
10

full papers

Carbon Nanotubes
Ultra-High Optical Absorption Effi ciency from the 
Ultraviolet to the Infrared Using Multi-Walled 
Carbon Nanotube Ensembles

  Anupama B.   Kaul  ,   *      James B.   Coles  ,     Michael   Eastwood  ,     Robert O.   Green  , 
    and   Prabhakar R.   Bandaru  
 The optical absorption effi ciencies of vertically aligned multi-walled (MW)-carbon 
nanotube (CNT) ensembles are characterized in the 350 − 7000 nm wavelength range 
where CNT site densities  >  1  ×  10 11 /cm 2  are achieved directly on metallic substrates. 
The site density directly impacts the optical absorption characteristics, and while high-
density arrays of CNTs on electrically insulating and non-metallic substrates have 
been commonly reported, achieving high site-densities on metals has been challenging 
and remains an area of active research. These absorber ensembles are ultra-thin 
( < 10  μ m) and yet they still exhibit a refl ectance as low as  ∼ 0.02%, which is 100 times 
lower than the reference; these characteristics make them potentially attractive for 
high-sensitivity and high-speed thermal detectors. In addition, the use of a plasma-
enhanced chemical vapor deposition process for the synthesis of the absorbers 
increases the portfolio of materials that can be integrated with such absorbers due 
to the potential for reduced synthesis temperatures. The remarkable ruggedness 
of the absorbers is also demonstrated as they are exposed to high temperatures in 
an oxidizing ambient environment, making them well-suited for extreme thermal 
environments encountered in the fi eld, potentially for solar cell applications. Finally, 
a phenomenological model enables the determinatiom of the extinction coeffi cients in 
these nanostructures and the results compare well with experiment. 
  1. Introduction 

 Optical absorption effi ciency is an important metric for 

sensing, radiometric and energy harvesting applications and 

is intimately related to the processes and physical phenomena 
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that occur at the nanoscale within the optically-active mate-

rials. For example, enhanced optical absorption effi ciencies in 

hybrid polymer-nanorod materials suggests they have excep-

tional promise in organic solar cells, [  1  ]  while monolayer thick 

graphene [  2  ]  has been shown to enable solar power conversion 

effi ciencies up to 8.6% through chemical doping. [  3  ]  Similarly, 

in other examples, surface plasmon modes in 50–100 nm 

diameter spherical, metallic nanoparticles on amorphous Si 

show that they scatter light more effectively which makes 

them attractive for solar cells. [  4  ]  In this letter, we report on 

another nanomaterial, an ensemble of high-density, porous 

arrays of thin (10–15 nm diameter), vertically oriented 

multi-walled carbon nanotubes (MWCNTs), which exhibits 

exceptional light-trapping capabilities arising from its unique 

physical structure. The optical-to-thermal transduction mech-

anism operative here offers applications for such absorbers 
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in energy harnessing, high-sensitivity thermal detectors, 

radiative cooling, thermography, antirefl ection coatings and 

optical baffl es to reduce scattering. 

 Previously reported MWCNTs [  5  ,  6  ]  and single-walled- 

(SW) CNTs [  7  ]  for optical absorber applications were synthe-

sized using water-assisted thermal CVD, [  8  ,  9  ]  which is known 

to yield exceptionally high growth rates with CNT lengths  >  

100’s  μ m; alignment within the CNTs here occurs primarily via 

the crowding effect. [  10  ,  11  ]  It is well known that thermal CVD 

is considered ineffective in aligning short CNTs ( < 10  μ m). 

In this paper, we demonstrate that ultra-thin (10X lower com-

pared to thermal CVD) vertically aligned CNTs are synthe-

sized which are nonetheless 100X more absorbing than the 

reference. Moreover, we present optical absorption measure-

ments on these ultra-thin, vertically aligned MWCNT ensem-

bles well into the IR regime where it is increasingly diffi cult 

to fi nd suitable black coatings, unlike some prior work where 

the focus was primarily in the visible. [  5  ]  A thin and yet highly 

absorbing coating with absorptance  A  is valuable for thermal 

detector applications at IR wavelengths for radiometry in 

order to enhance sensitivity, since the detectivity  D  ∗  ∝  A . [  12  ]  

Besides sensitivity, a thinner absorber yields high detector 

speeds since the thermal response time  τth = Cth
G   , where  C th   

is the heat capacity (J/K) of the absorber,  G  is the thermal 

conductance (W/K) and  C th   ∝  a  ∗  l ; here  a  and  l  are the area and 

thickness of the absorber. Thus a  > 10X reduction in  l  has the 

potential to increase detector speeds by  > 10X. 

 The other structural trait for enhancing optical absorp-

tion effi ciency is a high site density. Unlike the prior work 

on CNT optical absorbers, [  5  ,  7  ]  where the CNTs were synthe-

sized directly on Si or SiO 2,  we demonstrate growth of high-

effi ciency MWCNT absorbers directly on metallic substrates 

where we have achieved site densities  ∼  4  ×  10 11 /cm 2 . While 

high density arrays of CNTs on electrically insulating and 

nonmetallic substrates have been commonly reported, [  8  ,  9  ,  13  ]  it 

is often desirable to grow CNTs directly on metals for low-

ering contact resistance in electronic devices. However, the 

challenges in stabilizing catalyst particles on metallic surfaces 

at high temperatures have generally limited CNT site densi-

ties many fold (up to 100 X). In addition, prior attempts at 

growing MWCNTs for optical absorber applications on sub-

strates other than Si, such as LiNbO 3 , yielded an absorption 

effi ciency of  ∼  85% from  λ   ∼  600 nm to 1800 nm, [  14  ]  whereas 

the CNT absorbers synthesized here on metallic substrates 

are shown to have an absorption effi ciency  >  99.98% from 

 λ   ∼  350 nm to 2500 nm. Even cermet-based materials currently 

used for solar selective coatings on metallic substrates such 

as Cu and Al, [  15  ]  have absorption effi ciencies that are several 

orders of magnitude (up to 10 4 X) lower than that reported 

in this paper. We also show here for the fi rst time that the 

MWCNT absorbers are exceptionally rugged and exhibit a 

negligible change in optical absorption when exposed to tem-

peratures as high as 400  ° C in an oxidizing environment, in 

contrast to Au-black, a commonly used black-body reference 

material, which degraded considerably at much lower tem-

peratures. Additionally, a plasma-enhanced chemical vapor 

deposition (PECVD) process which is used to synthesize the 

CNTs, increases the potential of forming these absorbers at 

lower synthesis temperatures compared to thermal CVD. This 
© 2013 Wiley-VCH Verlag Gmbsmall 2013, 9, No. 7, 1058–1065
adds to the future prospects of integrating such absorbers 

with low-cost, fl exible substrates for solar-cells, or with ther-

moelectrics for energy conversion applications, as well as 

fragile, temperature-sensitive micro-machined structures for 

IR sensing.   

 2. Results and Discussion 

  2.1. Role of Substrate and Optical Properties 

 The choice of the starting template was vital in synthesizing a 

high-density array of CNTs, which directly impacts the optical 

absorption characteristics. For example, the scanning-elec-

tron-microscope (SEM) image in  Figure    1  a shows amorphous 

carbon deposits when Co/Ti was placed directly on Si at 750  ° C, 

exhibiting a largely refl ective surface (inset of Figure  1 a). 

On the other hand, using a Co/Ti/NbTiN template yielded a 

visually black sample to the naked eye (inset of Figure  1 b), 

and the SEM image (Figure  1 b) depicts a high-density array 

of MWCNTs which traps incoming light and suppresses 

refl ection. The lack of growth of MWCNTs on Co/Ti/Si tem-

plates (Figure  1 a) suggests that the presence of a refractory 

metallic nitride, such as NbTiN is important in stabilizing the 

catalyst nanoparticle to prevent diffusion and alloying of the 

catalyst with the underlying Si at high temperatures. In addi-

tion, the density of MWCNTs in the absence of the Ti layer 

on the Co/NbTiN templates was low. We speculate that the Ti 

enables the Co to fragment into nanoparticles, similar to the 

role of Mo in the Co-Mo bi-metallic catalyst system. [  16  ]  The 

Ti-Co system also appears to incorporate a larger fraction of 

C compared to Co alone, enhancing CNT growth. [  17  ]  Besides 

being of interest as absorbers in solar photo-thermal applica-

tions, the high areal density of MWCNTs on refl ective, low 

resistivity ( ∼ 110  μ  Ω -cm) refractory metallic nitride substrates 

may substantially reduce the CNT-to-substrate contact resist-

ance which is a useful characteristic in many electronic device 

applications. The high magnifi cation image in Figure  1 c shows 

the surface of the MWCNTs arrays is rough, a factor which 

also contributes to scattering the incoming light diffusively. 

Shown in Figure  1 d is the SEM image of our benchmark, a 

Au-black absorber, which was synthesized using approaches 

similar to prior reports, [  18  ]  and the percolated, random net-

work structure of such a diffuse metal-black should be 

apparent.  

 The optical refl ectance response of the CNT absorber is 

shown in Figure  1 e, where the spectra are compared to the 

reference. The optical measurements were conducted from 

 λ   ∼  350 nm to 2500 nm using a high resolution, fi ber coupled, 

spectroradiometer (ASD inc, Fieldspec Pro) where a standard 

white light beam was irradiated at normal incidence to the 

sample (schematic in inset of Figure  1 e). Relative refl ectance 

spectra were obtained by fi rst white referencing the spectro-

radiometer to a 99.99% refl ective spectralon panel and the 

refl ected light intensity from the sample was then measured. 

The refl ectance  R  of the CNT absorber is nearly 100X lower 

than that of the Au-black, e.g.  ∼  0.02% at  λ   ∼  2000 nm com-

pared to 1.1% for Au-black. Other commonly used absorbers, 

such as NiP have higher  R   ∼  0.5–1% for  λ   ∼  320–2140 nm, [  19  ]  
1059www.small-journal.comH & Co. KGaA, Weinheim
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     Figure  1 .     a) SEM micrograph of a Co/Ti/Si sample after dc PECVD growth. Top right inset shows an optical image of the sample depicting a refl ective 
surface. (b) SEM micrograph of a Co/Ti/NbTiN sample after growth, depicting a high density carpet of MWCNTs. Top right inset shows an optical 
image of the sample depicting a visually black sample to the naked eye. The spatial uniformity of the MWCNT ensembles is high over large length 
scales. c) High magnifi cation SEM image shows the porous, vertically aligned morphology of the CNT absorbers, in contrast to the reference 
benchmark Au-black absorber sample in (d) which depicts a percolated, randomly aligned network of fi bers. All SEMs taken at 30 °  viewing angle. 
e) Refl ectance measurement from  λ   ∼  350 nm–2500 nm for the MWCNT absorber and a Au-black absorber reference sample. The measurement 
set-up is illustrated in the bottom inset. The Au-black reference sample has  R   ∼ 100X larger where  R   ∼  0.02% for the CNT sample compared to 1.1% 
for the Au-black at  λ   ∼  2000 nm.  
while ultra-black NiP alloy has  R   ∼  0.16–0.18% from  λ   ∼  

488–1500 nm. [  20  ]  Top-down synthesized Si nanotips exhibit 

 R   ∼  0.09% at  λ   ∼  1000 nm, [  21  ]  while bottom-up synthesized 

nanocone arrays have an absorption effi ciency of  ∼  93% 

between  λ   ∼  400–650 nm. [  22  ]    

 2.2. Catalyst Thickness and Modeling Analysis 

 The catalyst thickness impacted the optical absorption effi -

ciency in these carbon-based nanoabsorbers signifi cantly. 

Shown in  Figure    2  a are refl ectance spectra taken for two sam-

ples synthesized at Co catalyst thicknesses  c   ∼  5 nm and 0.9 nm 

(Ti thickness fi xed at 2.5 nm). The sample with  c   ∼  0.9 nm 
60 www.small-journal.com © 2013 Wiley-VCH Ve
has a lower  R  which ranges from  ∼  0.02–0.03% between  λ   =  

350 nm to 2500 nm, while in the sample with  c   ∼  5 nm  R  goes 

from 0.94%  − 0.33%. Tentatively, the decreased refl ectance/

increased absorption of the sample with the thinner catalyst 

may be expressed through an exponential decrease of the 

transmitted intensity  I(x)  following a simple Lambert-Beer 

law formulation, i.e.,  I(x )  =   I o  exp (- α x) , where  I o   is the initial 

intensity of the incoming light and   α   is the absorption coef-

fi cient. The schematic in Figure  2 b shows the geometry of the 

optical interrogation, as the incoming light traverses through 

the sparse forest of CNTs.  

 The typical absorption coeffi cient with   α    ∼  10 4  cm  − 1  for 

 I(x  =  8  μ  m) is  ∼  30 times the  I(x  =  4.5  μ  m). Now, the refl ect-

ance seems to decrease to the same order, i.e., on average 
rlag GmbH & Co. KGaA, Weinheim small 2013, 9, No. 7, 1058–1065



Ultra-High Optical Absorption Effi ciency Using MWCNTs

     Figure  2 .     a) Optical refl ectance spectra taken for two samples with  c   ∼  0.9 nm and 5 nm. Inset shows the variation of  l  with  c ; superimposed in the 
refl ectance vs. wavelength data are theoretical fi ts from which the ratio of   κ   at  c   ∼  0.9 nm and 0.5 nm was determined. b) The geometry used for 
the optical modeling analysis. The morphology of the MWCNTs for  c   ∼  0.9 nm, 2 nm, and 5 nm is depicted in c),d) and e), respectively. In (c), thin, 
vertically aligned CNTs are depicted that have a high fi ll fraction with a site density of  ∼  4  ×  10 11 /cm 2  and MWCNT diameters  ∼  10–15 nm, whereas 
in (e) the site density decreases to  ∼  6 × 10 9 /cm 2  with MWCNT diameters  ∼  80–100 nm. All SEMs taken at 30 °  viewing angle. f) The refl ectance 
measurement as a function of  c  (taken at  λ   ∼  1500 nm) for two acetylene gas ratios (30% and 23%). Growth conditions in c,d and e were: 750  ° C, 
172 W of plasma power, 30% C 2 H 2,  5 Torr.  
 R  drops from  ∼ 0.94 to  ∼ 0.03,  ∼ 30 times as well. The SEM 

images of the samples with  c   ∼  0.9 nm, 2 nm and 5 nm are 

shown in Figure  2 c, (d) and (e), respectively. This yielded 

a MWCNT site density of  ∼ 4  ×  10 11 /cm 2  with MWCNT 

diameters  d   ∼  10–15 nm for  c   ∼  0.9, and a site density of 

 ∼  6 × 10 9 /cm 2  with  d   ∼  80–100 nm for  c   ∼  5 nm. Although the 

length  l  of the MWCNTs decreased as  c  increased (inset of 

Figure  2 a), with  c   ∼  5 nm,  l  was still  >  5  μ m, well above  λ  in 

these measurements, suggesting that the reduced absorption 

from the thicker catalyst is likely a result of changes in the 

fi ll fraction. Hence, here we have demonstrated the ability 

to engineer optical absorption effi ciency by controlling a 

bottom-up parameter–the catalyst thickness–which proves 

to be an attractive means for tuning the optical absorption 

properties. 

 A mechanism by which porous objects suppress refl ec-

tion is through a reduction in the effective refractive index  n . 
© 2013 Wiley-VCH Verlag Gmbsmall 2013, 9, No. 7, 1058–1065
However, porosity alone may not necessarily be the primary 

factor involved since the Au-black absorber sample–a largely 

porous structure (SEM in Figure  1 d)–had higher refl ectance 

compared to the MWCNT samples. The enhanced absorp-

tion may arise from the weak coupling of electrons in the 

vertically oriented CNTs to the incoming, normally-incident 

radiation, which back-scatter minimally, enabling light to 

propagate into the long pores within the arrays until it is 

fi nally absorbed. A phenomenological model for absorption 

was developed using a formulation where the ensembles are 

treated as a composite medium consisting of nanostructures 

and air. The intensity at any given point  x  in Figure  2 b is given 

by  I ( x )  =   I o  exp ( −  α  x ), where   α    =   4πκ

λ
   and   κ   is the extinction 

coeffi cient. Assuming that there is no effective transmission 

through the substrate,  R(x)   ∼  ( I  o   –I(x) ). The corresponding 

variation of  R  with   λ   was then fi t to  ∼   a1e
a2/λ + a3   where  a 1   

is related to the incident intensity  I o  ,  a 2   is a measure of the 
1061www.small-journal.comH & Co. KGaA, Weinheim
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optical absorption length ( =    κ  · l ) and  a 3   is a constant. The fi t 

to the data is shown in Figure  2 a for  c   ∼  0.9 nm and 5 nm. 

From the fi ts,  a 2   was determined to be  ∼  0.025 and  ∼ 0.026 for 

 c   ∼  0.9 nm and 5 nm, respectively, and given that the ratio, 

 (a2)0.9
(a2)5

= (κ·l )0.9
(κ·l )5

   and that  l  is 8  μ m and 5  μ m, respectively, we 

obtain a ratio of the extinction coeffi cients,  κ0.9
κ5

   of  ∼  0.6. 

 We rationalize such a value by appealing to the rela-

tionship of the complex refractive index,  Ñ    ( =   n   +   i κ  ) to 

the dielectric constant,  
√

ε̃    (where,  ̃ε     =    ε  1    +   i  ε  2  ). [23]  It can 

then be derived that when absorption dominates,   κ   is propor-

tional to  
√

ε̃   . Using a simple rule of mixtures, the dielectric 

constant of the air-CNT mixture,  ̃ε     =    α    ·   ε  CNT    +    β   ·    ε  air  , where 

  α   and   β   are the fractions of the CNT and air, respectively 

( i.e.  α    +    β    =  1). [  24  ]  For the observed MWCNT site density of 

 ∼  4  ×  10 11 /cm 2  for  c   ∼  0.9 nm, an average area per MWCNT is 

determined to be  ∼  250 nm 2 . Now, with an average  d   ∼  10 nm, 

the area fraction   α   is  ∼  0.31, where it is assumed that all the 

MWCNTs are perpendicular to the incident radiation. For the 

samples with  c   ∼  5 nm, site density  ∼  6  ×  10 9 /cm 2  and average 

 d   ∼  100 nm, the corresponding average area per MWCNT is 

 ∼  0.16 × 10 4  nm 2 , and   α   is  ∼  0.47. We use an average dielec-

tric constant,  ̃ε    of  ∼  23 for the CNTs over  λ   =  350–3100 nm, 
2 www.small-journal.com © 2013 Wiley-VCH Ve

     Figure  3 .     a) Total hemispherical refl ectance measurements made from 
nm reveals  R T    ∼  1.8% at 1000 nm. Inset shows a schematic of the me
b) Long-wavelength IR measurements, which yields  R   ∼  2.4% for the samp
while  R   ∼  14.7% for  c   ∼  5 nm at  λ   ∼  7000 nm. Superimposed is a theore
for  c   ∼  0.9 nm and 5 nm. The undulations in the refl ectance are possibly 
effects from the substrate. Growth conditions: 750  ° C, 170 W of plasma
and 5 Torr. Inset shows the angular dependence where  R  is fairly low  ∼  
a small increase up to  ∼  10% is seen at 70 ° . c) The variation of  R  with
incidence, assuming TE and TM polarized-modes of radiation. While a po
study can yield additional insights, an absolute minima in the TM mode a
to completely suppress  R .  
extrapolated from the values of the complex refractive index 

of graphite [  25  ]  at  λ   ∼  350 nm and 3100 nm, respectively. Since 

  κ    ∼   
√

ε̃    we compute the ratio  κ0.9
κ5

∼
√

( (0.31·23)+ (0.69·1)
(0.47·23)+ (0.53·1)

    ∼  0.8. The 

value of the  κ0.9
κ5

   ratio is then found to be quite close to the 

value obtained by the fi tting shown in Figure  2 a. 

 It is interesting that   κ   is smaller for the MWCNTs grown 

with  c   ∼  0.9 nm compared to CNTs grown with  c   ∼  5 nm. This 

observation can be rationalized on the basis of a smaller 

area fraction in the former case, i.e., 0.31 vs. 0.47. While such 

a rationalization does not explicitly consider the volume 

absorption due to a larger  l  in the former case (i.e., 8  μ m  vs.  
5  μ m), it is justifi ed since it has previously been shown that 

for the case of absorption in Si nanowires [  26  ]  the absorption 

in a thin fi lm over a wide energy range comparable to the one 

used in the present work, is on the average equivalent to the 

absorption in the nanowires. The larger absolute magnitude 

of  R  for the sample with  c   ∼  5 nm compared to the sample 

with  c   ∼  0.9 nm may indicate an infl uence of the substrate in 

the latter, the effect of which is more pronounced due to a 

shorter  l  for  c   ∼  5 nm. 

 A more detailed analysis of the impact of catalyst thickness 

on the optical refl ectance properties of the MWCNT absorbers 
rlag GmbH & Co. KGaA,

 λ   ∼  250 nm–2000 
asurement set-up. 
le with  c   ∼  0.9 nm, 
tical fi t to the data 
due to interference 
 power, 30% C 2 H 2,  
2% up to 50 ° , and 
 specular angle of 
larization-sensitive 
t 72 °  can be used 
was conducted for a wide range of catalyst 

thicknesses (Figure  2 f). This data (at  λ   ∼  

1500 nm) shows a minimum of  R  at  c   ∼  

1 nm. However,  R  increases when  c   ∼  0.6 nm 

due to the inability to nucleate a high 

enough areal density of MWCNTs; such 

behavior was consistent for two different 

acetylene gas concentrations, as indicated.   

 2.3. Total Refl ectance and Long 
Wavelength IR Response 

 In  Figure    3  a, the data for the total refl ect-

ance  R T   of the CNT samples, measured 

using an integrating sphere (schematic 

in inset of Figure  3 a), indicates an  R T    ∼  

1.8% at  λ   ∼  1000 nm. This is more than 4 X 

lower than top-down synthesized Si nano-

tips with an  R T    ∼  8% at  λ   ∼  1000 nm. [  21  ]  

In addition,  R T   of our samples is 0.8% at 

 λ   ∼  400 nm, in contrast to Si nanostruc-

tured fi lms which have  R T    ∼  1.46% in the 

range of  λ   ∼  300–600 nm. [  27  ]  Optical refl ect-

ance measurements on the CNT absorbers 

were also extended to the longer IR wave-

lengths, where it is increasingly diffi cult to 

fi nd highly effi cient optically black coat-

ings. Shown in Figure  3 b is the specular 

refl ectance, measured using a Harrick 30 °  

specular refl ectance attachment, for sam-

ples with  c   ∼  0.9 nm and 1.6 nm. Again, the 

specular refl ectance for samples with the 

thinner catalyst  c   ∼  0.9 nm was much lower 

( ∼ 2.4%) than CNTs grown with  c   ∼ 1.6 nm 

( ∼ 14.7%) at  λ   ∼  7000 nm; this confi rms the 
 Weinheim small 2013, 9, No. 7, 1058–1065
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     Figure  4 .     SEM images in (a)–(c) correspond to thermal tests conducted on Au-black absorber samples. The Au-black absorber sample at a) 25  ° C, 
after heating to b) 200  ° C, and c) 400  ° C for 1 hour in air. After heating to 200  ° C, the percolated structure of the Au-black absorber sample appears 
to fragment as shown in (b), and at 400  ° C the structure collapses completely (c) as the fi laments coarsen. SEM images in (d)–(f) correspond to 
thermal tests conducted on the CNT absorber samples. The CNT absorber sample at d) 25  ° C, after heating to e) 200  ° C, and f) 400  ° C. The MWCNT 
absorbers have a high structural integrity since no change in morphology is detected after heating to 200  ° C (e) and 400  ° C (f). All SEMs taken at 
30 °  viewing angle. (g) Shown is  R  of the Au-black and CNT absorber samples as a function of temperature. The Au-black absorber shows  R  increases 
up to 23% after heating to 400  ° C. The inset shows  R  (CNT sample) increases slightly after exposure to 200  ° C but it is still very low,  ∼  0.022% at 
 λ   ∼  2000 nm; it remains unchanged after exposure to temperatures as high as  ∼  400  ° C.  
highly absorbing characteristic of these absorbers at long IR 

wavelengths.  

 The angular dependence of the specular refl ectance was 

also measured in the range of 30 °  to 70 ° , as shown in the inset 

of Figure  3 b (taken at  λ   ∼  2500 nm). Although the intensity 

of the specular refl ectance increases with incident angle, the 

change is relatively small. In comparison, other anti-refl ec-

tion thin fi lm coatings suppress refl ection over a narrow band 

of angles and have selective absorption characteristics over a 

narrow spectral range. 

 Modeling analysis was also pursued at longer wavelengths 

( > 2500 nm) where the increase in  R  was fi t to an expression 

of the form,  R ( λ )  =   R o  exp ( −  α / λ ) and the fi ts to the data are 

shown in Figure  3 b. It was found from the fi ts that the value 

of   α   for  c   ∼  0.9 nm and 5 nm was  ∼  12560 nm and  ∼ 6850 nm, 

respectively. From the ratio  (α)0.9
(α)5

= (κ·l )0.9
(κ·l )5

   we deduce a  κ0.9
κ5

   
© 2013 Wiley-VCH Verlag GmbHsmall 2013, 9, No. 7, 1058–1065
value of  ∼ 0.4, which is again close to the previously deter-

mined ratio. 

 The angular dependence of  R  can be modeled by 

assuming that the incident radiation is predominantly Trans-

verse Electric (TE) polarized; experimentally, it is possible 

that the beam is more polarized in one mode than the other 

but more thorough measurements need to be conducted to 

quantify this more accurately. It was seen from Figure  3 c, that 

 R  increases with angle, as seen for the TE polarization and 

also that the absolute magnitude of  R  increases with  λ , con-

fi rming our experimental observations as well. In the future, 

polarization-sensitive measurements will be undertaken, for 

example with the Transverse Magnetic (TM) optical mode 

as well, where the E-fi eld is along the axis of the CNTs, and 

greater absorption is expected. This would yield a minimum 

in  R  at a specifi c angle, for example at  ∼  72 °  with  λ   =  350 nm 
1063www.small-journal.com & Co. KGaA, Weinheim
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as shown in Figure  3 c, which may be used in completely 

supressing  R .   

 2.4. Thermal Ruggedness 

 We now present data which demonstrates the exception-

ally low  R  of the MWCNT absorbers even after they were 

exposed to temperatures as high as 400  ° C in air under an 

oxidizing environment, as might be expected with incident 

solar radiation. In comparison, the structural characteristics 

of the Au-black absorber reference gradually deteriorates 

with increasing temperature, as indicated by the SEM images 

of  Figures    4  a–c. However, the structural characteristics of 

the MWCNT absorber samples are largely unchanged when 

heated from 25  ° C (Figure  4 d), to 200  ° C (Figure  4 e) and to 

400  ° C (Figure  4 f).  

 From the corresponding optical spectra (Figure  4 g) it is 

apparent that  R  of the Au-black absorber sample increases as 

it is heated from 25  ° C to 200  ° C (2%) and is  ∼  23% at 400  ° C 

(at  λ   ∼ 2000 nm). On the other hand, the  R  of the CNT 

absorbers is still very low,  ∼  0.022% after heating to 200  ° C 

(inset of Figure  4 g), and remains unchanged after exposure 

to temperatures as high as 400  ° C which can be correlated to 

the structural integrity of the CNT absorbers to temperatures 

as high as 400  ° C (Figure  4 f). Since amorphous carbon burns 

at temperatures as low as 200  ° C in an oxidizing environment, 

the fact that there is negligible change in optical properties as 

the samples are heated to 400  ° C (Figure  4 g), suggests that 

our PECVD synthesized CNTs are of high quality.    

 3. Conclusion 

 In conclusion, we have successfully shown that PECVD 

synthesized MWCNTs yield a high site-density directly 

on metallic substrates which exhibit ultra-low refl ectance 

( ∼ 0.02%) over a wide spectral range from UV-to-IR for 

relatively thin ( < 10  μ m) absorber ensembles. Their highly-

effi cient optical absorption properties and exceptional rug-

gedness at high temperatures suggests their promise in solar 

photo-thermal applications and IR thermal detectors for 

radiometry applications. In addition, the use of a plasma-

based process increases the potential for synthesizing the 

absorbers at lower temperatures in the future. This increases 

the likelihood of integrating the absorbers with low-cost fl ex-

ible substrates, potentially for solar-cell applications, as well 

as thermoelectrics and micro-machined structures for ena-

bling new classes of IR sensors that could potentially operate 

in rugged environments.   

 4. Experimental Section 

 The initial substrate for the synthesis of the MWCNTs was a  < 100 >  
oriented Si wafer on which a 100–200 nm thick layer of a refrac-
tory metallic nitride, NbTiN with resistivity   ρ    ∼   110  μ  Ω -cm , was 
deposited reactively using dc magnetron sputtering. Bi-metallic 
layers of Co (thickness range 0.6 nm  − 6 nm) and 2.5 nm thick Ti 
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were e-beam evaporated and served as the catalyst. Beside the 
Co/Ti/NbTiN/Si templates, control samples of Co/Ti/Si, Co/NbTiN/
Si and Co/Si were also prepared. Multiple samples (area  ∼ 4 cm 2 ) 
were placed on a wafer during PECVD growth so that a compara-
tive analysis could be performed. At temperatures in the range of 
550 to 750  ° C, H 2  was fl owed into the chamber for several minutes, 
and the growth gases acetylene (C 2 H 2 ) and ammonia (NH 3 ) were 
then introduced to a typical pressure of  ∼ 5 Torr and the discharge 
was then ignited.  
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