Experimental observation of extremely weak
optical scattering from an interlocking
carbon nanotube array
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We experimentally demonstrate a nearly wavelength-independent optical reflection from an extremely
rough carbon nanotube sample. The sample is made of a vertically aligned nanotube array, is a super
dark material, and exhibits a near-perfect blackbody emission at 7' = 450 K-600 K. No other material
exhibits such optical properties, i.e., ultralow reflectance accompanied by a lack of wavelength scaling
behavior. This observation is a result of the lowest ever measured reflectance (R = 0.0003) of the sample
over a broad infrared wavelength of 3 ym < 1 < 13 yum. This discovery may be attributed to the unique
interlocking surface of the nanotube array, consisting of both a global, large scale and a short-range

randomness. © 2011 Optical Society of America

OCIS codes:  290.0290, 290.5880, 160.4236.

In emerging energy applications [1-3], there is a
renewed interest in finding ways to overcome the
fundamental limit of optical reflection from a dielec-
tric surface. For example, in the p-n junction solar
cell, optical reflection off the front surface is a prac-
tical concern for reaching the Shockley—Queisser lim-
it [4]. In the light-emitting diode (LED), the emitted
light is trapped within the so-called light cone [5] and
is due to optical reflection at the semiconductor—air
interface. The surface microscopic structure offers
a new way to reduce reflectance by introducing ran-
dom surface scattering. Indeed, surface-modified NiP
material can have a spectral reflectance of 0.16%—
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0.18% in the visible [6]. A surface-roughened LED
and solar cell can also improve LED light output
[4] and solar conversion efficiency. However, the ulti-
mate goal of achieving near-zero reflection and a
nearly perfect optical transmission has not been
reached. Furthermore, solar and sensing applica-
tions require low reflection over a broad visible and
infrared wavelength [7,8]. Conventional black paint
has a moderate reflection of 5%—10%. However, in
the infrared (5 to 10um), its reflectance becomes
large, 30%—35%, due to its A-dependent dielectric
constant [9]. A surface-modified NiP material can
have a low reflectance in the visible [5], and, yet, its
reflectance increases to ~10% at 1 = 10 ym [6,10]. A
silicon nanotip array can have a low reflectance
in the visible [11]. However, its infrared reflectance



increases almost linearly with A, due possibly to its
finite etch depth, a filling fraction (ff) of 10%-—
15%, and a relatively weak surface roughness.

In this paper, we report the discovery of a new type
of nanosurface on a vertically aligned carbon nano-
tube (VA-CNT), exhibiting an ultralow reflectance
over a broad wavelength (1 = 3 ym—13 ym). From this
realization, we experimentally demonstrate a nearly
perfect blackbody radiation from the VA-CNT sam-
ple at elevated temperatures, 7' = 450 K-600 K. We
further show a striking discovery of the lowest ever
measured reflectance of R = 0.03% and an apparent
breakdown of the A-scaling behavior of optical reflec-
tion by the random CNT surface. We may conclude
that, for an extremely rough CNT surface, its optical
reflection is dictated by random scattering at differ-
ent length scales and not by its intrinsic material
property.

The VA-CNT samples were prepared by chemical
vapor deposition [12] and have a typical film thick-
ness of 500 um. Once grown on a substrate, the film
is peeled off by an etching step to obtain a freestand-
ing film [13] and transferred onto a mounting ring, as
shown schematically in Fig. 1(a). In Fig. 1(b), we
show a side-view scanning electron microscopy
(SEM) image of our sample, having a volume f.f. of
~3% [12,14]. Under the mean-field approximation,
the sample may be viewed as an array of aligned
1D nanowires with a birefringent index of refraction
(S and P). In Fig. 1(c), we show an SEM image of the
bottom CNT surface with submicrometer roughness.
A schematic of the corrugated surface and optical
path of the reflected light are also shown. In Fig. 1(d),
we show an SEM image of the top surface of the same
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Fig. 1. (Color online) SEM images of vertically aligned CNT sam-
ples. (a) A schematic of a freestanding sample, mounted on a ring
for ease of testing. Light is incident at an angle 6;,. and detected at
a different angle 6 over the visible and infrared wavelengths. (b) A
side-view SEM image of our sample and a schematic of the 1D
nanotube alignment. (¢) SEM image of the bottom CNT surface
with submicrometer roughness. A schematic of light reflection
(the arrows) from the surface is shown. (d) SEM image of the
top surface of the same sample with a roughness of a few micro-
meters. A schematic of the light reflection (arrows) from the rough-
er surface is also shown.

sample with a stronger roughness of a few micro-
meters (stronger diffuser). Our CNT surface differs
from other random surface structures in two major
ways. First, the CNT surface consists of intercon-
nected 1D nanowires and not micro- or nanosurfaces.
Second, our CNT surface is supported by a low-index
VA-CNT structure (nya.cnt ~ 1.05) and not a high-
index substrate such as NiP or silicon (n ~ 3.5).

We first study the thermal radiation property of
our VA-CNT sample and show that it is a nearly per-
fect blackbody radiator. This is done by comparing
radiation spectrum of our VA-CNT to that of a com-
mercial blackbody source. In Fig. 2, we show the mea-
sured radiation spectra of a VA-CNT sample (solid
curves) and a blackbody source (dashed curves) at
T = 450 K-600 K. Previously, a similar measure-
ment was reported for a uniform CNT at a lower tem-
perature of 373 K and with a moderate reflectivity of
1%—2% [15]. The radiation spectral line shape shown
here is a combination of the radiation spectrum from
the sample, the detector’s spectral response, and the
transmission characteristic of the infrared beam
splitter. We noted that the radiation spectra of the
CNT sample and the blackbody source are nearly
identical for all tested temperatures and wave-
lengths. Specifically, the emissivity of our CNT sam-
ple is found to be (99 +2)% over the measured
infrared wavelengths and for 7 = 450K-600K
Hence, this VA-CNT sample may be viewed as the
second kind of a perfect absorber, while the first kind
is the well-known “blackbody cavity” first invented
over a century ago [16].

By Kirchhoff’s law and in equilibrium, a perfect
absorption implies a perfect thermal radiation that
follows Planck’s blackbody radiation law [16]. Be-
cause both the photonic density-of-states in vacuum
and the Bose-Einstein distribution are continuous
functions of photon energy, Planck’s radiation is
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Fig. 2. (Color online) Near-perfect blackbody radiation from a
VA-CNT sample. Thermal radiation spectra (solid curves) of our
VA-CNT sample taken at elevated temperatures from 7T =
450 K-600 K. As a reference, blackbody radiation spectra (dashed
curves) are also shown. The emission spectra of the CNT sample
and the blackbody source are nearly identical for all tested tem-
peratures, indicating that our CNT sample behaves like a nearly
perfect blackbody. Inset, photograph of the darkest material made
from VA-CNT.
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intrinsically a broadband one. Consequently, the ex-
perimental observation of a perfect blackbody radia-
tion is a manifestation of both the ultra darkness
nature and the broadband nature of our VA-CNT
sample.

The demonstration of a nearly perfect blackbody
radiation of our VA-CNT prompt us to study its
reflection property over a broad infrared range,
A=3um-13um. Some of the reflectance testing
was performed at the National Institute of Standards
and Technology, and the detailed setup is described
elsewhere [17]. Briefly, the total and diffused reflec-
tance spectra, Ri;,1(1) and Ry (1), were obtained by
using a combination of an integrating sphere and a
Fourier transform infrared spectrometer. The specu-
lar reflectance R (1) was obtained by subtracting the
diffuse from the total reflectance. All measurements
were performed at a fixed incident angle (6;,, = 8°).

In Fig. 3(a), we show the measured reflectance
spectra of the bottom CNT surface. As 1 is increased
from 3 to 13um, Rgx(1) decreases from 0.0005 to
0.0002 and has a weak 1 dependence. Correspond-
ingly, R,(4) show a strong linear increase, such that
R, = Ry at A ~5um (the vertical dashed line). For
A > Bum, specular reflectance is larger than the
diffused one (R, > Rg) and the bottom surface
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Fig. 3. (Color online) Infrared spectra and scaling behavior of

Rigta1(4), Rar(4), and Ry(4). (a) The measured Ry, (4) (blue
squares), R (1) (red dots), and Ry (4) (black dots) from the bottom
CNT surface. Both Ry, and R, exhibit a strong 1 dependent for
A 25um. In this regime, the CNT surface may be described as a
relatively smooth surface, and its reflectance may be modeled
(the dashed lines) assuming a slight mixing of p and s polariza-
tions. (b) The measured reflectance spectra from the top surface.
Ryt 1s nearly 1 independent and has an ultralow value of
Ry4t:1(0.03 £ 0.005)% for 4 = 4 ym—13 pm.
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becomes a relatively smooth one. Hence, as 1 is in-
creased, the dominant optical scattering mechanism
switches from been diffused to specular. The observa-
tion is consistent with 4 scaling and the Rayleigh cri-
terion that a surface is considered to be smooth if it
satisfies 6,ms < ORayleigh = 4/(8 €08 Oipne). For Rygia1(4),
the nearly linear 1 dependence holds true only for
5um > 1 > 13 um. There appears to be a 1 onset of
reflectance at A ~5um, below which it saturates at
R ~0.0006 (the horizontal dashed line).

The linear 1 dependence of Ry, (4) for 4 > 5um
may be described by the Fresnel reflection and the
Maxwell-Garnett approximation [18-20]. Rya(4)
can be calculated assuming a perfectly smooth sur-
face and an effective index, obtained using the index
of graphite [21] and a CNT ff of 3%. Because the
CNTs are not perfectly straight [14], R, (4) should
have contributions from both p and s polarization
[see Fig. 1(b)]. At a 99.5%/0.5% P/S mixing ratio,
the result of our model calculation shows a good fit
to the experimental data for 5um < 1 < 13um [the
two green lines in Fig. 3(a) are for a 99.52%/0.48%
and 99.48%/0.52% P/S mixing ratio]. The good fit in-
dicates that the smoother bottom CNT surface fol-
lows the Fresnel reflection and its JA-dependent
reflectance over 5um < 4 < 13um comes from the
CNT material’s dispersion. Furthermore, from
R,(4) and by the Kirchhoff’s theory, the surface
roughness o, of the sample may be deduced
[22,23]. R (1) can be written as
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Here, R pootn 18 the reflectance of a perfectly
smooth surface and o, scales linearly with 4. To de-
termine o,,,,, we first normalize R; t0 Rgpootn and
then plot it as a function “1/42.” In Fig. 4, we show
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Fig. 4. (Color online) Determination of CNT surface roughness
from specular reflectance data. The normalized R (4)/Rgnooth(4)
is plotted versus “1/42” (the red curves) for the top and bottom sur-
faces. For the bottom surface, the fit (the dashed curve) is good
using 99.5%/0.5% p/s-polarization ratio and a surface roughness
of 6, = 0.33 £ 0.03 ym. This roughness is ~30 times larger than
the nanotube diameter (10nm). It may be viewed as a global
roughness (inset), arising from a random distribution of entangled
CNT bundles. For the top surface, we were unable to obtain a
meaningful fit due to the negligible R, ~ 0.



the normalized data (the red curves) and exponential
fits (the blue curves) for 13 yum > 1 > 4 ym or, equiva-
lently, 0.0059 ym=2 < 1/42 < 0.062 ym?. The data for
the bottom surface can be fitted well using a
99.5%/0.5% p/s-polarization ratio for Ry .., and a
roughness of 6., = 0.33 +0.03 um. It is noted that
Orms < ORayleigh = 4/8€08Ojp.  for 5um < A < 13 ym,
and the bottom surface is a relatively smooth one.
This 6, is 30 times larger than a single nanotube
diameter of ~10nm. As shown in the inset of Fig. 4,
orms May be viewed as a global roughness, arising
from a random distribution of entangled CNT bun-
dles. This global surface irregularity of the order of
A could also lead to an enhanced absorption and
light—-matter interaction [24].

In Fig. 3(b), we show the measured Riyq(4),
Rgigr(4), and R, (1) taken from the top surface of the
same sample. The solid blue and red lines are guides
for the eyes. Both Ry, (blue squares) and R ;s (black
dots) are exceedingly low, R, = (0.030 + 0.005)%.
This value is even lower than the previous lowest re-
ported records of 0.045% [14,18] and 0.16% for NiP
[6]. Meanwhile, R, (the red dots) is negligible. A
striking feature of the reflectance data is their A
independence from A=3um to 13um, a Al=
10um in the infrared. In contrast, the reflectance
of a superblack NiP surface is A-independent only
from A= 2.5um to 3.5um, a A1 = 1um [10]. This is
a new random scattering regime where specular re-
flection vanishes completely and diffused reflection
dominates and does not have any 4 dependence.
The data suggest an apparent breakdown of the A-
scaling behavior of optical scattering by the rough
CNT surface. To the best of our knowledge, the ultra-
low Ry, accompanied by the absence of 1-scaling
behavior is a new discovery that has never been
reported [10,11,25] before.

It is interesting to note the “bandwidth limit” of the
ultralow reflectivity for our nanotube structure.
First, at the longer A > 13 um, such that 1> o, our
nanotube surface becomes less rough and would
not yield low reflectivity. On the other hand, at the
shorter A limit (<200-300nm), where 1> d (nano-
tube diameter) but A~ a (distance between succes-
sive nanotubes), Raleigh scattering (~1/4*) from an
individual nanotube may dominate and leads to a
higher reflectivity.

We comment that the appearance of the A onset for
the bottom surface and the lack of 4 dependence for
the top surface has never been reported before to our
knowledge. It appears that, as one switches from the
bottom to the top surfaces, the onset of linear 1 de-
pendence was deferred from 1 ~5um to 4 > 13 um.
Or, as the CNT surface becomes a stronger diffuser,
the onset of 1 is extended to a longer wavelength.
This is a regime where optical reflectance is domi-
nated by a strong scattering off the extremely rough
CNT nanosurface.

The influence of CNT roughness on optical reflec-
tance is examined using six different CNT samples
with R, = 0.0009, 0.0007, 0.0006, 0.0005, 0.0004,

and 0.0003 at A = 3 ym. These samples have nomin-
ally the same porous bulk (i.e., the same f.f., optical
index, and sample thickness). The difference in their
reflectance is presumably due to surface roughness.
In Fig. 5, we plot the experimental reflectance as a
function of 1. Several points should be noted. First,
four samples (surfaces 1-4) show a A-dependent
reflectance with different 1 onsets. Second, the de-
crease in Ry, from 0.0009, 0.0007, 0.0006 to
0.0005 is accompanied by a shift in the 1 onset from
4,4.4,5.2 to 5.4m (indicated by red vertical lines).
Third, the decrease in Ry, from 0.0009 to 0.0005 is
also accompanied by a change in the slope in the
nearly linear i-dependent regime. Finally, the two
lowest reflectance samples (surfaces 5-6, Riy, =
0.0004 and 0.0003 at 1 = 3 um) exhibit a very weak,
if any, 1 dependence. It is noted that another sample
with R, = 0.00025 also displays a weak A depen-
dence. One may assume that R;,,; at A =3 um is a
good measure of the degree of CNT roughness. In this
case, these data suggest that, for R, < 0.0005 or
above a certain critical CNT roughness, optical refec-
tion becomes totally diffused, is extremely weak, and
is nearly 1 independent. In the inset of Fig. 5(a), the 1
onset is plotted as a function of Riy,;. It shows that
there seems to be a critical transition at R~
0.0005, where the CNT surface becomes extremely
rough and its reflection is nearly A independent.

At present, there is no satisfactory explanation
for all of these observations, particularly for the
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Fig. 5. (Color online) Influence of an extreme CNT roughness on
optical reflectance (a) Total reflectance taken from six CNT sur-
faces with Ry, = 0.0009, 0.0007, 0.0006, 0.0005, 0.0004, and
0.0003 at A = 3 um. Four of the surfaces (#1-4) show a 1-dependent
reflectance with different 1 onsets (indicated by vertical red lines).
The two lowest reflectance surfaces (#5-6, Ry, = 0.0004 and
0.0003 at 4 = 3 um) exhibit a weak 1 dependence. Inset, the 1 onset
is plotted versus Riyia1. At Riota1 = 0.0005, an abrupt change in the
2 onset is observed. (b) The calculated reflectance versus 1 for a
conical diffuser, having a correlation length L = 2 ym and a surface
roughness 6, = 1.75 um—6 ym.
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J-independent reflectance at the extremely rough
limit [23]. For instance, by the scalar Kirchhoff’s
theory, the total reflectance of a conical diffuser is
given by [26]
2zL /A
Roc{1-[1+ ()} (2)
(477:5rms / )“)2

The correlation length L and surface roughness o,y
are expressed in normalized units: “L/A” and
“orms/4.” In Fig. 5(b), we plot the calculated reflec-
tance as a function of A for L = 2um and for o, =
1.75 ym—6ym. In the limit of 1 — 0, (6,ys/4) = o,
and the reflectance vanishes. At a medium rough-
ness (6pms = 1.75um, the blue curve), R increases
rapidly with 1. As 6, is increased (6, = 3.5 um to
6 ym), the calculated reflectance spectrum decreases
accordingly and shows a similar trend as in the series
of experimental data in Fig. 5(a). However, all theo-
retical curves display a monotonic 4 dependence, and
none of them can reproduce the experimental curves.
We understand this result is from a specific model
calculation, but there appears to be no satisfactory
model for the observed 1 onset and the essentially
A-independent reflectance for a broad infrared. As
noted earlier, the major difference between conven-
tional rough surfaces and ours is that the CNT sur-
face forms an interlocking nanonetwork consisting of
interconnected 1D wires, having a large surface gra-
dient, and not having a well-defined local surface
normal. When the surface gradient approaches infi-
nity, the assumption of Kirchhoff’s theory breaks
down [23,24] and Z-independent reflectance might
be possible.

In summary, we experimentally demonstrate the
lowest ever reflectance of R = 0.0003 and a near-
perfect blackbody radiation of (99+2)% at T =
450 K-600 K from a VA-CNT sample. We show that
light reflection from the top CNT surface is essen-
tially 21 independent for the entire infrared,
3um < A < 13um. We may conclude that the nano-
surface reflects little light (R = 0.0003), and it acts
as a near-perfect absorber and a near-perfect black-
body emitter. This phenomenon is attributed to the
multiscale nature of the meshlike surface with a
1D nanotube size of ~10nm and a global roughness
of 0.3 to 3um. We also believe that our observation
should be universally true for other material systems
with similar nanosurface and nanostructure. This
new class of interlocking nanosurface is ideal for
minimizing optical reflection and could have impor-
tant consequences in maximizing solar energy collec-
tion and in the photon extraction of LEDs.

Z.P. Yang, M. L. Hsieh, S. Y. Lin, and J. A. Bur per-
formed the diffuse reflectance profile and thermal
emission measurements. L. M. Hanssen, B. Wilthan,
Z. P. Yang, and M. L. Hsieh performed the infrared
spectrum measurement. L. Ci and P. M. Ajayan con-
tributed VA-CNT samples. S. Y. Lin and M. L. Hsieh
designed the experiments, analyzed the data, and
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