
Thermal Conductivity Measurements of
Semitransparent Single-Walled Carbon
Nanotube Films by a Bolometric
Technique
Mikhail E. Itkis, Ferenc Borondics, † Aiping Yu, and Robert C. Haddon*

Center for Nanoscale Science and Engineering, Departments of Chemistry and
Chemical & EnVironmental Engineering, UniVersity of California,
RiVerside, California 92521-0403

Received November 16, 2006; Revised Manuscript Received February 25, 2007

ABSTRACT

We introduce a new technique for measurement of the thermal conductivity of ultrathin films of single-walled carbon nanotubes (SWNTs)
utilizing IR radiation as heat source and the SWNT film as thermometer. The technique is applied to study the temperature dependence of the
thermal conductivity of an as-prepared SWNT film obtained in the electric arc discharge process and a film of purified SWNTs prepared by
vacuum filtration. The interplay between thermal and electrical transport in SWNT networks is analyzed in relation to the type of intertube
junctions and the possibility of optimizing the thermal and electrical properties of SWNT networks for specific applications is discussed.

Thin films of single-walled carbon nanotubes (SWNTs)
attract significant attention because of their outstanding
performance in gas and biosensing,1,2 as a transparent
conducting coating for large-area flexible optoelectronics,3-7

and as the thermal interface layer for heat dissipation in high-
density electronic packaging.8 Recently we suggested the use
of semitransparent suspended SWNT films as the sensitive
element of infrared bolometric detectors;9 in contrast to the
other applications1-7 the thermal conductivity of the SWNT
film should be minimized in this device in order to achieve
high detector sensitivity.

The SWNT film can be envisioned as a network of
individual SWNTs and SWNT bundles7,10,11 in which the
thermal and electrical resistances are dominated by the
intertube junctions,7,10-12 which in turn are strongly affected
by chemical modification of the SWNTs and the film
preparation technology.11 In order to optimize the preparation
of ultrathin SWNT films for specific applications, it would
be useful to evaluate their thermal conductivity as a function
of preparation technique and functionality. In this Letter we
introduce a new bolometric technique to measure the thermal
conductivity of suspended semitransparent SWNT films and
demonstrate the application of this technique to two very
different types of SWNT film preparations.

The thermal conductivity of individual carbon nanotubes
(CNTs) has been measured using lithographically defined,

microfabricated devices in the case of SWNTs13 and mul-
tiwalled carbon nanotubes (MWNT),14,15 and by analyzing
the Joule heating of suspended SWNTs.16 The 3ω-technique
was also employed for measurement of the thermal conduc-
tivity of MWNT ropes17 and individual MWNTs.18,19 For
macroscopic SWNT samples in the form of fibers or
relatively thick SWNT films (buckypaper), of transverse
dimensions 1-10 µm, a comparative technique was found
to be efficient.12,20-22 For very thin films (submicrometer
range, 10-100 nm), which are required for the SWNT-based
IR bolometer9 and for flexible optoelectronics,3-7 the heat
leakage through the thermocouple wires limits the applicabil-
ity of the comparative technique.23 In the present paper we
propose a new technique for the measurement of the thermal
conductivity of semitransparent SWNT films which are less
than 100 nm in thickness and of nanogram mass. In this
method the IR radiation is used as a heat source to generate
a triangular temperature profile along the suspended SWNT
film (Figure 1a), and the SWNT film itself serves as a
resistive thermometer, obviating the need for the attachment
of external thermometers to the sample.

The SWNT films for this study were prepared using two
different techniques. A natural network of as-prepared (AP)
SWNTs was self-assembled during the electric arc discharge
process,24 by placement of a stainless steel wire grid around
the plasma zone inside the electric arc chamber which
nucleates the formation of an extended network (web) from
the growing SWNTs as they drift from the plasma core
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toward the water-cooled walls of the arc reactor and results
in a continuous semitransparent SWNT film after 1-5 min
of operation.9,24 In the second preparation technique purified
(P) SWNTs were utilized25 and a free-standing P-SWNT film
was obtained by vacuum filtration of a SWNT dispersion
according to literature procedures.3 Due to the mode of
preparation, the AP-SWNT film forms a less tightly packed
network (Figure 1b,d) than the highly condensed morphology
of the P-SWNTs (Figure 1c,e).

The P-SWNT film utilized for thermal conductivity
measurements was of thicknesst ) 100 ( 20 nm (Figure
1c). We calibrated the thickness by first preparing a thick
P-SWNT film (t ∼ 5 µm) using a known weight of P-SWNT
material dispersed for the filtration; the weight calculations
made use of the area of the filtration membrane and the
theoretical packing density of SWNTs (1.4( 0.1 g/cm3).26

The thickness of the film was measured directly by optical
and scanning electron microscopy (SEM), and by a mi-

crometer to give a value oft ) 5.2 ( 0.7 µm. By using a
microbalance we found a density of 1.5( 0.2 g/cm3 for the
SWNT film in close agreement with a theoretical value.26

On the basis of this calibration we prepared a 100 nm
P-SWNT film by utilizing 50 times less material; the
resulting thickness oft ) 100 ( 20 nm was confirmed by
use of near-infrared (NIR) absorption spectro-
scopy.11,27,28

The effective thickness of the AP-SWNT film (t ) 35 (
10 nm) (Figure 1b) was determined by comparing its optical
absorption with that of the 100 nm thick P-SWNT film
(Figure 1c). The AP-SWNT film is very loosely packed with
a physical thickness of∼100µm by optical microscopy but
with a negligible packing fraction of SWNTs. Thus we
suggest that for measurement of intrinsic thermal and
electrical properties of such loosely packed SWNT networks
(Figure 1d), the optical density produces a more reliable
metric of the effective film thickness than a measurement
of the apparent physical thickness. Of course the optical
density is directly related to the mass of SWNT material
per unit area of the film.10 The accuracy of measurement of
the sample dimensions (10-20% in this study) is one of the
principal factors determining the errors in the absolute value
of the thermal conductivity of nanoscale size samples.23

For the thermal conductivity measurements, we utilized
the bolometric configuration schematically presented in
Figure 1a in which a narrow ribbon of semitransparent
SWNT film is suspended across the opening in a sapphire
ring (Figure 1b,c).9 The electrical contacts to the SWNT
sample were made with silver paste which is an efficient
heat sink.29 The length between electrical contacts (L) was
3.5-4.0 mm. The sapphire ring with SWNT film was
mounted on the cold finger of a continuous flow helium
optical cryostat with the sample space maintained at a
pressure of<0.1 mTorr. The base temperature of the sapphire
ring T0 was measured using a Si diode temperature sensor,
and a quartz filter at the base temperatureT0 was placed in
the optical pathway above the SWNT film to limit the
influence of blackbody radiation.

The heat was supplied by the radiation of an IR light
emitting diode (LED,λMAX ) 940 nm). The photoresponse
of a suspended SWNT film is bolometric9 and the absorbed
IR radiation is efficiently converted to heat due to strong
electron-phonon interaction; apparently the direct photo-
conductivity signal due to the generation of electrons (holes)
in the conduction (valence) band is at least 5 orders of
magnitude below the bolometric component.9 We placed a
0.4 mm slit diaphragm in front of the sample (Figure 1a),
so the IR LED uniformly illuminates a narrow central strip
across the width of the SWNT film; in this geometry the
thickness of the filmt is much smaller than the film length
L so the heat conduction can be treated as a one-dimensional
problem. The absorbed heatQ propagates from the il-
luminated central region along the suspended SWNT film
toward the electrical contacts without loss (Q(x) ) dT/dx )
const), thereby generating a triangular temperature profile
with maximum temperatureTM in the middle (Figure 1a)
and average temperature increment given by∆T ) (TM -

Figure 1. (a) Bolometric configuration for measurement of thermal
conductivity of SWNT film suspended between electrical contacts.
The heat is provided by IR LED illuminating the SWNT film
through the narrow slit diaphragm which generates a triangular
temperature profile. (b) Semitransparent film of as-prepared SWNTs
film grown in the electric arc discharge chamber and suspended
across the opening in a sapphire ring. (c) Semitransparent film of
purified SWNTs prepared by vacuum filtration mounted for thermal
conductivity measurements. SEM images of fragments of (d) AP-
SWNT film, and (e) P-SWNT film. Note that the P-SWNT film is
much more densely packed than the AP-SWNT network.
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T0)/2. In this geometry, the thermal conductivityκ of the
SWNT film is determined by eq 1

wherePabs is the absorbed power of IR radiation andA is
the cross-sectional area of the SWNT film. The factor of 8
in the denominator of eq 1 is a result of three factors of 2
that arise from the sample geometry: (i) half of the absorbed
power flows to each of the contacts; (ii) the distance for the
heat flow to reach a contact (heat sink) isL/2; and (iii) the
average temperature increase,∆T, is half the maximum
temperature increase:∆T ) (TM - T0)/2. The heat flow and
temperature profile along the SWNT film are discussed in
more detail in the Supporting Information together with an
error analysis. It should be pointed out that because of the
experimental geometry, eq 1 defines the in-plane thermal
conductivity of SWNT film; it has been shown that under
certain preparation conditions SWNT samples can be aniso-
tropic22,30 and the out-of-plane thermal conductivity can be
below that measured in the plane.

The incident powerPinc was controlled by a function
generator (in the range 0.1-20µW), calibrated with a Perkin-
Elmer VTB 6061 Si photodiode with radiometric sensitivity
0.50 A/W (940 nm) placed in the sample position. The
absorbed powerPabs was obtained after correction of the
incident powerPinc for the transmittance (u ) and diffuse
reflectance (R ), according toPabs ) Pinc(1 - u - R);
measurements were performed with a Cary 5000 UV-vis-
NIR spectrophotometer. The diffuse reflectance at 940 nm
was found to be at the level of 10% for nontransparent
SWNT films (thickness,t > 500 nm) in accord with
published data31 and is further reduced in transparent thin
films. The optical constants for semitransparent SWNT films
were reported to be practically independent of temperature
in the near-IR spectral range,32 so we used the room-
temperature values ofu and R over the full temperature
range.

The electrical resistance of the thin SWNT films utilized
in these experiments is strongly temperature dependent9,11

and can be used to measure the temperature modulation of
the film. Figure 2a shows the electrical resistance of a SWNT
film as it is cooled at a rate of 0.5 K/min under illumination
by square-wave pulses of IR radiation at a frequency of 0.04
Hz; the power of the IR LED was adjusted from 20 to 0.2
µW in order to limit the temperature modulation to values
of ∆T < 2K (T > 100 K) and ∆T < 0.5 K at low
temperatures.

The∆T data can be extracted directly from the amplitude
of resistance modulation∆Rand the temperature dependence
of the dark resistance dR/dT: ∆T ) ∆R/(dR/dT), as shown
schematically in the Figure 2a.

The typical time constant for the thermal response is 50
ms, and with an 0.04 Hz frequency of modulation, an
equilibrium temperature profile corresponding to eq 1 is
established. Thus the present bolometric technique can be
classified as an optical heating and electrical sensing method;
other optical heating techniques such as the laser-flash

diffusivity method require large samples, are in majority
transient state pulsed methods, and thus require a knowledge
of the heat capacity of the material in order to obtain the
absolute value ofκ.23 The use of IR radiation as a heat source
in the present technique, is alternative to the use of Joule
heating in the 3ω technique17-19,33and removes the question
of diffusive transport in the case of SWNTs where ballistic
transport with no Joule heating may be significant.

Figure 2b presents temperature dependence∆T(T) of an
AP-SWNT film (t ) 35 nm) and a P-SWNT film (t ) 100
nm), at a normalized incident power,Pinc )1 µW.

Theκ(T) values were calculated from eq 1 on the basis of
∆T(T) data (Figure 2) and are presented in Figure 3a and
were corrected for radiation heat lossesQrad ∼ ∆T*T3,23,29

where∆T is the average difference between the temperature
of suspended SWNT film and the temperature of the cold
radiation shield surrounding the sample (Figure 1a). Figure
3a shows that radiation losses are significant for P-SWNT
film at T > 150 K and for AP-SWNT films even at low
temperatures. The accuracy of the correction was tested by
measuring the thermal conductivity of a thick (t ) 1 µm)

Figure 2. Bolometric determination of the thermal conductivity
of AP- and P-SWNT films as a function of temperature by
measurement of the SWNT film resistance under a 0.04 Hz square-
wave illumination by an IR LED at a temperature sweep rate of
0.5 K/min. (a) The amplitude of the temperature increment∆T of
the SWNT film is determined from the amplitude of resistance
modulation∆R and the slope of temperature dependence of the
dark resistance. (b) The amplitude of the temperature modulation
of the SWNT films∆T (normalized to an IR incident power of 1.0
µW).

κ ) (Pabs/∆T)(L/8A) (1)
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P-SWNT film (where radiation losses are insignificant), for
which we obtainedκ(300 K) ≈ 75 W/mK in satisfactory
agreement with the corrected value for the thin film,κ(300 K)
≈ 83 W/mK (Figure 3a) and in the range of previously
published data for SWNT buckypaper.12,21,22The radiation
losses are intrinsic to the geometry of ultrathin films with
large surface area to volume ratios.

For both the P-SWNT and AP-SWNT films, we observed
a monotonic increase of thermal conductivity with increasing
temperature and theκ(T) behavior and absolute values ofκ

correlate with data obtained by the comparative tech-
nique.12,20,22,30The monotonic increase ofκ with temperature
has also been observed on individual SWNTs.13,16 The
absolute value of the thermal conductivity of the AP-SWNT
film is κ(300 K) ∼ 30 W/mK (Figure 3a), which is about a
factor of 3 below the value obtained for the P-SWNT film.
These values are about 2 orders of magnitude below the
intrinsic conductivity of individual SWNTs due to the
thermal resistance of intertube junctions in the SWNT
networks which are responsible for 97-99% of the total
thermal resistance. In the case of the AP-SWNT films,

intertube network junctions provide a weaker contact than
those that exist in the P-SWNT network which is compacted
during the vacuum filtration process; the SWNT intertube
resistance may be affected by the degree of physical
separation between the graphitic walls and the contact area
at the junctions.34,35

The electrical conductivities (σ) of the same films are given
in Figure 3b, and it is apparent that the differentiation is
much more dramatic than in the case of thermal conductiv-
ity: for P-SWNT film σ(300 K) is about 2 orders of
magnitude higher than that for the AP-SWNT film and this
difference increases by a further 2 orders of magnitude at
low temperatures. Both types of SWNT films show nonme-
tallic behavior suggesting the presence of tunneling barriers
at the intertube junctions,7,10-12 with much stronger suppres-
sion of electron tunneling in the case of AP-SWNTs. Thus
the electron transport is more sensitive to the intertube
junction than the phonon transport in these films.

The relative contribution of the electron and phonon
components of the thermal conductivity can be evaluated
on the basis of the Lorenz number,L ) κ/σT. As a point of
reference, the Lorenz number for individual SWNTs may
be obtained from experimental data in the literature for
metallic SWNTs of diameter≈2 nm and length≈2.5µm;16

the reported thermal conductanceG ≈ 2.4 nW/K and
electrical resistanceF ≈ 5-6 kΩ/µm16 correspond toκ ≈
3500 W/mK andσ ≈ 1.2× 106 Ω-1 cm-1 thus givingκ/σT
≈ 1 × 10-7 W Ω/K2 in comparison with the value ofLe )
2.4453× 10-8 W Ω/K2 for a pure metal where the thermal
transport is predominantly electronic. Thus in individual
metallic SWNTs the ratio of the electron and phonon
contributions to the thermal conductivity is about 1:3.

The Lorenz number for the P-SWNT film,κ/σT, is close
to 7× 10-6 W Ω/K2 at temperatures between 50 and 300 K
(Figure 3c), which corresponds to a ratio of the electron to
phonon contribution to the thermal conductivity of 1 to 100,
which is further decreased to 1 to 10 000 in the case of the
AP-SWNT network (κ/σT ≈ 4 × 10-4 W Ω/K2 at 300 K).
Thus in a network both electron and phonon transport are
suppressed by the intertube junction resistance, although the
electron transport is more strongly suppressed resulting in
an increase in the Lorentz number by 2-4 orders of
magnitude (Figure 3). It is important to note that two out of
three SWNTs in the network are semiconducting and do not
contribute to the electron transport, while supporting the
phonon flow.

We can compare the experimental Lorenz numbers for
SWNT networks (Figure 3c) with published theoretical and
experimental data on electrical and thermal transport on
cross-junctions of individual nanotubes.34-36 The electrical
resistance at the junction of two metallic SWNTs was found
to be 200 kΩ, contact of two semiconducting SWNTs
showed a junction resistance of 500 kΩ, while contact of
metallic and semiconducting SWNTs provided the most
resistive junction (>10 MΩ) due to the Shottky barrier.36

The heat conductance at intertube junctionsGJ was evaluated
theoretically not to exceed 10-9 W/K.34,35 Assuming an
average junction electrical resistanceRJ ) 106 Ω we obtain

Figure 3. The temperature dependence of the transport properties
of P-SWNT film of thickness 100 nm and AP-SWNT film of
thickness 35 nm: (a) measured and corrected thermal conductivities;
(b) electrical conductivities; (c) Lorenz numbers of the SWNT
networks in comparison with the Lorenz number for a pure metal
(Le).
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a Lorenz number for individual cross-junctions at 300 K of
LJ ) RJ*GJ/T ) 3 × 10-6 W Ω/K2 close to the value obtained
for P-SWNT film and 2 orders of magnitude higher than
the pure electronic valueLe ) 2.4453× 10-8 W Ω/K2. This
supports the conclusion that the heat transport across the
intertube junction is dominated by the phonon component
and also provides additional evidence for the idea that both
the electrical and thermal transport in SWNT networks are
dominated by intertube junctions.

Stronger suppression of electrical conductivity and larger
Lorenz numbers (∼10-2 W Ω/K2) were observed in case of
a SWNT network embedded in a polymer matrix.8 In this
case the presence of a very thin (∼1 nm) layer of polymer
separating the SWNTs probably dominates the intertube
junction resistance.8,34,35 This interfacial layer acts as an
insulating barrier which introduces phonon scattering and
significantly suppresses electron tunneling. The wide varia-
tions in the Lorenz numbers may be attributed to high
sensitivity of the electron transport to the specifics of the
intertube junctions (Figure 3c), in part because the electrical
conductivities of materials span many orders of magnitude
whereas thermal conductivities are much less material
specific.8,35 The electrical conductivity of SWNT networks
is strongly modified by chemical functionalization;11 control-
ling the thermal conductivity appears to be a much more
difficult task, although the introduction of SWNT side-wall
functional groups may allow some degree of tuning of the
thermal conductivity.37

In summary, we introduced a bolometric technique for the
measurement of the thermal conductivity of ultrathin SWNT
films, which is ideally suited for nanoscale size SWNT films
with strong IR absorption and temperature-dependent resis-
tance and is particularly useful for optimization of the
sensitive element of the SWNT-based IR detector.9 The
thermal and electrical transport properties of the SWNT
networks are extremely sensitive to morphology, dispersion,
and the nature of the intertube junctions which can be utilized
for optimization of SWNT networks for specific appli-
cations.
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