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Abstract—This paper describes an experimental study of
gamma radiation effects in low-density arrays of vertically
aligned carbon nanotubes. These arrays are characterized by
excellent anti-reflective and absorbing properties for wavelengths
from UV to IR which makes them an interesting option for stray
light control in optical space applications. Gamma irradiation
equivalent to an estimated surface life-time exposition in geo-
stationary orbit does not affect the reflectivity of the structures.

Index Terms—Carbon nanotubes, gamma-ray effects, radiation
effects.

I. INTRODUCTION

Carbon nanotubes (CNTs) are among the most intensively

studied materials and are currently in the focus of the nano-

technology research [1]. One of the forms of CNTs are

vertically aligned carbon nanotubes (VA-CNTs), synthesized

perpendicular to the substrate and referred to as CNT forests

or CNT carpets. Recently, an ideal black material has been

reported formed by a low-density array of VA-CNTs [2].

The experimental results presented in [2] make this carbon

derivative medium the darkest man-made material ever and,

probably, darker than any naturally occuring material on earth

[3]. VA-CNT forests can absorb light almost perfectly across

a very wide spectral range covering 0.2− 200 µm [4].

VA-CNT arrays have the potential to provide order-of-

magnitude improvement over current black paints and surface

treatments and are considered as an interesting option for stray

light control in optical space applications [5]. The aim of

this work is to investigate the influence of gamma radiation

on the structural properties of VA-CNTs in view of space

qualification of these absorbing layers. It is the first time

that the optical properties of VA-CNTs are investigated under

radiation.

II. SAMPLE SYNTHESIS

Multi-walled VA-CNTs were synthesized on Si wafer sub-

strate by chemical vapour deposition (CVD) using ethylene

as carbon source and a mixture of argon and hydrogen as

carrier gas. The substrate temperature was 973 K and the

process pressure for CNT growth was 0.1 bar respectively

[6]. The CNT length was increased by addition of 100 ppm

water vapour. A scanning electron microscope (SEM) image

of the fabricated sample is shown in Fig. 1. The manufactured
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Fig. 1. VA-CNT forest of 11 µm thickness synthesized on a Si substrate.

nanotubes are characterized by the diameter of 7−10 nm and

the length of 11−80 µm (various VA-CNT samples have been

tested).

III. EXPERIMENTS

Gamma irradiation of the samples was done at the Gamma-

Mat TK1000A facility of Fraunhofer INT at room temperature

in air environment. The point-like source allows the variation

of the dose rate by varying the distance between the source

and a sample. Dosimetry was done with calibrated ionisation

chambers from which a numerical model is derived that

describes the dose rate around the source as a function of

sample geometry, distance and time.

The CNT samples were placed above the irradiation source

(Fig. 2) with several milimeters of a dose-buildup layer. To

investigate the dose dependence, four 11 µm long VA-CNTs

samples were irradiated for two weeks up to total doses

of 0.5, 1.2, 4.6, and 11.7 MGy, respectively. In parallel,

another sample of 80 µm long VA-CNTs was irradiated up to

11.7 MGy. The dose range of several MGy might be expected

in geostationary orbit in 10-15 years of exposition time on the

surface of a satellite [7].

Three investigation methods were used to detect the possible

effects of the radiation in the samples. SEM images taken

before and after irradiation showed possible structural changes

of the VA-CNTs. Raman spectroscopy yielded information

about the quality and disorder effects in the samples. Since

the foreseen applications utilize the unique optical properties

of VA-CNTs the reflectance of the probes was measured before

and after gamma irradiation.
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Fig. 2. Gamma irradiation of VA-CNT samples. The point-like Co-60 pellet
was placed in the stainless steel tube below the first sample leading to the
highest dose there.

Silicon Detector

Laser 532 nm

Sample Holder

Fig. 3. Measurement of total reflectance of VA-CNT samples using an
integrating sphere.

Raman spectra were obtained in the 100 − 3000 cm−1

regime using a Horiba Jobin Yvon LabRam spectrometer. The

laser excitation wavelength was 785 nm.

The optical experimental setup is shown in Fig. 3. The

total reflectance of the CNT forest was measured using an

integrating sphere with the diameter of 25 cm. The CNT

sample was placed on the sample holder at the center of

the sphere. A silicon detector measured both the specular

reflection (in the detector direction) and diffuse reflection

(scattered into the entire hemisphere) [8]. A green laser diode

module (532 nm) characterized by a beam spot diameter of 1

mm was used as the light source.

The irradiated samples, i.e. the four 11 µm long VA-CNTs

characterized by doses between 0.5 and 11.7 MGy and the

80 µm long VA-CNTs with a total dose of 11.7 MGy were

investigated with the SEM and the Raman spectrometer. The

last sample, the CNT forest of 80 µm thickness, was additio-

nally characterized by measurements of its optical properties.

Fig. 4. Top surface of the VA-CNT forest after gamma irradiation with a
dose of 0.5 MGy.

IV. RESULTS

A. SEM images

The inspection of SEM pictures did not reveal any se-

vere structural damages in the irradiated VA-CNT forests -

the nanotubes seemed to be intact. However, the thorough

investigation of the top surface of the CNT forest uncovered

slight changes in the structure even for the lowest dose of

0.5 MGy. The nanotubes were shortened in length by few

µm whereas the CNT tips were thicker which influenced the

tips bending (Fig. 4). This results in slightly changed overall

surface corrugation. Since the random surface profile is one

of the key factors that makes the VA-CNTs absorber an ideal

black object [2], one might expect a degradation of the optical

(anti-reflective) properties of the irradiated samples.

B. Reflectivity

The optical properties of VA-CNT samples have been

characterized before (initial measurement) and after gamma

irradiation (second measurement). The results are summarized

in Tab. I. For comparison, the measured reflectivity values for

white paper and black polyester material samples are presented

in the table. These samples have not been irradiated and are

used only as control (pristine) probes. As expected, the VA-

CNT samples are characterized by very low reflection below

1%. The measurements were repeated several times in order

to determine the systematical uncertainty.

The results of the second measurement with the unexposed

paper, polyester sample and the irradiated VA-CNTs sample

showed nearly the same reflectivity within the uncertain-

ties of the test setup. Even though the tips shape of the

irradiated CNTs and the corresponding surface corrugation

slightly changed, there was no noticable effect observed in

terms of the reflectivity values. However, the samples used

in the present study were not optimized for anti-reflective

optical applications and their reflectivity might be therefore

not sensitive to radiation effects. Smaller structural changes
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could have a higher impact on highly specialized VA-CNTs

designed for absorbing coatings.

TABLE I
MEASURED REFLECTIVITY OF WHITE PAPER, BLACK POLYESTER AND

80 µm LONG VA-CNTS.

Sample Initial Meas. 2nd Meas.
type R R

Paper 81 % (pristine) 78 % (pristine)

Polyester 3 % (pristine) 3 % (pristine)

VA-CNTs 0.7 % (pristine) 0.5 % (irradiated)

C. Raman Spectrometry

Raman spectra of 11 µm long CNTs before and after

irradiation are shown in Fig. 5. The major features observed

in this figure are the D and G peaks around 1340 cm−1 and

1550−1600 cm−1, respectively [9]. The D-band is a measure

of disorder in graphitic materials and may be attributed to

defects in the curved graphene sheets and tube ends, whereas

the G-band corresponds to the tangential vibrations of the

carbon atoms and is a measure of the graphitization of the

sample [9], [10].

To assess the quality of a CNT sample, one typically

investigates the intensity ratio of the D-peak and the G-peak.

The corresponding ID/IG values for the samples before and

after irradiation are given in Fig. 5. Comparison of ID/IG
factors leads to the conclusion that there are no significant

changes in the properties of 11 µm long VA-CNTs due to

the gamma irradiation. For longer 80 µm nanotubes gamma

irradiation leads to a small increase of the ID/IG factor that

indicates a growing number of defects in VA-CNTs (Raman

spectra shown in Fig. 6). The structural integrity of both

(shorter and longer) irradiated VA-CNTs geometries is fully

preserved and there is no degradation of the optical properties

as pointed out in the previous section.

Raman signals at 303, 521, and 963 cm−1 are related to

Si substrate [11] and are therefore of no importance to the

present discussion of CNTs properties.

V. CONCLUSIONS

Gamma radiation dosis equivalent to 10-15 years of surface

exposition time in geostationary orbit does not lead to struc-

tural damage of vertically aligned carbon nanotubes. The most

important optical parameter for this application, reflectivity, is

not affected by the gamma irradiation making VA-CNTs an

interesting candidate for space applications.

VI. OUTLOOK

Future work will focus on two aspects: The VA-CNTs

samples used for this study were not optimized for anti-

reflective optical applications and might be therefore less

sensitive to radiation than optimized geometries. Secondly,

the absorber coatings based on VA-CNTs could be potentially

used on surfaces directly exposed to space and hit mainly by

low energy particles that deposit their energy completely in the
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Fig. 5. Raman spectra of 11 µm long VA-CNT samples before and after
gamma irradiation of increasing dose. The excitation wavelength is 785 nm.
The spectra were normalized to the intensity of the G peak and shifted
vertically for clarity.

sensitive structure. This requires further studies of irradiation

effects caused by high fluences of low-energy protons.

Preliminary results of irradiation with 35 MeV protons in-

dicate that the reflectivity of CNTs forests remains unchanged

after exposition to a fluence of 1011 cm−2 (details to be

published).
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