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Highlights:
-

A comprehensive study on the optical properties of vertical graphene (VG) sheets on copper (for
the first time) and silicon was conducted.

-

A new and innovative method was developed to separate the VG sheets from the substrate.

-

An index of refraction close to unity in the visible and infrared range as well as a coefficient of
absorption higher than those of forests of carbon nanotubes (CNTs) were achieved.

-

The specific absorption (absorption divided by the areal density) of VG sheets grown on copper
was measured to be two times higher than previously reported results for VG sheets grown on
silicon and much higher than that of a CNT forest, showing their potential as a lightweight light
absorber.

-

The great potential of VG sheets for solar thermal applications was illustrated by presenting the
results of the solar reflectance of the VG sheets.
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Abstract:
We report the optical properties and solar reflectance of catalyst-free vertical graphene (VG)
sheets grown on two types of substrate, copper and silicon, over a wide range of wavelengths and
for the first time, a method for the separation of the sheets from the substrate. The index of
refraction of the VG sheets was close to unity in the visible and infrared range, while the
coefficient of absorption was higher than those of forests of carbon nanotubes (CNTs). A total
reflectance (diffuse and specular) of less than 10% was observed for the VG sheets in the visible
range. For VG sheets grown on a copper substrate, the specific absorption (absorption divided by
the areal density) at a wavelength of 633 nm was measured to be two times higher than
previously reported results for VG sheets grown on a silicon substrate and much higher than that
of a CNT forest.

KEYWORDS: A. nanostructures, A. thin films, A. surfaces, B. plasma deposition, B. optical
properties.
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1. Introduction
Creating a black body, a surface that absorbs all incident electromagnetic radiation regardless of
frequency or angle of incidence, has been the subject for much research since Kirchhoff
introduced the theoretical concept of a perfect black body in 1860. By definition, a black body is
a perfect absorber and emitter that radiates at all frequencies with a spectral energy distribution
given by Plank’s law. Applications of black-body-like objects cut across a variety of topics
including energy collectors [1-4], infrared thermal detectors [5-7], radar-absorbent materials for
radar invisibility [8], and bolometers [9-10].
Progress in nanotechnology accelerated discovery of materials with exceptional optical
characteristics for novel black bodies or antireflection coatings. Adding nanostructures to the
surface of an object is a proven method for manipulating the optical properties of the surface and
creating antireflective surfaces [11-13]. For example, the reflectivity of a carbon substrate was
reduced 10 times in the wavelength range from 0.1 to 4 µm when graphene nanostructures were
formed on the surface by etching the substrate [14]. Carbon-based nanostructures such as CNTs
[15] and carbon nanowalls (CNWs) [16] have a reflectance much less than that of glassy carbon
and were recently heralded as a new approach to creating blackbody-like materials. Theoretical
studies of a forest of CNTs indicated an index of refraction close to unity [17], with experimental
measurements confirming theoretical predictions and showing negligible transmittance and a
total optical reflectance as low as 0.045% in the visible range [18].
Carbon nanowalls (CNWs), also colloquially called vertical graphene (VG) sheets, are nanoscale
flakes of 1to ~20 layers of graphene that grow almost vertically on a substrate [19-21]. VG’s
ease of fabrication and low cost has led to applications in energy storage [22, 23], bio
applications [24], and nanocomposites [25]. Optical characterization of VG on Si substrates
recently demonstrated excellent light absorption and ultra-low total reflectance of less than
0.13% in the visible range [26]. These optical properties, in combination with catalyst-free
growth on a wide range of substrates, make VG sheets an excellent choice for creating blackbody
coatings. VG sheets are mechanically robust and do not collapse even if several microns high
[27], in contrast to the behavior of multi-walled CNT forests, where bending and collapse has
been shown to decrease surface roughness and increase optical reflectivity [28]. In addition, VG
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sheets can exhibit spectral selectivity for solar thermal applications, unlike CNT forests which
have high absorption from visible to far infrared [29].
While the optical properties of VG sheets have been reported in a few reports previously [16,
26], the results are limited to VG sheets grown on silicon substrates; however, in order to take
advantage of these nanostructures as lightweight light absorbers, it is important to be able to
grow them on different surfaces readily without any degradation in their optical properties.
While VG sheets were previously grown on copper successfully [27], there are no reports on
their properties on copper. The grown nanostructures on silicon and copper substrates have
different morphologies, and therefore, different properties are expected [27]. Also, in contrast to
silicon, copper can be easily deposited through electroless deposition as well as electron-beam or
thermal evaporation [30-32]. Here, we report the synthesis and characterization of VG sheets as
well as an extensive study of their light absorption and reflection characteristics on both copper
and silicon substrates. We present measurements of specular and total reflection as well as the
inferred optical constants. Specific absorption of different samples was calculated and compared
with results reported before, showing the excellent potential of VG sheets on copper as
lightweight light absorbers for the first time. A novel method was also developed to separate VG
sheets as a layer from the substrate to facilitate their applications on a wide range of surfaces.

2. Experimental Methods

2.1. Synthesis
A radio-frequency plasma-enhanced chemical vapor deposition (RF-PECVD) method was used
to synthesize VG. This method was reported in previous work [27] but a summary is provided
here. Two different types of substrates, Cu and Si, were cleaned with acetone and isopropyl
alcohol (IPA), rinsed off with water, and dried with N2 gas. The substrates were placed on the
sample stage in a PECVD chamber. The sample stage temperature was raised to 680°C via Joule
heating at the pressure of 1 Torr. A mixture of methane and hydrogen was inserted into the
5

chamber to ignite the plasma. The RF power was set at 900 W. Different deposition times in the
range of 10 to 80 min were used. The chamber was then cooled down to room temperature to
prevent the oxidation of the sheets, then vented, and the samples were taken out. For clarity, the
growth time of each sample is presented after the name of its substrate in the text below. For
example, sample Si20 corresponds to VG sheets grown on a Si substrate with a growth time of
20 min. More information about the samples is presented in Table S1 in the Supplementary
Information.

2.2. Characterization
A scanning electron microscope (SEM - JEOL 7500 HRSEM) operating at 5.00 kV was used for
imaging and studying the morphology of the VG sheets. The structure of the VG sheets was also
characterized on a copper grid by using a JEOL JEM 2100 transmission electron microscope
(TEM) operating at 200 kV. A non-contact Zygo profilometer was used to study the
morphologies and roughness of the samples. Additional information about the structural
characterization using Raman spectroscopy is provided in the Sections 2 of the Supplementary
Information, respectively.
A variable angle spectroscopic ellipsometer (VASE) from J.A. Woollam Co. was used to obtain
the complex refractive indices of the VG sheets in the visible and near infrared regions. The
polarization-dependent reflection intensities were measured using a J.A. Woollam M-2000
spectroscopic ellipsometer in the spectral range of 193 nm to 1690 nm. The angle of incidence
was varied from 45˚ to 75˚ in 1˚ increments. An Agilent Cary 500E UV-Vis-NIR
spectrophotometer equipped with a 150 mm diameter Labsphere Spectralon integrating sphere
was used for the total reflectance (R) and transmittance (T) measurements in the ultraviolet,
visible and near infrared regions (250 to 2500 nm). For VG sheets on the silicon substrate, both
total transmittance and total reflectance were measured. For the VG sheets on copper, only the
total reflectance was measured since the transmittance was negligible. An angle of incidence of 7
degrees was used in all cases. A Nicolet 560 FT-IR spectrophotometer equipped with a 102-mm
diameter Labsphere Infragold integrating sphere was used for the measurement in the infrared
region from 2 to 20 µm. All the samples were scanned three times and the results were averaged.
6

3. Results and Discussion
Macroscopic images of the samples are shown in Figure 1. The colors of the samples grown on
Si substrates, as apparent to the naked eye, ranged from light gray for shorter growth time (~10
min) to completely black for the longer periods. Thick layers of VG sheets on Cu substrates also
appeared black, but thinner ones appeared dark green. Optial micsrocope images as well as the
surface topography of the samples are shown in Figure 1(c). For the surface topography, a noncontact optical profilometer was used (Figure 1(c), third column). In this method, white light
interferometry is applied to obtain the topology of the surface. As expected, for surfaces that are
highly absorbent in the visible range, no light was detected and the profilometer was not able to
record any images (see image Si80 in Figure 1(c) as a representative of the highly absorbent
surfaces, the green areas are scratches). Optical microscope images and surface topography of
bare Si and Cu substrates are shown in Section 3 of the Supplementary Information.
Figures 2 (a-d) show the top and cross-sectional views of as-grown VG sheets on Si80 and Cu80
samples. The VG forms a porous coating made of highly curved and randomly oriented sheets
with a length of up to a few hundred nanometers. The sheets grow on a thin amorphous carbon
and graphitic layer that forms on the substrate at the initial stages of the growth. VG sheets
grown on Si and Cu substrates differed from each other in morphology and density (compare
Fig. 2a/2b to 2c/2d). Additional images of different samples are shown in Section 4 of the
Supplementary Information. The film thickness (height of the sheets) and their areal density
increased with the growth time (Figure 1(c) and Table S1) and typically reached 400–500 nm for
VG grown for ~80 min on Si and Cu substrates. In literature, growth rates of up to 4.5 µm in 25
min have been reported, achieved by optimization of growth parameters such as methane
concentration and the substrate temperature [33, 34]. A detailed comparison of the VG sheets on
different substrates and the effect of various growth parameters was presented in Ref. 27.
Figure 3(a,b) show TEMs image of as-grown VG sheets on Cu and Si substrates. Also in Figure
3(a) carbon onions and amorphous carbon that often form during the growth of VG sheets can be
observed [35]. The edges of the sheets usually fold upon themselves, making them more rigid.
Each VG sheet is composed of one to several carbon layers, with an inter-layer distance
measured to be 3.5 Å (Figure 3(b)), consistent with graphite. Typically, the number of the layers
is the highest at the base of the sheet and the lowest at the edges, making the sheets tapered [35].
The thickest bottom part of the sheet usually has a thickness in the range of 3 to 5 nm,
7

corresponding to 10 to 15 layers (Figure 3(b)). While the variation in the numbers of layers
makes VG sheets very different from single layer graphene, they are still often referred to as
“vertical graphene”.
Ellipsometry was used to extract the optical constants of samples with different growth times and
on different substrates (Figure 4(a) and (b)). The optical constants, n and k, of the VG coating
were modeled using Lorentz oscillators along with a Kramers-Kronig consistent Sellmeier
function [36]. In the model, the VG sheets were treated as the effective substrate, i.e., the
presence of Si or Cu substrate was ignored, which is a reasonable assumption if the VG sheets
are opaque. The pseudo-optical constants of different samples are almost the same at all three
test angles (50°, 60°, and 70°), as shown in Section 5 of the Supplementary Information for a
representative sample with a growth time of ~20 min (sample Si20).The fact that the pseudooptical constants are largely independent of the angle of incidence indicates that the samples are
sufficiently opaque and the effective substrate approximation is valid.
In the visible wavelength, an index of refraction ranging from 1.03 to 1.32 was observed for the
sample Si80, which had the longest growth time and a thickness of ~500 nm (Figure 4(a)). This
is smaller than the previously reported refractive index of 1.27-1.42 for a 0.36 µm-thick CNT
coating in the wavelength range of 300-2200 nm [29]. The index of refraction for Si20 and Si40
was ~1.5 which is in good agreement with the previously reported results from 1.2 to 1.5 [37].
For Cu80 the index of refraction was measured to be in the range from 1.00 to 1.28 for
wavelengths from 450 nm to 1100 nm. For comparison, Figure 4 also shows the index of
refraction for graphite from Ref.38, which varies from ~2.7 to ~3.2.
The near-unity index of refraction for Si20, Si40, Cu80, and Si80 is attributed to the sparseness
of VG sheets. When the volumetric density of the material goes down, electron density and
permittivity decline too [15], which in turn provides better impedance matching to air and
suppresses the reflection [29]. A gradient in the index of refraction of VG sheets was reported in
Refs. [16, 26], where it gradually increased from ~1 at the top to ~2 at the bottom of the sheets
with a height of ~800 nm. This was attributed to the higher amount of graphitic and amorphous
carbon at the bottom of the sheets as well as thicker bases of VG sheets compared to their tops
(Figure 5). The index of refraction for such a coating at each cross section, neff(z), can be
estimated by averaging the index of refraction of the ambient medium (here air), na, and the bulk
8

material (here, amorphous carbon and graphite), nm, weighted by the quantity of material present
at the corresponding depth (Figure. 5) [11]. Thus, according to the weighting formula [39]:

neff(z) = fbulk(z)nm+ (1 - fbulk(z))nair

(1)

Where fbulk(z) is the bulk material fraction at the depth z. It should be noted that this relation is
valid as long as the spacing of the flakes, d, are much smaller than the wavelength (Figure 5).
Considering that there is an increase in the cross section of the sheets from their top to base, we
expect the index of refraction profile to exhibit the general shape shown in Figure 5.
If each sheet is assumed as a multilayer coating similar to the schematic in Figure 5, the index of
refraction would increase in each subsequent layer (ni< ni-1) without sudden jumps. When the
index of refraction at the top interface (top of the sheets), nl, is approximately equal to the index
of refraction of the ambient media, na, light proceeds into the film with minimal reflection at this
outer interface. The total reflectance is a sum of partial reflections from multiple segments with
diverse index of refractions (n1, n2, ..,nl), coming from different depths, z, with different phase
shifts. If the gradual change of index occurs over an optical distance comparable with the
wavelength, destructive interference will cause a significant suppression of reflectance [11].
Thus, the morphology of VG sheets affects their optical properties by weakening the reflection at
the interface [40, 41].
A critical parameter to evaluate the potential of the VG sheets as a lightweight light absorbent
coating is the coefficient of absorption,

, where k is the index of extinction, and λ is the

wavelength. Figure 6 shows α for VG sheets on Si substrates with different thicknesses as well
as Cu80. For comparison, also shown is the absorption coefficient of gallium arsenide (GaAs)
[42]. GaAs is a direct bandgap semiconductor (1.42 eV) and for wavelengths below the bandgap
edge (~850 nm), GaAs is an efficient light absorber that is frequently used in thin-film solar cells
and light-emission devices [43, 44]. It can be seen that the VG sheets have a bigger α compared
to GaAs in the visible range, despite the fact that VG sheets are less dense than bulk GaAs.
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The relatively larger coefficient of absorption of VG sheets is attributed to the small bandgap of
graphene sheets. It is known that the zero band gap and vanishing density of states at the Fermi
level give the single-layer graphene its semimetal properties. However, that is not the case for
VG sheets due to the edge and surface effect [45]: a range of bandgaps from 0.2 to 0.8 eV were
reported for VG [37]. Due to the small band gap of the VG sheets, a wide range of photons have
energy higher than the bandgap and a significant number of electrons can interact with the
photons, become excited, and result in the absorption of the photons. According to the calculated
absorption coefficient, the absorption length (1/α) is less than 100 nm for VG sheets grown for
20 min or longer, which is significantly smaller than the absorption length of 8.3 µm measured
for 300 µm-thick CNT forests [18]. This shows that the complete absorption of light can be
obtained with a much thinner coating (shorter VG sheets) than for CNTs.
The reflection intensities of p- and s-polarized light upon VG sheets were measured to evaluate
polarization-dependent specular reflection. Figure 7 shows the reflection intensity versus the
angle of incidence (45° to 75° with 1° intervals) for sample Si80 and at a wavelength of 633 nm
for different polarizations. The reflection intensity is higher in larger angles of incidence and for
s-polarized light in comparison with p-polarized. When the material is completely transparent,
the reflection intensity of p-polarized light, R(p), vanishes at the Brewster's angle. However,
since the VG sheets are efficient light absorbers, the index of extinction does not vanish
completely, and instead R(p) reaches a minimum at the pseudo-Brewster's angle [46]. For the
sample in Figure 7, the pseudo-Brewster’s angle is 55°.
The total reflectance for different samples in the UV-Vis-NIR is shown in Figure 8(a). The
transmittance of the Si80 sample is also shown in this figure and is almost indistinguishable from
zero. The reflectance of the four samples generally rises with the wavelength. The thicker
samples have a smaller reflectance (compare Cu10 and Cu80); however, at some wavelengths
(650 nm to 850 nm) the thinnest and the least opaque sample, Cu10, shows a very small
reflectivity too that is attributed to interference effects. Si80 has the minimum total reflectance in
the visible range with a value of 3.5%, similar to that reported before for CNWs on Si substrates
[16]. Cu80 and Cu20 have reflectance below 15% and 22% in the visible range, respectively.
Figure 8(b) shows the reflectance in the IR region. The reflectance of samples Si80, Cu10, and
Cu20 abruptly increases with an increase in the wavelength. Interestingly, the reflectance of
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sample Cu80 is almost constant at wavelengths from ~2 µm to ~6 µm and only after that
escalates with a sharp slope. The overlapping of the results in the wavelength range of 2.0 to 2.5
µm in Fig 8(a) and (b) validates the accuracy of the measurements.
The low reflectance of samples Si80 and Cu80 is attributed to two main characteristics. The first
is the high absorption due to the abundance of edges that affect the electronic structure of the
sheets [26, 16], and second, an index of refraction close to unity at the interface that results in a
small reflectance at the coating-air interface. The large quantity of edges in the Si80 is attributed
to the secondary nucleation and growth of the small VG sheets on the surface of the bigger VG
sheets, and in Cu80, is due to the growth of the dense and small VG sheets (Figure 2(a-d)). The
slightly higher absorption of sample Si80 compared to Cu80 can be attributed to the existence of
the secondary grown VG sheets that make Si80 ~4 times denser than Cu80 (see Table S1 in the
Supplementary Information). These extra spikes heighten the surface corrugation and enhance
diffuse scattering [18]. Also, the VG sheets on Si80 had a wider range of tilt angles and surface
areas that accommodate incident light with various angles of incidence (compare Figure 2(b) and
2(d)).
According to the law of conservation of energy, reflectivity, transmissivity, and absorptivity add
up to unity in thermal equilibrium. Considering that the transmissivity for the samples is zero,
the absorptivity was calculated from 1-reflectivity. Figure 8(c) compares the absorptivity of
different samples. As can be seen here, for sample Si80 and sample Cu80 the absorptivity is
above 90% in the visible range. The absorptivity of sample Si80 reaches ~97% in the visible
range. Since the emissivity of an object equals its absorptivity according to Kirchhoff’s law, it
can be concluded that the emissivity of VG sheets in the visible range is close to that of an ideal
black body object.
The results of the optical measurements in Figure 8 demonstrate that VG coatings are a good
choice for solar thermal energy applications. A perfect solar thermal coating is a perfect black
body in the visible range but has a very low emissivity in the thermal IR region [47]. The solar
reflectance (SR), which indicates how much of the typical solar spectrum would be reflected (i.e.
not absorbed), was calculated for different VG samples by averaging solar spectral reflectance in
the wavelength from 250 nm to 2500 nm weighted with air mass 1.5 solar spectral irradiance
[48]. The closer SR number is to zero, the better the material absorbs solar radiation. The solar
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reflectance of Si80 was the lowest at 0.070 and the samples Cu80, Cu20, and Cu10 followed at
0.139, 0.159, and 0.195, respectively. At the same time, the reflectivity in the thermal infrared
region (5 - 15 μm) ranged from 70% to almost 100% for different samples (Fig. 8b), implying
very low emissivity. The emissivity and reflectance of the samples at 10 µm at a temperature of
298 K are presented in Table S1 in the Supplementary Information section for comparison.
Considering the high absorption and small areal density of VG sheets on Cu substrates, i.e. a
density of ~0.6 g/m2 for Cu80, these nanostructures can be used as a lightweight absorbent
coating material for many applications. Figure 9 compares the optical density (coefficient of
absorption multiplied by the thickness) versus areal density of different samples in this study as
well as literature-based values for CNTs [18] and several bulk materials [38, 49]. It can be seen
that the ~100-nm-thick VG sheet Si20 has an optical density almost equal to that of the 10-μmthick CNTs [18] but with a much lower areal density. Also, at the same areal density, Si80 and
Cu80 surpass the optical density of bulk GaAs and amorphous carbon but they have a smaller
optical density when compared with graphite. The specific absorption (absorptivity/areal mass
density) of different samples in the visible range was also compared with that of previously
reported CNWs on Si substrates [26] as well as a CNT forest [15, 18] and the results are
presented in Table S1 in the Supplementary Information section. VG sheets on Cu have an
almost two times greater specific absorption compared to previously reported VG sheets grown
on Si substrates, and ~22 times larger specific absorption than CNTs. The VG sheets can be
grown on a surface or applied as a layer that weighs less than one gram per square meter on top
of a surface for complete absorption of visible light (Figure 10). A method for separating the
layer of VG sheets from a substrate is presented in Section 6 of the Supplementary Information.
Optical property characterization of the separated layer of VG sheets is in progress.

Conclusion
VG sheets were synthesized using an RF-PECVD method. The structural and optical properties
of VG sheets with various morphologies on two different types of substrates, silicon and copper,
were characterized. An index of refraction close to unity at the surface of the coating was
12

measured in the visible range that gradually increased with the wavelength. A model based on
the multilayer index-gradient antireflection coatings was used to explain the low reflectance of
the VG sheets. It was shown that, in the visible range, the light reflectance and transmittance is
low in these nanostructures while the light absorption can reach 97%. The absorption coefficient,
optical density, and specific absorption (per unit areal mass) were compared for different
samples and with previously reported results for a CNT forest as well as VG sheets on Si. It was
concluded that VG sheets on copper have the highest specific absorption and are excellent
lightweight light absorbers. The easier methods for deposition of copper compared to silicon and
superior light absorption at a lower areal density makes VG sheets grown on copper interesting
for a wide range of uses. Also, for the first time, a method was developed to separate VG sheets
from a substrate. This technique widens the range of potential applications of VG sheets since
they can easily be applied on other surfaces, regardless of the type of underlying surface.
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Figure Captions

Figure 1. Normal (a) and oblique (b) views of the samples on silicon and copper substrates. (c)
From left to right: photographs, optical microscopy, surface topography (using a Zygononcontact optical profilometer), as well as cross-sectional and top view SEM images of the
samples. The scale bar in all the pictures is 100 nm.

Figure 2. SEM images of the VG sheets on different substrates. A top view (a), and crosssectional view (b), of VG sheets grown for 80 min on a Si substrate. A top view (c), and crosssectional view (d), of VG grown for 80 min on a Cu substrate. In (b) and (d) the tilt angle is 90°.
Figure 3. (a) A TEM image of a single sheet and amorphous carbon grown on a Cu substrate,
(b) a high magnification TEM image of VG grown on a Si substrate, with inset showing distance
between carbon layers.
Figure 4. (a) Index of refraction, n, and (b) extinction coefficient, k, of different samples
obtained from ellipsometry measurements.
Figure 5. A schematic of VG sheets (middle) and the expected index of refraction profile (left).
Cross sections A, B, and C are shown on the right as an example.
Figure 6. Coefficient of absorption for VG sheets as well as GaAs.
Figure 7. Reflection intensity versus the angle of incidence for sample Si80 at a wavelength of
633 nm.
Figure 8. Total transmission and reflectance of the samples in the UV-Vis-IR region (a) and in
the IR region (b). Calculated absorption from different samples (c).
Figure 9. A comparison of the optical density of the samples in this study with those calculated
for previously reported CNTs and other bulk materials. The absorption was compared at 650 nm
at all the data points.
Figure 10. A layer of VG sheets after separation from the substrate (a), a picture showing the
flexibility of a layer of VG sheets (b).
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