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Abstract

Carbon multi-wall nanotubes (MWNTs) were grown on a lithium niobate (LiNbO3) pyroelectric detector with a
nickel film as the catalyst by hot-wire chemical vapor deposition (HWCVD). Two detectors are documented, each with
slightly different deposition conditions. The absolute spectral responsivity of each device was measured from 600 nm to
1800 nm and indicates that the MWNT-coating absorptance is spectrally uniform, with variations of only a few percent.
We also discuss growth of MWNTs on LiTaO; by CVD and the limitations presented by the Curie temperature of the

pyroelectric material.
© 2005 Elsevier B.V. All rights reserved.

PACS: 78.30.Na; 81.16.—c; 07.20.—n; 07

1. Introduction

There has been a great deal of research related
to the development and understanding of carbon
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nanotubes in their various forms. Practical appli-
cations for this material remain somewhat elusive
and therefore justification of the pursuit of scien-
tific understanding has been challenging for some
researchers. We have recently demonstrated a
pyroelectric detector with an absorber coating
consisting of purified single-wall nanotubes
(SWNTs) [1,2]. Carbon SWNTs and multi-wall
nanotubes (MWNTs) may form the basis of the
next generation of absorber coatings for thermal
detectors for high accuracy optical and thermal
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radiometry, particularly for high-energy infrared
(IR) and ultraviolet (UV) laser measurements.
Thus we have a practical and immediate applica-
tion of carbon nanotubes, with scientific and engi-
neering challenges.

All of the primary measurement standards in
the US and elsewhere for establishing traceability
to fundamental units for radiometry are with few
exceptions based on thermal detectors. These de-
vices employ some form of thermal-absorber coat-
ing such as carbon-based paint or a diffuse metal
such as gold black [3,4]. Carbon nanotube coatings
present an alternative to the present technologies.
The high thermal conductivity [5], damage resis-
tance [6], and optical absorption efficiency indi-
cated by our present measurements as well as
those reported in the literature, along with the
necessity of establishing and maintaining radio-
metric standards, is the basis of this work. To
the best of our knowledge, this is the first report
of an optical detector employing MWNTs as the
thermal absorber.

The thermal coating based on carbon nano-
tubes is similar to other percolated structures in
the sense that incident light is converted to heat
and conducted to the substrate on which the coat-
ing is deposited. The carbon nanotubes may be
any of the several forms: for example, SWNTSs in
bulk form [2] or MWNTs grown onto a substrate
as we describe in this paper. The optical properties
and absorption efficiency depends on the size,
depth, distribution, and topology of the nano-
tubes. The preferred topology has been objectively
analyzed by an effective medium approximation
(EMA), which is based on percolation theory [7,8].

2. Coating

The MWNT-coated detectors were fabricated
from lithium niobate (LiNbOj) crystals 250 um
thick with nickel (Ni) electrodes 20 nm thick. The
detectors were nominally identical with the excep-
tion of the coating variations. For comparison, a
pyroelectric detector coated with a 2.6 Torr gold-
black was fabricated [4].

The HWCVD was performed in a quartz tube
reactor enclosed in a clamshell furnace. A single

0.5 mm diameter tungsten filament 23 cm in length
was operated at ~20 A, 25V and at 1700 °C as
determined by an optical pyrometer. Graphitic
MWNTs with a modest amount of non-nanotube
carbon impurities were produced in 1:5 CHy:Ar
at 150 Torr with the furnace at 600 °C. This was
repeated on a separate detector, but with a deposi-
tion pressure of 80 Torr. Similar growth condi-
tions were employed for MWNT growth on
nickel-coated quartz and crystalline silicon sub-
strates. The various substrates were placed on a
boron nitride sample holder at a distance of
Smm from the filament. Transmission electron
microscopy and Raman spectroscopy were em-
ployed to show that the MWNTs on the LiNbO3,
quartz, and silicon substrates were highly graphitic
and that a modest amount of non-nanotube car-
bon was present [9]. The two detectors coated with
MWNTs deposited by HWCVD are referred to as
HWSO0 (for the 80 Torr HWCVD deposition) and
HW150 (for the 150 Torr HWCVD deposition).

We also attempted to produce MWNTs on lith-
ium tantalate (LiTaO3) by both HWCVD and
CVD. These attempts failed in two ways. Our first
samples fragmented, due presumably to strain
from heating. Later samples, which remained in-
tact and were packaged as a detector, failed to pro-
duce a measurable electrical signal. We estimate
that the temperature of the furnace during the
CVD process was 750 °C, which exceeds the Curie
temperature of LiTaO5 (665 °C) [10]. Therefore we
suspect that the strict orientation of the z-axis
spontaneous polarization (perpendicular to the
detector electrodes) was destroyed during heating.
LiTaOj; is our first choice of pyroelectric material
because the pyroelectric coefficient of LiTaOj;
(0.018 pC/(cm?K)) [11] is more than twice that of
LiNbO; (0.0083 uC/(cm>K)) [12]. It is possible
that the orientation of the spontaneous polariza-
tion could be biased during heating with an exter-
nally applied electric field. Thus our future
attempts may include applying an external electric
field or modifying our processing parameters to
accommodate a lower growth temperature (below
the Curie temperature).

Our initial interest in carbon nanotubes as a
thermal detector coating began with the simple
observation that carbon nanotube coatings are
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Fig. 1. STEM image of the MWNT coating deposited on the
LiNbO; pyroelectric detector designated as HW150.

visibly black. Upon further examination, by means
of a scanning electron microscope (SEM), we ob-
served that carbon nanotube coatings are topolog-
ically similar to other percolated structures that
are efficient infrared absorbers [4,7]. In the present
case, we imaged the HWCVD-deposited MWNTs
by means of a field emission scanning tunneling
electron microscope (STEM) operating at 2 keV,
and a working distance of 5 mm with 1.5 s expo-
sure. The image of the coating is shown in Fig. 1
and reveals that the MWNT size and coverage is
uniform.

3. Experimental results

The measurement system for the spectral
responsivity results was based on a lamp source,
a grating monochromator, and a NIST transfer-
standard detector [13]. The calibration procedure
provided absolute spectral responsivity relative to
a known NIST-calibrated transfer standard at
50 nm wavelength increments from 600 nm to
1800 nm. The NIST transfer standard was a pyro-
electric wedge trap detector that was calibrated
using the NIST C-series calorimeter [14]. The out-
put beam from the monochromator (transmitted
through air) was directed alternately onto the
NIST standard detector and the test detector with
a two-position mirror. The beam was focused to a
beam size of approximately 2 mm X 2 mm, normal

to the plane of the detector surface, with a band-
width of 6 nm or less. The relative response for
each pyroelectric detector was measured by use
of a lock-in detection scheme. The amplitude of
the input beam from the monochromator was
modulated at 15 Hz by means of a mechanical
chopper. The detector signal was amplified in cur-
rent mode at 107'° A/V with a transimpedance
amplifier. The absolute responsivities of the
MWNT-coated detectors are shown in Fig. 2.
The relative responsivities of the MWNT-coated
detectors compared to a gold-black coated pyro-
electric detector is shown in Fig. 3. The relative
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Fig. 2. Absolute spectral responsivities of two pyroelectric
detectors with MWNT coatings. The error bar shown is
representative for each data point with a relative expanded
uncertainty of 1.24%.
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Fig. 3. Relative spectral responsivities of pyroelectric detectors
with MWNT coatings compared to a similar detector with a
gold black coating. The error bar shown is representative for
each data point with a relative expanded uncertainty of 1.24%.
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expanded uncertainty for the spectral responsivity
measurement is 1.24%. The level of confidence
for the relative expanded uncertainty is approxi-
mately 95%.

4. Discussion

Variations of the spectral responsivity measure-
ments are relatively small compared to our mea-
surement uncertainty. Repeated measurements of
the response as a function of wavelength indicate
that the responsivity increase for detector HW80
and responsivity decrease for HW150 is slight (less
than 3%) but definite. The absolute responsivity
for each detector is approximately 33 nA/W at
the chopping frequency of 15 Hz. The spectral
responsivity measurements indicate that the
MWNT coatings are spectrally uniform and have
an absorption efficiency of approximately 85%.
This was confirmed by comparing similar respon-
sivity measurements for a 250 um thick, freestand-
ing LiNbO; pyroelectric detector with a gold-black
coating having greater than 99% absorption effi-
ciency [15]. The present results indicate that the
MWNT coating is inferior to gold black in terms
of absorption efficiency. We are nonetheless
encouraged by this early result because the spectral
responsivity of the MWNT-coated pyroelectric is
reasonably uniform. We expect to improve the
absorption efficiency as we gain a greater under-
standing of the process parameters of the
HWCVD that will change the coating properties
such as tube alignment and length. Furthermore,
the promise of high damage resistance of the
MWNT coating compared to gold black justifies
further experiments to enhance the MWNT
absorbtivity.

In the past we demonstrated a pyroelectric
detector coating of SWNTs with responsivity vari-
ations as large as 15% in the 1500 nm region [2].
The synthesis of the SWNTs was accomplished
by use of a laser vaporization method similar to
that of Guo et al. [16,17]. The purified SWNTs
were dispersed in chloroform and applied with
an airbrush and dried under a steady stream of
nitrogen [2]. The airbrush technique for depositing
SWNTs obtained by laser vaporization is arguably

simpler and does not require heating the detector
substrate. However the spectral uniformity of the
HWCVD-deposited MWNTs may justify the
added risk. A summary of the spectral properties
of a SWNT-coated pyroelectric detector and
MWNTs grown on a pyroelectric detector, com-
pared to a gold-black coated pyroelectric detector,
is being published elsewhere [18].

5. Conclusion

We presented experimental growth and charac-
terization of carbon multi-wall nanotubes
(MWNTs) directly on the detector material by
the process of chemical vapor deposition (CVD)
and hot wire CVD (HWCVD). Based on our mea-
surements and imaging, we conclude that it is pos-
sible to grow MWNTs on a pyroelectric detector
and that the coating will enhance the detector
responsivity. We note however that the high tem-
perature necessary for CVD is potentially damag-
ing. Based on information by Berber et al. [5].
We believe that it is necessary to grow the MWNTs
directly on the detector surface, as we describe
here, if we are to achieve the highest thermal diffu-
sivity and damage resistance. In the future, by
varying growth conditions such as the catalyst
metal, growth temperature and duration, we can
vary the topology and therefore optimize the opti-
cal properties of the MWNT coating without com-
promising the detector properties and yet
enhancing the spectral uniformity. We will con-
tinue to investigate both SWNTs and MWNTs as
the next generation of thermal coatings for our
thermal detectors for laser power and energy
measurements.
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