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A focused laser beam irradiating on aligned carbon nanotubes (CNTs) in moderate vacuum results
in bright and sustained laser-induced incandescence (LII) in CNTs. The incandescence corresponds
to blackbody radiation from laser-heated CNTs at ~2400 K. Post-LII craters with well-defined ring
boundaries in the CNT array were observed and examined with scanning electron microscopy and
Raman spectroscopy. The enhanced purity of CNTs after LII as indicated by Raman spectroscopy
studies was attributed to the removal of amorphous carbons on the as-grown CNTs during LII. A
dynamic study of the crater formation further elucidates the nature of such craters. Through a
systematic study of the effect of vacuum level and gaseous environment on LII, we discovered the
process of thermal runaway during LII in CNTs. Thermal runaway is a threat to a sustained LII and
can be prevented in nitrogen and argon environments. Oxygen was found to be responsible for

thermal runaway reactions. © 2010 American Institute of Physics. [doi:10.1063/1.3359681]

I. INTRODUCTION

The study of laser carbon nanotubes (CNTSs) interactions
is a growing field. The use of laser to impinge on CNTs had
been found to result in various phenomena such as
exfoliation,1 puriﬁcation,2 morphological modiﬁcations,3
trimming,4 actuation,” and photoconductivity.6 We have pre-
viously reported a postgrowth technique to create two-
dimensional patterns and three-dimensional microstructures
in vertically aligned multiwalled CNTs armys.7 This was
achieved by the use of a strongly focused continuous wave
laser beam to burn or destroy the local area of aligned CNTs
below the focused laser spot. This technique is akin to laser
pruning of CNTs, drawing the analogy of the pruning of
plants in a garden landscape.

In the process of laser pruning, we typically see a bright
flash of light emitted from the CNTs at the instant when the
focused laser beam strikes the sample surface. We attribute
this phenomenon to the CNTs dissipating heat via radiation.
In order to study these flashes, we subjected the sample in
vacuum as an attempt to reduce heat loss due to interactions
with molecules in the air, thus enhancing the radiation. The
results were pleasantly surprising—the flash became an in-
tense glow, which could sustain for more than 2 h. The op-
tical spectrum of the emissions was verified to be that of a
blackbody radiation. In an earlier report, we called this phe-
nomenon a sustained laser-induced incandescence (LII) in
CNTs.”

The terminology “laser-induced incandescence” was de-
rived from the well-known technique of heating primary par-
ticles with laser resulting in blackbody radiation emissions.
LII of carbon soot was first reported in 1977 by Eckbreth’
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while performing Raman scattering diagnostics in flames.
His initial studies were motivated by the noisy interferences
caused by LII, which tend to overwhelm the desired Raman
signals. Later in 1984, Melton' showed that LII could pro-
vide an efficient method to acquire the soot particle tempera-
ture, primary particle size distributions parameters and rela-
tive soot volume fraction. Today, LII is an emerging and
practical technology for particle concentration and particle
size measurements in combustion, particle synthesis, and en-
vironment applications.“_B

While experimental and theoretical works on LII of pri-
mary soot particles are abundant in the literature, little has
been explored on extended carbon structures such as CNTs.
There has been however isolated incidents of optically in-
duced ignition of CNTs reported.mﬁ19 Our earlier report pre-
sents the details in the creation of sustained LII with a fo-
cused laser beam on aligned CNTs in a vacuum
environment.® In this work, we extend our effort in the in-
vestigation of this phenomenon, by studying at the LII with
CNTs in different controlled gaseous environments and ex-
amining the formation of post-LII craters left on the aligned
CNTs arrays.

Il. EXPERIMENTAL

CNTs used in this work are multiwalled and grown ver-
tically aligned on a silicon substrate. Details of the growth
process are described elsewhere.” Figure 1 shows a sche-
matic of the experimental setup of optical microscope-
focused laser beam system utilized in this work where sus-
tained LII of CNTs can be achieved. The parallel laser beam
from a diode laser (wavelength 663 nm, beam width 3 mm
and maximum output power of 80 mW) was directed with
mirrors into the optical microscope where the beam was fur-

© 2010 American Institute of Physics
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FIG. 1. (Color online) Setup of focused laser system where LIl in CNTs is
achieved. Insets (a) and (b) show the optical image and (as-captured) inten-
sity profile of a typical LII of CNT, respectively.

ther deflected with a dichroic filter to reach the objective
lens. Other lasers emitting laser beam with different wave-
lengths, namely 532, 632, and 1064 nm were also capable of
inducing similar incandescence in CNTs. The 50X objective
lens with a working distance of 8.3 mm focused the laser to
a Gaussian beam, with a narrow beam waist of ~5 um.
With the long working distance, the space between the lens
and the sample could fit a transparent vacuum chamber for
the sample to sit in. The power of the laser beam after pass-
ing through the system of optics was reduced to ~30% of
the original emitted power. The same objective lens was used
to collect reflected and emitted light from the sample for
viewing purposes. The optical image was captured by a
charge-coupled device camera attached to the optical micro-
scope system such that real time images under the micro-
scope could be shown on the TV monitor and recorded (see
videos of LII recorded in Ref. 21). To study the optical char-
acteristics of the LII signals, an optical fiber that is part of an
Ocean Optics optical spectrometer (USB4000) system was
brought close to the sample, as shown in Fig. 1. The spec-
trometer recorded the LII intensities with a broadband of
wavelengths ranging from 345 to 1000 nm. Calibration of
the raw data was required due to the wavelength dependent
detection efficiency of the spectrometer. A known light
source (Ocean Optics LS-1-CAL) was used for this purpose.
Insets (a) and (b) in Fig. 1 show the optical image and inten-
sity profile of a typical LII of CNTs, respectively. Various
gas cylinders could be connected to the vacuum chamber to
subject the sample to different gaseous environments.
Sustained LII of CNTs was achieved upon the irradiation
of the focused laser beam with a minimum incident power of
5 mW and a vacuum level of 1 mTorr or lower pressure. The
emissions were broadband and bright enough to be seen by
the unaided eyes. The origin of the intense light is attributed
to incandescent effect where the sample dissipates the light
energy it absorbs from the laser beam by radiation. Analysis
of the optical spectrum shows a close fit to the Planck black-
body radiation equation as we shall detail in the next section.
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FIG. 2. (Color online) A typical (corrected) intensity profile of LII in CNTs.
A rescaled Planck blackbody wavelength distribution function at T
=2450 K provides an excellent fitting to the experimental data with a cal-
culated reduced x? value of 1.24.

lll. RESULS AND DISCUSSIONS
A. Blackbody radiation

LII is a process whereby particles are heated by laser to
an extent where it radiates blackbody emissions in visible
light regime. Here we first show that the nature of LII in
CNTs is indeed that of a blackbody radiation. The typical
intensity profile of LII in CNTs, after corrected of the wave-
length dependent detection efficiency of the spectrometer is
shown in Fig. 2. The graph was fitted with a rescaled black-
body wavelength distribution function

27hc?
I(N) =Am, (1)
where [ is the intensity of the LII at wavelength N\ and 7 and
A are the temperature and scaling factor obtained from the
fitting, respectively. The scaling factor accounts for the ge-
ometry of the detection setup and the detection efficiency of
the spectrometer. The best fit curve obtained with T
=2450 K falls within the error bars of the experiment and
has a calculated reduced y? value of 1.24. The relatively
good fit indicates that the observed emissions are indeed that
of a hot blackbody radiation.

By operating the spectrometer in a continual time acqui-
sition mode, we collected in real-time the variation of the
intensity profile. Figure 3(a) shows a typical time evolution
of LII intensity at selected wavelengths. By rearranging Eq.
(1) and employing the approximation of e//Ms'—]
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FIG. 3. (Color online) (a) Time evolution of LII intensity at selected wave-
lengths. (b) Evolution of temperature of the LII as calculated with Eq. (2)
corresponding to the intensity data in (a). The focused laser beam irradiates
on the sample from =0 s.
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(a) (b) (c)

FIG. 4. (Color online) (a) Very bright LII just after the onset of laser. (b)
Sustain glow of LII after ~20 s of continuous laser irradiation. (¢) SEM
image of a crater formed during LIL.

~MMsT one can express temperature as the subject, as

shown in Eq. (2), such that the temperature of the incandes-
cence at each time step can be conveniently obtained,

I’lC 1/)\1— 1/)\2
T=— 3 ST
kg In(\31,) = In(NT,)

)

Figure 3(b) shows the evolution of the temperature of the LII
corresponding to the intensity data in Fig. 3(a) using
(N{,\,)=(500 nm,800 nm). The continuous laser beam
starts to irradiate on the sample at r=0 s. It is noted that any
other pairs of wavelengths (except those in the vicinity of the
laser wavelength 663 nm) are just as adequate in obtaining
the temperature evolution. We emphasize here that the tem-
perature of the incandescence achieved was very high, reach-
ing >2700 K immediately after laser irradiation and main-
taining a sustained temperature of ~2380 K subsequently.
This is compared with recently reported incandescent light
emission from CNTs by joule heating,zz’23 where the tem-
perature of incandescence ranged from 900 to 1600 K, de-
pendent on the magnitude of the source current. In our work,
the heat source is generated by a focused laser beam instead.
This enables precise control over the position of the localized
incandescence and suggests that LII of CNTs can serve as a
technique to perform instantaneous localized high tempera-
ture heating in a microsized region of the CNT array.

B. Post-LIl craters

A striking feature of LII in aligned CNTs is the forma-
tion of a crater with concentric-rings pattern in the CNT
array. Figure 4 shows the following sequence of events: (a)
the very bright LII just after the onset of laser, (b) the sus-
tained glow of LII after ~20 s of continuous laser irradia-
tion, and (c) the crater formed after the laser beam was re-
moved. The appearance of the post-LII crater was not
anticipated despite our prior experience in laser pruning of
aligned CNT arrays. The action of the focused laser beam on
aligned CNT in room ambient conditions results in a conical
hole burnt into the CNT array. This was the basis of the laser
pruning technique and we expected a similar outcome even
with the sample in vacuum. In addition to the hole where the
focused laser had directly burnt, a faint inner ring and a
clear-cut outer ring both concentric to the central burnt hole
were formed.

For a cross-sectional view of the crater, we performed
(in vacuum) LII in an aligned CNT array at a spot near the
edge of the sample. The sample was then taken out of the
vacuum chamber and laser pruning was performed in room
ambient condition to burn away one half of the crater, as
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shown in Fig. 5(a). Cross-sectional view of the crater pre-
sented in Fig. 5(b) shows that the outer ring boundary, as
seen from top-view, was due to deep surface cracks in the
array. Figures 5(c) and 5(d) shows the magnified images of
portions of the outer ring to the left and right sides of the
central hole, respectively. We estimate the width of the
cracks to be ~1-2 wum in width. Details of the faint inner
ring are unfortunately not as clear.

Raman spectroscopy at different radial positions across
the crater was carried out. Major peaks at 1343 and
1575 cm™' correspond to the D (defective) and G (graphitic)
bands, respectively. The ratio of the intensities at the two
bands is often used as a measure of quality for CNT samples.
As shown in the results displayed in Fig. 6, I,/I15 within the
crater is lower than that outside, indicating that the post-LII
CNTs have less structural defects than as grown. We propose
the high temperature generated during LII helped to burn
away amorphous carbons on as-grown CNTs, leaving behind
“cleaner” nanotubes. This is similar to the method of purify-
ing CNTs by heat treatment.”* We also find a consistent trend
of lower I,/15 nearer to the center of the crater. This follows
from the account where heat generated through LII burns
away amorphous carbons on the CNTs. Since the heat near
the center will be more intense, more amorphous carbons
will be burnt and thus leads to lower I/Ig.

A dynamic study of the ring-pattern crater formation was
carried out by performing LII of various durations at differ-
ent spots on the same sample and studying their correspond-
ing craters by scanning electron microscopy (SEM). Figure 7
shows that the ring pattern was not formed immediately upon
laser irradiation, rather the first signs of formation of the
outer ring shows after ~8 s. The outer ring boundary then
slowly widens, working inwards such that the outer diameter
of the crater remains constant with time.

The size of the crater varies with laser power—the
higher the laser power, the larger the diameter of the crater.
Such a trend is clearly displayed in Fig. 8. In our earlier
paper, we showed that laser power correlates with the inten-
sity of LII, but yet the temperature of LII showed little varia-
tion with laser power.8 We concluded that higher laser pow-
ers do not significantly raise the incandescence temperature,
but act to increase the number of incandescent CNTs. Our
observations in Fig. 8 further support the point that a higher
laser power heats a larger area of CNTs to the incandescent
temperature. The CNTs that perform LII effectively radiate
the energy pumped in from the laser beam such that the
temperature is kept at ~2400 K and not increasing any fur-
ther.

Based on the above investigations, we propose a mecha-
nism for the formation of LII craters. CNTs under focused
laser beam efficiently absorbed light energy and were in-
stantly heated up. From the focused laser spot on the sample,
heat spread radially out to surrounding CNTs by conduction
in the entangled network of CNT forest, which raised the
temperature to a point where incandescence took place. Just
as heat is gained from neighboring CNTs nearer to the laser
spot, heat is lost to neighboring CNTs further from the laser
spot. The rate of net heat gain decreases with increasing
radial distance from the laser spot. LII therefore occurs
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FIG. 5. (Color online) SEM images showing (a) top-view of an LII crater laser pruned to reveal its cross-section, (b) cross-sectional view of the crater, (c)
and (d) magnified images of portions of the outer ring to the left and right sides of the central hole, respectively.

within an area of CNTs around the laser, beyond which the
CNTs fail to reach the incandescent temperature. Due to the
intense heat generated, CNTs performing LII may undergo
other physical and chemical processes. Evidence from Ra-
man spectroscopy suggests that the amorphous carbons were
removed from the incandescent CNTs. This could have al-
lowed these CNTs to be more tightly packed resulting in
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FIG. 6. (Color online) Raman spectroscopy at various radial positions
across the LII crater. Decreasing trend in the ratio of I, vs I is observed as
the laser beam scans toward the center of the crater.

contraction of the CNT array. As more amorphous carbons
were removed nearer to the laser spot, the array of incandes-
cent CNTs contract inwards, inducing surface cracks, which
eventually results in the formation of the outer ring bound-
ary. Once the outer ring boundary is formed, heat loss to
CNTs outside the crater is reduced. The incandescence then
gradually burns the CNTs within the crater resulting in the
slow widening of the outer boundary.

FIG. 7. (Color online) SEM images of craters formed by different durations
of LI
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FIG. 8. (Color online) SEM images of craters formed by different laser powers.

C. Dependence of LIl on air pressure

Detailed pressure variation study was carried out to
study the dependence of LII on air pressure. LII experiments
were conducted over a range of air pressures ranging from
1.4 to 120 mTorr with a fixed laser power of 24 mW. The
vacuum chamber with a CNT sample in ambient air was first
pumped down to the maximum vacuum level and a mi-
crometer screw gauge valve was used to vary the air pressure
for each experiment. Each run was carried out on a different
location within the same sample of aligned multiwalled CNT
array. The results, as shown in Fig. 9, are surprisingly rich. In
the graph of Fig. 9, two general trends of LII profile were
observed, one with a sudden peak and one that was sustained
and showed little variations in intensity. These two trends are
seen in inset (a) of Fig. 9. In general, the former occurred at
high pressures while the latter occurred at low pressures. LII
of CNTs at 2.6 mTorr pressure and lower were found to be
highly sustained. We suggests that at low pressures, fewer
gas molecules interacts with the CNTs and the laser-heated
CNTs are allowed to maintain the high temperature incandes-
cence process without being exhausted in possible chemical
reactions with gaseous molecules in the environment. In ad-
dition, it was observed that at low pressures in particular, the
average intensities of LII of CNTs increases with increasing
pressure. A clearer picture of this trend can be seen in inset
(b) of Fig. 9. Such a trend is attributed to the varying amount
of gas molecules in the air. Interactions with gaseous mol-
ecules are believed to generate exothermic reactions, result-
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ing in a greater extent of CNTs heated to the incandescent
temperature. Conversely, the lower the pressure, the fewer
the number of gas molecules in the air, the slower the rate of
exothermic reactions with CNTs, thus the lower the intensi-
ties of LII by blackbody emission.

However, LII at high pressures (above 3.1 mTorr) gave
rise to a very different yet interesting LII profile. These spec-
trums each have a sharp and sudden peak, which subse-
quently drops down to zero in a short while. This is in fact a
thermal runaway where an exothermic reaction reaching a
very high temperature perpetually increases the rate of sub-
sequent reaction, causing this chain reaction to go out of
control, eventually resulting in a small explosion (see video
of thermal runaway during LII in Ref. 21). As a result, when
all the CNTs are destroyed rapidly, incandescence signals
drop to zero very quickly. This is believed to be due to the
presence of more gas molecules at higher pressure. Since the
exothermic reaction can occur at a very fast rate, more en-
ergy is generated for more intense burning to take place,
sparking off the chain reaction that results in the small ex-
plosion depicted in the graph by a sudden peak in incandes-
cence signal that subsequently drops to zero. At higher pres-
sures beyond 120 mTorr, a thermal runaway can even be
reached as soon as the laser irradiation starts and LII signals
can drop drastically to 0 within 1 s.

It is also interesting to note that at high pressures, the
sustainability of LII of CNTs, which in this context means
the time taken by the CNTs to reach a thermal runaway de-
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FIG. 9. (Color online) LII intensity at various operating pressures. Inset (a) shows two general trends—one with stable intensity and one with a sharp peak
followed by an even sharper drop in intensity. Inset (b) shows that in higher vacuum, LII intensity increases with increasing laser power. Inset (c) sows that
the time for thermal runaway to occur reduces for higher pressures.
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FIG. 10. (Color online) LII craters formed at (a) 1 mTorr, (b) 10 mTorr, and
(¢) 100 mTorr vacuum conditions. Massive destruction of CNTs is observed
for (b) and (c).

creases with increasing pressure i.e., lower vacuum. This is
again attributed to the varying amount of gas molecules at
different pressures. The higher the pressure, the more gas
molecules in the air, and the faster the rate of exothermic
reactions with CNTs, thus the shorter time it takes for a
thermal runaway to occur. This inverse relationship between
the sustainability of LII of CNTs and the pressure conditions
can be summarized as in inset (c) of Fig. 9.

The case of massive destruction of CNTs due to thermal
runaway during LII is confirmed with post-LII SEM images
of the craters formed at various pressures, as shown in Fig.
10. Clearly almost all the CNTs within the craters formed in
10 and 100 mTorr were destroyed.

D. Dependence of LIl on gaseous environment

For a sustainable LII in CNTs array, it is important that
thermal runaway do not occur. In view of this, we subject the
CNTs in the vacuum cell to various gaseous environments,
namely argon, carbon dioxide, nitrogen, and oxygen. The
desired gas was flushed into the vacuum chamber for at least

2.8
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1 mTorr 10 mTorr

FIG. 12. (Color online) Craters formed during LII in various gaseous envi-
ronments. Massive destruction of CNTs in oxygen shows that thermal run-
away had occurred. In contrast, most of the CNTs in argon, carbon dioxide,
and nitrogen gas survived to give sustained LII.

half an hour before each set of LII experiment in controlled
environment was carried out. Figure 11 shows the evolution
of LII at various pressures in different gaseous environments.
Corresponding SEM images of post-LII are shown in Fig.
12. A glance at the results in Figs. 11 and 12 immediately
point to oxygen as the gas responsible for the runaway reac-
tions. CNTs in oxygen environment clearly exhibit thermal
runaway during LII as apparent from the spike of intense LII
and the rapid decay that follows. This is in contrast to the
well sustained LII in argon, carbon dioxide, and nitrogen
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FIG. 11. (Color online) LII at various gaseous environments. Laser was irradiated on the samples after r=2 s. Thermal runaway do not occur in argon, carbon
dioxide, and nitrogen gas environments even at low vacuum condition of 1.5 Torr. The display of thermal runaway in oxygen environment shows that oxygen
is the gas responsible for thermal runaway during LII.
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environments. Comparing Fig. 11 with the results in Fig. 9,
we further note that thermal runaway in oxygen can occur at
pressures as low as 1.5 mTorr while the phenomenon only
occurred at pressures greater than 3.1 mTorr in normal air-
composition vacuum. We also observe massive destruction
of CNTs in the craters formed in oxygen environment in Fig.
12, clearly an aftermath of thermal runaway. Long sustain-
ability of LII in argon and nitrogen gas environments is at-
tributed to the inert nature of these gases. We also observe a
trend of decreasing LII intensity with higher pressure. This is
explained by the more efficient heat loss by conduction to
the gaseous neighborhood at higher pressure conditions, re-
sulting in a lesser extent of CNTs heated to incandescence.
The decreasing size of post-LII craters with higher pressure
as shown in Fig. 12 shows that less CNTs were heated to
incandescence at higher pressure and thus supports the above
explanation. The trends of LII in carbon dioxide gas differ
from other gaseous environments. We believe that while car-
bon dioxide does not react with CNTs as readily as oxygen,
it is not as inert as argon and nitrogen. The high temperature
generated during LII may induce slow chemical reactions
between carbon dioxide molecules.

IV. CONCLUSION

LIT in aligned CNTs were investigated in details. We
report the observation of LII craters with concentric ring pat-
terns and examine the formation of these craters. A mecha-
nism involving the burning of amorphous carbons during the
high temperature process of LII and a contracting array of
CNTs toward the center laser spot was proposed. Depen-
dence of crater size on duration of LII, and laser power was
explained. A detailed pressure dependence study revealed
thermal runaway events for LII in pressures greater than 3
mTorr. While interesting in itself, thermal runaway posed a
threat to a sustained LII due to the massive destruction of
CNTs. Through experiments of LII in various controlled en-
vironments, we found oxygen as the gas responsible for the
thermal runaway.
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