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Enhanced light absorption and through-thickness heat conduction of 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Various multi-walled carbon nanotubes 
were generated on laser-treated stainless 
steel. 

• Vertically aligned carbon nanotube 
(CNT) arrays provide broadband light 
absorption with low reflection. 

• Silicone embedding of CNT leads to 
polymeric films with preserved high 
order of the CNTs. 

• The films can be transferred to any other 
surface without losing their internal 
anisotropic structure.  
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A B S T R A C T   

Easily manageable flexible films of multi-walled carbon nanotubes (MWCNT) were prepared and characterized. 
For the preparation of the MWCNTs pulsed laser-induced dewetting (PLiD) of stainless steel surfaces is employed 
to generate freely designable arrays of catalytic nanoparticles (NP), which facilitate the MWCNT growth in a 
chemical vapor deposition (CVD) process. The density of the NP fields, and thus the areal density of the CNTs 
grown, can be controlled through the used laser parameters. As prepared CNT-arrays were soaked with silicone 
and cross-linked to form a flexible detachable film that may be reattached onto any other surface. The silicone 
matrix increases reflection only minimally by about 2%. The vertically aligned CNT (VACNT) arrays were un
disturbed during capillary filling of silicone. The anisotropic heat transfer properties of the VACNTs are pre
served. Such films are excellent light-absorbers and e.g. may enhance the effectiveness of solar panels or transfer 
heat from microprocessors to a cooling system.   

1. Introduction 

The growing industrialization of the world economy, as well as the 
increasing environmental pollution, leads to rising demand for so-called 

clean energy devices. Solar energy usage, due to its high accessibility 
and low environmental impact, is one of the leading technology 
branches for this kind of application. 

CNTs have been used to reinforce various materials [1–4], among 
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them silicone [5], but the alignment of the CNTs is not essential for such 
applications. CNT as active electronic elements, e.g. field emission, 
require a high degree of alignment and embedding into an insulator. 
This has been realized by lithographic methods quite early [6]. CNTs 
show good optical absorber qualities over a wide band of wavelengths 
due to their π-band optical transition, as it is known for other 
high-absorption materials, such as carbon black or graphite [7]. Due to 
their electronic and optical properties CNTs are interesting materials for 
light absorption applications [8–11], because of their ability to tune 
their bandgaps over a broad wavelength range [12] and their high 
carrier mobility along their long axis [13,14]. In particular, vertically 
aligned carbon nanotubes (VACNT) [15–18] due to their morphologi
cally determined high amount of microcavities offer ideal conditions for 
light trapping resulting in a high absorption behavior [19]. 

There is one problem in the use of VACNT, which is that the VACNT 
need to be grown directly on the substrate to obtain vertical alignment. 

In this study, we want to investigate the function of the light ab
sorption potential of different MWCNT-layer morphologies on stainless 
steel. In recent studies we demonstrated the potential of laser-induced 
particle generation for CVD-based CNT growth, providing the possibil
ity of growing CNTs with all kinds of morphologies [20,21]. Silicone 
soaking and cross-linking of the CNT-arrays result in mechanically sta
ble, easily useable CNT films, which can be detached from the growth 
substrate and reattached to merely any other surface, still preserving 
their light absorption properties and the anisotropic alignment of the 
CNTs. 

2. Materials and method 

Yacht polished stainless steel AISI 304 (EN AW 1.4301) was used as a 
substrate for catalyst generation for the CNT studies. Flow cells were 
prepared of the same steel in-house. A frequency-doubled nanosecond 
pulsed Nd:YVO4-laser, emitting laser pulses of 5 ns pulse width at a 
wavelength of 532 nm (Explorer XP 532–5, Newport, USA), was used for 
catalyst precursor formation. The laser beam was scanned over the 
stainless steel samples by a galvanometer scan head (SCANgine 14–532, 
Scanlab, Germany), equipped with an F-Theta lens (Rodenstock, f = 163 
mm, Germany), focused to a spot diameter of 100 μm (1/e2). A line 
spacing of 3 μm, a pulse repetition rate of f = 50 KHz, a fluence per pulse 
of Φ = 0.34 J cm− 2, and scan speeds from υ = 1.3 mm s− 1 up to υ = 200 
mm s− 1 were used to control pulse overlaps and thus the number of 
dewetting cycles (DC) applied, which ranged from DC = 639 up to DC =
115,007. For CNT growth the samples were placed in a horizontal quartz 
glass furnace (35 mm inner diameter, 150 mm heating zone) at 750 ◦C 
with a heating rate of 16 ◦C min− 1. Hydrostar 10 (Ar/H2 90/10; 100 L 
h− 1) was used as the carrier gas and ethylene gas (6 L h− 1) was added for 
10 min as the precursor for CNT growth. Samples were placed at a 
downstream furnace position to achieve optimal growth conditions. For 
silicone/CNT-film preparation, the CNT samples were brought into 
contact at one edge with a silicone two-component mixture (Sylgard 
184, 10:1). The silicone soaks itself into the CNT sample due to the high 
capillary forces of the CNT structure despite the relatively high viscosity 
of the silicone. Illumination for the light absorption studies was done in 
a Suntest XLS+ (Ametek, USA) with a radiation fluence of Φ = 250–765 
J s− 1 m− 2. For temperature measurement, PT100 temperature sensors 
were used. Dynamic measurements were done in homemade flow cells 
of 35 × 25 × 10 mm dimension, with an inner tube diameter of 3 mm. 
Flow cells had a capacity of 0.8 mL and a total volume of 30 mL water 
was in the whole circle. The flow rate was set to 35 mL min− 1. For 
reattachment studies of the film, the film was simply cut off the substrate 
with a razor blade. Afterward, the film was pressed onto a stainless steel 
surface by a glass plate to omit any entrapped air between steel and 
silicone/CNT film. UV–Vis measurements were recorded on a Lambda 
1050 (PerkinElmer, USA). For SEM images a Gemini II (Zeiss, Germany) 
was used. 

3. Results and discussion 

Laser treatment of stainless steel in air results in transient surface 
melting, provoking an unstable surface state, which relaxes by dewet
ting the liquefied metal film accompanied by the formation of metal 
oxide NP. The size and the areal density of those nanoparticles can be 
precisely tuned by adjusting the laser pulse fluence and the number of 
DCs applied, as both directly define the CNT morphology during CVD 
growth. The morphology of the CNTs may be tuned from Pre-VACNTs, 
over VACNTs, to CF-CNTs (cauliflower CNTs), as shown in Fig. 1. 

The low areal density of NPs results in partially stabilized CNT 
growth (Fig. 1a, DC = 711). A slightly higher NPdensity, resulting from 
738 DCs, leads to CNTs that can support themselves to form vertical 
alignment (Fig. 1b). Massive laser treatment results in the structuring of 
the surface, accompanied by a large amount of NPs on a non-flat surface, 

Fig. 1. Electron microscopy of cross-sections of CNT arrays generated by 
constant laser pulse fluence (Φ = 0.34 J cm− 2) but various numbers of DCs. a) 
CNT-array created using a DC number close but below where vertically align
ment of CNTs is obtained (Pre-VACNTs), b) VACNTs, c) beginning of 
cauliflower-like CNT growth (Pre-CF-CNT), and finally d) CF-CNTs. 

Fig. 2. (a) Particle density depending on the number of DCs. A rather sharp 
optimum at DC = 738 is observed for the laser parameters used. (b) Density and 
morphology of the prepared NPs. 
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resulting in the formation of CF-CNTs. On the way to the high number of 
laser pulses, i.e. DC, the beginning of the CF-CNT-formation is observed 
as small entanglements on the surface layer (Pre-CF-CNTs) (Fig. 1c), 
while finally massive entangled CNT pads are formed as seen in Fig. 1d 
(more images are found in Supplementary Information Fig. SI1). 

The particle density reaches an optimal value for VACNT growth at 
738 DCs for the given laser parameters (Fig. 2a). The morphology of the 
catalytic nanoparticles is shown in Fig. 2b. 

The multi-walled VACNTs have an averaged diameter of about 
20–25 nm, corresponding to about 30 layers [22] (see Supplementary 
Information Fig. SI2). The thermogravimetric analysis confirms the very 
low metal content of 0.7% w/w indicating that the catalytic nano
particles stay at the surface during CNT growth (top-growth) (see 

Supplementary Information Fig. SI3). 
The reflection spectra of the various CNT morphologies are shown in 

Fig. 3, together with two commercially available black carbon-based 
acrylic paints, Black 1.0 and Black 3.0. 

The lowest reflection of 0.5–1.0% at all wavelengths in the range 
from 200 nm to 2300 nm is obtained for Pre-VACNTs, followed by 
VACNTs. Pre-CF-CNT, as well as CF-CNTs, show a higher reflection rate 
across all wavelengths. The orientation of the CNTs relative to a light 
source, as well as the morphology of the CNT coating itself, has a 
massive influence on the absorption properties of the nanostructured 
surface. Individual nanotubes show only a weak interaction with light 
incident parallel to the long axis of the tube because its electrons cannot 
couple with the electric field of the light [23]. Therefore, 
VACNT-surfaces show relatively low reflection values and a high 
transmission rate into the CNT ‘forest’, where light trapping occurs in
side the cavities of the structure, while it either gets absorbed from the 
CNTs or reflected between the individual CNT until it gets absorbed. 
Optimal light trapping occurs at 20◦ incidence angle of the light relative 
to the tube axis [19]. For partially stabilized Pre-VACNTs this condition 
is more often fulfilled over the whole surface than for VACNTs, making 
them an even better absorber for vertically light incidence. The acrylic 

Fig. 3. UV–Vis–NIR reflection spectra of CNT-samples under vertical light incidence. For the morphology of the samples compare to Fig. 1. For comparison two 
commercially available black carbon-based acrylic paints, i.e. Black 1.0 and 3.0, are shown. (In the Supplementary Information reflection spectra of more samples are 
shown in Figure SI4). 

Fig. 4. Electron microscopy images of a silicone film containing VACNT (DC =
738). The high charging of the film indicates that the CNTs are fully embedded 
into an insulator, the silicone. (see also the EDX measurement in the Supple
mentary Information, figure SI5). 

Fig. 5. Silicone/CNT film (DC = 711) released from the substrate.  
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paints Black 1.0 and 3.0 show comparably low reflection in the visible 
like the VACNTs, however, much higher reflection in the UV- and in 
particular the IR-region. 

The narrow packing of CNTs causes strong capillary effects, enabling 
them to easily suck up even relatively viscose fluids like a silicone pre- 
polymer. The following hardening of the silicone by cross-linking does 
not disturb the alignment of the CNTs (Fig. 4). 

The silicone films are prepared to allow easy handling as they show 
good mechanical stability. They can be detached from the steel substrate 
required for its preparation (Fig. 5) fully preserving its internal structure 
and anisotropic properties. The films may be attached to merely every 
sample by air pressure, due to their smooth and soft surface. 

We checked the properties of the CNT films by testing their light-to- 
heat conversion (Fig. 6). 

The heating rate, as well as the steady-state temperature increase, is 
almost linearly dependent on the radiation fluence (Fig. 6a and b). 
Comparing the temperature increase after a 1-h exposure, i.e. in the 
steady-state caused by a light fluence of Φ = 765 W m− 2, it can be seen, 
that silicone soaking of the VACNT array leads to slightly lower heating 
because of the somewhat higher reflection of the silicone film (please 
refer to the Supplementary Information SI4). The temperature decrease 
of around 7.5 ◦C, which is shown for Pre-VACNTs in Fig. 6c, matches the 
temperature curve of Black 3.0. The CNT coated sample reaches a more 
than 25 ◦C higher steady-state temperature and the silicone/CNT sample 
still an about 20 ◦C higher temperature than the reference, the untreated 
blank stainless steel sample. 

To test the preservation of the light-to-heat conversion properties 
after removing the film from the substrate and reattaching it onto 
another sample, it was tested with a glass plate on top which was 
required to press the detached CNT film onto the new surface (Fig. 6d). 
First, the covering glass plate causes a slight increase of the steady-state 
temperature because the heat convection to air is suppressed and fully 
resembles the properties of the CNT film without silicone, and second, 

Fig. 6. Light-induced temperature increase. a) Temperature increase and b) initial heating rate β (slope measured 10 s after the start of illumination) depending on 
the used radiation intensity (VACNT, DC = 767), c) comparison of Pre-VACNT arrays (DC = 711, Φ = 765 W cm− 2) with and without silicone soaking, with blank 
stainless steel, Black 1.0 and 3.0 as references. d) silicone/CNT film as-grown (red), covered with a glass plate (black), and after removal and reattachment, again 
with a glass plate on top (blue). (In the Supplementary Information more heating curves for other DC values are shown in figure SI6.). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 7. Dynamic measurement of radiation-induced temperature increase. a) 
Scheme of the used setup. b) Radiation-induced temperature increase for a flow 
cell covered with a silicone/Pre-VACNT film and a blank stainless steel flow cell 
as reference. The initial heating rate β was measured 10 s after the beginning of 
the illumination. 
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there is no loss in performance of the reattached silicone/CNT film 
proving that it can be transferred to any other surface without any 
losses. 

CNTs are known for their anisotropic heat conduction, strongly fa
voring heat transfer along their long axis [24]. Therefore, VACNTs 
should provide an increased heat transfer from the CNT layer to the 
metallic plate. The heat conductance properties are mainly interesting 
where two objects of different temperatures are connected by a silico
ne/VACNT film, e.g., a microprocessor and a cooling device. 

We tested the heat transfer from the CNT film itself to its substrate 
and further on to e.g. water. For dynamic temperature measurements, 
flow cells with a capacity of 0.8 mL were prepared. A total volume of 30 
mL (37.5-times the volume of the capacity of the cell) water was pumped 
with a flow rate of 35 mL min− 1 (1.17-times exchange of the total vol
ume per minute) through the cells. For both a blank stainless steel cell, 
as well as for a silicone/Pre-VACNT overgrown cell the temperature was 
measured directly at the bottom of the flow cell, as well as in the water 
circuit (Fig. 7). 

Dynamic measurements result in heat rate differences between the 
two samples. The CNT coated cell shows a 40% higher heat rate of β =
0.022 K s− 1 compared to the blank cell with β = 0.013 K s− 1. Also in the 
steady-state, the flow cell, as well as the water reservoir, reach tem
peratures a few degrees higher than without the CNT coating (Fig. 7b). 

4. Conclusions 

Silicone/CNT hybrid films have been prepared on stainless steel 
substrates for various CNT architectures, VACNT as well as CF-CNT. 
Reflection spectra for the different CNT-morphologies show their very 
high light absorbance with Pre-VACNT and VACNT films having the 
lowest reflections in the whole range from 200 to 2300 nm. Soaking with 
silicone and crosslinking supplies flexible films without losing their in
ternal anisotropic alignment and therefore their anisotropic heat 
conductance in the case of VACNTs when they are removed from the 
substrates. As tests heat conversion from (sun)light was used. Due to the 
slightly higher reflection of the silicone films, the induced temperature 
decreases after 1 h by 8 ◦C on average across all examined samples at an 
illumination of Φ = 765 J s− 1m− 2. This means that the test samples 
reached not 100 ◦C but 92 ◦C under the conditions applied. For dynamic 
measurements with a water circuit, silicone/CNT samples show a 40% 
higher heating rate compared to untreated samples of stainless steel. 
Temperature rise curves of the attached and reattached silicone/CNT 
films show that the function of the silicone films is fully preserved. This 
finding enables to separate CNT preparation and their use because the 
produced silicone/CNT films can be transferred to any other surface 
without any functional loss. 
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