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ABSTRACT: Single-walled carbon nanotubes have been non-
covalently functionalized with metalloporphyrins. Iron tetraphenyl
porphyrin and cobalt tetraphenyl porphyrin were independently
employed to functionalize aligned nanotubes network that formed
the channel material for chemical field effect transistor-based
sensors. The primary aim of the study was to achieve
discrimination among structurally similar aromatic hydrocarbons,
benzene, toluene, and xylene, and derive possible role of the
central metal ions present in the metalloporphyrins in defining
sensor selectivity. Current−voltage and field effect transistor
measurements have confirmed formation of the efficient charge
transfer complex during functionalization. The sensors were
validated in respect to the analyte atmosphere within a
concentration window of 500 ppb to 10 ppm. A clear affinity of the sensors toward toluene was recorded; however, the iron
tetraphenyl porphyrin functionalized sensors exhibited a clear response (change in normalized resistance = 0.728) at lowest
concentration validated, approximately 30% sensitivity (500 ppb to 10 ppm concentration) and excellent linearity (R2 =0.94)
with figures that are significantly better than cobalt tetraphenyl porphyrin-based devices. Observed behavior of the sensors have
been rationalized in terms of vacant d orbitals of the central metal ions of metalloporphyrins and the side substituents present in
the structure of the hydrocarbons validated.

■ INTRODUCTION

Selective quantification of analytes at low concentration has
been one of the challenges in designing efficient gas sensor
platforms. Systematic investigation1 is therefore required for
reliable quantitative determination of analytes with similar
structure. From this standpoint, aromatic organic compounds
(AOC), especially benzene (C6H6) and its alkyl derivatives,
toluene (C7H8) and xylenes [or the three isomers of
dimethylbenzene C6H4 (CH3)2)], have gained significant
research interest2,3 due to their obvious presence in environ-
ment4,5 and hazardous effects on human health.6

A prominent representative group of aromatic hydrocarbons,
benzene, toluene, and xylene (BTX), are considered to be
among highly hazardous volatile pollutants. These are mainly
produced from automobile exhausts7,8 and incomplete
combustion of fossil fuels.9 BTX constitute the mainframe of
petrochemical materials and are widely found in gasoline,
thinner, and solvents for several chemical reactions.10,11

Numerous consumer and agricultural products, especially
pesticides contain component(s) of BTX.12 Natural sources
(e.g., landfill leachate) is another potential source of various

toxic organic compounds in which BTX are among prime
components.13 The toxic,14 carcinogenic,15 and neurological
effects of the BTX16 are well-established, and the adverse health
effects are too slow for early determination. Hence, reliable
sensing of BTX seeks serious attention.
Sensitive detection of BTX components reported to date

have mostly been carried out by quartz crystal microbalance
(QCM)-based sensors.17−20 Other approaches that have shown
encouraging results include sensors based on optical planar
Bragg grating,9 conducting polymer,21,22 and spectroscopic
measurements.23−25 However, most of these approaches have
rarely taken into account the issue of sensor affinity toward
components of BTX. Moreover, the noticeable discrepancy in
selectivity of the reported sensors is a strong motivation for
study in this direction. For example, while QCM modified with
β- cyclodextrin polymer thin film19 and poly(methyl meth-
acrylate) (PMMA) with a plasticizer20 exhibited better sensing
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for p-xylene, a quartz crystal nanobalance (QCN) modified
with polystyrene26 exhibited better sensitivity toward toluene.
Therefore, a need of efforts toward proper understanding of
such differences in observations is highly necessary for real-time
BTX sensors with high sensitivity and selectivity.
Advancing research efforts toward development of a volatile

organic compounds (VOCs) sensor, our group has demon-
strated simple chemiresistive backbones constituted of non-
covalently functionalized single-walled carbon nanotubes
(SWNTs) with metalloporphyrins (MPs) for sensitive
detection of VOCs.27,28 Basically, the presence of an aromatic
π-system in BTX suggests that functional moieties that possess
a π-system (for example, porphyrins) are able to induce π−π
interaction with the benzene ring of BTX that facilitates their
detection.29 As a matter of fact, porphyrins/MPs have been
explored in QCM modality for detection of aromatic
hydrocarbons.30,31 Yet, the complexity of the QCMs always
asks for simpler detection technique that has directed the
exploration of modulation in electrical characteristics of this
class of materials under exposure to toxic VOCs. Any
encouraging outcome, however, was highly impeded by the
poor electrical conductivity of porphyrins/MPs.32 In this
context, noncovalent functionalization of SWNTs with MPs
has been found to be highly effective. The potential of SWNTs
as a sensing material is widely reported,33 especially, in terms of
their high aspect ratio that makes them act as molecular wires.
At the same time, the SWNTs are reported to be weakly
sensitive to VOCs.34 By noncovalent functionalization with
MPs, on one hand, the surface electronic properties of the
SWNTs are retained and on the other hand, specific affinity of
the MPs (by dint of the variation in side substituents and
central metal atom) toward different VOCs could be capitalized
by virtue of the extensive π−π delocalization27 at MP/SWNTs
interfacial sites.
Our group has already reported that central metal ion in MPs

plays a decisive role in enhancing sensor behavior28 where we
had observed that iron tetraphenyl porphyrin (FeTPP)-
functionalized SWNTs sensor exhibited better sensing perform-
ance toward benzene in comparison to tetraphenyl porphyrin
(TPP)-functionalized SWNTs sensor. Toward further con-
firmation of our findings and to probe selectivity characteristics,
the present course of investigation has been directed to (i)
define possible affinity of MP-functionalized SWNTs toward
analytes with similarity in chemical structure (BTX in this case)
and (ii) evaluate the role of the transition metal present at the
center of MPs ring in deciding sensor selectivity.
In the present investigation, chemical field effect transistors

(ChemFET) have been fabricated with aligned SWNTs
network functionalized independently with iron tetraphenyl
porphyrin (FeTPP) and cobalt tetraphenyl porphyrin (CoTPP)
as channel materials. Choice of the central metal ions (Fe and
Co) in this case was judicious where the partially vacant d-
orbitals of the ions were a point of interest. The sensors were
validated in respective analyte atmosphere within a concen-
tration window of 500 ppb to 10 ppm. A low concentration
range was purposefully chosen so as to study the sensing
capabilities for low concentration occurrence of the analytes. A
clear affinity of the sensors toward toluene was recorded for
both the porphyrins; however, the FeTPP-functionalized
sensors exhibited sensing behavior that was significantly better
than CoTPP-based devices. Our observations indicate that
apart from the central metal ion of MPs, the structure of
aromatic hydrocarbons frames an important point of interest

while considering selectivity issue of the fabricated sensors. The
inherent general significance of the observations is the fact that
sensors based on electron transfer mechanism can be inculcated
with selectivity even for electron-donating analytes.

■ EXPERIMENTAL DETAILS

Sensor Substrate. Highly p-doped Si (525 nm) formed the
base layer of the substrate on which 100 nm SiO2 layer was
grown by low-pressure chemical vapor deposition. Chromium
(Cr; 20 nm) and gold (Au; 180 nm) were then subsequently
deposited by e-beam and thermal evaporation, respectively.
Micro patterns were finally generated by standard lift-off and
photolithography technique.35 Electrodes were designed to be
200 μm in width with a 3 μm gap between adjacent Au
fingertips. Substrates were ultrasonically cleaned in acetone
prior to use.

Materials. SWNTs with COOH moieties (COOH-
SWNTs) were procured from Nanoshel LLC. Both FeTPP
and CoTPP (99% purity) were purchased from Sigma-Aldrich
(Switzerland). Solutions of SWNTs, FeTPP, and CoTPP were
prepared in N,N-dimethylformamide (N,N-DMF, GC grade)
obtained from Rankem (India) Ltd.

Sensor Fabrication. Primary SWNTs backbone were
obtained by bridging 3 μm apart microelectrode structures
with dielectrophoretically aligned SWNTs.27,28 A homogeneous
dispersion of COOH-SWNTs in N,N-DMF was first obtained
by ultrasonication at medium power level (VWR 100C
ultrasonic bath; 0.41 mg SWNTs in 20 mL N,N-DMF)
followed by centrifugation at 15000 rpm for 90 min. Decanted
suspension was stocked for further use under ambient
conditions. Prior to use, a requisite amount of the stock
suspension was sonicated for 30 min, and a 0.2 μL drop of the
same was placed in between Au microelectrodes. Dielectropho-
retic alignment was carried out under 1.5 Vp−p (sinusoidal) AC
signal at 4 MHz frequency. Resistance of the devices were
optimized by controlling the duration of the applied signal.
After preliminary drying of the devices in N2 atmosphere,
annealing was carried out in a reducing atmosphere (300 °C;
5% H2 + 95%N2) to obtain better contact between SWNTs and
Au microelectrodes.28

For functionalization of pristine-aligned SWNTs, separate 0.1
mM solutions of FeTPP and CoTPP were prepared in N,N-
DMF by continuous stirring for 30 min at room temperature.
Functionalization was carried out by the simple drop-casting
route. A 0.4 μL of the desired porphyrin solution was placed on
the pristine SWNT sensor device for 30 min followed by wash
under nanopure water and annealing at 90 °C in N2
atmosphere for 60 min. All measurements were carried out
under standard laboratory conditions (25± 1 °C, 35−40% RH)
unless stated otherwise.

■ CHARACTERIZATIONS AND INSTRUMENTATION

Field Emission Scanning Electron Microscopy (FESEM)
images were recorded with Hitachi S-4800. Elemental
component analysis was done by EDAX spectrum obtained
from the same machine. UV−vis spectroscopic studies were
carried out with Shimadzu UV−vis 2450 spectrophotometer.
To study the electrical properties of the fabricated sensors,

CHI 660C electrochemical workstation (CH Instruments) was
employed. I−V characteristics of pristine as well as function-
alized devices were carried out by a linear sweep voltammetry
technique, where voltage was swept from −1 to +1 V under a
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0.01 V s−1 scan rate. FET transfer characteristics of pristine and
metalloporphyrin-functionalized SWNT devices were studied in
back gate configuration with Keithley 2400 (Keithley) source
measure unit in conjunction with a programmable power
supply (PPD3003-S; Aplab, India). While studying transfer
characteristics, gate voltage was swept from −20 to +20 V at a
scan rate of 0.1 V s−1, while drain to source voltage was kept
constant at −1 V.
Sensing performances of the fabricated devices were studied

in an indigenously designed dynamic gas sensing setup. The
sensor devices were wire-bonded (7476D, Wedge Bond West
Bonder) to a custom chip carrier, and the assembly was kept in
a flow cell having a volume of approximately 8 cm3. Before the
actual sensing behavior was studied, the sensors were exposed
to dry air until a stable baseline resistance could be achieved.
ChemFET transfer measurements were carried out for
elucidation of the sensing mechanism under 1 ppm
concentration of the respective analyte. Experimental set up
for the same was identical to that employed for studying
transfer characteristics already described. For real-time analysis,
sensors were subjected to various concentrations of BTX
separately. Requisite concentrations of analytes were prepared
by diluting them in dry air (carrier), while the cumulative flow
rate was kept to be 200 sccm. Under a constant drain to source
voltage (VDS) equal to −1 V, the changes in channel current
(IDS), as a function of various concentrations of analyte, was
recorded by a computer controlled source-measure unit
(KEITHLEY 2400) while the gate to source voltage (VGS)
was maintained at −14 V for the SWNT-FeTPP sensor and
−15 V for the SWNT-CoTPP sensor. At least 5 devices were
validated in each case for studying device-to-device variation.

■ RESULTS AND DISCUSSION
Field Emission Scanning Electron Microscopy (FESEM)

and Energy Dispersive X-ray Analysis (EDAX). The
FESEM image, as given in Figure 1a, confirms the alignment

of the SWNTs. After functionalization with FeTPP, an
increment of ∼22 nm in diameter could be observed (Figure
1b inset). After annealing, ∼10 nm decrease in diameter was
observed as compared to devices without annealing, as
estimated from Figure 1b. By and large, the coating layer was
found to be uniform. As annealing was found to be an effective
tool to optimize the coating of the MPs over the SWNTs, only
annealed devices were used for further experiment.
EDAX spectra of the FeTPP- and CoTPP-functionalized

SWNTs based devices (Figure 2, panels a and b) clearly
confirmed the presence of Fe and Co in FeTPP-SWNTs and
CoTPP -SWNTs structures, respectively.

UV−vis Spectroscopy. Figure 3 shows the UV−vis spectra
of pristine SWNTs, FeTPP, and SWNT-FeTPP suspensions.
For SWNTs, the characteristic spectra exhibited only one
absorption peak at 276 nm, indicating a π−π* transition of
electrons. In the case of FeTPP, broad Soret peak observed in
the range of 270−400 nm arises due to strong transition to the
second excited state (S0 to S2). Q-band was observed at 566 nm
due to weak transition to the first excited state (S0 to S1). Both
these excitations resulted from a π−π* transition of electrons.36

For SWNT-FeTPP suspension, the absorption peak at 276 nm
and specifically the decrease in absorbance in the range of 270−
350 nm possibly confirm the formation of complex. A blue shift
observed in the Q-band of the SWNT-FeTPP from 566 (in
FeTPP) to 530 nm is another probable indication of the
complex formation.

Current−Voltage (I−V) and Field Effect Transistor
(FET) Transfer Characteristics. Current−voltage (I−V)
characteristics, apart from depicting the electrical conduction
behavior of the fabricated devices, confirmed the formation of
the SWNT-FeTPP/CoTPP charge transfer complex. I−V
characteristics of the pristine and functionalized SWNTs
devices are given in Figure 4. Highest device current was
observed for pristine SWNTs-based devices. Such devices have
also demonstrated an “S” nature that is a possible indication of
the formation of Schottky barriers at the SWNTs/Au junction,
signifying the presence of semiconducting SWNTs.35,37,38 After
functionalization, the device current was found to decrease for
both FeTPP- and CoTPP-functionalized devices. This decrease
in device current could be well-attributed to the possible
donation of electrons from respective MPs to the p-type
SWNTs backbone.39 The degree of decrease in device current
was observed to be more profuse with CoTPP-functionalized
devices. This observation might be rationalized in terms of the
higher number of d-orbital electrons in Co in comparison to Fe,
resulting in enhanced electron donation from MPs to SWNTs
backbone for CoTPP-based devices.
Figure 5 shows the FET transfer characteristics of the pristine

SWNTs, SWNTs-FeTPP, and SWNTs-CoTPP devices.
As evident from the transfer characteristics, there has been

(i) clear negative shifts in device threshold voltage (VTH) and
(ii) lowering of device current (IDS) with the functionalized
devices in comparison to the pristine SWNTs-based device.
The CoTPP-functionalized devices were characterized with
lowest IDS and maximum negative shift in VTH. The VTH for a
CoTPP-based device was found to be −07 V, figuring a shift of
−04 V with respect to pristine SWNTs-based devices. In
contrast, the FeTPP-based device exhibited a shift of −03 V.
Thus, in line to our observations with I−V characteristics, the
transfer characteristics also confirm donation of electrons from
respective MPs to sensor backbone, resulting in recombination
with holes in SWNTs. The effective decrease in hole
concentration with respect to a pristine SWNTs-based device
were estimated to be ∼43 × 1012 and ∼57 × 1012 cm−1 (see
Supporting Information) for functionalization with FeTPP and
CoTPP, respectively. The difference in hole concentration
certainly justifies the higher negative shift in VTH observed for
CoTPP-functionalized device. Since a lower hole concentration
facilitates depletion of channel from majority charge carriers
(holes in this case) at lesser VTH, the maximum negative shift
observed for CoTPP functionalization stands justified.
Certainly, a lower hole concentration also implies that the
device current for CoTPP-functionalized device is minimum.
The mobility values of pristine SWNTs and functionalized

Figure 1. FESEM image of (a) aligned SWNTs, (b) aligned SWNTs
functionalized by FeTPP and annealed at 90 °C, and (inset) aligned
SWNTs functionalized by FeTPP before annealing.
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devices were also estimated (see the Supporting Information).
The mobility for SWNT-FeTPP device was found to be ∼5.96
× 10−2 cm2 V−1s−1, whereas for the SWNT-CoTPP device,
mobility was recorded to be ∼5.5 × 10−2 cm2 V−1 s−1 in
comparison to 6.5 × 10−2 cm2 V−1 s−1 for a pristine SWNT
device.40 The results certainly confirm the formation of charge
transfer complex after functionalization.
ChemFET Sensing. Transfer characteristics of the FeTPP-

and CoTPP-functionalized sensors, upon exposure to 1 ppm
concentration of each of the BTX component are shown in
Figure 6. After exposure to analytes, both the sensors have
exhibited clear negative shifts in the respective threshold
voltages (VTH) with respect to dry air (reference). Most

possibly, these “shifts” could be due to electron donation from
analytes to the sensor backbone.40,41 Also, no significant change
could be noted in the slope of the transfer curves after exposure
to any of the analytes, confirming that there had been no major
change in the contact properties of Au and SWNT-FeTPP- or
CoTPP-functionalized sensors under the validated analyte
atmosphere(s), and therefore, no Schottky barrier modulation42

had taken place. Thus, the observed threshold voltage shifts are
purely due to electrostatic gating42 resulted by donation of
electrons from analytes to the ChemFET channel. A closer look
to the shifts in VTH of the sensors show that for FeTPP-
functionalized sensors, the changes were more significant than
the CoTPP-functionalized sensors to an appreciable measure.
Again, for both sensors, the shifts in VTH were at a maximum
for toluene followed by p-xylene and benzene. Our observations
are indicative of certain facts that (i) the donated electrons
(from analyte) recombine with holes of the p-type channel and
thus the channel could be depleted of the majority charge
carriers at lower threshold voltages with respect to dry air,
under analyte exposure, and (ii) there is a significant difference
in electron-donating capacity of the analytes in the order of
toluene > p-xylene > benzene.
To have a quantitative substantiation of our inferences,

estimation of the decrease in hole concentrations of the FeTPP-
and CoTPP-functionalized sensors were carried out (see
Supporting Information). Figure 7 reflects the decrease in
hole-concentration figures (estimated over at least five devices)
against each analyte for the sensors. Most interestingly, in
inclination to the trends observed in transfer curves, it could be
noted that (i) both the devices have suffered maximum

Figure 2. (a) EDAX spectrum of FeTPP-functionalized SWNTs, (b) EDAX spectrum of CoTPP functionalized SWNTs, and (inset) magnified
version of the same.

Figure 3. UV −Vis spectra of SWNTs, FeTPP, and SWNT-FeTPP.

Figure 4. I−V Characteristics of SWNT, SWNT-FeTPP, and SWNT-
CoTPP sensor(s).

Figure 5. Field Effect Transistor (FET) Characteristics of the SWNT
and FeTPP- and CoTPP-functionalized sensors.
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decrease in hole concentration for toluene, followed by p-
xylene and benzene and (ii) the effects are more profuse for Fe-
TPP-functionalized sensors.
Real-Time Sensing Characteristics. Figure 8a shows the

real-time response of the FeTPP-SWNT sensor in terms of
changes in normalized resistances (ΔR/R0, where ΔR = change
in resistance of the sensor under analyte exposure with respect
to baseline resistance; R0 = baseline resistance of the sensor)
toward various concentrations of the analytes at VDS = −1 V
and VGS = −14 V. All three analytes could be detected
significantly below the PEL concentrations (benzene, 1 ppm;
toluene, 200 ppm; and xylene, 100 ppm) with response−

recovery cycle duration of less than 100 s within the entire
window of validation, a significant point to make the sensors
potential for real time, on-field operations. The devices could
be characterized with rapid increase in sensor resistance on
exposure to analytes and clear recovery behavior during refresh
cycle under dry air atmosphere. The real time responses of the
SWNT-CoTPP (Figure 8b) sensor were recorded at VDS = −1
and VGS = −15 V. The generic behavior of the CoTPP-based
sensor was equivalent to the FeTPP-based sensor; however, the
changes in normalized resistance was found to be distinctly
lower for the CoTPP-based device. Also, at the lowest validated
concentration (500 ppb), the response of device was not
reliable. Calibration plots of the FeTPP device responses to the
500 ppb to 10 ppm window of all three analytes are shown in
Figure 9a. Best sensing characteristics could be observed for
toluene with a sensitivity of ∼30% with excellent linearity (R2

value = 0.94) within the investigated window of concentration
for the FeTPP-functionalized sensor.
Figure 9b shows calibration plots for CoTPP-functionalized

devices. Sensitivity of the device for all analytes was significantly
lower than that of FeTPP-functionalized devices, although the
trend was similar. Most significantly, for the FeTPP-based
device, the sensors showed a higher sensitivity to toluene in
comparison to other analytes. Such affinity characteristic was
absent for the CoTPP-based sensor.
The overall comparative performance of fabricated sensors is

given in Figure 10. Device-to-device variation was found to be
very trivial as reflected from Figures 9 and 10.

Figure 6. ChemFET sensing characteristics of (a) SWNT-FeTPP and (b) SWNT-CoTPP sensor toward benzene, p-xylene, and toluene at 1 ppm
concentration of analyte.

Figure 7. Decrease in carrier concentration (with respect to dry air) of
SWNT-FeTPP and SWNT-CoTPP sensors after exposure to 1 ppm
concentration of analyte (observations reflect results from at least five
devices in each case).

Figure 8. Real-time response characteristics of the (a) SWNTs-FeTPP and (b) SWNTs-CoTPP sensors.
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In order to rationalize our findings, the d orbital electronic
configurations of Fe ([Ar] 3d6 4s2) and Co ([Ar] 3d7 4s2) were
considered. From that standpoint, the better sensing perform-
ance of the FeTPP-based device could be attributed to the
higher vacancy in the d-orbital of Fe that renders better
acceptability of electrons (than Co) from electron donating
species. This possible inference further justifies our earlier
observation where we have reported that the partially vacant d
orbital of the central metal of MPs play important role in
deciding sensor performance.28 Elucidation of the similar trend
in sensing performance with toluene, p-xylene, and benzene for
both the sensors lead toward consideration of the structural
aspects of analytes. Since the prime constituent of the analytes
is the benzene ring, the role of the side substituents present in
the ring for each of the analytes were evaluated. In the case of
toluene, the presence of the alkyl (−CH3) group at the ortho
position effects in increase of electron density at the para and
meta positions43 of the ring, offering a higher electron-donating
capacity in toluene than benzene that contains no side
substitution. This may be the plausible reason that the
fabricated sensors have responded better for toluene with
respect to benzene. An intermediate performance of the sensors
for p-xylene finds is a probable explanation in terms of the two
alkyl substituents at ortho and para positions of the ring that
decreases the effective electron density present on the ring in
comparison to toluene. Therefore, it may be inferred that the
central metal ion present in a metalloporphyrin ring and the
structural characteristics of an aromatic hydrocarbon are the
major issues that need sensitive consideration to achieve sensor
selectivity.

■ CONCLUSION

Metalloporphyrins (FeTPP and CoTPP)-functionalized aligned
SWNTs-based room temperature sensors for benzene, toluene,
and p-xylene have been successfully fabricated with a facile drop
casting method. Annealing of the functionalized sensors was
found to be possibly improving the π-delocalization at the MP-
SWNT interfacial sites, rendering excellent sensing character-
istics. The structural and spectroscopic studies confirmed the
functionalization, whereas electrical and FET measurements
elucidated the formation of charge transfer complex with the
electron donating nature of MPs. Room temperature
ChemFET sensing revealed that toluene was better detected
by both the sensors; however, with FeTPP functionalized
devices, significantly better sensing performance could be
achieved. Differences in electron-donating capabilities of the
analytes, the prime responsible factor for inculcating selective
nature to the sensors, have been rationalized in terms of the
directive behavior of the side substituent(s) present in the
primary benzene ring of the analytes. Also, the electronic
configuration of the d-orbital of central metal ion has been
found to be another crucial factor in deciding sensor
performance where MPs with central transition metal ion is
involved. The salient point of the findings lies with the fact that
even for electron-donating analytes and sensors based on
electron transfer mechanism, selective sensor performance is
possible. Although the present study is based on aromatic
hydrocarbons with structural similarity, directions may open up
toward selective sensors for an inorganic class of analytes in the
line of their structural formation. During the present course of
investigations, the best sensor could be achieved for toluene as
an analyte with a FeTPP-functionalized SWNTs backbone. The
typical value of sensitivity of such sensors is ∼30% with a
linearity factor (R2) of 0.94 in the concentration window of 500
ppb to 10 ppm. The fabricated sensors have shown significantly
good response and recovery behavior in the validated range of
concentration of the analytes. In conjunction with adequate
electronic intelligence, such sensors can render potent
platforms for real-time complex operations. The absolute
standalone selectivity, however, warrants more stringent
validation of the sensors in complex reference of analytes.
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Figure 9. Calibration plot of (a) SWNT-FeTPP and (b) SWNT-CoTPP device (observations reflect results from at least five devices in each case).

Figure 10. Comparative performance of the fabricated sensors.
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