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The optical properties of carbon nanowall (CNW) films in the visible range have been studied and reported
for the first time. Depending on the film structure, ultra-low total reflectance up to 0.13% can be reached,
which makes the CNW films a promising candidate for the black body-like coating, and thus for a wide range
of applications as a light absorber. We have estimated important trends in the optical property variation
from sample to sample, and identified the presence of edge states and domain boundaries in carbon
nanowalls as well as the film mass density variation as the key factors. Also we demonstrated that at much
lower film thickness and density than for a carbon nanotube forest the CNWs yield one order higher specific
light absorption.

he black body, which is a simple physical model well known from the school optics course, remains highly

demanded for a wide range of implementations and solutions for many technological issues. Apparently,

practical preparation of the black body-like materials will bring benefits to many fields such as sensing,
radiometric and energy harvesting. Nowadays, among all materials a forest of vertically aligned single-walled
carbon nanotubes behaves in a manner most similar to that of the black body'~. This material can absorb light
almost perfectly in a very wide spectral range (0.2-200 pm). The corresponding total reflectance is found to be in
the range of 0.045%-0.8% for the visible light**.

Here, we report a new candidate for the black body-like coating, carbon nanowall (CNW) films. The CNW film
is a material composed of a dense array of micron-size flakes with layered graphite-like structure and dominating
vertical orientation and chaotic lateral displacement with hundreds of nm mean spacing. Thickness of each flake
may vary from several graphene layers to tens of nanometers which is the reason for term nanowall. The most
widely used method for the CNW film fabrication is plasma enhanced chemical vapour deposition with different
ways of plasma activation®®. This material has already found a variety of applications such as an electron field
emittersS, a catalyst support’, and a template for a different nanostructured materials®®. In present work we report
for the first time that the CNW films demonstrate optical properties in the visible range that are close to those of a
perfect light absorber. Compared to a nanotube forest with a thickness of hundreds of microns, the CNW films are
much thinner (only several microns) and hence specific light absorption characteristics (normalized by the film
mass per substrate area) are essentially higher. One of the advantages is that carbon nanowalls can be grown
without any catalysts on a variety of substrates including silicon, different metals and other carbon materials*>”'°.
The absence of catalyst (usually 3d-metals) makes this material suitable for high-temperature applications. Due to
H-termination the CNW film surface is hydrophobic and very stable against structural degradation, especially in
a humid environment. These advantages may result in broader applications of carbon nanowalls as extremely
dark thin coating, for instance, for bolometers.
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The present paper includes the discussion of the CNW film struc-
ture effect on the optical properties. We have found that optical
absorption is inversely proportional to mean carbon nanowall linear
size and proportional to the film density, i.e. to amount of carbon
nanowalls per unit of substrate area. Based on obtained results we
assume by analogy with graphene nanoribbons'' that presence of
edge states in carbon nanowalls is one of the key factors determining
high light absorption in the visible range.

Results

For our studies we have chosen CNW films (CF1-CF5) obtained at
different growth conditions providing strongly different film mor-
phology, i.e. various combinations of structural parameters. The
structure of tested CNW films is illustrated in Fig. 1. We quantify
the morphology with the following structural parameters: average
carbon nanowall linear dimension (based on the top view SEM
images), film density (the number of carbon nanowalls per unit of
substrate area) and the overall film thickness as shown in Table 1. It
should be noted that CNW films of different morphology are repro-
ducibly obtained by adjusting the corresponding growth condi-
tions*'"?. This issue, however, is beyond of our consideration.

As it is clearly seen from Fig. la-b the structure of samples CF1
and CF2 contains smaller nanowalls besides the major carbon nano-
wall network. These smaller carbon nanowalls emerge due to sec-
ondary nucleation and we refer to such structures as the secondary
carbon nanowalls, or SCNWs. This phenomenon is not considered
further and will be described in details in our next article.

Samples CF1 and CF2 have approximately same thickness of
about 3 pm. However, film CF1 may be characterized by higher
SCNW coverage than those of film CF2. This leads to higher carbon
nanowall surface density (23 pm™*/13 pm~> for CF1/CF2) and to
decrease in calculated mean carbon nanowall linear size (310 nm/
370 nm for CF1/CF2).

Fig. 2a shows a low-resolution cross-sectional TEM view of an
individual carbon nanowall with SCNWs on its surface. Fig. 2b
demonstrates high resolution TEM image of an individual SCNW,
where its multilayered structure is clearly visible. Both major carbon
nanowall and the SCNW have higher thickness at their origin than at
the end.

Films CF3, CF4 and CF5 are composed of carbon nanowalls with
different height (film thickness) and mean linear size. No SCNWs
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were observed for these samples (Fig. 1c—e). Thus film CF3 has both
the maximal thickness and the maximal mean carbon nanowall lin-
ear dimension among the samples, 5 pm and 900 nm, respectively
and a relatively low carbon nanowall surface density of 3 um™. In
turn CF4 and CF5 have thickness of about 2-2.5 pm and some
intermediate carbon nanowall surface density of 7 pm™>.

General structural characterisation of the obtained CNW films
were performed using Raman, near edge X-ray absorption fine struc-
ture (NEXAFS) and high-resolution X-ray photoelectron spectro-
scopy (XPS).

A Raman spectrum for a typical CNW film is presented in Fig. 3a.
The corresponding spectral parameters for the films grown at differ-
ent discharge conditions are shown in Table 1. The Raman spectrum
includes a G mode usually observed for the graphite-based materials,
distinguished D and D' modes that could be associated with the
lattice defects of different nature, and 2D mode that corresponds
to the second order of the D mode. The I(D)/I(G) ratio, which is
related to the crystal imperfection of a graphene sheet, varies from 0.2
to 1.5. It is known that plasma grown carbon nanowalls contain a lot
of structural defects and conditionally may be described as an
agglomeration of nanometer-size graphene-like domains'. Thus
appearance of D mode may be associated with presence of both
carbon nanowall and domain edges. In our case domain structure
of studied carbon nanowalls may be seen in Fig. 2c. Taking into
account I(D)/I(G) ratios shown in Table 1 estimated domain linear
size varies from 3 nm to 22 nm'. Moreover it was shown that in case
of graphene I(D)/I(D’) ratio does not depend on the defects concen-
tration but is sensitive to the type of defects'®. For our CNW films, it
varies between 1.8 and 3.3 which also may indicate presence of
boundary-like defects in a carbon nanowall structure.

We found an inverse correlation between the mean linear size of
the carbon nanowalls and the I(D)/I(G) ratio (see Table 1). Thus, the
highest D mode peak is observed for the sample CF1 while sample
CF3 has the minimal boundary-like defect density. The CF4 and CF3
films differ by their I(D)/I(G) value, which may be attributed to
different density of the domains within an individual carbon
nanowall.

Appearance of 2D mode does not depend on presence of the
defects, however its position, FWHM and shape are sensitive to the
layer stacking character, namely, turbostratic stacking or ABAB (like
in graphite)'®'”. For carbon nanowalls the 2D peak is symmetrical

g’ o Gl

Figure 1| SEM images of top view (a-e) and side view (a’-e’) of the CNW films on a Si (100) substrate.
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Table 1 | Summary of the structural and Raman spectral parameters of the CNW films
CF1 CF2 CF3 CF4 CF5

Film thickness [um] 3.5 3 5 2.5 2

Mean CNW surface density [um=2] 23 13 3 7 7

Mean CNW size [nm] 310 370 900 630 630

ID)/I(G) 1.5 1.3 0.22 0.6 0.25
ID)/1(D) 2.4 2.9 2 3.3 1.8
I(G)/I(2D) 1.1 1 1.6 1.1 2
FWHM(D/G/2D) 40/30/70 40/30/60 40/25/60 35/25/60 45/25/70
and relatively broad, thus indicating the presumably turbostratic — coatings composed of submicron-size Si structures'*' show much

structure.

It should be noted that FWHMs of the D, G, and 2D modes are
almost similar for all samples. The line broadening is sensitive to
crystal imperfections and the amorphization degree'. This means
that carbon nanowall (domain) imperfection with both point defects
and other types of imperfections is approximately the same in all
samples under discussion.

A typical XPS Cls spectrum for a CNW sample (Fig. 3b) includes a
dominating peak of the sp>-hybridized carbon, which is slightly
broader than that for graphite and essentially broader than dominat-
ing peak for epitaxially grown graphene monolayer'®. Additional
high-energy peak is related to the sp’-hybridized carbon atoms
located near defect sites or edges.

The C K-edge NEXAFS spectra for a typical sample without
SCNWs acquired at different X-ray incidence angles show high
intensive n*- and o*-resonances and broad peaks in the range of
292-320 eV, which correspond to transitions from the C 1s level to
unoccupied o states. The NEXAFS spectra show slight angular
dependence corresponding to the mean deflection of the carbon
nanowalls equal to 30° from normal to the substrate surface.

Optical properties such as reflectance in the visible range of 400-
1000 nm and its angular dependence were studied for a number of
the CNW films described in Table 1. Fig. 4a shows the optical reflec-
tance of the CNW films at normal incidence and a detection angle of
45°. Ttis remarkable that for sample CF1 the reflectance reaches up to
0.003%, while reflectance for other samples is 2-3 times higher. The
angular dependence of the specular reflectance obtained at 500 nm is
shown in Fig. 4b. Sample CF1, which has the minimal reflectance,
shows no noticeable angular dispersion of the specular reflectance
typical for the nanotube forest'. The hemispherical (total) reflectance
for the CNW films is illustrated in Fig. 4c. The minimal value of the
total reflectance reaches the value of 0.13% for the sample CF1.

Our study of a CNW film transparency without silicon (or any
other) substrate revealed no detectable signal penetrated through
the film (experimental details are described in Supplementary
Information file). This result indicates that light absorption may be
estimated as 100% minus the light reflectance and amounts to
99.997% at normal incidence and detection angle of 45° and
99.87% in case of the total reflectance measurements. It should be
noted that films that are less than 1 um thick are significantly trans-
parent, and this may be considered as a limit for CNW films acting as
an effective light absorber.

Summing up, the optical properties of the carbon nanowalls in the
visible range make this material attractive for many applications as
an extremely dark thin coating.

Discussion

Now let us address the main reasons providing high optical absor-
bance (low reflection) of a relatively thin carbon nanowall films. The
light absorbance by a coating is determined by two main factors:
efficiency of reflectance at a film-media interface and efficiency of
light absorption inside a film. Evidently, the interface morphology
plays crucial role in the light propagation. For example, antireflection

lower optical reflectance when composed of Si cones as compared to
those made of Si whiskers®'. The authors used the gradient refractive
index model to describe the optical properties'®*’. For cone struc-
tures, there is non-uniform filling factor (relative volume of active
material in a total volume of a coating) that varies with the film
thickness, and the effective refractive index increases from the coat-
ing surface to the substrate. In that context, light can penetrate
through a film without any significant phase retardation. We see
here an analogy with our material. According to our TEM and
SEM data, the CNW films also have non-uniform in-depth density.
We assume that the films may be characterised by a variable refract-
ive index (variable filling factor) that leads to the lower light
reflection.

However, not only light reflection but also its transmission should
be avoided since light may reflect from a film-substrate interface and
penetrate through a material back to the ambient.

Figure 2 | Low-resolution TEM image of an individual carbon nanowall
with SCNWs (a), high-resolution TEM image of SCNW (b) and high-
resolution TEM image of a carbon nanowall fragment (c): domain
boundaries are marked by arrows.
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Figure 3 | Typical Raman spectrum of a CNW film obtained at a laser wavelength of 532 nm and a radiation power of 30 mW (a); spectrum of
film CF2 is demonstrated as an example, C1s photoemission (b) and NEXAFS spectra (c) for a CNW film obtained at different angles, angular
dependence of the n*-resonance intensity from the NEXAFS spectra (d): the insert shows the geometry of the experiment and the m-system
displacement relative to the surface normal, 0. = 30° corresponds to the mean deviation of the carbon nanowall from the surface normal.

Optical absorption of graphene-type materials is determined by
direct interband transition of m-electrons. In case of large-scale gra-
phene the absorption coefficient is proportional to wa*>. For few-
layer graphene it is proportional to the number of layers (Nmo).
The reflection coefficient of a graphene single layer is very low and
increases with the number of layers®.

The decrease of the lateral dimensions of graphene flake gives rise
to essential contribution of edges into the electronic structure. Thus,
theoretical analysis of carbon nanoribbons demonstrates appearance
of new states localized near the Fermi level'' due to edge states. The
density of such electronic states decays exponentially from the
nanoribbon edge to its center. The appearance of such intraband
electronic states is not associated with the structure of bulk graphite
or the dangling bonds at the crystal edge and may be explained by
certain features of the 7 electron system of a nanosized structure. It
was shown that increase in the crystal linear size leads to a decrease in
the density of the electronic states induced by the edges''. Study of
graphene nanoribbon optical properties revealed the edge states are
essential since the intraband electronic states are involved in the light
absorption process* 2.

In this respect the carbon nanowalls with domain structure may be
considered as an intermediate case between nanoribbons and large
scale few-layered graphene. We suppose that similar to nanoribbons
the large quantity of edges in carbon nanowalls influence their elec-
tronic structure. By varying the liner dimensions of the carbon nano-
walls (and the domains) it is possible to modify the electronic
properties from those typical for nanoribbons to those typical for
large scale graphene.

This concept may explain the experimental optical reflection
(absorption) data obtained for different CNW samples. The best
properties were observed for the film CF1, which is the densest film
and is composed of carbon nanowalls with the minimal size. In its
turn, an increase in the carbon nanowall linear size or decrease in
their surface density (sample CF3) leads to decrease in the total
density of the edge states. As a consequence, a decrease in the light
absorption (increase in reflectance) is observed. Moreover variation
in domain liner size at constant nanowall surface density and nano-
wall size leads to variation in optical properties as well. It is clearly
seen from comparing structural and optical features of samples CF4
and CF5.

It should be mentioned that nothing is known about the possible
effect of the atomic structure (layer stacking) and the surface ter-
mination (like hydrogen termination typical for carbon nanowalls
obtained under the glow discharge) on the optical properties. As
these factors influence the electronic properties of carbon materials,
their role in the optical behaviour may be essential.

Behaviour of reflectance of the s- and p- polarised light is shown in
Fig. 4d. It is clearly seen that optical properties of the CNW film do
not depend on the incident light polarisation. This is in line with
generally chaotic displacement of the carbon nanowalls.

Based on the presented results, we performed estimation of the
CNW film specific absorption (absorption per unit of areal mass
density) and compared it with the data for the CNT forest®.
Specific absorption of the CNW film achieves up to 6600 g~ cm*
in the visible range, which is almost one order higher than the cor-
responding values for the CNT forest (more details are provided in
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Figure 4 | Reflectance at normal incidence (a), angle dependence of the specular reflectance (b), and hemispherical (total) reflectance of the CNW films
at normal light incidence (c), specular reflectance of s- and p-polarized light for film CF1 (d): angles of both detector and light source were varied in the

range of 10-60°.

the Supplementary Information, Table S2). The underlying reason is
in different ways of light absorption in these two cases. For the
nanotubes high absorption is provided with long optical path and
multiple reflections/absorption, e.g. in cavities between relatively
long oriented nanotubes. Therefore, the optical properties of the
nanotube forest depend on their length and surface density and
display polarisation anisotropy”. In the case of carbon nanowalls
the key factor is the edge state density which is higher for lower
nanowall dimensions.

A carbon nanowall-based dark coating can find a wide array of
applications. One of them is a bolometer absorber. Here we can
utilize much lower film thickness than for the carbon nanotube
forest. In addition, the CNW films are very stable against structural
degradation in humid media like ambient atmosphere due to the
hydrophobic nature of an as-grown carbon nanowall surface as a
result of H-termination®*. This stability is of great importance for
high temperature applications.

In summary, we report first observations of the optical properties
of carbon nanowall films in the visible range. It was shown that the
CNW films possess outstanding optical properties, such as extremely
low reflectance and high specific absorption. The CNW films
demonstrate optical properties comparable to those of the carbon
nanotube forest, which has so far been considered as the best
approximation of the black body. The specific absorption of the
CNW films actually exceeds that of the CNT forest. It is remarkable

that the total reflectance of the CNW film can reach up to 0.13%. In
addition, we groped certain important trends in the structure/optical
property dependence for the carbon nanowalls. The major factors are
found to be structural imperfection, presence of edge states and
surface density of the carbon nanowalls over the substrate.

Methods

The films were grown on polished p-doped 460 pm thick Si (100) wafers with an area
of 1 cm? All substrates were preliminary ultrasonically treated in a diamond powder
suspension for 5 min to assist the carbon film nucleation site formation. Further on,
the substrates were washed in distilled water and dried. The CNW films were grown
in the plasma of dc glow discharge in a mixture of hydrogen and methane. Substrates
were placed on molybdenum anode. The working mixture pressure was 50 Torr at
the moment of discharge ignition and was gradually increased up to 150 Torr.
Further growth conditions are listed in Table S1 in the Supporting Information file.
The samples were studied by means of SEM (Carl Zeiss Supra 40 system), TEM
(model JEM 2100F (UHR/Cs) with acceleration voltage — 200 kV), and Raman
spectroscopy (Renishaw InVia Reflex spectrometer using a 514 nm wavelength laser
with a power of 30 mW). XPS and NEXAFS measurements were performed at RGBL
and HESGM beamlines at BESSY II synchrotron facility (Berlin, Germany).The
samples were preliminary annealed at 400°C for 30 min to remove the adventitious
pollutions. Optical measurements in a range of 400-1000 nm were performed with
use of Avesta 100MF spectrometer with rotating polarizer and fiber input. Tungsten
halogen lamp was used as a light source. When electric filed vector of incident light is
perpendicular (parallel) to the plane of incidence it corresponds to s-polarization (p-
polarization). The CNW film mass was estimated based on the results of gravimetric
measurements of the substrates before and after the film deposition by means of
digital analytical micro balance AND HM-202 (precision 0.01 mg).
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