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An overview is presented of an approach for treating cancer that uses nanoparticles to
deliver heat to diseased areas after absorbing energy from a laser of the appropriate
wavelength. The implications are discussed of the relationship of parameters necessary
to raise the temperature to therapeutically beneficial levels. Tight focusing is required
for a continuous-wave laser to sufficiently heat individual nanoparticles because of heat
loss to the surrounding fluid during the period of exposure. The natural thermal con-
finement of pulse lasers minimizes this effect because of the finite thermal diffusion
time, which restricts the absorbed energy to a region around the particle, that offers the
potential for achieving high temperatures that can promote phase change on the surface
of a nanoparticle or even melting of the particle. A discussion of a way to potentially
measure temperature on the scale of an individual nanoparticle is included based on
using a single-walled nanotube (SWNT) of carbon as a thermistor. The challenges of this
undertaking are that SWNTs do not always follow Ohm’s law, they may exhibit metallic
or semiconductor behavior with an often unpredictable result in manufacturing, and no
two SWNTs behave identically, which necessitates calibration for each SWNT. Some re-
sults are presented that show the electrical characteristics of SWNTs and their potential
for exploitation in this application.

Key words: cancer;nanoparticles;laser treatment; denaturation; thermal therapeutics;
heat transfer

Nomenclature k thermal conductivity
A surface area L cylinder length
Bi Biot number Nu Nusselt number
Cp specific heat P laser power
D =27, Py, laser flux at particle surface
D, incident beam diameter 0, absorbed energy
J focal length Ra Rayleigh number, ‘%
IN particle concentration in mixture To laser spot radius
g gravitational constant (9.8 m/ 2 at g radius
Earth’s surface) ) time
h heat transfer coefficient T s far-field temperature
V volume
a fluid thermal diffusivity
i T v Gty hermual expansion cocfficint
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d thermal diffusion length, (az)'/2

¢ particle volume fraction

PN laser wavelength

o absorption cross section

o density

v fluid kinematic viscosity

Subscripts

1 individual particle

c cylinder

f fluid surrounding the particle or mix-
ture

S sphere

T particle mixture

1. Introduction

Cancer is the second-leading cause of death
among humans. Treatment possibilities include
surgery, radiotherapy, and chemotherapy. Early
work by Anderson and Parrish! showed the po-
tential for a high-energy pulse laser to induce
localized heating in tissue and cause cell dam-
age when the temperature is raised above a
threshold. The concept involved exposing a re-
gion of tissue to a pulse laser with a wavelength
for which the diseased area had greater optical
absorption than the surrounding tissue. The
short duration of the laser pulse was further in-
tended to confine the temperature increase to a
region close to the particle as determined by the
thermal diffusion length, which is on the order
of § ~ (a)!/2. Introduction of light-absorbing
dye enhanced the concept by allowing more
targeted heating.

The development of light-absorbing
nanoparticles—solid particles of nanoscale
dimensions—that are nontoxic to biological
tissue has provided further potential for a
more targeted delivery of heat with minimal
damage to healthy tissue. At an appropriate
wavelength, exposure of a nanoparticle to a
laser can trigger a photothermal effect in the
particle whereby electronic oscillations at the
particle surface are converted to heat, which
raises the particle temperature as determined

by the particle’s plasmon resonance. The re-
sulting therapeutic effect is like a hyperthermia
treatment but at the nanoscale. Other methods
that can nonintrusively deliver heat include
radiofrequency irradiation, ultrasound, and
magnetic fields.” *

When the particle gets comparatively hot,
several effects are possible, such as denaturation
of cells; alterations of the particle permeability
to release materials encapsulated in or on the
particle; and triggering bubble nucleation and
growth on the surface of the particle, such that
their rapid, and potentially explosive, collapse
imparts a mechanical stress to diseased cells.” 1
A variety of nanoparticles have been consid-
ered for this purpose, such as single-walled
nanotubes (SWNT5) of carbon.!? SWNTs are
cylinders of nanometer diameter consisting of a
single sheet of graphene wrapped up to form a
tube!?, gold nanoshells,” pigmented particles,’
gold nanoclusters,®? and gold nanorods.!® The
nanoparticles must be nontoxic for the treat-
ment to be effective and many of those devel-
oped for this purpose satisty this requirement
(gold is a good material in this regard).

The efficacy of treatment depends on the
ability of the energy absorbers to locally heat
diseased areas without damaging healthy tissue.
An “optical window”! should exist whereby the
particles are strongly absorbing at the wave-
length of the laser, whereas the surrounding
(healthy) tissue is relatively transparent. Only
the particles and adjacent tissue are then heated
if background absorption is negligible. This is
the case for certain types of nanoparticles in the
near infrared (NIR) in typical biological tissue
where the nanoparticles are strongly absorb-
ing, whereas tissue is relatively transparent (e.g.,
most animal tissues'?!72!). O’Neal et al.*' and
Oldenburg et al.** demonstrated a tunability for
certain types of nanoparticles (e.g, silica cores
with an ultrathin metallic gold coating), which
arises by varying the thickness of the coating,

Temperature is the most important variable
to control because temperature almost entirely
determines the damage threshold for killing
cells and the thermodynamic state of tissue
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required to trigger a phase change (which un-
der some conditions can be explosive, leading
to the concept of a “nanobomb”®23). Recent
studies on nanoparticle-laser interactions have
shown definite thermal effects of the laser on
the average fluid state.””'*> However, there is
some question on the extent to which these ef-
fects can be localized to the scale of a single
nanoparticle.?*

This study addresses the heating process ini-
tiated by interaction of a particle with a laser
with a simple model. A continuum is assumed
(valid because the mean free path in liquids and
amorphous solids is on the order of atomic dis-
tances’!) and parameters are determined that
can produce significant temperature changes
localized to the nanoparticle, and yet it cap-
tures some of the effects of more complex mod-
els that have been developed for this process.
The ability to measure temperature of an indi-
vidual nanoparticle is important to test predic-
tions, and the last section proposes an approach
to do so based on developing an SWN'T as a
temperature sensor.

2. Modeling Laser Heating of
Nanoparticles

Figures 1 and 2 show a schematic of the phys-
ical situation. A nanoparticle suspension is ex-
posed to a laser at some focal distance f from
the lens. The laser penetrates the fluid and is
partly absorbed by the nanoparticles. A ther-
mal zone is created in the fluid surrounding the
particle or aggregate (as illustrated in Fig. 2) in
which the absorbed heat is dissipated. For CW
heating a steady state temperature is eventually
reached due to the absorbed heat being bal-
anced by heat dissipation to the surroundings.
For pulse heating, higher temperatures can be
reached, if only momentarily, depending on the
pulse time because the heat dissipation rate lim-
its the extent of cooling.

The extent to which a nanoparticle can be
heated to produce a therapeutic effect, which
typically means heated by 10 K or more, has
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Figure 1. Schematic of laser—particle interaction
where the nanoparticles are confined to a region R.
The nanoparticle suspension is shown confined to a
region R but in practice the nanoparticles may be
dispersed over a wide zone. r, is the focused beam
spot size; f, the focal length; Py, the laser power; and
D, the incident beam diameter (not to scale). (In color
in Annals online.)
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Figure 2. Schematic of the temperature distribu-
tion around a particle. (In color in Annals online.)

been estimated by detailed thermal models that
consider a coupled particle—surrounding con-
duction domain with matching conditions at
the interface and typically apply to pulse laser
heating,!*2%0 Predictions show that for cer-
tain conditions, heating by a pulse laser can
produce very high particle temperatures that
can exceed the bubble nucleation tempera-
ture and even the melting temperature of the
particle. Such a situation is a consequence of
the capability of certain pulse lasers to deliver
high-energy pulses (e.g., >10® W/pulse) over
times (nanoseconds to femtoseconds) whereby
the energy absorbed by the particle is con-
fined to the vicinity of the particle. At the other
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end, continuous-wave (CGW) lasers deliver much
lower powers (e.g., order of 10 W) over far
longer times, and significant dissipation occurs
during the pulse, which limits the temperature
increase. Itis more challenging to employ a CW
laser with the expectation of a significant tem-
perature increase at the level of an individual
particle. The following considers heating under
CW conditions.

A simple heat transfer model that qualita-
tively captures some of the mechanisms for ab-
sorption and temperature increase is based on
assuming that temperature gradients inside of
a particle, or within an aggregate of particles,
are negligible. This assumption is reasonable if
the Biot number is small, Bi; = &1 /k; < 1 for
a single particle or Bir = At rr/kr < 1 for a
particle/fluid mixture confined to a region rr.
Because heat transfer between the particle and
surrounding medium is given by the Nusselt
number, then if the same length scale is used to
define both Bi and Nu (e.g, as for a sphere or
long aspect ratio cylinder),

. ke
Bll’T %Nul’T—, (1)
kit

where Nuj 1 is the Nusselt number between
the volume where the laser energy is absorbed
(particle or aggregate) and the surrounding
medium. For spherical and cylindrical parti-
cles, the Nusselt number based on radius for
natural convection from a sphere is of the form
Nug, = 1.0 + f,,%” and for a long aspect ra-
tio cylinder pertinent to an SWNT Nu, =
0.18 + /. f,. is an empirical function of
the Rayleigh (Ra) and Prandtl (Pr) numbers.
The lead constants are the conduction lim-
its for these geometries. If we take properties
of water as typical (i.e., & ~ 0.63 W/mK),
a single particle with r; < 100 pm leads to
Ss.c < 1sothat Nu, =0.18 and Nug = 1.0. For
k1 ~ 3000 W/mK (SWNT#) or 318 W/mK
(gold®"), Eq. (1) shows that Bi; < 1. For a larger
volume of fluid confined in a cylindrical cuvette
with the top surface exposed to air, an empir-
ical correlation® shows that Nur ~ 5 when
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the conditions of Kam et al.'* are used. On a
volume fraction basis, a nanoparticle mixture
will typically be dilute so that £ ~ kr. With
kair ~ 0.03 W/mK, Bit < 1.

For a CW laser the appropriate energy bal-
ance equates the absorbed energy with the in-
ternal energy change of the particle and heat
loss to the surroundings. The solution to this
problem is

ATir=birur(l—e/m7), (2

1T .
where b1 = Q’—', and the time
) re1rCy
constant is
Virerrrr
TI,T = - (3)
Nuy rhed 1

The steady-state temperature (¢ — 00) is

Q,l,'l‘rl,'l‘

ANl = —————.
b Nuy 141 Tkt

)

The energy absorbed in a single particle is
Q 1| = P}, o, where 6 (m?)is the absorption cross
section. For a mixture with particle concentra-
tion of /N in a volume Vrp, Q1 = Q fxVr.
In terms of the volume fraction, ¢, Eq. (4) can
also be written as A7t = d)%%, which gives
the ratio of solution temperature to individual
particle temperature as 2—% = d):—T

To place the preceding development in some
context, we will estimate the temperature of
an individual particle and a solution by us-
ing Eq. (4) for heating by a CW laser. The
experimental conditions are a suspension of
gold nanoshells and an SWNT mixture. For
nanoshells, Hirsch et al’ report that o =
38 x 107" m? fy=44 x 10° m™3, P{ =
35 x 10* W/m?, and r; = 65 nm. If we use
Nu; = 1 as noted previously, Eq. (4) gives
AT, =~ 0.0054 K, which is too small for any
biological benefit. Similarly, the SWNT mix-
tures of Kam et al.,'” for which P{ = 1.4 x
10*W/m?, p; ~ 1400 kg/m?* (SWNT density),
Ly ~ 150 nm, r; ~ 0.6 nm, & ~ 0.63 W/mK
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Figure 3. Magnetic resonance thermal imaging
images of mice tissue showing irreversible damage.”
(A) Overall view of tissue, (B) region of localized
nanoshells in red, and (€) area showing tissue dam-
age after exposure. (In color in Annals online.)

(water), and ¢ = 1.31 x 107'® m? (based on
their reported molar extinction coefficient of
7.9 x 10 M~! em™!), lead to AT ~ 1075 K
from Eq. (4). As a result, individual particles
cannot be sufficiently heated by a CW laser un-
der these conditions. Yet, significant tempera-
ture increases have been measured for nanopar-
ticle aggregate mixtures in water. For example,
Figure 3 shows tissue damage that resulted from
exposure of a mouse that had been inoculated
in its hind legs with canine transmissible vene-
real tumor cells that were grown to tumors.’
A solution of nanoshells was then injected into
the tumor and the region exposed to an NIR
laser source. Significant tissue damage was ob-
served only where the nanoshells existed, as
shown in Figure 3. Equally important, mag-
netic resonance thermal imaging of the tis-
sue showed significant temperature increases
that correlated with the observed cell dam-
age. These results are explained by considering
the aggregate when estimating the temperature
increase.

For the in vitro experiments of Hirsch et al.”
that used a particle concentration of 4.4 X
1015, Eq. (4) shows that AT ~ 46 K, which is
the right order of magnitude compared to the
measurements. The SWINT suspensions stud-
ied by Kam et al.'* were more concentrated at
2.9 x 10" m=3. The energy loss from their
nanoparticle mixture confined in a 3-cm di-
ameter by a l-cm-high cuvette is assumed to
occur only from the top surface to air. For this
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case, Nu,, = 0.54 Ra}{ * (see Ref. 30) may be
an appropriate correlation, where rt = 1.5 cm.
The computed SWNT molecular weight for
a 150-nm-long by 1.6-nm-diameter SWN'T is
520kg/mole. The steady-state temperature rise
predicted by Eq. (4) for an incident heat flux of
1.4 W/em? is about 346 K. The actual mix-
ture temperature will of course not reach this
value because other processes will be triggered
at lower temperatures that are not included in
the lumped capacitance model, such as nucle-
ate boiling, which was noted by Kam et al.'?
for exposure times longer than 2 min. Bubble
nucleation triggered by pulse-heating nanopar-
ticle suspensions has also been experimentally
demonstrated. 92031

To further show the effect of a CW laser
on the temperature of a solution of nanoparti-
cles, we measured the temperature increase of
a suspension of 10-nm-diameter gold spheres
confined in an optically transparent cuvette
(type 9P cuvette; NSG Precision Cells, Inc.).
The experimental arrangement is shown in
Figure 4. Temperature was measured at a
reference location in the cuvette to provide a
qualitative measure of the effect of the laser.
A 75-pm-diameter thermocouple (Omega
#5SC-T'1-K-40-12) was positioned along the
centerline of the cuvette so that the bead was
approximately 3.2 mm above the centerline of
the beam and out of the beam path (with the
fluid removed from the cuvette and with the
thermocouple in place and the laser turned
on, the temperature remained at the ambient
value). The laser was a Spectra-Physics diode
laser (#BWA-0500-808-10-01) at a wavelength
of 808 nm, controlled by a #5600-20 driver,
#3150 temperature controller, and #763H-FC
heat sink, which irradiated a 3-mm-diameter
spot of the front face of the cuvette. Concen-
trations of 5.7 x 10" mL=!, 5.7 x 10! mL~",
5.7 x 10 mL~!, and 5.7 x 10" mL™! were
examined, which corresponded to volume frac-
tions of 1.8 x 10713, 1.8 x 107'2, 1.8 x 107!,
and 1.8 x 107!, in addition to pure water. The
laser power was set at 7.4 W (corresponding to
a driver current of 10 A) and the laser was kept
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Figure 4. Schematic of apparatus for measuring temperature at a reference position in a
NIR-irradiated nanosphere suspension. (In color in Annals online.)
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Figure 5. Variation of temperature increase
of the indicated particle concentrations of gold
nanosphere suspensions due to irradiation of a 7.4-
W, 325- pulse of an NIR laser. Boiling occurs at
highest concentration. (In color in Annals online.)

on for 325 s. The laser was controlled through
a LABView program and the thermocouple
output was stored on a computer through an
electronic cold junction.

As shown in Figure 5, temperature oscilla-
tions were observed immediately after the laser
was turned on. This behavior suggests a stabi-
lization of the temperature gradient in the so-
lution (perhaps by convective motion) followed
by a monotonic increase in temperature for the
rest of the heating period. Interestingly, pure

water showed measurable background heat-
ing, indicating that water is not completely
transparent at 808 nm. At the highest concen-
tration of gold nanoparticles (5.7 x 101* mL™)
the temperature reached nearly 100°C at 125 s
and boiling in the cuvette was observed.

The temperature increases shown in
Figure 5, as well as those previously re-
ported,”!? confirm the ability of dilute concen-
trations of absorbing nanoparticles to produce
significant temperature increases of therapeutic
value. The substantial effects shown in Figure 5
cannot be explained on the basis of localized
heating at the scale of nanoparticles as indi-
cated previously for CW heating and must be
the result of a more collective effect of absorp-
tion and dissipation of energy by the aggregate
of particles.

To estimate the temperature rise of our gold
nanosphere solutions, we assume that at the
highest concentration, absorption of the inci-
dent laser power will be dominated by nanopar-
ticles and that any background effect from wa-
ter will be small. This assumption would not be
correct for very dilute concentrations, and for
that reason we apply Eq. (4) only to the high-
est concentration examined and assume that o
for a gold nanosphere entirely determines the
absorbed energy. The geometry of the heated
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volume is a cylinder defined by the laser beam
(i.e., 3-mm diameter, 1 cm long [Fig. 4]) that
passes through the cuvette in a surrounding
medium of the same material (i.e., kr is the
same for the heated volume and surroundings).
The incident power is assumed to be uniform
over the 3-mm spot size, and Nur ~ 0.18
even though the cylinder of fluid traced by the
laser beam is not in an infinite medium. Be-
cause we are interested primarily in a qual-
itative estimate, this assumption will suffice
here. From Mie scattering theory and if we
account for the refractive index of the sur-
rounding water, 6 ~ 2.4 x 107 m?® for
10-nm gold spheres at a wavelength of 808 nm.
From Eq. (3) the predicted time constant is
Tt ~ 30 s and the temperature rise from
Eq. 4) is AT, ~ 149 K. These estimates
are remarkably close to the measurements in
Figure 5 for the highest concentration, consid-
ering the uncertainty of the input parameters
and the simplicity of the model. Adjusting
input parameters even slightly (e.g., absorp-
tion cross section, Nusselt number) could im-
prove agreement and allow a more quantitative
prediction.

The preceding examples show that for the
given conditions a CW laser with its limited
power and pulse limitations cannot generally
produce temperature increases at the scale of
a nanoparticle itself; on the other hand, aggre-
gates can be substantially heated. At the level
of an individual nanoparticle, P{, = P/ (nr?),
and if we take an SWN'T with length L, and ra-
dius 7 as an example, Eq. (4) can be expressed
in terms of the required laser spot size as r, =
(W)l/ 2, The absorption cross section
for an SWNT was estimated from the bare
optical cross section®? as o’ = 70 m?/moleC
so that 0 = n.o’, where n. is the number of
moles of carbon atoms in an SWNT. The dis-
tance between adjacent carbon atoms in a par-
allelogram unit cell of a 2-D graphene sheet is
0.142 nm and the area of the unit cell, A, 1s
0.026 nm?. The unit cell contains two carbon
atoms. The number of moles of carbon atoms
in a SWNT is then n. = 24/ (Acendy), where
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Figure 6. Required laser spot size (diameter) to
reach the indicated temperature increase for a 1-nm
and 5-nm diameter by 10-um-long SWNT exposed
to an 808-nm, 10-W CW laser. Dotted line, 1-nm-

diameter SWNT: solid line, 5-nm-diameter SWNT. In-
set, diffraction-limited focal length for 808-nm light.

A, 1s Avogadro’s number and Agyy 1s the sur-
face area of a single SWN'T. With L; ~ 10 pm,
which is a length that will facilitate develop-
ment of an SWN'T into a temperature sensor
(see Section 4), the absorption cross section is
approximately 0 &~ 5.62 x 107" m? for a 1-
nm-diameter SWNT and o &~ 2.81 x 1073 m?
for a 5-nm-diameter SWN'T.

Figure 6 shows the predicted temperature
rise of a single SWNT for Pr, = 10 W in water
(kg ~ 0.6 W/mK) up to AT = 300 K, which
covers bubble nucleation at the superheat
limit.>> Such a process has been considered in
laser pulse heating of nanoparticle solutions, a
consideration previously noted.® 26335 Also
shown in the inset of Figure 6 is the diffraction-
limited focal length, /' = 145 222, Only fo-
cal lengths smaller than shown in the inset to
Figure 6 (for a given SWNT diameter) are per-
missible. The predicted focal lengths generally
do not pose significant experimental difficulties
except at the highest temperatures.

A feature of nanoparticles is their potential to
deliver localized energy to surrounding tissue.
A test of such a capability for given param-
eters requires measuring temperature on the
scale of the particle itself. We next discuss this
matter.
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3. Nanothermometry with
a Nanotube

The ability to directly measure temperature
of an individual nanoparticle requires spatially
resolving to that scale. Commercially avail-
able thermocouples are too large. Laser-based
methods have the potential for more localized
temperature measurement, with a diffraction-
limited spatial resolution of about 1 wm in the
NIR. The temperature is an average over the
particles within the measurement volume. For
example, experiments to measure the vibra-
tional response of nanoparticles pulse-heated
ina 2 x 107" M solution of gold nanopar-
ticles?0-31:% were used to infer temperature
through the relationship between the funda-
mental breathing mode of vibration and the
particle’s speed of sound, which is temperature
dependent. The effective laser spot size was
more than 100 pm. A probe volume corre-
sponding to this spot size would contain more
than 10!'! particles. Similar considerations ap-
ply to other laser methods for temperature
measurement.' 37

A direct measurement of temperature at
the scale of an individual isolated nanoparticle
does not appear to have been done. One con-
cept that may have promise for this purpose is
based on thin-film thermometry, which infers
temperature from a measurement of electrical
resistance through a calibration of electrical re-
sistance with temperature. The idea is to trans-
form the nanoparticle itself into a resistance
thermometer for nanoparticles that can carry
current. The challenges include identification
of a suitable geometry for the particle to facil-
itate the measurement, integrating the particle
into an electronic package to which appropriate
interfacing with instrumentation can be made
for electrical measurements, and ensuring that
the particle has a sufficiently strong variation of
resistance with temperature to make viable an
accurate measurement of temperature.

When we consider the various geometries of
nanoparticles that have been fabricated—rod,
cylinder, sphere—the cylinder is the most con-
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venient to develop into a sensor. SWN'T5s fit
this requirement. SWN'Is are somewhat long
along their axes (order of micrometers) but
have diameters that can be as small as 1 nm.
In this sense the temperature of an SWNT
could provide information on a nanoscale as
it relates to the SWN'T diameter. The electri-
cal resistivity of individual SWNTs can have
a reasonably strong dependence on tempera-
ture, though this information comes from data
at room temperature or lower.’®* The ther-
mal and electrical characteristics of individual
SWNTs at high temperatures are largely unex-
plored, and the trends at low temperature can-
not be extrapolated to temperatures of interest.
The technology for fabricating electronic pack-
ages of individual SWNTs that bridge metal
electrodes exists.'! *® The configurations have
included SWNT freely suspended or lying on
a substrate. Substrate-supported SWN'Ts may
have greater structural integrity than that of
SWNT5s that bridge electrodes across a trench
(i.e., suspended SWN'T) and may be less prone
to burnout because of increased heat sinking of
the SWNT through the substrate!” and their
larger current-carrying capability.*® In the fol-
lowing we present some results for substrate-
supported SWN'Ts that suggest their potential
for measuring temperature significantly above
room temperature.

The small size of SWN'Ts motivated an in-
tegrated fabrication process in which SWN'Ts
were grown across metal (i.e., gold) electrodes
and which was in direct contact with the sub-
strate across the electrodes (i.e., silicon). The
process is described elsewhere.!>*3% The fab-
rication process begins with an Si wafer that is
degeneratively doped with a 500-nm layer of
S109. A 50-nm metal layer of Au is then evap-
orated on top of the SiOy. FeO3/MoOy cat-
alyst pads are photolithographically patterned
on the Au. The assembly is then placed in a
chemical vapor deposition furnace with a con-
stant flow of methane to grow the nanotube.
The SWNTs grow from pad to pad with the
aid of a wet etching step in buffered oxide. After
etching, a drying step is performed to prevent



70

Annals of the New York Academy of Sciences

Figure 7. Photomicrograph of a nanotube package. Numbered pads at the bottom and
two pads at the top are contacts for measuring the bias voltage. The other pads (without lines)
are gate voltage pads. Nanotubes (not visible) are grown across the gap within the zone
marked by the green rectangle. Visible metallization is Au and the substrate is Si. Some of
the packages had a Cr underlayer for enhanced adhesion. (In color in Annals online.)

the SWNT from sticking to the substrate. With
this method, a package that contains one or a
few nanotubes can be created. It is not possible
to know how many SWN'Is are grown across
the metallic pads until a current is measured
for a given bias voltage. The result is an SWN'T
that bridges across the electrodes and that is in
direct contact with the substrate between the
electrodes.

Figure 7 is a photomicrograph of a typi-
cal electronic package used in our measure-
ments. The metallization pattern is shown by
the bright yellow (gold) lines. The lines ter-
minate in tees, across which the SWN'Ts are
grown. Provision in the package was made for
varying the gate voltage to investigate the elec-
trical characteristics of SWNTs in an electric
field. In the experiments reported here, the gate
voltage was zero. The SWINT diameters ranged
from 1 nm to 5 nm and were about 10—12 pm
long. Some of the packages also included a
50-nm sublayer of Cr, which provided en-
hanced adhesion of the gold. Without the Cr
layer, the pads for electrical contact were frag-
ile and often tended to scratch on the probe
station during measurements.

After fabrication, the packages are annealed
in an oven at 400—600°C by an “ashing” proce-
dure to improve (lower) the contact resistance
(R.) and clean the surface of residues associ-
ated with processing. The concern with con-
tact resistance was recently addressed,?*3:48
in which it was pointed out that platinum and
gold electrodes provide lower contact resistance
than other metals. Typically, R would be about
an order of magnitude less than the resistance of
the SWN'T.#0:48:30°52 Flectrical connections to
the pads shown in Figure 6 were made by probe
station contacts. A hot plate was integrated with
the probe station to allow temperature control
of the SWNT.

The procedure for measuring electrical re-
sistance was to slowly vary the temperature of
the hot plate from room temperature to about
300°C—to our knowledge, the highest temper-
ature at which the electrical characteristics of
SWNTs have been measured. At each tempera-
ture, current through an SWN'T was measured
by scanning voltage from —2 V to +2 V under
LABView control. An example of one voltage
scan in air is shown in Figure 8.°! The measure-
ments were repeatable for a given SWN'T. The
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Figure 8. Variation of current with voltage of an
SWNT. The linear portion around V = £0.5 V deter-
mines the resistance.

relationship between current and voltage was
linear only around the origin (£0.5 V), suggest-
ing an Ohmic behavior. In this range the resis-
tance was determined (i.e., inverse slope of the
I-V [current-voltage] characteristic). Notice-
able nonlinearities existed at higher bias volt-
ages, which indicate non-Ohmic behavior that
may be due to scattering of optical phonons*®
or possibly self-heating effects.*®

The variation of electrical resistance (inverse
slope of the linearized data in Fig. 8) with tem-
perature is shown in Figure 9.°! Over the tem-
perature range indicated, the variation of elec-
trical resistance with temperature is reasonably
linear for this particular SWN'T} with nominal
values in the range of several hundred kilo-
ohms, though as noted previously the quanti-
tative measurements shown in Figure 8 would
not apply to a different SWNT. Kane et al.%® re-
cently reported an extensive study of the effect
of processing history and nature of the electrode
connection on resistance of SWN'Ts in a vac-
uum. It was shown that species which may be
absorbed on SWN'Ts could be removed by heat-
treating them which appears to lead to a linear
variation of electrical resistance with temper-
ature. Lead (Pb) contacts were shown to have
an especially strong effect on the contact resis-
tance. With such a SWN'T as shown in Figure 8,
itis in principle possible to use the trend to infer
temperature upon exposure to a laser with ap-
propriate parameters from measurement of the

2.0x10°
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1.4x10° A

1.2x10° A

Resistance (ohms)

1.0x10° A

8.0x10°
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300 350 400 450 500 550 600
Temperature (K)

Figure 9. Variation of electrical resistance with
temperature for an SWNT. Resistance was deter-
mined from linear portion of -V behavior typical of
Figure 8.

electrical resistance of the SWN'T by incorpo-
rating an SWN'T into a suitable bridge circuit.
This is an effort for continuing research.

6. Conclusions

Laser heating of nanoparticle suspensions
can produce temperature increases localized to
the scale of the nanoparticle, provided that laser
parameters are appropriately adjusted. Heat-
ing by a CW laser produces a steady-state tem-
perature, which may have a therapeutic effect
for sufficiently tight focusing. Pulse lasers de-
rive their benefit from thermal confinement, in
which the energy absorbed by a nanoparticle
1s not sufficiently dissipated during the pulse,
which can produce temperatures exceeding the
superheat limit of the surrounding fluid and
even the melting temperature of the particle.

A direct measurement of the local temper-
ature that results from optical heating is chal-
lenging. Laser-based methods provide a tem-
perature averaged over the particles within
the laser probe volume, which can contain an
enormous number of nanoparticles. Fashioning
an SWNT into a sensor offers the capability of a
direct nanoscale temperature measurement rel-
ative to the diameter of the SWIN'T. The SWNT
electrical resistance exhibits a positive slope
above room temperature up to 300°C, which
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suggests its use as a thermistor. The electrical
characteristics are unique to each SWNT and
would have to be measured individually. The
non-Ohmic behavior of SWN'Ts at high bias
voltages restricts the range over which mea-
surements of voltage and current can be used
to determine electrical resistance as a function
of temperature.
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