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A bolometer based on single-walled carbon nanotubes

and hybrid materials

D.S. Kopylova, N.Yu. Boldyrev, V.Ya. lakovlev, Yu.G. Gladush, A.G. Nasibulin

Abstract. We have designed a bolometric IR detector based on
freestanding aerosol synthesised carbon nanotubes and hybrid gra-
phene materials deposited on a film suspended over a hole in the
substrate. In this case, graphene serves as an absorber. The effect
of the amount of the deposited absorber on the spectral characteris-
tics, voltage sensitivity, response time and noise of the bolometer is
investigated. The best response time is observed for the samples of
pristine carbon nanotubes, whereas the hybrid sample with the larg-
est amount of graphene demonstrates the highest sensitivity to
radiation. Moreover, we have measured and analysed the bolometer
parameters as functions of the ambient pressure and temperature,
which has allowed us to determine the optimum operating condi-
tions for the device.

Keywords: carbon nanotubes, bolometer, carbon nanomaterials, IR
photodetectors.

1. Introduction

Infrared (IR) detectors play an important role in modern
technologies and are widely used in various fields, including
the military applications. According to their operation prin-
ciple, the two main types of IR detectors are photonic and
thermal [1]. In photonic detectors, radiation is absorbed
inside a material as a result of direct interaction of photons
with charge carriers. These detectors include photovoltaic
and photoemission detectors, photoconductive detectors,
quantum well detectors, etc. In thermal detectors, incident
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radiation is absorbed by the material, which leads to a tem-
perature rise and to a subsequent change in some physical
properties of the material, such as resistance. Thermal detec-
tors include pyroelectric detectors, thermocouples and
bolometers [2, 3]. Unlike thermal detectors, photon detec-
tors exhibit a wavelength-selective sensitivity, better signal-
to-noise ratio and high response time. The advantages of
thermal detectors are the simplicity of the design and the
absence of necessity in cryogenic cooling, which greatly
reduces energy consumption and cost of this type of devices,
making them the most common for civil applications [2—4].

The search for new sensor materials for IR detectors is
still urgent. Over the past ten years, carbon nanotubes have
been used in the development of detectors based on different
mechanisms of conductivity variation due to electromagnetic
radiation [5]. The mechanism of the first type, photonic one,
is related to the direct interaction of incident radiation with
charge carriers — electrons and holes. The mechanism of the
second type includes all thermal effects which result in heat-
ing the nanotubes by radiation and in changing their conduc-
tivity (metallic or semiconductor). Detectors based on the
mechanism of the first type are represented by different pho-
toconductors [6—9], Schottky diodes [10] and p—n junction
detectors [11]. In these devices, a photon excites an exciton in
carbon nanotubes (CNTs), which then decays into an elec-
tron and a hole between the valence and conduction bands.
Then, carriers become separated by external or internal elec-
tric fields, and, as a consequence, a photocurrent or photo-
voltage arises.

In individual nanotubes, the photovoltaic effect is pre-
dominant [12—14] since in this case heat dissipates quickly
due to high thermal conductivity of the tubes, which is not
limited to the heat propagation through the tubes. In macro-
scopic structures (films) of nanotubes, on the contrary, the
contribution of the direct photocurrent generation mecha-
nism may be negligible because of very rapid relaxation of
excitons. In this case, the absorbed energy is effectively trans-
ferred to the lattice vibrations through the electron—phonon
interaction, which leads to a temperature rise and, as a result,
causes the bolometric effect [13]. The possibility of designing
a bolometer on carbon nanotubes was demonstrated by the
group of Haddon and Itkis in 2006 [14, 15]. The authors
showed that the electrical response of a CNT film to IR radia-
tion is bolometric in nature, and also that the use of a sus-
pended film leads to at least a fivefold increase in the device
sensitivity compared to the case of a film lying on the sub-
strate. Further studies of the CNT bolometer development
have been conducted mainly in two directions. The first direc-
tion represents the use of thin suspended films of pristine
nanotubes [16, 17], while the second assumes the development
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of a bolometric sensor based on a composite of various poly-
mers and nanotubes [18-21].

Carbon nanotubes have a number of properties that allow
one to consider them as a promising bolometric sensor. They
have a low thermal capacity, high thermal conductivity and
high strength. Moreover, the use of various chemical and
physical methods for nanotube modification makes it possi-
ble to vary their optical and electrical properties over a wide
range. According to Rogalski [2], the voltage sensitivity of a
bolometric element (a ratio of the bolometer voltage response
to the incident radiation power) is determined by the expres-
sion:

R, =IRaRye, (1)

where Ry, = G is the thermal resistance; Gy, is the thermal
conductivity between a sensor and a substrate; ¢ is the coeffi-
cient of IR radiation absorption; @ = R~'dR/dT is the tem-
perature coefficient of resistance; R is the sensor resistance;
and 7 is the current through the sensor. Thus, the larger the
coefficients a and € and the lower the thermal conductivity,
the higher the detector sensitivity. On the other hand, the
bolometer operating speed is determined by a characteristic
response time of the sensor to the change in irradiance:

7= ClGy, 2

where C is the heat capacity of an absorber and a sensor.
Consequently, the lower the sensor’s heat capacity, the faster
it reacts to changes in the intensity of IR radiation.

In the present study we have investigated bolometric char-
acteristics and parameters of pristine single-walled carbon
nanotube (SWCNT) films suspended over the hole. This
allowed us to design a bolometer with a unique speed of
response parameters owing to the low heat capacity of the
sensor (film thickness ~40 nm) and to increase its sensitivity
due to the low thermal conductivity between the sensor and
substrate. Herewith, as is shown below, nanotubes have a low
absorption coefficient in the wavelength range of 3—10 pum.
To increase the bolometer sensitivity in this range, we have
also studied various hybrid materials representing a SWCNT
film coated with graphene. It is known that graphene is a
unique absorber, because a monoatomic graphene layer with
a thickness of only 0.35 nm absorbs 2.3% of radiation in a
wide wavelength range [22]. This means that the application
of several tens of graphene layers allows one to increase sub-
stantially the absorption coefficient, while the effect of gra-
phene on the thermal capacity and sensor response time are
minimal compared to other types of black.

2. Measurement techniques

The schematic and photograph of the samples are given in
Fig. 1. 0.2-um-thick gold contacts on a titanium and platinum
sublayer were preliminary thermally deposited onto a circular
quartz substrate with a diameter of 17 mm and thickness of 4
mm on both sides of the hole with a diameter of 6 mm located
in the middle of the substrate. The selection of these materials
is stipulated by several reasons. Firstly, quartz has a compar-
atively low thermal conductivity (1.38 W m™' K-!) which
increases the sensor sensitivity. Secondly, gold is virtually not
oxidised compared, for example, with copper, and the work
function of gold is 4.8 eV which is close to the work function
of nanotubes (4.5-5.0 eV). In addition, the deposition of a
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Figure 1. (a) Schematic and (b) photograph of bolometric sensor samples.

film of nanotubes onto wide flat contacts can significantly
reduce the noise level at the contacts.

The SWCNT films were used as the sensor material.
Carbon nanotubes were synthesised by chemical vapour
deposition from the gas phase, carried out by thermal decom-
position of ferrocene vapour [Fe(CsHjs),] in the atmosphere of
carbon monoxide (CO). The SWCNTs were collected on a
cellulose filter placed at the reactor outlet [23, 24]. The thick-
ness of the films with randomly oriented SWNTs formed on
the filter surface is determined by the collection time; in our
case, it was about 40 nm, the transparency of the film at a
wavelength of 550 nm being equal to 80%. The obtained film
was transferred directly from the filter onto the substrate in
such a way that a considerable part of the film covered the
contacts (dry transfer process from the filter is quite simple
and described in detail, for example, in [25]). This method
allows one to obtain relatively fast a very durable and thin
free-standing film with a rather large area of randomly dis-
tributed pristine carbon nanotubes interlinked by the van der
Waals forces.

Using different methods, graphene was deposited atop
three samples out of four (see Table 1). For sample No. 2, a
film of graphene was deposited from a solution of reduced
graphene oxide in ethylene glycol (Akkolab, Moscow). Before
this, ethanol had been dripped from above into a pre-heated
solution to form a dense graphene film on the ethylene glycol
surface. SEM studies showed that the film obtained by this
method consists of layers of interlinked large graphene flakes
with small gaps. These layers have a nonuniform thickness of
tens to hundreds of nanometers. Graphene, having been pre-
viously transferred from a solution in ethylene glycol onto a
quartz substrate, was applied onto sample No. 3 using the dry
transfer technique. For comparison of samples, Table 1
shows an approximate number of graphene layers produced
in various ways. It was calculated by the fraction of absorbed
radiation at a wavelength of 550 nm on the assumption that
each layer absorbs 2.3%. This is only an estimation value
because graphene in our case does not lie uniformly but forms
separate flakes, with a number of layers that can greatly
exceed the average estimation over the sample. An aqueous
dispersion of graphene oxide (Akkolab) was applied in three
passes onto sample No. 4, preheated to 200°C, from a dis-
tance of 100 mm by means of an aerodynamic spray. After
that, graphene oxide has been recovered for 4 min by heating
the sample to 300°C [26]. This made it possible to obtain
hybrid SWCNT + graphene samples with varying amounts of
graphene and hence different absorption coefficients. IR
transmission spectra of all the samples are shown in Fig. 2.

The following parameters were selected to determine the
efficiency of the bolometer sensor samples: spectral character-
istic (dependence of the bolometer sensitivity on the incident
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Table 1. Samples of bolometric sensors with different absorbers.

Sensor material . Method of absorber Transmittance of the sample with
Sample . ’ Absorber material, .. _
transmittance deposition an absorber at A =5 um
number — number of layers
at A =550 nm
1 SWCNT, 80% No - 95%
2 SWCNT, 80% Graphene, ~40 layers Transfer from a solution 17%
in ethylene glycol
3 SWCNT, 80% Graphene, ~10 layers Dry transfer from 68%
a quartz substrate
Graphene oxide . .
0, > P o
4 SWCNT, 80% reduced by heat Aerodynamic spraying 95%
100
S Preamplifier
g ~
E ;
T
T z L
40k 5 Multimeter
r 5 I L
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Figure 2. IR transmission spectra of bolometric sensors: sample No. 1
(pristine SWCNTSs), sample No. 2 (SWCNT + 40 graphene layers),
sample No. 3 (SWCNT + 10 graphene layers) and sample No. 4
(SWCNT + reduced graphene oxide).

radiation wavelength), voltage sensitivity (ratio of the bolom-
eter voltage response to the incident radiation power), time
constant, or response time (characterises the detector operat-
ing speed) and noise equivalent power (NEP).

To measure the bolometer’s spectral characteristics in the
range of 370—-8000 cm™' (1.25-27 pm), a standard globar
forming part of a Vertex-70v FTIR spectrophotometer
(Bruker, Germany), the spectrum of which is close to the
blackbody spectrum, was used as a source of IR radiation.
The modulated radiation of the globar was fed to the sample
under study. To enhance the bolometer sensitivity, an alu-
minium mirror was mounted directly behind the sample,
which allowed us to increase the amount of the absorbed radi-
ation energy in the transparent samples. By means of thin
wires, the sample contacts were soldered to the input of a spe-
cial low-noise two-cascade preamplifier, the first-cascade gain
of which could be varied depending on the load resistance:
Kump = Rpp/Ryo1, Where Ry, is the feedback resistance, which
equals either 10 or 100 kQ depending on the switch position,
and Ry is the resistance of the bolometric sample. A pream-
plifier was connected to the spectrophotometer input through
the ANA Box E550 A (Bruker) console, which served as an
analogue-to-digital converter and also as an additional pre-
amplifier. The voltage of =12 V was fed to the preamplifier
via the console from a special low-noise source being part of
the measuring circuit of the spectrophotometer. The scheme
of the measurements is shown in Fig. 3.

Thus, in this scheme, the bolometric sample acts as a spec-
trophotometer detector. The spectral response of the sample

[ -

Figure 3. Scheme of measurement of the spectral characteristics of the
bolometer.

Vertex-70v

to the modulated IR radiation of the globar is measured. In
this case, each wavelength corresponds to a specific signal
modulation frequency. To exclude spectral characteristics of
the globar, the bolometer spectral response is normalised to
the globar spectrum measured using a standard pyroelectric
sensor of the spectrophotometer. In the investigated fre-
quency range, spectral characteristic of a standard sensor is
taken virtually constant. By means of this approach, the
bolometer’s spectral characteristic in relative units is deter-
mined. All spectral characteristics are also normalised by the
gain of the first-cascade preamplifier since it depends on the
sample resistance.

In measuring the voltage sensitivity R,, the time constant
7 and the noise equivalent power P,, a laser module with an
output power of 12.5 mW, a wavelength of 650 + 5 nm and a
beam diameter of no more than 5 mm was used as a source of
optical radiation. Laser radiation was modulated by rectan-
gular pulses, the frequency and duration of which were varied
within a wide range depending on the sample performance. A
laser beam was passed through the spectrophotometer’s front
window into the Vertex-70v sample compartment. To mea-
sure R, and 7, a voltage signal from the first-cascade pream-
plifier was fed to an oscilloscope. The voltage sensitivity of
the bolometric sample was calculated by the formula:

_ AU
Re= B Ko’ )

where AU is the rectangular pulse response amplitude mea-
sured on the oscilloscope; Py, is the laser radiation power;
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and K, is the first-cascade amplifier gain. Thus, the abso-
lute voltage response of the bolometer to monochromatic
radiation at a wavelength of 650 nm is determined. The time
constant of the sample is determined by the trailing edge of
the response pulse (by the 1/e signal level of the maximal
amplitude).

The same scheme was used to measure the noise equiva-
lent power P,; however, the signal from the preamplifier was
fed not to the oscilloscope but to the input of electronic
recording system circuit of the Vertex-70v spectrophotome-
ter. Thus, the noise and signal levels in a specified frequency
band were measured (Af'= 1 Hz). It was assumed that the lev-
els of noises introduced additionally on all cascades of pream-
plifiers are much lower than the noise level of the bolometer
itself. The modulation frequency of laser pulses for each sample
was deteremined to optimise the signal-to-noise ratio in the
selected frequency band. The equivalent noise power is deter-
mined by the formula:

p— })18.5
hB=5\R VAT “4)
where SNR is the signal-to-noise ratio.

To determine the optimum ambient parameters which
ensure the most effective bolometer operation, the depen-
dences of the bolometer parameters on the ambient tempera-
ture and pressure were measured for some of the samples.
With this aim in view, the bolometric sensor was preliminary
placed into a special vacuum cell (VT cell GS21525) con-
nected to a HICube 80 ECO pump by means of a Pfeiffer
MPT 100 pressure gauge and a SPECAC 6100+ temperature
controller. The cell placed inside the spectrophotometer is
designed in such a way that the contacts from the sample can
be brought outside and connected to the preamplifier input.
Cooling to temperatures of —175°C was carried out with lig-
uid nitrogen. By using a pressure sensor and a pump, the
required pressure of 2 x 107 — 1 bar was set inside the cell.

3. Experimental results and discussion

Figure 4 shows the spectral sensitivity of the samples listed in
Table 1, measured at a pressure of 1 mbar (inside an evacu-
ated measuring chamber of the spectrophotometer) and room
temperature. If we compare the transmission spectra of the
samples (see Fig. 2) with their spectral bolometric sensitivi-
ties, it is clearly seen that the spectral responses are modulated
by the absorption coefficients of the samples. For example, a
dip in the spectral characteristics at the wavelengths from 3 to
10 um (1000—3000 cm™), which corresponds to high trans-
mission of IR radiation by nanotubes, is clearly observed for
the sample No. 1 (pure SWCNT). In contrast, the sensitivity
peak is located at the wavelength of 2.5 um (4000 cm™") which
corresponds to the peak of the absorption coefficient. Hybrid
sample No. 4 (SWCNT + reduced graphene oxide) is more
sensitive in this range due to the increased absorption.

It can be seen that the well-absorbing samples (Nos 2 and 3)
have a more uniform spectral sensitivity in this wavelength
range of IR radiation (from 1.25 to 27 um). On the other hand,
the spectral response amplitude of the samples with a thick
absorber is lower than that of the sample tubes without an
absorber, or with a thin absorbing layer, especially at low
wavelengths. This is due to the fact that, as shown below,
‘thick” samples have a much lower response time. Since the
radiation of each wavelength of the FTIR spectrophotometer
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Figure 4. Spectral characteristics of samples of pure SWCNTSs and hy-
brids with different absorbers at room temperature and a pressure of 1
mbar: sample No. 1 (pure SWCNTs), sample No. 2 (SWCNT + 40 gra-
phene layers), sample No. 3 (SWCNT + 10 graphene layers) and sample
No. 4 (SWCNT + reduced graphene oxide).

is modulated at a certain frequency (the shorter the wavelength,
the greater the frequency), slow bolometers just ‘do not feel’
high modulation frequencies of radiation. This fact must be
taken into account when comparing the samples.

More precise conclusions on the bolometer efficiency can
be derived in accordance with the absolute voltage sensitivity,
time constant and NEP given in Table 2. These measurements
were carried out at room temperature and a pressure of 1
mbar. The waveform response to the modulated radiation
represents a train of rectangular pulses. To illustrate the sam-
ple response speed to switching on/off laser radiation, Fig. 5
presents the trailing edges of the voltage responses for bolo-
metric samples. For clarity, all responses are normalised to
the amplitude maximum. It can be seen that sample No. 1
(pristine SWCNTs) has the highest response time. Its time
constant at a pressure of 1 mbar and room temperature con-
stitutes 2.6 ms. The time constant of sample No. 4 (a hybrid
of SWCNTs and reduced graphene oxide) is slightly greater:
it amounts to 3.3 ms. The voltage sensitivity of these two sam-
ples is approximately the same and amounts to ~1.5 V W1,
The response time of sample Nos 2 and 3 is 37 and 14 ms,
respectively. This is due to the fact that the absorber layer
contributes to the heat capacity of the sensor, which has a
negative impact on the performance [see (2)]. Thus, the hybrid
sample with the thickest graphene layer (~40 layers), due to
high absorption, turned out to be the most sensitive to pulsed
laser radiation (2.4 V W=!). The total heat capacity of the
tubes and coatings can be inferred by the sample response
time, while the efficiency of absorption and heat transfer from
the absorber to the tubes determines the voltage sensitivity. In

Table 2. Values of bolometric parameters for the samples with different
absorbers, measured at room temperature and a pressure of 1 mbar.

Sample number O P,/
(absorber) RIVW o/ms 10° W Hz '
1 (without absorber) 1.58 £ 0.15 26+03 8820

2 (graphene, ~40 layers) 2.4+0.3 373 19£5

3 (graphene, ~10 layers) 1.38 £0.10 14£1 9%3

4 (reduced 1524010  33%03 20+04

grapheme oxide)
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general case, the addition of an absorbing layer enhances the
sample sensitivity, but strongly affects the operating speed.
As for the NEP, the best characteristics are exhibited by
hybrid sample No. 4 and pristine SWCNT sample No. 1.
Generally, we can assert that the presence of an absorber
apparently adds thermal and current noises to the bolome-
ter’s voltage response.

U (rel. units)

Time/ms

Figure 5. Normalised voltage responses of the samples with different
absorbers for pulsed laser irradiation at room temperature and a pres-
sure of 1 mbar: sample No. | (pristine SWCNTs), sample No. 2
(SWCNT + 40 graphene layers), sample No. 3 (SWCNT + 10 graphene
layers) and sample No. 4 (SWCNT + reduced graphene oxide).

Figure 6 shows the voltage sensitivity and time constant as
functions of pressure in the cell in the range of 2 x 107 — 1 bar.
The character of the dependences for both samples is similar.
In lowering the pressure in the cell, initially the sensitivity
remains virtually unchanged up to 10 mbar. The further low-
ering of the pressure results in a sharp increase (by 2—3 times)
in sensitivity. This is due to the fact that when the sell is evac-
uated, heat conduction and convection through the air cease
to contribute to heat transfer. The sample is only cooled by
radiation and through the contact with the substrate, the
cross-sectional area of which is small. Thus, ceteris paribus,
heating of the sample by radiation in vacuum is stronger, and
its sensitivity increases.

It is obvious that, as the pressure decreases, the time con-
stant, which is inversely proportional to the thermal conduc-
tivity, also increases. This is actually observed at pressures
below 1-10 mbar: the time constant under high vacuum
increases by 1.5-2 times. On the other hand, the sample
response time sharply increased at pressures above 100 mbar.
Apparently, this reflects a contribution of the layer of air to
the thermal capacity of the system. The irradiated sample
heats the adjacent layer of air, thermal conductivity of which
is low. As a result, the sample reacts slowly to the changes in
irradiation.

Thus, with regard to the response time, the pressure range
103-10"! bar is optimal for a bolometer of this type, despite
the fact that the sensitivity is better at lower pressures. In
addition, high vacuum is technologically more difficult to
maintain.
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Figure 6. Voltage sensitivity and time constant as functions of ambient pressure for (a, b) sample No. 1 (pristine SWCNT) and (c, d) sample No. 2

(SWCNT + 40 graphene layers) at room temperature.
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Figure 7. (a) Voltage sensitivity, (b) time constant and (c) NEP as functions of temperature for sample No. 4 (SWCNT + reduced graphene oxide)

at a pressure of 1 mbar.

The voltage sensitivity, time constant and NEP as func-
tions of temperature are shown in Fig. 7 for sample No. 4.
The temperature drops significantly with lowering the sam-
ple sensitivity. This may be stipulated by several reasons.
Firstly, with decreasing temperature, the temperature coef-
ficient of the sample resistance also decreases. Secondly, due
to the fact that the SWCNTs we have used have metallic
nature of the resistance dependence on temperature, the
sample resistance decreases several times down to liquid
nitrogen temperature. It is also possible that thermal con-
ductivity of the sample grows with cooling. The latter
assumption is confirmed by the temperature dependence of
the time constant shown in Fig. 7b. A decrease in tempera-
ture from +33°C to —173°C increases twice the sample
response time. The noise equivalent power increases with
decreasing temperature, which is associated with a reduction
in the sample sensitivity. Thus, the NEP increases only five-
fold, whereas the signal level falls nine times. Obviously, this
is because the total noise level and the temperature-related
resistance also decrease with decreasing temperature. From
this we may conclude that the additional cooling of the
bolometer based on the nanotubes we have used in this work
is inadvisable due to a strong reduction in sensitivity while
cooling. The sensors made of nanotubes with semiconductor
properties can have different nature of the temperature sen-
sitivity dependence due to an increase in the a coefficient at
liquid nitrogen temperatures.

4. Conclusions

A bolometric sensor was constructed based on suspended car-
bon nanotubes obtained by aerosol synthesis, possessing a
small response time of 2.6 ms at room temperature and 1
mbar pressure, which is several times better than the response
time of commercial bolometers [27]. By lowering the tempera-
ture to —175°C, the bolometer response time may be reduced
to 1 ms.

The application of an additional layer of graphene onto
the film of nanotubes allows increasing the bolometer volt-
age sensitivity by 1.5 times due to increased absorption in
comparison with a sample of pristine nanotubes. This con-
siderably reduces the bolometer response time, since the
addition of the absorbing material increases the thermal
capacity of the sensor.

All the bolometer samples are sensitive to IR radiation in
the range of 1.3—27 um at room temperature. It is shown that
additional cooling of the bolometer to —175°C offers no
advantage in the sensitivity and noise characteristics, although
in this case the response time is decreased. The sensitivity
increases by reducing the ambient pressure to 2 x 10~/ bar,
while the optimal value of the response time is observed at a
pressure of 103-107! bar.

The studies we have conducted allow us to offer the car-
bon nanotubes, obtained by aerosol synthesis, as a promising
sensor material for the production of ultra-fast bolometers
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and micro-bolometer arrays. In the future, we plan to improve
the sensitivity and response time of the bolometric sensor at
the expense of selecting the tubes with a high temperature
resistance coefficient, using an optimal substrate configura-
tion, and also optimising the preamplifier parameters and the
bolometer connection circuit.
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