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ABSTRACT Vertically aligned multiwall carbon nanotubes were grown by water-assisted chemical vapor deposition on a large-area
lithium tantalate pyroelectric detector. The processing parameters are nominally identical to those by which others have achieved
the “world’s darkest substance” on a silicon substrate. The pyroelectric detector material, though a good candidate for such a coating,
presents additional challenges and outcomes. After coating, a cycle of heating, electric field poling, and cooling was employed to
restore the spontaneous polarization perpendicular to the detector electrodes. The detector responsivity is reported along with imaging
as well as visible and infrared reflectance measurements of the detector and a silicon witness sample. We find that the detector
responsivity is slightly compromised by the heat of processing and the coating properties are substrate dependent. However, it is
possible to achieve nearly ideal values of detector reflectance uniformly less than 0.1% from 400 nm to 4 µm and less than 1% from
4 to 14 µm.
KEYWORDS Absorptance, carbon nanotube, optical coating, pyroelectric detector, reflectance, spectral responsivity, thermal
detector.

S

ince the 19th century the world has sought a better
thermal detector for radiometry.1 When we think of
making a better thermal detector we consider improving the intrinsic properties of the detector element, such as
the pyroelectric coefficient (of a pyroelectric detector) or the
temperature coefficient of resistance (for a bolometer). To
increase the efficiency of converting photons to heat, we also
want to make the detector as black as possible with the
addition of a coating. Since thermal detectors are capable
of operating over a broad wavelength range, we prefer the
black coating to have 100% absorption efficiency over a
large part of the visible and infrared spectrum (400 nm to
50 µm). At NIST and elsewhere, the basis of standards for
measuring optical radiance, irradiance, and the definition of
the candela are based on a thermal detector of one sort or
another. In nearly every case, these detectors have a black
coating to enhance detection efficiency and spectral uniformity. Thus, our ability to make better coatings supports our
ability to make more accurate measurements for a variety
of NIST priorities such as optical fiber-based communication

systems, photovoltaic and solar-thermal efficiency, satellitebased sensors for earth and sun temperature measurements,
and laser-based manufacturing.
We seek to optimize thermal properties, reproducible
topology, and fabrication. In addition to scientific interest,
our goal is to make practical use of the optimal coating
material by applying it to a thermal detector. Very black
coatings typically have a percolated structure.2 Structures
such as nanofractal gold (gold black) and nickel phosphorus
and various carbon-based coatings have been reported
having reflectance as low as 1% over a broad wavelength
range, but the thermal conductivity is at least ten times lower
than that published for carbon nanotubes (carbon nanotubes
being in the range of 300 to 3000 W/mK).3,4 As we achieve
a structure that is sparse enough to absorb longer wavelengths efficiently, the thermal conductivity becomes less
efficient due to the fewer points of material contact and thus
reduced phonon transport. The highest thermal conductivity
and lowest specific heat is desirable. In 1933, the first
nanofractal gold (gold black) coatings were reported and
remain among the blackest absorbers that we can make for
a broad wavelength range. In the past, we have reported
black coatings such as gold black and single wall carbon
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nanotubes.5,6 We have also investigated random mats of
multiwalled carbon nanotubes (MWCNTs) and vertically
aligned multiwall carbon nanotubes (VAMWCNTs) on a
LiNbO3 pyroelectric detector.7,8 We have investigated optical
properties and laser damage mechanisms of CNTs on pyroelectric detectors and a flowing-water power meter.9 Itkis
et al. investigated a random mat of SWCNTs to form a
bolometric detector.10 Recently, several authors have reported coatings that have desirable properties for our application. For example, in this journal, Yang et al. described
VAMWCNTs that were considered the world’s “darkest
material”.11 More recently, Mizuno et al. attained extremely
low reflectance (uniformly less than 0.01) at wavelengths
from the visible to 200 µm.12 The “world’s darkest detector”
is a logical progression and a very practical application of
nanotechnology. We have overcome challenges while trying
to reproduce previous work by optimizing the requirements
of a desirable coating and physical properties of the detector.
The pyroelectric detector consists of a disk of z-cut lithium
tantalate (LiTaO3) 12 mm in diameter and 60 µm thick. Metal
electrodes 10 mm in diameter were deposited on each face
of the crystal, 25 nm of chromium followed by 50 nm of gold
on the front side and 25 nm of chromium on the back.
Additional details of this type of pyroelectric detector are
found elsewhere.6 The area of VAMWCNTs grew from a 2
nm thick iron catalyst on top of a 20 nm buffer layer of
aluminum. The detector area was masked such that the
aluminum and iron were deposited onto an 8 mm diameter
area, underfilling the gold electrode.
A vertically aligned MWCNT forest was grown by FirstNano, a division of CVD Equipment Corporation, using a
water-assisted chemical vapor deposition (CVD) process
similar to that previously reported by Ci et al.13 Briefly, the
process consists of a 2.5 min growth at 750 °C whereby 100
standard cubic centimeters per minute (sccm) ethylene, 195
sccm hydrogen, 1.1 standard liters per minute (slpm) argon,
and 40 sccm argon passed through a water bubbler and
injected into the reactor at room temperature. Upon completion of the growth, the system was cooled to room temperature in a mixture of argon and hydrogen gas. To repole the
crystals, they were placed in a gap between two plates
capable of producing a high-voltage DC electric field. The
detector was heated to 750 °C and soaked for 10 min in
argon. The furnace was then turned off and the DC field was
turned on. As the crystal passed through the Curie temperature (∼665 °C), a DC field of 230 V/mm was present.
The detector evaluation was accomplished by a combination of methods: (1) near-normal hemispherical reflectance
with a Fourier Transform Infrared (FTIR) spectrometer from
1 to 14 µm;14,15 (2) absolute spectral responsivity with a
blackbody source and a continuously variable spectral filter
from 2.2 to 14 µm; (3) absolute responsivity with a blackbody source and a single bandpass filter from 1.5 to 1.9 µm;
(4) absolute responsivity at discrete laser wavelengths of
1.32 and 10.6 µm; and (5) relative spectral responsivity with
© 2010 American Chemical Society

a broadband source and monochromator from 0.4 to 2 µm.
Methods (2) to (4) provide absolute values through direct
comparisons of the VAMWCNT-coated detector to a calibrated transfer standard detector.16,17 All five measurements
provide a picture of the detector’s optical absorption efficiency from 400 nm to 14 µm. In every case, the detector
evaluation employed a measurement apparatus and procedure that is established at NIST in the category of calibration
service.
We elaborate briefly on these five measurements. The
reflectance measurement result is absolute and complementary to the absorptance. The reflectance at the detector’s
surface was referenced to a detector having an identical
geometry and known reflectance.18,19 The absorptance is
directly proportional to the relative responsivity from 2.2 to
14 µm.16 The electrical output of the detector was acquired
by means of a current amplifier and lock-in amplifier. The
optical signal was modulated with a mechanical chopper
referenced to the lock-in amplifier operating at 15 Hz. The
detector was thermally stabilized at 22 °C. The infrared
responsivity was obtained by two methods using the same
blackbody source operating at 1100 °C. In one case, the
blackbody source passed through a continuously variable
broadband spectral filter. In the other case, the light passed
through a single bandpass filter (full width at half-maximum
ranging from 1.5 to 1.9 µm). The spectral responsivity over
the wavelength range from 0.4 to 2 µm (bandpass less than
10 nm) was determined with a NIST pyroelectric wedge-trap
detector that was calibrated using an absolute calorimeter
and a second cryogenic radiometer.20-22
The absolute responsivity obtained with blackbody sources
and spectral filters defines a broad spectral responsivity. This
is an adjunct to the absolute responsivity obtained with laser
sources, having lower uncertainty. The relative spectral
responsivity and the reflectance is reconciled with the
absolute responsivity and the uncertainties of each and may
be combined to obtain an uncertainty that is typically greater
than any individual contribution. In matters of strict calibration at NIST we may state an uncertainty of each datum. In
the present work there are several thousand uncertainty
values, which we omit in detail. For brevity, we merely state
the bounds of uncertainties of the individual measurements.
Complete documentation is provided as referenced. The
expanded uncertainties have been evaluated with a confidence interval defined as coverage factor, k. The coverage
factor of k ) 2 corresponds to a confidence interval of
approximately 95.4% (“two sigma”). The reflectance measurements have an uncertainty ranging from 0.5% at the
shortest wavelengths to less than 0.01% at mid-IR range.
Measurement results in the range 2.2-14 µm have an
expanded uncertainty ranging from approximately 0.4 to
1.9%. Measurement results in the range of 400-1800 nm
have an expanded uncertainty that is 1.24% or less. Each
datum in Figure 5 represents an average detector signal at
each wavelength. Variability more or less than the average
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responsivity of 0.375 µA/W is dominated by noise and
corresponds with a larger uncertainty that is manifested by
a larger Type-A uncertainty contribution (in other words, an
uncertainty dominated by a large standard deviation of the
datum).
Spatial uniformity measurements were acquired at 1.32
and 10.6 µm by sampling the detector responsivity over a
two-dimensional spatial array (99% of the probe-beam
energy within circular areas of 400 and 300 µm, respectively) while monitoring and compensating for the amplitude
variations of the laser beam. In the central detector area,
where the spectral responsivity and reflectance measurements were acquired (approximately 4 mm in diameter), the
normalized responsivity shows variations of less than 1%.
We have not fully assessed the uncertainty of this measurement but the standard deviation of responsivity at each
location is approximately 0.1%. The responsivity variations
at 1.32 µm are similar to those at 10.6 µm and indicate the
presence of singularities and small coating defects (for
example, pinholes near the perimeter that are not apparent
by visual inspection). We know that the pyroelectric responsivity is proportional to the detector thickness and we have
reported thickness variations as well as polishing and poling
defects of the pyroelectric material in the past.5 The important observation of the spatial uniformity measurement is
that, if the reflectance is less than 0.1%, then the coating
variations at the 1% level are attributable to the LiTaO3
substrate.
The VAMWCNT samples were imaged using a fieldemission scanning electron microscope (FESEM). The VAMWCNT were imaged at an acceleration voltage of 5 kV, using
a standard Everhart-Thornley type detector. VAMWCNTs
on the witness sample had uniform heights of approximately
16 µm. The VAMWCNTs grown directly on the pyroelectric
detector measured 162 µm in height. A series of two images
is shown in Figures 2 and 3. Figure 2 shows the witness
sample prepared by the method described but on a silicon
substrate. Figure 3 is shows the coating on the pyroelectric
detector from the same growth run.
The measurement results shown in Figure 4 indicate that
the detector reflectance is uniformly less than 0.1% from
400 nm to 4 µm and less than 1% from 4 to 14 µm. These
values are slightly higher than the reflectance of the witness
sample over the wavelength range from 4 to 14 µm. The
detector’s responsivity is consistent with the reflectance
measurement to the extent that the responsivity is spectrally
uniform up to 4 µm. The value of the absolute responsivity
is approximately 0.375 µA/W as shown in Figure 5. For
comparison, this value is several percent lower than an
identical detector that was not exposed to the CVD reactor
but having a high-efficiency gold-black coating.5
The reduced detector responsivity is attributable to the
high-temperature processing of the CVD for two reasons.
First, heating the LiTaO3 detector crystal in an oxygendepleted environment changes the crystals stoichiometry
© 2010 American Chemical Society

FIGURE 1. The packaged detector. The active area of the detector is
approximately 10 mm. The area coated with VAMWCNTs is approximately 8 mm as defined by the deposition of catalyst metal.

FIGURE 2. SEM images of the witness sample’s coating. (a) Viewing
the coating along the tube axis, (b) similar view at greater magnification, and (c) a side view of the tube array showing the measured
height.

near the surface and increases the surface resistivity and
reduces the capacitance.23,24 Second, the coating deposition
was accomplished at a temperature greater than the Curie
temperature of LiTaO and we expect the orientation of the
spontaneous polarization to be altered.25 Though we followed the coating deposition with a poling step to restore
the spontaneous polarization, some nonuniformity of the
crystal structure is still apparent in the spatial response and
SEM images such as in Figure 3c. We have experimented
with these challenges in earlier work with LiNbO3 pyroelectric detectors coated with MWCNTs. LiNbO3 has a higher
Curie temperature (∼1100 °C) than LiTaO3 (∼665 °C) and
so the present result represents significant progress. Surface
stoichiometry and repoling bears further investigation and
will be the direction of future work. For now, the extremely
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FIGURE 5. Absolute responsivity from 0.4 to 14.8 µm of the
pyroelectric detector coated with VAMWCNTs. (Solid line) total
hemispherical reflectance with FTIR from 1 to 14 µm; (line with
open-square data markers) absolute spectral responsivity with a
blackbody source and a continuously variable spectral filter from
2.2 to 14 µm; (solid circle) single absolute responsivity with a
blackbody source and a single bandpass filter from 1.5 to 1.9 µm;
(solid diamonds) absolute responsivity at discrete laser wavelengths
of 1.32 and 10.6 µm; (line with open-triangle markers) spectral
responsivity with a broadband source and monochromator from 0.4
to 2 µm.

FIGURE 3. SEM images of a detector’s coating that is nominally
identical to that which was measured for responsivity. (a) Viewing
the coating along the tube axis, (b) similar view at greater magnification, (c) a side view of the tube array showing the measured
height, and (d) a side view at greater magnification.

Ci et al.10 For both the Si witness sample and the pyroelectric
detector, the nanotube length increases with CVD growth
temperature up to an optimum temperature of approximately 750 °C. Thereafter, increased growth duration corresponds with longer tube length. At growth temperatures
below 700 °C it appeared that the tube length on the
detector crystal was shorter and less uniform in coverage
than on the witness sample, but at 750 °C, the tube length
on the detector exceeds that of the witness sample. Future
experiments will include an additional step of baking the
coated detector in oxygen at low temperature to restore the
surface stoichiometry (postgrowth, post poling). The optimal
duration and temperature of the final oxygen soak has yet
to be explored but the temperature must be sufficiently low
to prevent oxidation of the nanotubes.
The difference in reflectance between the detector and
the witness is attributable to the coating topology. The low
reflectance on the witness sample confirms that lower
density is more important than greater length. The detector’s
reflectance increases and varies periodically at longer wavelengths greater than 4 µm, which is characteristic of optical
interference. This is typically a function of the coating
thickness (nanotube length). The nanotubes on the detector
are apparently dense and less uniform in length compared
to the wavelength scale. The nanotubes on the witness are
very uniform in height but are characterized by circular gaps
(wells) of varying size. The size and distribution of the wells
varies with a fractal-like distribution. We know from previous
analysis that tube spacing of several diameters will increase
the theoretically expected absorption efficiency and uniformity.8 The reason for the difference in topology between the
detector’s coating and that of the witness may be attribut-

FIGURE 4. Reflectance of (a) VAMWCNT-coated detector, gray line;
and (b) VAMWCNT-coated silicon substrate as a witness sample,
black line.

low reflectance on a practical, large-area detector demonstrates a practical and useful application of vertically aligned
carbon nanotubes.
We explored several variations with respect to the CVD
growth process. Particularly, the processing temperature
was varied for different detector samples with and without
the repoling operation. Processing temperatures between
650 and 750 °C appeared to degrade the electrical properties of the crystal equally (increased resistance, decreased
capacitance). The repoling operation significantly benefits
the outcome of the detector performance. The detector
responsivity following the nanotube growth was nearly half
that of the poled samples. Therefore, assuming we must heat
the crystal near the Curie temperature, it does not matter
as long as we follow the growth with a poling step. This is a
positive result because the optimum growth temperature is
clearly above the Curie temperature. This is consistent with
© 2010 American Chemical Society
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TABLE 1. Comparison of Reflectance Values of Black Coatingsa
wavelength (µm)

approximate reflectance (e)

witness (W) or detector (D)

reference

10
10
10
0.6
10
0.6
10
10
0.6
10
0.6
10
0.6
10

0.05
0.03
0.05
0.02
0.01
0.15
0.75
0.01
0.0005
0.001
0.001
0.01
0.001
0.01

W
W
D
W
W
D
D
W
W
W
W
W
D
D

Betts et al.26
Betts et al.26
Lehman et al.5
Kodama et al.28
Advena et al.29
Lehman et al.7
Theocharous et al.30
Mizuno et al.12
Yang et al.11
Mizuno et al.12
this work
this work
this work
this work

carbon paint
platinum black
gold black (on LiTaO3)
nickel phosphorus (on Cu)
gold black (on Cu)
MWCNTs (mat on LiNbO3)
SWCNTs (mat on LiTaO3)
VASWCNTs (on Si)
VAMWCNTs (on Si)
VAMWCNTs (on Si)
VAMWCNTs (on Si)
VAMWCNTs (on Si)
VAMWCNTs (on LiTaO3)
VAMWCNTs (on LiTaO3)
a

Note that carbon paint and SWCNT mats have singular nonuniform spectral features having larger reflectance than shown.

able to the detector’s electrode metal and the surface
properties of LiTaO3. The nature of the metal catalyst formation on top of the detector’s metal electrode is important,
but we presently do not have enough information to draw
conclusions. Nonetheless, this result supports our theoretical
work that directs us to templated deposition of the catalyst
to optimize the nanotube spacing in the future.8
The literature regarding black coatings for optical detectors may be traced to Langley’s bolometer and the use of
soot to blacken the surface. We find measurements of
representative samples, but fewer citations of explicit measurements of reflectance on a detector in the infrared (at 10
um or longer). For example, Betts et al. present a comprehensive summary of infrared reflection properties of black
coatings for radiometric detectors with rigorous uncertainties, but the coatings, are on witness samples.26 Betts et al.
indicate that measurements of low reflectance on actual
detectors are “not practicable” because of the small size of
the detector element, which is typically recessed in some
container (package) and in some cases behind a window.
In this work, we seize the advantage of our relatively large
detector area and the package geometry (shown in Figure
1) to explicitly measure the coating reflectance at the
detector’s surface. Table 1 includes results from multiple
authors for comparison with the present work. The numbers
have been approximated from graphical information where
necessary. Compared to other materials, VAMWCNTs, as
measured on a detector, have nearly one tenth the reflectance in the visible and approximately one-fifth the reflectance at infrared wavelengths. Measurement results from the
witness sample present the opportunity for further improvement. Additional information available regarding optical
properties of black coatings is available in The Infrared
Handbook.27
Measurement results from the silicon witness sample and
the work of other researchers indicate that VAMWCNTs are
very attractive from the standpoint of broad, uniform, and
efficient optical absorption. We have accomplished a practical application of this science by creating a thermal detector
with nearly perfect absorption efficiency in the visible and
© 2010 American Chemical Society

near-infrared. Slightly higher reflectance of the pyroelectricdetector’s coating in the mid-infrared up to 14 µm leaves
room for optimization and qualitative image comparisons
with the witness sample indicate properties of the coating
that could be improved. For example the thickness of the
detector coating could be more uniform in length and less
dense. This very black pyroelectric-detector coating provides
motivation to seek coatings on other thermal detector
platforms and thermal detector cavities. This will benefit a
broad range of applications such as accurate measurement
of earth and sun irradiance, and absolute calibration of
terahertz radiation sources.
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