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l. INTRODUCTION

Vertically aligned carbon nanotubes (VACNTS) have recently attracted growing interest as a very efficient light
absorbing material over a broad spectral range making them a superior coating in space optics applications such
as radiometry, optical calibration, and stray light elimination. However, VACNT coatings available to-date most
often result from batch-to-batch deposition processes thus potentially limiting the manufacturing repeatability,
substrate size and cost efficiency of this material.

Here we report on the synthesis of VACNT coatings through a scalable and cost-effective one step process and
on the on-going development of a continuous roll-to-roll deposition process of VACNTSs on 300mm wide metal
foil. We also present the optical absorption properties of this black coating after deposition and after post-
processing steps including physical transfer onto destination substrate and plasma etching. Finally, we discuss
preliminary data on the compliance of this cost-effective large-area black coating with space application
requirements such as low outgassing properties.

1. INDUSTRIAL MANUFACTURING

Vertically aligned carbon nanotubes are tubular nanostructures made of graphitic carbon (carbon nanotubes)
grown on a substrate with their axis perpendicular to the substrate. These nanotubes usually exhibit diameters in
the range 10-100nm and lengths in the range 50-1000um. Aerosol-assisted Catalytic Chemical Vapor Deposition
(CCVD) process is a one-step CVD process which enables to synthesise VACNT at atmospheric pressure on
different substrates such as quartz, silicon, steel [1, 2], and more recently aluminium by decreasing significantly
the synthesis temperature at c.a. 600 °C. The specificity of this process is the simultaneous feeding of the reactor
with both the carbon source and the catalyst precursor which enable to continuously grow VACNT. Based on this
process, a first batch-to-batch equipment has been realised at CEA in 2011 able to grow VACNT on 12 inches Si-
wafers and a half-scale industrial roll-to-roll, atmospheric pressure CVD reactor is now operated at
NAWATechnologies able to continuously produce VACNTSs on 300mm wide metal foil. The aerosol assisted
CCVD process is currently being implemented in this tool at our pilot line facility in Rousset, France (see Fig. 1).

Fig. 1. Left: the roll-to-roll reactor; Center and right: SEM views of VACNTs grown in this reactor by
atmospheric pressure aerosol assisted CCVD process on Al foil.
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I1. OPTICAL PROPERTIES

The optical reflexion properties of VACNTS synthesized by atmospheric pressure, aerosol assisted CCVD either
on Si wafer or on Aluminium foil have been characterized with a UV/Vis/NIR spectrophotometer (Perkin Elmer
Lambda 950) in the spectral range 320-2000nm. These samples have been produced at laboratory scale by CEA
in the framework of a join laboratory between NawaTechnologies, CEA and University of Cergy Pontoise. The
specular reflectance spectrum has been measured for all samples at incident angles of 8° and 30° with identical
results. Total hemispherical reflectance has been measured for some samples (with 8° incident angle).

A. Effect of thickness and diameter

Various process conditions have been applied to synthesize VACNT samples with different morphologies on Si
wafer. Besides, aluminium foil being a substrate of choice for roll-to-roll synthesis of VACNTS, and the nature
of the substrate being a strong influencing parameter in catalytic CVD processes, we have also included one
sample of VACNTSs grown on Al foil in this comparative study.

From SEM observation, the main differences between these samples are the thickness of the film (i.e. the length
of the VACNTS) and the apparent diameter of the VACNTS. It is worth nothing that apparent diameters measured
from SEM images may not coincide to individual carbon nanotube diameters as carbon nanotubes may exhibit a
carbonaceous surface layer and/or they can assemble together to form bundles. The morphological and optical
reflexion properties of these samples are summarized in Table 1. Some typical SEM cross-sections are shown in
Fig. 2 and the reflectance spectra are plotted in Fig. 3.

Sample | Substrate | Thickness | Apparent Total R @ | Specular R | Total R @ | Specular R
diameter 600 nm @ 600 nm 1600 nm @ 1600 nm

A Si 206 pm 35-110 nm | 1,213 % 0,020 % 0,421 % 0,018 %

B Si 438 um 30-40 nm 0,008 % 0,011 %

C Si 478 um 30-40 nm 0,768 % 0,009 % 0,187 % 0,010 %

D Si 485 um 60-80 nm 1,285 % 0,020 % 0,402 % 0,014 %

E Si 585 um 30-40 nm 0,936 % 0,012 % 0,183 % 0,005 %

F Si 693 um 30-40 nm 0,920 % 0,012 % 0,136 % 0,007 %

G Si 703 um 30-40 nm 0,957 % 0,012 % 0,159 %

H Al 130 um 30-40 nm 1,009 0,013 % 1,358 % 0,046 %

Table 1. Morphological and optical reflexion properties of VACNTSs grown by atmospheric pressure, aerosol
assisted CCVD process on Si substrate under various process conditions.
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Fig. 2. SEM X-sections of samples D(left), A (center) and B (right).
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Fig. 3. Optical reflection spectra. The missing data have been intentionally removed due to low S/N ratio.

These results suggest that, at least for this set of samples, the main morphological parameter driving the optical
reflectance in the visible and near infrared spectral range is the apparent diameter of the nanotubes. Indeed, the
samples exhibiting a distribution of apparent diameters ranging between 30 and 40nm are less reflective than other
samples containing larger apparent diameter carbon nanotubes. The thickness of the VACNT film doesn’t play a
crucial role in the reflectance level. One sample however does not follow this trend: sample H with VACNTSs
grown on Al substrate. This points towards another influencing parameter for the reflectance of VACNTS,
possibly the density of carbon nanotubes. Work is in progress to clarify this point.

In agreement with literature data on the reflectance of VACNTS [3, 4, 5], the total hemispherical reflectance is
below 2% and the specular reflectance is below 0,02% for most samples at wavelength above 400nm. This
confirms the diffusive behaviour of VACNTS as a very low reflectance coating.

B. Top vs Bottom: transfer onto destination substrate

The thermal CVD synthesis of VACNTSs can only be applied to substrates withstanding temperature above 450°C.
This can be a serious restriction for coating optical or structural parts without deterioration. One possibility to
solve this issue is to transfer the VACNT film from its original substrate onto a destination substrate of interest
(the part to be coated). When the original substrate exhibits some flexibility (as metal foils do), this technique can
be applied to destination substrates with curvature or complex shape.

Sample Substrate | Thickness | Apparent Total R @ | Specular R | Total R @ | Specular R @
diameter 600 nm @ 600 nm | 1600 nm 1600 nm

A Si 206 um 35-110 nm | 1,213 % 0,020 % 0,421 % 0,018 %

A Bottom | Plastic 206 pm 35-120 nm | 0,775 % 0,009 % 0,276 % 0,020 %

Table 2. Morphological and optical reflexion properties of VACNTS before (A) and after (A Bottom) transfer
on a plastic substrate.

Proc. of SPIE Vol. 10562 1056250-4




ICSO 2016 Biarritz, France
International Conference on Space Optics 18 - 21 October 2016

| A Bottom A Bottom [

{

EHT=10.00 &Y Signal A= inter ? EHT=1000 &Y Signal A = 5E2 it EHT = 1000 XV Signal A = inLer. EHT = 10.00 &V SIM&TAMLEP
Wo= 7dmm Mag= 305K W= 5.5mm Mag= 20850k | —— WD= 5.7 mm Mag= zozesr | WO= 7. mm Mag= F0ZIK:

Fig. 4. SEM X-sections (left) and top views (right) of VACNTSs before (A) and after (A Bottom) transfer on a
plastic substrate.

—Sample A

—Sample A ——Sample A Bottom \

——Sample A Bottom

Total Hemispherical Reflectance (%)
Specular reflectance (%)

i
Tt e ~‘,‘g
WeRea Tl
iy r g

3 tnm) ) ) % (nm)

Fig. 5. Optical reflection spectra of VACNTSs before (A) and after (A Bottom) transfer on a plastic substrate.

To assess the optical reflexion properties of VACNTSs after transfer onto a destination substrate we applied a thin
layer of epoxy glue on the top surface of a VACNT film, then we placed a plastic plate on top and, after drying
the glue in ambient air for 24 hours, the plate was removed. The VACNT film was stuck on the plastic plate with
its original bottom face now facing up.

Optical and SEM characterizations have been performed on this sample and compared to the same VACNT film
before transfer. The results are presented in Table 2, Fig. 4 and Fig. 5. They show a decrease in the reflexion
properties (both specular and total) associated with a slight increase in the carbon nanotube apparent diameter and
a better alignment of the carbon nanotubes. This suggest that alignment plays a significant role in the reflectance
of VACNT films thus providing a path for improvement. It also demonstrates that transferred VACNTS are still
excellent black coatings, even better than as-grown VACNTS.

C. Effect of plasma etching

In order to reduce further the reflectance of VACNTS, we tried to modify the top surface of this black coating by
etching with a radio frequency oxygen plasma. We applied this reactive ion etching process to sample G and
found conditions leading to a 23% decrease of the specular reflectance in the visible spectral range (from 0,013%
to 0,010% at 600nm). The specular reflectance spectra and the SEM cross section view are shown in Fig. 6 and
Fig. 7 respectively.
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Fig. 6. Specular reflection spectra of VACNTSs (sample G) before and after O2 plasma etch.

The SEM observations indicate that plasma etching did not significantly change the thickness, apparent diameter
nor the density of the VACNTS. However, an improvement in the alignment of the carbon nanotubes at the top
surface of the film is perceptible. This again points towards the vertical alignment being a strong influencing
parameter for the reflectance of VACNTSs and demonstrates that plasma etching provides an efficient post-process
to improve this parameter.
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Fig. 7. SEM cross section of the top surface of VACNTSs (sample G) before and after O2 plasma etch.

V. OUTGASSING PROPERTIES

One requirement for qualifying a black coating for optical space application is to demonstrate its ability to remain
stable under high vacuum conditions [3]. To evaluate this feature, we placed one of our VACNT sample into a
low pressure chamber pumped down to a residual vacuum of 10 mbar and analysed the residual gases by mass
spectrometry (SRS RGA mass spectrometer). We then compared the results with the same system without the
VACNT sample (empty chamber reference). The results are shown on Fig. 8.
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Fig. 8. Residual gas analysis spectra of the vacuum chamber with (red) and without (blue) VACNT sample.

The nitrogen peak (at AMU 28) is taken for reference to scale the spectra. No heavy compound (AMU > 45) is
detected and no significant difference is observed between the two spectra, thus validating the ability of VACNT
to sustain secondary vacuum conditions without outgassing.

V. CONCLUSION

We have reported the synthesis of Vertically Aligned Carbon Nanotube (VACNT) black coatings from aerosol
assisted atmospheric pressure CCVD process. Based on this process, the continuous roll-to-roll production of
large area coatings at high cost-efficiency and manufacturability is currently being implemented at pilot-line level.
The total hemispherical reflectance of these films is below 2% and the specular reflectance is below 0,02% for
most samples at wavelength above 400nm. The transferability of the VACNT films on a destination substrate has
been demonstrated, this transfer being accompanied by an improvement of the low reflexion properties (decrease
of the reflectance). Further reduction of the reflectance has been obtained by plasma etching. No outgassing has
been detected under secondary vacuum conditions as required for space optics applications.
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