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Radiometry for the next generation of high-efficiency, high-power industrial lasers requires thermal
management at optical power levels exceeding 10 kW. Laser damage and thermal transport present
fundamental challenges for laser radiometry in support of common manufacturing processes, such
as welding, cutting, ablation, or vaporization. To address this growing need for radiometry at
extremely high power densities, we demonstrate multiwalled carbon nanotube �MWCNT� coatings
with damage thresholds exceeding 15 000 W /cm2 and absorption efficiencies over 90% at
1.06 �m. This result demonstrates specific design advantages not possible with other contemporary
high-power laser coatings. Furthermore, the results demonstrate a performance difference between
MWCNTs and single-walled carbon nanotube coatings, which is attributed to the lower net thermal
resistance of the MWCNT coatings. We explore the behavior of carbon nanotubes at two laser
wavelengths �1.06 and 10.6 �m� and also evaluate the optical-absorption efficiency and bulk
properties of the coatings. © 2008 American Institute of Physics. �DOI: 10.1063/1.2825647�

I. INTRODUCTION

Accurate measurements of the output power from high-
power lasers pose significant measurement challenges. By
high power, we refer to lasers with output power greater than
1 kW. These measurement challenges include damage to the
measurement instrument itself and nonlinear effects that are
not significant at conventional laser power levels �100 W or
less�. Water-cooled power meters are often used for high
irradiance laser measurements.1 The basis of such a power
meter is a radiation-absorbing surface or cavity with a black
coating. The incident radiation is converted to thermal en-
ergy, which is measured to evaluate the power absorbed by
the cavity. Plass et al.2 designed a calorimeter that could
accommodate up to 25 kW of laser power with a maximum
power density of 4000 W /cm2, limited by damage to the
aluminum black coating. Other metal black coatings used in
laser power meters and calorimeters have been reported in

the literature.3–6 The chief limitations to these coatings are
their high susceptibility to damage, low absorption efficien-
cies, and low thermal conductivity. Carbon nanotubes
�CNTs�, by virtue of their high thermal conductivity,7–9 ex-
cellent mechanical properties,10,11 and flat spectral response
over a wide wavelength range,12,13 serve as an attractive ab-
sorber coating alternative for high irradiance lasers.

In the present work, we present the performance results
of single-walled carbon nanotubes �SWCNTs� and multi-
walled carbon nanotubes �MWCNTs� airbrushed on copper
substrates exposed to continuous-wave laser power at 1.06
and 10.6 �m. Commercially available CNTs dispersed in
chloroform are sprayed onto a mirror-finish copper substrate.
The sample is then placed in a water-cooled test stand and
exposed to a 1.06 �m, neodymium-doped yttrium aluminum
garnet �Nd:YAG� laser capable of reaching a maximum
power of 1.25 kW. The power absorbed by the coating is
evaluated by measuring the increase in the cooling water
temperature along with the mass flow rate of the water. A
beam splitter and a monitor power meter determine the
power incident on the sample. A commercial power meter,a�Electronic mail: john.lehman@nist.gov.
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placed in a defocused part of the beam near the sample po-
sition, is used to calibrate the monitor detector. The beam is
focused to a spot size of 2 mm and possesses a nearly flat top
profile on the sample. The laser power is increased incremen-
tally until the onset of damage to the coating is visually
evident. The visual damage threshold is defined by the power
density, Ivd, at which changes to the coating become appar-
ent, characterized by the first occurrence of sparks. Increas-
ing the incident power beyond visual damage eventually
leads to a significant drop in the absorption efficiency � due
to destruction of the coating exposing the underlying copper.
The power density, at which this significant reduction in ab-
sorption efficiency is registered, is referred to as Iad. Sprayed
carbon paint samples are also tested for comparison with the
CNT samples.

II. MATERIALS AND METHODS

A. Coating preparation

Commercially obtained MWCNTs and SWCNTs are
used to develop the coatings. The nanotubes �10% by
weight� are dispersed in a solution of chloroform and the
mixture is sonicated for 10 min. The nanotube mixture is
then sprayed �with an airbrush� onto a polished copper sub-
strate �62 mm�24 mm�0.8 mm� to produce samples for
damage testing. Commercial carbon-based paint sprayed on
copper is also used for comparison. The samples are dried in
air prior to the experiments. The thickness of the sprayed
coatings prepared under identical conditions is mechanically
measured to be approximately 10 �m±2 �m.

B. Experimental setup for damage threshold
evaluation

Damage testing is performed at two different wave-
lengths. For irradiation at 10.6 �m, a 2.5 kW CO2 laser,
capable of a power density of 10000 W /cm2, is used as the
source for local heating and eventual damage. The laser
passes through a beam expander and then is incident on an
optical chopper �60 Hz, 1550 rotations/min� that splits the
beam, one portion of which is monitored by an air-cooled
power meter. The other beam portion is allowed to pass
through a faceted zinc selenide �ZnSe� lens with a focal
length 38.1 mm. The lens converges different parts of the
beam onto the sample surface. The ZnSe lens thus acts as a
homogenizer of the beam intensity prior to incidence on the
sample.

In a similar but separate experiment with the 1.25 kW
Nd:YAG laser operating at 1.06 �m, the beam from the fiber
optic cable is split into two components by a beam splitter.
One component is monitored by the power meter and the
other portion is allowed to pass through a converging lens.
The resulting beam is passed through an aperture �diameter
10.2 mm� and a focusing lens arrangement to define the
beam size on the sample.

For calibration of both lasers, the sample holder is re-
placed with a water-cooled power meter to determine the
fraction of the power that would eventually be focused on
the target. This allows the determination of a calibration fac-
tor, which, when multiplied with the reading from the power

meter, provides the incident power on the sample. Experi-
ments with the samples are repeated for successive incre-
ments in powers until visual damage to the coating appears.

C. Raman spectroscopy evaluation

Raman spectroscopy measurements are performed in the
backscattering configuration with 7 mW from an argon-ion
laser providing 488 nm �2.54 eV� excitation. A 55 mm tele-
photo lens is employed both to focus the beam to
�0.25 mm2 area and to collect the Raman-scattered light.
The scattered light is analyzed with a 270 mm grating spec-
trometer equipped with a liquid-nitrogen-cooled charge-
coupled detector and a holographic notch filter.

D. Thermal resistance measurements

A test setup based on a modified version of ASTM
D5470 has been developed to measure the thermal resistance
of the fabricated samples at room temperature. The sample is
sandwiched between two aluminum cylinders �diameter
19.05 mm and length 20 mm�. A patch heater serves as the
heat source. The lower cylinder, mounted on a copper cool-
ing block, serves as the heat sink. The temperature of the
water circulating inside the cooling block is maintained at
15 °C using a chiller. An aluminum foil is placed on the
cooling block to enable better contact between the cooling
block and the cylinder. The cylinders are wrapped in styro-
foam to minimize heat loss. Differential thermocouples,
T-type, are inserted at predefined locations in the aluminum
cylinders. A nanovoltmeter is used to read the voltage di-
rectly from the differential thermocouples, which is then
translated to a temperature drop using Seebeck’s law. A
double-acting pneumatic actuator connected to a series of
valves is used to apply pressure ranging from 5 to 70 psi.
Copper substrates, 19.05 mm diameter �0.8 mm thick�, are
electrodischarge-machined from a sheet of copper with a
mirror finish. These samples are then sprayed with MWCNTs
and SWCNTs separately for the measurements. The differen-
tial thermocouples monitor the heat flow into the interface
and also the losses along the cylinders. The difference in the
heat flux in the hot and cold cylinders is evaluated to be
4%−5% and we attribute this variation to the heat loss from
the side of the cylinder. One-dimensional heat flow through
the sample is assumed, neglecting the heat loss from the
sides. The readings are taken 60 min following the power
input to the patch heater. The duration is based on a variation
of less than 0.0001 mV in the nanovoltmeter signal. It should
be noted here that the signal across the interface is generally
in the range of 0.1 mV–0.4 mV, and that across the other
thermocouples is in the range of 0.005 mV–0.015 mV. While
the signal at each point is monitored, it is allowed to stabilize
for 5 min prior to recording. The differential thermocouple
across the interface monitors the temperature drop, which
along with the calculated average input heat flux and the
sample thickness is used to evaluate the thermal resistance of
the interface.
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III. RESULTS AND DISCUSSION

From Fig. 1�a�, Ivd of MWCNTs and SWCNTs is evalu-
ated to be 15573 and 7188 W /cm2, respectively, which are
higher than that of carbon paint coatings by a factor of 30
and 14, respectively. Both samples are found to be associated
with high values of � at Ivd. The high threshold suggests
enhanced thermal transport through the coating thickness to
the flowing water. As a result, the coating surface tempera-
ture is maintained below the oxidation temperature of CNTs,
leading to its high damage resistance. The MWCNT coatings
are thus able to maintain an � over 90% at high power den-
sities of up to 15500 W /cm2.

MWCNTs exhibit twice the damage threshold demon-
strated by SWCNTs, which is counterintuitive, as SWCNTs
are generally known to have higher thermal conductivities
compared to MWCNTs. This trend has been observed in in-
dependent thermal measurements with aligned MWCNT14

and SWCNT films,15,16 however there could be a wide varia-
tion in the measured conductivities depending on the pres-
ence of noncarbon content and structural order of the tubes.
To interpret this difference, we performed thermal resistance
measurements as a function of applied pressure on the

sprayed MWCNT and SWCNT samples using the ASTM
D547017 thermal resistance test method. Results from ther-
mal resistance measurements are shown in Fig. 1�b�. The
results indicate the thermal resistance of SWCNTs is 44%
higher than that of MWCNTs of similar thickness at an ap-
plied pressure of 0.069 MPa. The variation could be higher
in the absence of external pressure, which is more represen-
tative of the laser experiments. The difference in resistance
caused a relatively higher temperature drop across the
SWCNT coating and thereby resulted in a lower damage
threshold.

The sprayed samples are also exposed to a 2.5 kW car-
bon dioxide �CO2� laser operating at 10.6 �m to explore the
wavelength dependence of the damage threshold. Figure 1�c�
compares Ivd of the coatings at 10.6 �m. The MWCNTs and
SWCNTs outperform the carbon paint by a factor of 12 and
7, respectively. The damage thresholds at 1.06 �m are 9 to
11 times larger than the corresponding values at 10.6 �m.

We use optical and electron microscopy in conjunction
with Raman spectroscopy to provide insight into the pres-
ence of morphological and structural changes in the sprayed
samples. Figures 2�a� and 2�b� show optical microscopy im-

FIG. 1. �a� Comparison of Ivd for the
sprayed coatings upon irradiance at
1.06 �m. The numbers on the bars list
Ivd and � for the respective samples.
�b� Comparison of thermal resistance
of the sprayed SWCNT and MWCNT
samples as a function of applied pres-
sure. �c� Comparison of Ivd for the
sprayed coatings upon irradiance at
10.6 �m. The numbers on the bars list
Ivd and � for the respective samples.

013103-3 Ramadurai et al. J. Appl. Phys. 103, 013103 �2008�

Downloaded 17 Jan 2008 to 132.163.53.43. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



ages of the unexposed and damaged carbon paint sample
subjected to irradiance, Iad, at 10.6 �m. The exposed sample
has cracks on the surface and the bright spots are most likely
due to the presence of fused silica beads in the carbon paint.
At high incident power levels, the temperature of the surface
increased to a value high enough to melt the silica beads and
rupture the coating. Figures 2�c� and 2�d� show the unex-
posed and exposed regions of the MWCNT coating at irra-
diance, Iad, approximately 3000 W /cm2, from the 10.6 �m
CO2 laser. Figure 2�e� shows nanotubes present at the edge
of the exposed regions of the MWCNT coating subjected to
Iad at 1.06 �m. These electron microscopy images reveal no
obvious qualitative differences in the irradiated nanotube
samples.

MWCNT coatings demonstrate the highest damage
threshold among the tested samples. To understand the dif-
ferent damage behavior between SWCNTs and MWCNTs,
we invoke an effective medium approximation �EMA� to
model the two systems. The EMA considers each nanotube
to be embedded in an infinite medium with a uniform dielec-
tric constant. Other researchers18,19 have used the EMA to
model the effective dielectric constant of aligned CNT films.
We use the relations for s-polarized light19 and evaluate the
complex dielectric function of planar graphite20,21 as an ad-

equate representation of the indices of CNTs.20 We then
evaluate the absorbance22 of the sprayed CNTs at right
angles to the axis of the graphitic planes at both 1.06 and
10.6 �m. Figure 3 shows the absorbance of the CNT film as
a function of the volume fraction of CNTs �fill factor� for
both wavelengths. The trends of the model are consistent
with our experimental observations in that the absorption is

FIG. 2. �Color online� �a� Optical mi-
croscope image of unexposed carbon
paint sample. �b� Optical microscope
image of carbon paint sample exposed
to irradiance, Iad, at 10.6 �m. �c�
Scanning electron microscope �SEM�
image of unexposed MWCNTs. �d�
SEM image of MWCNTs exposed to
irradiance, Iad, at 10.6 �m. �e� SEM
image of nanotubes present at the edge
of the exposed regions of the
MWCNT coating upon irradiance, Iad,
at 1.06 �m.

FIG. 3. Calculated absorption of CNT films as a function of the volume
fraction of CNTs at 1.06 and 10.6 �m using the EMA model for SWCNTs
and MWCNTs.
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higher at 1.06 �m than at 10.6 �m. The EMA model pro-
vides good agreement with the experimental absorption val-
ues for MWCNTs and SWCNTs at a fill factor of 0.05 and
0.1, respectively. The difference in the fill factor suggests a
higher coating density for the SWCNTs and also explains its
relatively higher thermal resistance compared to MWCNTs,
as evidenced by the measurements.

To interpret the variation in the damage threshold, we
calculate the penetration depth of the radiation at both wave-
lengths using Beer’s law and the measured value for the
absorption efficiency, �, at Ivd. The penetration depth at both
wavelengths is significantly less than the presumed coating
thickness of approximately 10 �m, and thus cannot explain
the lower damage threshold observed at 10.6 �m irradiance.
A faceted ZnSe lens is used as a homogenizer, resulting in a
nonuniform beam profile that may have partly contributed to
the damage threshold difference.

Recent investigations have given valuable insights into
the effects of transferring large amounts of energy from laser
radiation to a carbon nanotube lattice.23–25 The studies indi-
cate a restructuring of the CNTs at high incident power den-
sities into energetically favorable nanostructures. In addition,
a high defect density in the structure of the tubes is also
apparent at high-energy densities. These findings motivated
an investigation of the structural changes occurring in the
MWCNT coating by use of Raman spectroscopy. Figures
4�a� and 4�b� show Raman spectra of the exposed and unex-
posed regions of the coating, normalized to the intensity of
the G band, upon exposure to Iad at 10.6 and 1.06 �m, re-
spectively. The “G band” at 1500−1650 cm−1 is a compila-
tion of bands originating from the in-plane vibrational modes
of carbon in the curved graphite lattice, while the “D band”
at �1350 cm−1 is generated by symmetry-lowering effects
such as defects, tube ends, or the presence of non-nanotube
carbon impurities.26 A broad D band is characteristic of the
presence of non-nanotube carbon impurities such as amor-
phous carbon or nanocrystalline graphite.27 The full width
at-half-maximum �FWHM� of the D band, listed in Fig. 4�a�,
decreases from 43.61 to 38.40 cm−1 for the sample exposed
to the irradiance at 10.6 �m and is therefore consistent
with the removal of carbon impurities in the MWCNT
sample. A similar trend is observed with irradiance, Iad, at
1.06 �m, wherein the FWHM of the D band decreases from
47.92 to 37.72 cm−1, listed in Fig. 4�b�. The D band/G band
intensity ratio �D /G� provides a relative measure of the
amount of defects and the degree of graphitization in the
MWCNT sample.26 The D /G ratio for the spectra changes
upon irradiance, Iad, at both 1.06 and 10.6 �m. This sug-
gests that the MWCNTs are subjected to structural changes
by laser irradiation. Furthermore, a shoulder at 1625 cm−1

becomes more apparent in the MWNT G-band spectra, per-
haps simply due to the removal of non-nanotube carbon im-
purities. Conversely, it is possible that specific tubes are
more susceptible to damage and are lost upon laser irradi-
ance. Because of these morphology changes of CNTs under
irradiation, a systematic Raman spectroscopy study is cur-
rently underway to monitor the evolution of the secondary
peak in the G band as a function of increasing laser irradi-
ance.

IV. CONCLUSIONS

In conclusion, we demonstrate visual damage thresholds
in excess of 15000 W /cm2 with MWCNT coatings at
1.06 �m irradiance. The corresponding visual damage
threshold at 10.6 �m is over 1400 W /cm2. MWCNTs have
a damage threshold higher than that of carbon paint by over
an order of magnitude at both wavelengths, and also demon-
strate absorbance over 90% at 1.06 �m. Due to its lower net
thermal resistance, the MWCNT coating has a higher thresh-
old compared to the SWCNT coating. An EMA absorbance
model is in good agreement with the measured absorbance
values for SWCNTs and MWCNTs coatings. Raman spec-
troscopy shows that laser irradiation of a MWCNT coating
removes amorphous carbon. The presence of a secondary
peak in the G band of the exposed MWCNT sample is sug-
gestive of structural modifications to the nanotube structure,
which is also supported by the change in the D /G intensity
ratio. The high absorption efficiency of MWCNTs, coupled
with their high laser thermal threshold, holds great promise
for absorber coatings for measurements associated with high
power lasers.

FIG. 4. �a� Raman spectra, normalized to the intensity of the G band, of the
exposed and unexposed regions of the coating upon irradiance, Iad, at
10.6 �m. �b� Raman spectra, normalized to the intensity of the G band, of
the exposed and unexposed regions of the coating upon irradiance, Iad, at
1.06 �m.
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