is the second order of the D mode. The
appearance of this peak indicates a long-range order in the
structure. The G + D (D″) peak is a band that arises from the
combination of the G and D peaks. A detailed analysis of the
Raman spectra is presented in Table 1. D and G peaks are red-

shifted after electron and proton irradiation with respect to
their position in the as-prepared reference sample. The
position of these peaks after proton irradiation is characteristic
to graphene.52 The analysis of the Raman spectra shows that
the ratio of the intensities of the G and D peaks (I(G)/I(D))
increases after both electron and proton irradiation, which
indicates a decrease in defects in the CNW structure. This may
be due to the decreased density of CNWs after irradiation
processes. The peak intensity ratio I(G)/I(D′) indicates the
level of disorder in the graphite structures; after irradiation, the
intensity of the D′ peak decreases, indicating a reduced
number of vacancies in the sp2 structure. The relative intensity

of the 2D peak is usually used to estimate the number of
graphene layers;52 the peak ratio I(2D)/I(G) increases after
irradiation, which indicates a decrease in the number of layers
of graphene sheets (and a general increase in the order) in the
resulting film. This phenomenon may be associated with
possible swelling of the CNWs during irradiation53 (and
reduction of defective areas). In addition, the relative number
of defects in the structure of CNW films can be assessed by the
full width at half maximum (fwhm) of the G peak. It is
observed that the electron and proton irradiation treatments
lead to a decrease in fwhm (G), which corresponds to a lower
defect density. The decrease in defects in CNWs after
irradiation can be explained by the lower density of vertically
oriented graphene sheets (Figure 1).

X-ray photoelectron spectroscopy (XPS) measurements of
the samples were carried out to inspect chemical bonds in the
CNW films before and after electron and proton irradiation.
Figure 3a shows the XPS spectra of the CNW film before and
after irradiation. The spectra reveal a pronounced, intense
carbon peak, as well as peaks of silicon oxide (substrate
material). It can be seen that after electron and proton
irradiation, the intensity of the carbon peak decreases, while
the intensity of the silicon oxide peak increases. This trend is
associated with a decrease in the density of CNWs on the
substrate surface after the irradiation process (see Figure 1).
Figures 3b−d show the XPS spectra of the carbon region (C
1s) fitted using the Gauss approximation for the samples
before and after electron and proton irradiation, respectively.
Before the deconvolution of XPS spectra, the background
signal was subtracted by the standard Shirley method using
Origin software. As can be seen from the spectra, the C 1s peak
consists mainly of the following peaks: a peak at 284.5 eV that
corresponds to the sp2 hybridization characteristic of the
double (C�C) carbon bond54 and a peak at 285.4 eV that
corresponds to the sp3 hybridization characteristic of either a
single (C−C) carbon bond or a (C−H) hydrocarbon
bond.55,56 Peaks at 286.4 and 290.7 eV indicate the existence
of hydroxyl (C−OH) and carboxyl (O�C−OH) groups on
the surface of CNWs, respectively.54 These peaks can be
caused by traces of precursors (H2 and CH4) and residual
oxygen in the vacuum chamber during the synthesis. Molecules
of oxygen and hydrogen can also adsorb onto CNWs from the
atmosphere after synthesis due to the partially turbostratic
nature of the structure with a high specific surface area and
chemically active dangling bonds. It is noteworthy that after
the electron and proton bombardments, the spectra clearly
show a peak at 288.6 eV, which corresponds to the carboxylate
(O−C�O− or RCOO−) group.57 This is most likely due to
the fact that after the irradiation process, carboxyl (O�C−
OH) groups change into carboxylate O−C�O− groups.58

This factor can also affect (induce) the increase in sp3

hybridization.
The deconvoluted XPS spectra in the region of the C 1s

peak, as shown in Figure 3, revealed different types of carbon
bonds. The total contribution of each type of carbon bond is
summarized in Table 2. These results indicate that the samples
after both electron and proton irradiation demonstrate similar
behavior, showing the presence of carboxylate O−C�O−

groups. It is noteworthy that after the irradiation treatments,
the ratio of C�C peaks to the total area (of the carbon peak)
increases, which also indicates an increase in sp2 hybridization
content and is consistent with the results of the Raman
analysis.

Figure 2. Raman spectra of the CNW films before and after electron
and proton irradiation.

Table 1. Comparison of the Raman Spectrum Parameters of
CNWs before and after Electron/Proton Irradiation

before
irradiation

electron
irradiation

proton
irradiation

D peak position (cm−
1)

1357.8 1353.3 1350.4

G peak position (cm−
1)

1590.6 1584.69 1581.9

D′ peak position (cm−
1)

1626.3 1622.2 1619.7

2D peak position (cm−
1)

2706 2701 2698.6

fwhm G (cm−1) 35.54 33.74 32.89
I(G)/I(D) 1.13 1.59 1.57
I(G)/I(D′) 5.77 8.24 8.77
I(2D)/I(G) 0.58 0.68 0.62
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To evaluate the electronic properties of CNWs before and
after the irradiation treatments, the work function was
determined using the ultraviolet photoelectron spectroscopy
(UPS) technique. Figure 4 shows the UPS spectra of the CNW
films before and after the process of electron and proton
bombardment. The analysis of the UPS data shows that the
value of the work function of the as-prepared reference CNW
film is −4.8 eV, which is in good agreement with the literature
data.51,59 After the electron irradiation, this value dropped to
−4.76 eV, and after the proton irradiation, the work function
decreased even more, down to −4.29 eV. The decrease in work
function after the irradiation treatment can be associated with
several factors, in particular with a change in the morphological
(degree of roughness) and structural properties (orientation of
crystals and degree of graphitization) of the material.60,61 In ref
61, it was reported that the work function of carbon
nanostructures decreases with increasing sp2 content. In our
case, the sp2 content increases after electron and proton
irradiation, which is evidenced by the Raman and XPS analysis
results.

CNW films have been successfully employed as transparent
conductive electrodes in different photodiodes and photo-
detectors.62,63 Therefore, the study of the effect of ionizing
radiation on the optical properties of CNWs is also of great

practical value. In this contribution, we, therefore, also
compare the UV−vis transmittance spectra of the CNW
films before and after the ionizing radiation treatments (Figure
5). The shape of the measured transmission spectra for the
CNW films is very similar to that of graphene sheets.64,65

Figure 5 indicates that the transmittance of CNW films
increases after the electron and proton irradiation. This is
expected since the thickness and density of the CNW decrease
after the irradiation treatments.

Figure 6 shows the electrical characteristics of CNW films
before and after the irradiation treatments. The electrical
properties were studied using Hall effect measurements. All
electrical characteristics are also presented in Table 3. Figure
6a shows that the sheet resistance of the CNW films increases
while the specific conductivity decreases after the irradiation
treatments. The sheet resistance of the reference sample is
∼900 Ω/□; after electron irradiation, this value increases by
1.5 times up to ∼1400 Ω/□, and after proton irradiation, the
surface resistance increases by 5 times up to ∼4350 Ω/□. The
specific electrical conductivity is calculated from the measured
sheet resistance and normalized by the film thickness. Specific
conductivity represents the electrical properties of the film
material itself, which should correlate with the structural and
morphological characteristics of the CNW films. The initial
value of specific conductivity is ∼70 Ω−1 cm−1. After electron
irradiation, it drops to ∼45 Ω−1 cm−1, whereas after proton
irradiation, it drops further down to ∼15 Ω−1 cm−1.

Figure 6b shows the measured Hall coefficients of the
investigated CNW films. The negative sign of the Hall
coefficient (RH) indicates that all samples before and after
irradiation possess n-type conductivity, with electrons as the
majority charge carriers. This means that the type of
conductivity of the CNW films is immune to ionizing
radiation.

Figure 3. XPS analysis of the CNW films. (a) XPS spectra of the CNW films before and after electron and proton irradiation. Deconvoluted C 1s
peak of the XPS spectra before irradiation (b) and after electron (c) and proton (d) irradiation.

Table 2. Quantitative Analysis of the Chemical Composition
of the Surface of the CNW Films

before
irradiation

electron
irradiation

proton
irradiation

C�C (sp2) (% area) 66.4 68.6 70.4
C−C, C−H (sp3)
(% area)

8.8 9.4 11.7

C−OH (% area) 10.0 10.9 10.8
O�C−OH (% area) 14.8 8.1 4.2
O−C�O− (% area) 3.0 2.9
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Figure 6c reveals the dependence of the concentration of
electrons and their mobility in the CNW films before and after
irradiation. The concentration of charge carriers in the as-
prepared reference CNW film is 5 × 1018 cm−3; after the
electron and proton irradiation treatments, this value increases

up to 6 × 1018 and 2 × 1019 cm−3, respectively. The increase in
the concentration of charge carriers can be explained by a
change in the structural properties of the CNW films after the
irradiation treatments, in particular, due to the increase in sp2

hybridization, which is evidenced by the results of our Raman
and XPS analyses.66,67 It should be mentioned that the increase
in the electron concentration is accompanied by a decrease in
their mobility after electron and proton bombardments. This
phenomenon is most likely also associated with a change in the
morphological and structural properties of the irradiated
CNWs, as shown earlier in this study.54,68

Figure 4. (a) UPS spectra of CNW films before and after electron and
proton irradiation. (b) Edge of the UPS spectra, with the Fermi level
highlighted. (c) UPS spectra of low-energy cutoff, with the onset
highlighted in the graph to determine the work function.

Figure 5. Transmittance of CNW films before and after electron and
proton irradiation.

Figure 6. Electrical characteristics of the CNW films before and after
electron and proton irradiation. (a) Sheet resistance and specific
conductivity. (b) Hall coefficient and (c) charge carrier concentration
(negative charge carrier concentration indicates electrons) and
mobility.

Table 3. Electrical Characteristics of the CNW Films before
and after Electron and Proton Irradiation

electrical characteristics
before

irradiation
electron

irradiation
proton

irradiation

sheet resistance (Ω/□) 902.1 1379.8 4347.8
electrical conductivity
(Ω−1 cm−1)

69.3 45.3 14.4

hall coefficient RH (cm3 C−1) −1.3 −1.1 −0.4
charge carrier concentration in
bulk 1018 (cm−3)

4.98 5.9 18.5

mobility μH (cm2 V−1 s−1) 86.8 47.6 5.1
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■ CONCLUSIONS
In conclusion, an integrated approach was applied to study the
properties of CNWs and the effect of electron and proton
irradiation treatment. The results of this study demonstrate the
modification of the morphological and structural properties of
the CNW samples depending on the irradiation type. The
morphology of CNWs undergoes a significant change, in
particular, the wall density decreases after irradiation. Our
Raman and XPS analyses independently revealed that the sp2

hybridization component increases in the CNW films after
irradiation. Structural and morphological changes in CNW
films after irradiation lead to an alteration in the work function
of the material. UPS data analysis shows that the value of the
work function of the as-prepared CNW film is −4.8 eV; after
electron irradiation, this value shifts to −4.76 eV, and after
proton irradiation, the work function decreases to −4.29 eV.
The irradiation treatments also lead to changes in the optical
and electrical properties of CNWs associated with modifica-
tions in their morphology and structural properties. The trend
toward an improvement in optical transmission, an increase in
surface resistance, and a decrease in the specific conductivity of
the CNW films after the irradiation treatments is associated
with a decrease in film thickness and CNW density. The
obtained results clearly reveal a complex modification of the
properties of CNWs after their irradiation with high-energy
electrons and protons. However, the change is not very
significant, and CNWs themselves still exist on the substrates
and remain functional as an optoelectronic material after the
irradiation processes. Further experiments to study the effect of
irradiation on CNWs should be conducted at different energies
of electrons and protons for a better simulation of cosmic
conditions. Moreover, a study on the possibility of using these
carbon nanostructured films in the development of radiation-
resistant optoelectronic devices for space applications is
required.

■ EXPERIMENTAL SECTION
Synthesis of CNW Films. CNW films were synthesized on

1 cm × 1 cm quartz substrates by the inductively coupled
plasma chemical vapor deposition (ICP-PECVD) method
using methane gas (CH4) as a carbon source. The quartz
substrate was loaded into a CVD furnace with a quartz tube.
The quartz tube was pumped down to 10−2 Torr and heated
up to 800 °C. Then, the CNW films were synthesized at a
plasma power of 140 W for 50 min in an Ar/CH4 and H2
mixture at flow rates of 20 and 5 cm3/min, respectively. The
experimental setup and the CNW growth mechanism are
described in detail in our previous work.51

Electron and Proton Irradiation. The ionizing irradiation
experiments were conducted in the specialized large-scale
facility of the Institute of Nuclear Physics (Almaty,
Kazakhstan). Electron irradiation of the samples was carried
out at the electron linear accelerator ILU-10 with an electron
energy of 5 MeV and a total fluence of 7 × 1013 e/cm2. The
absorbed dose was measured using GEX B6001 polystyrene
calorimeters and GEX B3002 film dosimeters based on a
Genesys 30 spectrophotometer. Proton irradiation of the
samples was carried out at the linear-type cascade rechargeable
accelerator UKP 2-1 with a proton energy of 1.5 MeV and a
total fluence of 1012 p/cm2. The fluence was determined by
measuring the proton beam current using a Digital Current
Integrator 439 (ORTEC).

Characterization of the CNW Films. The morphology of
the synthesized CNW films was characterized using a scanning
electron microscope (SEM, ZEISS Crossbeam 540). A Raman
spectrometer (LabRAM HORIBA Evolution and OmegaScope
with a laser wavelength of 514.5 nm) was used to study the
structural properties of the samples. The electronic properties
of the CNW films were characterized using an X-ray
photoelectron spectrometer with an Al Kα monochromatic
X-ray source at 1486.6 eV (NEXSA, Thermo Scientific) and an
ultraviolet photoelectron spectrometer (NEXSA, Thermo
Scientific) using a He1α source (21.22 eV). The optical
properties of the samples were examined using a UV−vis
spectrometer (Lambda 1050, PerkinElmer Ltd.). The electrical
properties were studied using a Hall effect measurement
system with the van der Pauw configuration (HMS-5500,
Ecopia).
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