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§
Departamento de Ciencias Básicas, Instituto Tecnológico de San Luis Potosí, Soledad de Graciano Sánchez, 78437 México
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ABSTRACT: Single-walled carbon nanotubes (SWNTs) have
shown interesting bolometric properties, making them good
candidates for the detection of infrared and terahertz radiation.
However, little has been reported on the bolometric
characteristics of SWNT as a function of their chirality or
the possible inﬂuence of composite morphology on these
properties. The separation of SWNTs based on chirality allows
for almost purely semiconductive or metallic SWNTs to be
studied. The current study focuses on the bolometric performance of self-assembled composite ﬁlms of SWNTs. The
dependence of these properties on the chirality of the SWNTs was evaluated. To this end, metallic, semiconducting, and a 1:1
mixture of metallic and semiconductive were studied. Also, a theoretical model based on the Wiedemann−Franz law is used to
explain the resistance of the SWNT composite ﬁlms as a function of temperature. Results show that the composite morphology
has a signiﬁcant impact on bolometer performance, with cracked composite ﬁlms containing highly aligned SWNT arrays
suspended over a silicon substrate showing superior responsivity values due to higher thermal isolation. Uncracked composite
ﬁlms showed superior thermal coeﬃcient of resistance values (α = −6.5%/K), however, the responsivity was lower due to lower
thermal isolation.
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C

arbon nanotubes (CNTs) are cylindrical tubes of sp2hybridized carbon. These structures have been studied
extensively over the past two decades and continue to ﬁnd new
applications. The optoelectronic properties of single-walled
carbon nanotubes (SWNTs) make them an attractive candidate
for infrared sensors.1−3 Uncooled microbolometers, which are a
speciﬁc class of infrared detectors,4 represent a promising
application for SWNTs. Previous work has shown that selfassembled arrays of highly aligned SWNTs in a polymer−
surfactant matrix can achieve bolometric properties superior to
those reported in prior CNT-bolometer studies.5 The current
work evaluates how the SWNT composite morphology along
with intrinsic SWNT properties aﬀect the performance of these
microbolometer devices.
Single-walled carbon nanotubes (SWNTs) may exist as either
metallic or semiconductive, depending on their chirality, and in
general, the bulk synthesis of SWNTs results in one-third
having metallic character and two-thirds having semiconductive
character.6,7 Recent advances in CNT processing have allowed
for the separation of these nanotubes based on chirality.8 These
© 2015 American Chemical Society

nanotube separations exhibit almost purely semiconductive or
metallic properties, depending on the sample preparation, and
have recently become commercially available.
Microbolometers are devices that can detect infrared
radiation through a change in their electrical resistance. When
the bolometer material absorbs infrared radiation, its temperature increases, and there is a commensurate change in the
electrical resistance known as the temperature coeﬃcient of
resistance (TCR or α), which is measured in percent change of
resistance per degree Kelvin (%/K). In the case of semiconductors, increasing temperature due to incident infrared
radiation will promote valence electrons into the conduction
band, thus, reducing the electrical resistance of the material. In
the case of metals, increasing temperature due to incident
infrared radiation will increase the electrical resistance of the
material. The conversion of incident radiation to electrical
signals is known as the responsivity (Rv) and is measured in
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Figure 1. SEM images of an uncracked ﬁlm (a) and cracked ﬁlm (b), with higher magniﬁcation (c), showing the SWNTs are aligned perpendicular
to the cracks and suspended above the substrate.

volts per watt (V/W). These two key ﬁgures of merit, TCR and
Rv, were evaluated in the current study.
The inﬂuence of the self-assembled ﬁlm architecture on
bolometric performance was evaluated by creating composite
ﬁlms with or without large cracks that create arrays of
suspended aligned SWNTs. Self-assembled composite ﬁlms of
two distinct types of SWNTs, metallic and semiconductive,
were also studied to determine their suitability for use in
uncooled microbolometer applications.
The SWNT composite ﬁlms studied exhibit exceptional
bolometric properties,5and can outperform a variety of
bolometers including those based on carbon nanotubes.4,9−12

on bolometric proerties. The absorption spectra of these
nanotubes, as provided by the manufacturer, is included in the
Supporting Information.
The temperature coeﬃcient of resistance (denoted as TCR
or simply α) was calculated from the resistance and
temperature of samples as recorded by two independent
Fluke 289 digital multimeters connected to a laptop computer.
Temperature was determined with a type K thermocouple
while heating the SWNT ﬁlm from below with a Peltier
thermoelectric device. The experimental TCR was calculated
from relationship 1:15
TCR =

■

EXPERIMENTAL METHODS
As-produced single-walled carbon nanotubes were purchased
from Swan Chemical Inc. (Elicarb SW, wet cake). Enriched
chirality SWNTs were purchased from NanoIntegris (IsoNanotubes-S (semiconductive) and IsoNanotubes-M (metallic), powder, 95% chirality enriched, <1% metal catalyst, 1−5%
amorphous carbon). The polymer polyvinylpyrrolidone (PVP,
10 kDa) and the surfactant sodium dodecylbenzenesulfonate
(SDBS) were purchased from Sigma-Aldrich. The detailed
sample preparation and device fabrication are described
elsewhere.5,13,14 Brieﬂy, the SWNTs were combined with
SDBS and bath sonicated, then PVP is added and further
sonication is applied. The resultant ink is dried horizontal on a
polished silica substrate in either a dry (<15% relative
humidity) or humid environment (>80% relative humidity) at
80 °C for several hours. The dry environment results in a ﬁlm
being deposited with numerous large micron-scale cracks. The
cracks in the dried composite contain highly aligned SWNTs
suspended above the substrate perpendicular to the crack. In
contrast, the humid environment prevents the formation of
such cracks, and although the SWNTs form large aligned
bundles in these composites, the samples do not exhibit
suspended arrays of SWNTs. The dried composites are
comprised of 6.25 wt % SWNTs, 31.25 wt % SDBS, and
62.50 wt % PVP. The ﬁlm thickness was approximately 2 μm.
Copper electrodes are attached with silver paint on both sides
of the ﬁlm surface. As-produced SWNTs (Elicarb-SW) were
used in the composite ﬁlm morphology studies. IsoNanotubesS (95% semiconductive), IsoNanotubes-M (95% metallic), and
with a 1:1 mixture of IsoNanotubes-S with IsoNanotubes-M
(semi-metal) were used to study the eﬀect of SWNT chirality

1 dR
R dT

(1)

Thermal time constant (τ) values were calculated by applying
a voltage pulse train to the SWNT device through a load
resistor with a function generator while monitoring the current
response of the SWNT device with a digital oscilloscope.4
Thermal time constants were calculated at the point when the
voltage reached 63% of its stationary current value.16
The current−voltage (I−V) properties were measured at
atmospheric pressure and temperature, both in dark and
illuminated conditions with a Keithley 617 electrometer. The
applied voltage was varied from 0.10 to 0.50 V, and the voltage
responsivity V was calculated as a function of the applied
voltage (relationship 2).5,17
V

=

ΔV
Pinc

(2)

Pinc is the optical power incident on the bolometer, which in
the current work is the integral of the power emitted by the
tungsten-halogen lamp from 300 nm to 2 μm. The diﬀerence in
output voltage given by the bolometer due to the change in
resistance resulting from the heating of the bolometer by the
tungsten-halogen lamp is given as ΔV. The light source used
was a tungsten-halogen lamp (Ocean Optics LS-1, 3100 K,
spectral emission range 300 nm to 2 μm), with an emitted
power of 0.48 mW over its entire spectral range. This lamp’s
peak power was at 700−950 nm, and then drops oﬀ in power
signiﬁcantly above 1850 nm. The nanotubes studied have their
peak optical absorbance at approximately 700 nm for metallic
and 900 nm for semiconducting, which means that the heat
generated in these samples from the lamp used will be
essentially equal. It should be noted that bolometer perform335

DOI: 10.1021/ph500285r
ACS Photonics 2015, 2, 334−340

ACS Photonics

Article

ance is theoretically ﬂat over all wavelengths, and although
bolometer applications are typically in the IR range, preliminary
studies in the visible range can accurately predict performance
in the infrared.18
Responsivity is calculated by the following relationship:19
V

= α|Zth|Vbias

response of these devices. Uncracked ﬁlm responsivity was 51.0
V/W (Vbias = 500 mV) and cracked ﬁlm responsivity was 62.5
V/W (Vbias = 500 mV; Figure 2).
The time constant (τ) for the uncracked and cracked
composite ﬁlms was at 63% of maximum response was
approximately 200 μs. This is impressive when considering
that vanadium oxide bolometers typically have time constants
in the millisecond range.17 While the cracked ﬁlms do exhibit a
greater responsivity due to higher thermal isolation, the TCR of
the CNT ﬁlms remains the key ﬁgure of merit. Since several
methods to increase thermal isolation could be employed to
increase the responsivity of uncracked ﬁlms, and since the
cracks of the cracked ﬁlms appear at random, uncracked ﬁlms
seem to have greater promise for bolometric applications. The
higher absolute TCR value of uncracked samples may be due to
increased alignment and continuity of the nanotube bundles
throughout the sample, whereas in the case of the cracked ﬁlms
the continuity of the ﬁlm is reduced. Based on the fact that the
key ﬁgure of merit was higher for the uncracked ﬁlms,
subsequent studies presented herein were carried out with
uncracked SWNT ﬁlms.
Eﬀect of SWNT Chirality. Composite ﬁlms containing
semiconductive, metallic, and a mixture of metallic and
semiconductive (semi-metal) SWNTs were deposited in a
humid environment to prevent cracks as previously described.
The conductivity of these ﬁlms was 0.9 × 10−8 S m−1 for
semiconductive, 2.1 × 10−8 S m−1 for metallic, and 1.9 × 10−8 S
m−1 for the semi-metal sample. The time constants were τ =
440 μs for the semiconductive samples and τ = 560 μs for both
the metallic and the semi-metal samples (Figure 3); therefore,
the responsivity values were measured at 1.79 and 2.27 kHz,
respectively.
The semiconductive SWNT composite exhibited the largest
TCR values (α = −6.5%/K), these SWNTs also exhibited the
largest variation of ±1.9%/K. The semiconductive SWNTs also
exhibited the highest responsivity values of approximately 125
V/W (Vbias = 500 mV; Figure 4). The metallic SWNTs
exhibited substantially smaller TCR values (α = −2.3%/K, ±
0.9%/K). The 1:1 mixture of these two types of SWNT
exhibited moderately improved TCR values (α = −3.0%/K)
while exhibiting the lowest variability (± 0.4%/K).
True metals will have a positive TCR value, but the metallic
SWNTs studied exhibited a negative TCR. This can be
explained both by the fact that the SWNTs have only been
enriched to 95% metallic and that metallic SWNTs only exhibit
true metallic behavior when isolated into individual SWNTs.
When metallic SWNTs are in bundles, as they are in the
current study, they exhibit semiconducting behavior due to
interactions between the tubes.23
The semi-metal mixture exhibited a responsivity of 93 V/W
at Vbias = 500 mV. When considering the values obtained for
purely semiconductive and metallic SWNTs, the predicted
value for this 1:1 mixture should be approximately 71 V/W.
This larger observed value for the responsivity of the 1:1
mixture is possibly due to the combination of the desirable
bolometric properties of the semiconductive SWNTs with the
desirable conductivity of the metallic SWNTs, resulting in an
advantageous synergy (Table 2).
Recently it was reported12 that enriched chirality semiconductive SWNTs combined with the conductive polymer
P3HT can marginally outperform bolometers made from
standard mixed chirality SWNTs with the nonconductive
polymer PVP.5 While it is clear from the results shown in Table

(3)

The temperature coeﬃcient of resistance of the bolometer is
given as α, Vbias is the DC bias voltage across the device, and Zth
is the thermal impedance of the device. The relationship 3
shows that the responsivity ( V) is directly proportional to the
temperature coeﬃcient of resistance (α) and to the thermal
impedance (Zth). Thermal conductivity (Gth) is the main heat
loss mechanism and is given by Zth−1. In the case of resistive
bolometers, the thermal isolation has a bigger impact on
responsivity than the choice of bolometric material.20 The main
heat conduction paths out of a bolometer are through its
electrical contacts and through the supporting substrate,
responsivity can be greatly enhanced if these heat conduction
paths are reduced or eliminated. The most common measures
to reduce the heat conduction paths involve suspending the
devices in air,21 which is the case in the cracked SWNT
composite ﬁlms studied herein.

■

RESULTS AND DISCUSSION
Eﬀect of Morphology. The deposition of the SWNT
composite from solution was carried out in a conventional lab
oven. The relative humidity in the oven had a strong inﬂuence
over the SWNT composite. When the drying process occurs
rapidly in low humidity, the composite formed of exhibits
micron-scale cracks throughout. However, when the humidity is
high and the drying occurs slower, very few if any cracks are
observed. Relative humidity of approximately 80% during
deposition results in uniform composites with minimal cracking
(Figure 1a). Low relative humidity of approximately 20%
during the deposition process results composites with a large
number of cracks (Figure 1b,c). To examine the eﬀect of these
features, as-produced SWNTs (a mixture of semiconducting
and metallic) were used.
TCR measurements of the composites showed higher values
at room temperature for uncracked ﬁlms (α = −6.5%/K ±
2.9%/K) relative to cracked ﬁlms (α = −3.8%/K ± 1.2%/K).
The variation in the TCR values for uncracked ﬁlms is more
than twice what was recorded for the cracked composites. The
reduced variability of the TCR values in the measurement of
the cracked ﬁlms is likely a result of the improved thermal
insulation of the SWNTs from the substrate by being
suspended across the cracks.22 This is also reﬂected in the
thermal impedance shown in Table 1.
Suspended nanotube bundles (Figure 1c) generated during
the drying process of cracked ﬁlms are likely responsible for the
greater V values and the substantial diﬀerence in the Zth values
observed. This thermal isolation of the SWNTs increases the
Table 1. Experimental Thermal Impedance (Zth) and
Thermal Conductance (Gth) Values of Cracked and
Uncracked SWNT Composite Films for Temperatures of
300−302 K (As-Produced SWNTs Were Used)
V

cracked
uncracked

(V/W)
62.5
51.0

α (%K−1)

Vbias (V)

Zth (K/W)

Gth (W/K)

−3.76
−6.5

0.5
0.5

3324.5
1569.2

3.0e−4
6.4e−4
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Figure 2. Responsivity curves for uncracked and cracked samples biased over a range from 100 to 500 mV (as-produced SWNTs were used).

2 that semiconductive SWNTs have superior performance, the
mixed chirality nanotubes provide impressive results. The
performance of the mixtures of SWNTs reported here and
elsewhere have similar bolometric properties such as TCR and
Rv, and less variability than the enriched chirality semiconductive SWNTs. As enriched chirality semiconductive
SWNTs become more readily available, these performance
trade-oﬀs should be considered.
Wiedemann−Franz Law in Bolometric SWNT Composite Films. In an eﬀort to better understand the bolometric
response of the SWNT composite materials studied and to
move beyond the experimental TCR values obtained, a
theoretical model was applied to the experimental data. Figure
5 shows the temperature dependence of the resistance of a
mixture of metallic and semiconductive SWNTs in a bolometric
composite ﬁlm as a function of temperature. It is worth noting
that this curve shows spikes that appear at the moment when
the temperature of the Peltier heating unit is increased, and
these spikes in resistance are explained in terms of the
Wiedemann−Franz law.
Typically when a material is heated by the absorbance of
infrared radiation, the resistivity either increases or decreases.
When the temperature range is not large and near room
temperature, the following linear approximation may be used
(relationship 4):

Figure 3. Response time of the three SWNT samples studied: metallic,
semi-metal mixture, and semiconductive. The time constants shown
were used to determine the frequency for the responsivity to
measured, which was 2.27 kHz for metallic SWNTs and the semimetal mixture, and 1.79 kHz for semiconductive SWNTs.

ρ(T ) = ρ0 [1 + αΔT ]

where resistivity (ρ) for a given temperature (T) is deﬁned by
an experimental thermal coeﬃcient (α), the initial resistivity
(ρ0), and the change from the temperature (ΔT).
In metals, the resistivity increases with increasing temperature due to electron−phonon interactions arising from the
increased thermal energy. Semiconductors will exhibit reduced
resistivity with increasing temperature as electrons are excited
to the conduction band by the increased thermal energy. The
resistivity of an intrinsic semiconductor will decrease
exponentially with temperature following the exponential
relationship 5:

Figure 4. Responsivity of composite bolometers containing semiconductive (□), metallic (○), and a semi-metal mixture (Δ) of
SWNTs at Vbias = 100 mV (lower curves) and Vbias = 500 mV (upper
curves).

Table 2. Responsivity Shown is Based on Achieving 63%
Maximum Current, at a Frequency of (a) 1.79 kHz for the
Semiconductive SWNT Composite Device and (b) 2.27 kHz
for the Semi-Metal and Metallic SWNT Composite Devices
responsivity,

V

(V/W)

Vbias (mV)

semiconductivea

semi-metalb

metallicb

100
200
300
400
500

25
52
79
97
128

12
29
46
67
93

3.9
5.4
7.3
10
14

(4)

ρ = ρ0 e−αT

(5)

where the resistivity (ρ) for a given temperature (T) is deﬁned
by an experimental thermal coeﬃcient (α), the initial resistivity
(ρ0).
It follows from Figure 5 that there is an intrinsic response
from the CNT associated with the temperature gradient which
induces an increase in the TCR values. Our starting point to
account for these results is the heat conduction relationship 6:
337
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Figure 5. Resistance as a function of temperature (left) and as a function of time (right) for uncracked composite ﬁlms of semi-metal SWNTs.
Colored arrows indicate the location of spikes where the Peltier heating device increased its temperature. The ﬁt of the experimental data points to
the theoretical predictions for the six observed spikes is shown below each graph.

ΔQ
ΔT
= −κA
Δx
Δt

R=

(6)

(8)

Integrating the above relation, we obtain the average
electrical resistance as a function of the temperature (relationship 9), where T1 > T2.

where ΔQ/Δt is the heat production per time, κ is the thermal
conductivity, A is the cross sectional area, and ΔT/Δx
represents the temperature gradient. The thermal gradient
being from the surface of the substrate to the top of the SWNT
composite ﬁlm, normal to the substrate. Using the
Wiedemann−Franz law, which states that the thermal
conductivity κ and the electrical conductivity σ of a metal is
proportional to the temperature by κ = σLT, where L = 2.44 ×
10−8WΩ/K2 is the so-called Lorenz number, we have
relationship 7:
1
LTA
ΔT
=ρ=
σ
−(ΔQ /Δt ) Δx

LTl
ΔT
−(ΔQ /Δt ) Δx

⟨R ⟩ =

1
l

∫0

l

R dx

ΔT
dx
Δx
1
⎛ T2
T2 ⎞
L
⎜ 1 − 2⎟
=
(ΔQ /Δt ) ⎝ 2
2 ⎠

=

−L
(ΔQ /Δt )

∫T

T2

T

(9)

Using the above equation and the measurements for the
electrical resistance as a function of temperature depicted in
Figure 5, we obtained the rate of heat ﬂow for each spike
depicted in the above ﬁgures, which are listed in the table
below. It is worth noting that the rate of heat ﬂow is minimal
for the ﬁrst spike and is approximately equal to the rest of the
spikes for the same temperature gradient. This indicates that

(7)

Using the fact that ρ = (A/l)R, where l and R are the length
of the conductor and electrical resistance, respectively, we have
the following relation 8 between the temperature gradient
normal to the substrate and resistance:
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Table 3. Calculated Values for TCR Based on Theoretical Considerations Derived from the Wiedemann−Franz Law at Various
Temperatures
calculated TCR using Wiedemann−Franz law
spike
1
2
3
4
5

T1 (K)
302.35
307.25
316.25
331.35
346.65

T2 (K)

R (Ω)

302.45
307.35
316.35
331.45
346.74

1.53 × 10
5.7 × 104
6.2 × 104
6.2 × 104
6.7 × 104

−4.8 × 10
−1.31 × 10−11
−1.25 × 10−11
−1.30 × 10−11
−1.14 × 10−11

TCR (%·K−1)
−9.5
−2.0
−2.4
−2.4
−3.0
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ACYT-Secretariá de Energia-Sustentabilidad
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■

CONCLUSIONS
This work has shown that both composite morphology and
carbon nanotube chirality play important roles in bolometer
performance. SWNT composite ﬁlms with a large amount of
SWNTs suspended across cracks in the composite exhibit
higher responsivity but with reduced absolute TCR values. This
a result of their increased thermal impedance. Uncracked
SWNT composite ﬁlms yielded somewhat lower responsivity
but showed the highest absolute TCR values. A theoretical
model based on the Wiedemann−Franz law that explains the
abrupt changes in resistance due to changes in temperature for
a composite ﬁlm of semiconductive SWNTs has been
developed that may help in the design of bolometers based
on SWNT composite ﬁlms.
It is worth noting that the presence of suspended aligned
arrays of SWNTs creates structures similar to MEMS fabricated
microbolometers, with the IR absorbing material thermally
isolated and suspended above a silicon substrate. Further
studies will be required to fully understand how the composite
matrix can be tailored to meet performance requirements.
Enriched chirality semiconductive SWNTs exhibited superior
bolometric properties compared to enriched chirality metallic
SWNTs or a mixture of these two chiralities. Surprisingly,
however, a mixture of metallic and semiconductive SWNTs
performed admirably, suggesting that the heterogeneous
mixture of chiralities found in as-produced SWNTs may be
suitable for high-performance bolometer applications.
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the average resistance is at a maximum in the ﬁrst spike and
essentially the same for subsequent spikes, which agrees with
the TCR measurements obtained by applying eq 1 to the values
obtained experimentally and shown in Figure 5.
The Wiedemann−Franz law applies for single carrier
processes, and the heat conducted by electrons accounts for
less than 15% of the heat conduction in carbon nanotubes,24
however, due to the close ﬁt of our model to the experimental
data we propose a Weidemann−Franz-like behavior (Table 3).
Further experiments are underway to determine a physical
model not restricted by single carrier physics.
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