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ABSTRACT: The application of a type of bio-nano tissue,
consisting of tobacco cells and multiwalled carbon nanotubes, as
a sensitive near-infrared region (NIR) bolometer operating at room
temperature was investigated. An electrical resistor-type sensor was
fabricated by the evaporation of lateral gold contacts. A very low
dark conductivity was achieved by a high-voltage treatment of a
strongly conducting nanotube network. Although before the
treatment the electrical transport was dominated by the percolative
transport in the nanotube network, after the voltage stress the
electronic transport in the low-conductivity tissue was controlled
only by the intrinsic electrical properties of the biological matrix. In
this latter case, the conductivity was extremely temperature and
humidity dependent. However, on operating the sensor tissue in a
small temperature window around room temperature, the change
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in humidity could be neglected. Under these conditions, the

multifunctional device functioned as a very high sensitivity temperature sensor with a temperature coefficient of resistance of more
than —20%/K. Sensitive bolometer operation with a very good signal-to-noise ratio was demonstrated by irradiation of the tissue
with low-power LEDs in the near-infrared range between 780 and 1720 nm.
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B INTRODUCTION

Multifunctional sensors have attracted increasing interest
owing to their ability to detect different physical parameters,
such as pressure, strain, temperature, humidity, light, and
chemical compounds, simultaneously in one detection unit."
These sensors have a wide range of applications in the fields of
robotics and artificial skins, smart building and energy
efficiency, optical communications and light detection,
biomedical and remote environmental sensing, autonomous
driving, etc.”® To date, such devices have been fabricated using
complex and expensive processes requiring deposition
conditions and device packaging in vacuum using inorganic
materials (e.g, rare earth elements, semiconductors, and
superconductors).*”’

In the last few decades, many authors have reported
multifunctional sensors fabricated with alternative low-cost
sensing materials and easier fabrication processes based on
polymers and organic compounds combined with different
fillers (e.g, carbon black, carbon nanotubes, graphene,
molybdenum disulfide, etc.).”” For example, Tsang et al
described a multifunctional composite sensor, based on
polymers and porous carbon, having the capability to sense
pressure and temperature simultaneously for health monitor-
ing.8 Moreover, Kim et al. reported a platform with
multisensing functions that responds to various stimulations,
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including weak gas (air) flow, direct physical touch, light, and
heat, based on organic field-effect transistors with polymer-
dispersed liquid crystals.” More recently, several studies have
described complete electronics systems (e.g., sensors, comple-
mentary inverters, and energy storage devices) based on
biodegradable and environmentally friendly materials.'*~"*

In the present study, a biodegradable nanocomposite
fabricated with tobacco cells with the addition of multiwalled
carbon nanotubes (MWCNTs) has been proposed as a sensing
material for a low-cost multifunctional sensor. In this proof of
concept, tobacco cells are used as scaffolds to create a
biodegradable structure where the conductive carbon nano-
tubes are confined. The addition of the MWCNTSs permits
functionalization of the material, making the tissue sensitive to
both temperature variations and light in the near-infrared
region (NIR). In particular, the device shows a bolometric
behavior due to its ultrahigh value of the temperature
coefficient of resistance (TCR) observed at room temperature.
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Figure 1. (a) Digital camera picture of the sample during operating conditions with an applied bias voltage. The film has a 2 cm wide and 1 cm long
area and a thickness of about 142 ym. (b) Experimental setup used to investigate the unsuspended photosensitive device based on tobacco cells and
MWCNTs with coplanar gold contacts. (c) Scanning electron micrograph of the investigated sample after opening with a focused ion beam. (d)
Optical transmittance of the thin film measured at telecom wavelengths in the near-infrared region. The incident light power Py, is S0 gW.

Here, the electrical output signal of the bolometer, related to
the intrinsic properties of the developed tissue, is proportional
to the temperature and it does not depend on the device
area.'* A variety of bolometer sensors have been employed for
a wide range of applications, such as in night vision systems in
automobiles, astronomy, and energy leakage detection tools."
To reveal the sensing properties of the bio-nanocomposite
tissue, the current—voltage characteristics and the temperature
dependence of the material were determined. Moreover, the
photoresponse at different light intensities and excitation
wavelengths in the NIR wavelength range was evaluated. In
addition, the correlation between the temperature variation at
the surface and the induced change in the electrical
characteristics as a function of light irradiation was analyzed
in terms of voltage responsivity, speed response, and thermal
boundary conditions of the device.

B EXPERIMENTAL SECTION

Sample Preparation. Multiwalled carbon nanotubes (Type
“3100” from Nanocyl) were dissolved in distilled water with the
help of sodium dodecyl sulfate (SDS) as a surfactant and mixed with
tobacco cells from the BY-2 cell line derived from the callus of
Nicotiana tabacum seedlings.'® This cell line is quite easily available
and often used as a model system for higher plants. For all details
regarding the bio-nano tissue fabrication and its original mechanical
and electrical properties, the reader is referred to a previous
publication.'” The final device was fabricated by evaporating lateral
gold electrodes on top of the bio-nano tissue. The sample electrical
resistance was originally about 3 MQ. However, after this sample had
been exposed for a longer time to a high voltage of 150 V, the
conductivity decreased by some orders of magnitude, probably due to
the complete interruption of the nanotube percolation path. A
photograph of the finished sample is shown in the inset of Figure la.
The sensitive area of the sample was 1 cm wide (W) and 2 cm long
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(L) and the average film thickness (f) of the photosensitive tissue
without metallization was 142 pm. Here, each electrode was 0.5 cm
wide and 1 cm long.

Sample Characterizations. In the investigated sample, the
carbon nanotubes could not be detected anymore on the sample
surface. Therefore, the sample was opened using a focused ion beam
(FIB) instrument with Ga* ions to cut a rectangular-shaped window
into the sample. The FIB instrument was also equipped with a
scanning electron microscope (SEM) for additional imaging of the
sample. The current—voltage characteristics (I—V) of the device were
measured under dark conditions and under illumination using a
Keithley 487 source meter. All presented measurements were
performed at room temperature without temperature regulation.
The light-emitting diodes (LEDs) were current-biased using a Melles
Griot 06DLD103 diode laser controller. This measurement setup is
shown in Figure 1b. The LEDs with emission at different wavelengths
within the near-infrared (NIR) region (780, 1300, 1550, and 1720
nm) were positioned at a distance of 2.5 cm above the sensitive area
of the investigated device. The nominal maximum power of the LEDs
was SmW. The calibration of the incident power at 780 nm was
performed using a Hamamatsu S2386 silicon photodiode. The
calibration for the LEDs with emitting wavelengths at 1300, 1550,
and 1720 nm was done using a Hamamatsu GS5832-03 InGaAs
photodiode.

The experimental measurements were conducted by applying a
constant bias voltage of 10 V to the coplanar contacts with the
switching of the infrared light source having a period of about 120 s.
Under these operating conditions, the temperature was monitored
using a 10 kQ thermistor with a negative temperature coeflicient
(NTC). Additionally, the amount of water contained within the
sample was monitored by performing gravimetric measurements
before and after the measurement cycles using a Sartorius MA-30
moisture analyzer. It should be noted that even after more than 2
years of storage, the investigated film had excellent mechanical
properties such as high flexibility. For the as-grown film, the
mechanical properties have already been reported in detail.'” The
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surface temperature was monitored with a FLUKE 576 high-precision
infrared thermometer.'®

B RESULTS AND DISCUSSION

The SEM image of the investigated sample is shown in Figure
1c. Here, the carbon nanotube (CNT) bundles are observed to
be distributed around the tobacco cells that act as a scaffold.
This leads to the formation of a porous film structure, where
the MWCNTSs form a conductive network. This network is
clearly seen in the SEM picture where the CNT-network parts
that are electrically connected to the substrate are evidenced as
bright structures. The bio-nanocomposite thin film has a black
color due to the high concentration of carbon nanotubes
loaded into the biological matrix. The porosity of the sample
ensures good light penetration into the relatively thick bio-
nanocomposite film. The optical transmittance (7,) of the
thin film remains almost constant with values between 4 and
7% in the whole investigated near-IR range, as displayed in
Figure 1d. This finding confirms the results of our previous
study, which reported values of optical transparency on the
same order of magnitude in the visible spectral range.'”

DC Characteristics. In Figure 2, the current—voltage
characteristics of the device based on tobacco cells and
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Figure 2. Current—voltage characteristics measured under dark
conditions (full symbols) and under light illumination at 1300 nm
with an incident optical power of 90 yW (open symbols). Inset:
Difference between the I—V curves, measured at different light
intensities, in a restricted voltage range close to +10 V.

MWCNTSs measured under dark conditions and under
illumination are shown. The I-V curves are symmetric around
the origin, with a perfectly linear behavior in the investigated
voltage range. Gold electrodes used for our samples have been
shown to enable the realization of excellent ohmic contacts on
CNT-based composite materials.””*' The composite film
shows a low current value of 4.36 X 10~ A at 10 V when
measured under dark conditions. However, on illuminating the
device with an incident light power (Phght) of 90 uW at 1300
nm, a change in the slope of the electrical curves, which
corresponds to a resistance reduction, was noted.

As clearly shown in the inset of Figure 2, the turning on of
the IR light causes a slight increase of about 0.15 X 107 A in
the current signal at 10 V. The variation in the electrical
current (f# = AI/I) under this illumination condition is 3.4%. It
is worth noting that for the illuminated sample no current has
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been measured without an applied voltage. The absence of any
zero-bias photocurrent under illumination in our device
indicates that the photovoltaic and the photothermoelectric
mechanisms are negligible.22 Therefore, the change in the
electrical conductivity can be attributed either to the
photoconductive or to the bolometric effect. In photo-
conductors, optically created electron—hole pairs are separated
in the material due to an externally applied bias voltage.””
Here, the observed resistance modulation can, most probably,
be attributed to the bolometric effect, that is, to a change in the
electrical conductance caused by the photoinduced heating
under incident radiation.””**

Temperature Dependence of the Electrical Charac-
teristics. To investigate the influence of temperature on
photoconductivity, the photoresponse of the device was
measured during multiple photoswitching cycles. Under these
conditions, the temperature was unregulated during the
experiment, which was performed for more than 8 h overnight.
The time evolution of temperature, measured during the
cycles, is shown in Figure 3a (left y-axis). Here, the
temperature decreases from 294.5 to 292 K for the duration

g 295 1 Pigne = 90 nW (a)
g
S 294
©
o 293
Q
g 292 - 1o
2 X
g L35
18 L <
e L g
4 25 @
28800 29200 29600 30000 S
Time (s) 2.0 O
A,=1300 nm
T T T T T 1.5
(] 6000 12000 18000 24000 30000
Time (s)
3.2 4
Experimental data
3.04™ Fit
2.8 3 i S? o
g 2] 2 s
€ 24- / 22
g 32
3 224 A e
‘ A 0.57 nA/K
2.0 14
1.8
(b) (c)
1.6 . T T 0 T T T T
292 293 294 294.5 1 80 160 220

Temperature (K) Cycle number

Figure 3. (a) Temperature development during the switching
endurance test is shown on the left y-axis (black solid line), whereas
the time evolution of the response of the photodetector at a bias
voltage of +10 V, exposed to alternating dark—illumination cycles, is
shown on the right y-axis (blue solid line). The inset shows a zoom
into the last four cycles in the end phase of the durability test. (b)
Variation of the dark current as a function of the temperature. The
black solid line represents the linear fit. (c) Cycle stability of the AI/
I 4,0 ratio measured for 220 working cycles when the device is exposed
to alternating dark—illumination periods. The sensor was illuminated
with a 1300 nm LED with an incident light power of 90 yW.
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of the experiment. As the water content of the sample could
affect the DC electrical conductivity, the weight of the device
was verified before and after the experiment. Gravimetric
measurements showed that only a negligible amount of water
was absorbed or de-absorbed by the material during the
endurance test. Therefore, no change in weight was observed.
In Figure 3a (right y-axis), the current response measured over
long durations of alternating dark—illumination cycles at 1300
nm (Phght =90 yW) and with an applied bias voltage of 10 V is
shown. As can be seen, the photoresponse exhibits a dark
component (Igq) that changes during the experiment
following the temperature dynamics of the sample. However,
the modulated current signal (AI = I — I4,) seems to be
rather independent of the temperature variation of the
ambient. In the inset of Figure 3a, four cycles at the final
stage of the durability test are shown. When the temperature
reaches a constant value (292 K), the background current
remains constant and the modulated photocurrent is added to
the background signal measured under dark conditions. In
Figure 3b, the measured current variation as a function of the
temperature is shown. As evidenced, a linear dependence of
the current to the ambient temperature was observed. The
best-fitting curve to the experimental data using the equation I
= Iy + my (T — 293) is shown as the black solid line in Figure
3b. Here, I, is the measured current at 293 K and T is the
temperature in kelvin. The resulting best-fitting parameters are
as follows: I = (2.4 + 0.1) nA and m; = (0.57 + 0.01) nA/K.
In terms of the electrical resistance, the device shows a negative
temperature coefficient with a value of my = — Ry (m;/I;) of
about —1 GQ/K as displayed in Figure S1. Here, Ry = (4.17 +
0.08) GQ is the corresponding resistance at 293 K. As can be
observed, an increase in temperature leads to an increase in the
current signal (see Figure 3b) equivalent to a decrease in the
electrical resistance of the sensor. It is worth noting that m; (or
myg) represents the sensitivity of the temperature sensor, which
is the ratio between the output electrical signal I (or R) and the
measured input physical parameter T.

Under dark conditions, the sample acts as a temperature
sensor with a temperature coefficient of resistance (TCR) of
my/I,. The corresponding TCR value for our investigated
sensor was 23.7%/K, which is higher than those reported in the
literature for temperature sensors based on MWOCNTs
dispersed in different polymer matrices.'”**~>” For example,
the TCR of an epoxy/MWCNT composite, realized with the
same type of MWCNT, has been reported to be only about
0.05%/K.”> However, for pristine CN'T-based devices without
a polymer or epoxy matrix, TCR values of about 0.1%/K have
been reported.”**

In addition, the TCR absolute value at room temperature for
MWCNT films was about 0.07%/K in contrast to 0.17%/K for
single-walled CNT films.*® It should also be mentioned that
photoconductivity in another bio-nanocomposite material,
namely, Saccharomyces cerevisiae yeast extract/CNT-based
films, has already been observed, although only for high light
intensity values.”” To evaluate the stability of the photo-
sensitive film, the ratio # = AI/I4,; was computed during the
optical cycles. Figure 3c shows the AI/I4, ratio during the 220
working cycles under operating conditions, with 4., = 1300 nm
and Py, at 90 uW. As evidenced, good reproducibility of the
current modulation induced by the light was achieved. The
ratio f} increases linearly from an initial value of 2.3% up to a
final value of 2.9% after 220 periods. This net increment of
25% is mostly due to the reduction of the dark current by a
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factor of 2 with respect to its value during the first cycles. It
should be noted that the current modulation AI, observed at
the end of the durability test, is about 0.05 nA. As the
investigated material is characterized by a TCR of 23.7%/K,
presuming a purely bolometric effect, the change in temper-
ature AT induced by light exposure can be estimated as AT =
P/TCR. Under these conditions, a AT value of about 0.1 K
would be expected.

To evaluate the heating effect caused by the absorbed light
within the film, the measured photoresponse was correlated
with the temperature dependence of the electrical character-
istics by taking into account the thermal flux between the
material and the ambient. Therefore, the heat balance equation
under light pulse can be written as™®

dAT(t)
dt (1)

where the absorber is characterized by a heat capacity C and a
thermal link by its conductivity G. The heat sink temperature is
assumed to be the same as the ambient temperature, that is,
293 K. In the case of minimal reflection conditions, occurring
when the incident photons are orthogonal to the sample
surface, the radiation absorbance of the material & 1 — 7,
can be estimated to be 0.95. P, = V3,,/R is the electrical power
related to the Joule self-heating and dissipated in the sample
under a constant bias voltage. This latter quantity shows a
value of tens of nanowatts; therefore, it can be considered to be
negligible in this framework. Moreover, H(t) is a rectangular
pulse with H(t) = 1 when the incident radiation is turned on
and H(t) = 0 when the incident radiation is turned off.

P' t —_
The solution to eq 1 is then AT(t) = Mlight (";g" (1-e f/fc)}

where the temperature response changes exponentially with
the thermal time constant 7. = C/G.*° Under light illumination
and stationary conditions, the thermal conductivity G = 17Pyg,/
AT can be computed. As the bio-nanocomposite exhibits a
linear temperature dependence of the electrical characteristics

@ = R + nPgH(t) — GAT(t)

AI(t) = mpAT(t), as displayed in Figure 3b, eq 1 can be
written as
rlplight —t/
AI(t) =m (1 —e %
() = m 21— &) o

To demonstrate the thermal origin of the DC current
modulation, the change in temperature on the bio-nano-
composite surface was monitored with an infrared thermom-
eter under operating conditions during alternating dark—
illumination cycles. Figure S2a,b shows the corresponding time
evolutions of the temperature when the sensor was illuminated
at 1300 and 780 nm with a Py, of 90 and 350 uW,
respectively. As can be observed, the sensitive element changes
its surface temperature when illuminated at different excitation
wavelengths. In particular, at 1300 nm with an incident power
of 90 uW, the AT measured 0.12 K. It should be noted that
this latter value is consistent with that estimated (AT ~ 0.1 K)
in Figure 3a with the electrical characteristics and by assuming
a purely bolometric effect. However, at an excitation
wavelength of 780 nm at 350 yW, the maximum temperature
change measured was 0.45 K. Taking into account the solution
of eq 1 in stationary conditions, the value of the thermal
conductance G = (7.5 £ 0.2) X 10~* W/K can be estimated for
both the wavelengths used in the reference test.

The variation in the surface temperature value monitored for
both the IR wavelengths is in good agreement with the

https://doi.org/10.1021/acsaelm.1c00368
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Figure 4. (a) Time evolution of the photoresponse of the bio-nanocomposite measured by applying a bias voltage of 10 V when exposed to
alternating dark—illumination cycles. (b) Variation of the photocurrent as a function of the light intensity on the same device in a double
logarithmic scale. The dashed line represents the best-fitting curve to the experimental data. The inset shows the voltage responsivity as a function
of the incident power density at 780 nm. (c) Temperature variation induced by the absorption of the IR light at different intensities measured at
780 and 1300 nm (open triangles and filled squares, respectively). The slope of the fitting lines is related to the thermal conductivity of the
bolometer close to the substrate. (d) Photocurrent transients after the switch on and switch off of the light. The red solid line is the best fit obtained
using eq 2. The excitation wavelength is set to 780 nm with an incident light power of 350 yW.

assumption that the difference in the electrical characteristics
under illumination can be linked to the thermal origin. This
means that the change in the observed AI (or AR) could be
attributed to a heating effect caused by the absorbed light. The
B value estimated from Figure 3 is lower than that observed in
Figure 2. This difference can be attributed to the heating effect
caused by the absorption of the incident light during the long-
time exposure under I—V measurements. The current—voltage
characteristic measurement under light illumination takes 120 s
for the scan up to 10 V, and this time is sufficient to further
increase the temperature of the sample, which results in an
overestimation of f.

It is worth noting that the resultant bolometer based on the
bio-nanocomposite tissue exhibits a TCR of about 23.7%/K; it
is higher than that observed for the uncooled bolometric
detection device based on vanadium oxide (~3%/K), which is
the current leading platform for uncooled bolometric
detection.”>*"

Unraveling the Bolometric Effect of the Sensor Based
on Tobacco Cells and MWCNTSs. In Figure 4a, the time
evolution of the photoresponse of the bio-nanocomposite
measured at 780 nm by applying a bias voltage of 10 V in
coplanar geometry is shown. The device was exposed to
alternating dark—illumination cycles with an incident light
intensity of 350 yW. When the device was illuminated, a clear
increase in the current signal was observed. The device can be
reproducibly switched between high and low conductance
states. In Figure 4b, the dependence of the photocurrent on
the light intensity at 780 nm is shown. Using a power-law type
relationship, I, can be expressed as I, o Pfg,, where y = 0.98.
The monotonic variation of the photocurrent for different light
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power values ranging from 10 to 400 yW indicates a good
sensitivity for the temperature sensor. The photocurrent was
linearly proportional to the light intensity, reaching a value of
280 pA at the maximum incident optical power. The current
modulation was also observed for other wavelengths in the
visible range (e.g.,, 400 and 660 nm), as displayed in Figure S3.

As evidenced, the corresponding value of the current
responsivity R; = I,/ Py, of the photoreceiver based on

tobacco cells and MWCNT's at 780 nm was 0.85 yA/W for the
whole investigated range of Pyg,. As the device is voltage
biased, the voltage responsivity can be evaluated as
R, =R, x R.*”

Here, R, = 100 M is the internal electrical resistance of the
source measurement unit. The resulting value of R is 85 V/
W. Several authors have reported the value of R, on the same
order of magnitude (30 — 150 V/W) for bolometers fabricated
with nanocomposite materials incorporating carbon nano-
tubes.'>**™%° It should be noted that Simmons et al. prepared
a composite film for bolometric applications based on a
conductive ink with single-walled CNTs having a TCR value of
about —6.5%/K and a voltage responsivity R, of about 50 V/
W.3® In the inset of Figure 4b, the R, values as a function of
the incident light power are shown. As can be noted, the
responsivity is almost constant as a function of Py, showing a
stable operating condition of the device. To determine the G
value of the unsuspended temperature sensor, associated with
the thermal link with the substrate, the temperature variations
AT = nPyg/G measured as a function of different light
intensities at 780 and 1300 nm have been taken into account.
In stationary conditions, the linear slope, observed in the
experimental data displayed in Figure 4c, is related to the

https://doi.org/10.1021/acsaelm.1c00368
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near-infrared range. The dashed line represents the average value of R,. The incident light power is S0 yW.

thermal conductivity value of the device that works as a
bolometer. It should be noted that the G value estimated for
the bio-nanocomposite, when exposed to an IR excitation at
780 nm, is G = (6.8 + 0.2) X 10~* W/K. Moreover, the value
computed for A, at 1300 nm is G = (8.9 + 0.2) X 10™* W/K,
consistent with that estimated in Figure S2. Here, the G value
computed for both the excitation wavelengths are quite similar
to the ones evaluated in the reference tests. This finding
demonstrates that the thermal link of the measuring setup,
displayed in Figure 1b, remains the same in all performed
experiments. In the literature, several authors have reported G
values lower than two orders of magnitude for highly
performing bolometers.”>** This difference is essentially due
to the thermal link of the sample with the ambient for the
investigated multifunctional sensor device in the unsuspended
state. In Figure 4d, the time evolution of the photocurrent
response during one alternating dark—illumination cycle is
shown. Rise time is defined as the time interval from 10 to 90%
of the saturated photocurrent with respect to the dark current
after the light is switched on. During this single cycle, the
ambient temperature can be considered constant, as observed
by the steady value of the background current for the entire
time considered.

To evaluate the dynamics of the phototransients, a fitting
procedure was performed using an exponential growth
function, described in eq 2. In Figure 4d, the transients of
the current signal, the best-fitting curve, and the resulting time
constant value 7. are shown. As evidenced, the fit procedure
gives the 7, value on the time scale of seconds. The response
time of the temperature sensor is much slower than that
reported in the literature for infrared bolometers based on
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carbon nanotube/polymer composites.””*”* In this proof of

concept, the investigated multifunctional sensor has a large
area and a thickness of more than 100 ym, which increases the
heat transfer within the material. Moreover, the device under
the operating conditions is unsuspended and this increases the
rise time of the sensor. To enhance the speed of this
bolometer-type sensor to as low as fractions of a second, the
geometry of the sample (thickness and active area) has to be
optimized.'> However, device optimization is out of the scope
of this work and will be the subject of future research. Once
the device is illuminated with a 4., = 780 nm at 350 yW, the
electrical resistance varies with the temperature rise owing to
the absorption of the incoming electromagnetic radiation.
Therefore, the current signal exponentially increases reaching a
steady-state value of about 3.25 nA equivalent to an increment
of the temperature within the absorber material of about 0.5 K.
It should be noted that this value, estimated from the
photoresponse characteristics of the device, is similar to that
measured during the reference test with the IR thermometer in
Figure S2b. By switching off the excitation, the whole system
will slowly return to its original thermal equilibrium state,
showing a current value similar to that observed under dark
conditions. When the device is not illuminated, it works as a
temperature sensor showing a background current Iy, of
about 2.95 nA corresponding to a temperature of 20.8 °C, as
displayed in Figure 3b.

To evaluate the response of the material to different
wavelengths in the near-infrared region, the device was
exposed to light excitation at 780, 1300, 1550, and 1720 nm.
In this case, for comparison, the constant optical power of the
LED light of 50 yW was chosen. In Figure S, the time
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evolutions of the photoresponse for illumination with different
wavelengths, all measured at a bias voltage of 10 V, during
alternating dark—illumination cycles having a period of about
120 s are shown. As evidenced, an increase in the current signal
was observed when the excitation was turned on for all of the
investigated wavelengths. Moreover, once the illumination was
switched off, a slower decay was noted. Again, the thermal
conductivity between the sensor and the substrate and the
large heat capacity, due to the nonoptimized geometry of the
sensor, influence the response time of the bolometer. In Figure
Se, the responsivity values as a function of the excitation
wavelengths for a constant optical power of 50 yW are
reported. On increasing A, the responsivity of the device
increased showing a maximum value of about 120 V/W at
1300 nm. Subsequently, R, decreased, reaching a value of
about 98 V/W at 1720 nm. The multifunctional sensor exhibits
an average value of voltage responsivity of 95.2 &+ 2.2 V/W for
all of the investigated telecom wavelengths in the near-infrared
range. It is also worth noting that in the technologically
important NIR range beyond 1100 nm, which is not covered
by conventional silicon photodiodes, a rather high responsivity
was achieved. Moreover, a thermal photodetector that can
operate at room temperature without the need for cooling is

highly desirable.'*

B CONCLUSIONS

The application of a highly temperature-sensitive bio-nano
tissue, realized with tobacco cells as the matrix and multiwalled
carbon nanotubes as fillers at room temperature, as an NIR
bolometer was demonstrated. The initially relatively high
conductivity of the as-deposited nanomaterial was lost in a
high-voltage burn-in procedure, which interrupted the
continuous nanotube conduction paths and lowered the dark
conductivity by some orders of magnitude. The electrical
conductivity of the resulting device, finished by the
evaporation of lateral coplanar gold contacts, strongly
increased with increasing temperature, which was reversible
for small temperature excursions around room temperature
and extremely sensitive to light. Here, the operation as a light
sensor at room temperature under irradiation with low-
intensity light between 780 and 1720 nm is demonstrated.
This means that it can also be applied in the technologically
important wavelength ranges of around 1300 and 1550 nm,
which is not covered by conventional low-cost silicon
photodiodes. A bolometer-type operation principle is con-
sistent with the determined temperature sensitivity and time
response of the light sensor.
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