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ARTICLE INFO ABSTRACT

Keywords: We report an in-operando X-ray photoelectron spectroscopy (XPS) study revealing gate-induced amplification of
Semiconducting single-walled carbon nano- ammonia sensitivity in flexible carbon nanotube (CNT) thin-film transistors (TFTs). Using scanning photo-
tubes

emission microscopy (SPEM) under operating conditions, we directly probe surface charge-transfer processes at
the CNT surface during NH3 exposure while electrostatically modulating the carrier density in the transistor
channel. Flexible CNT-TFTs fabricated on polyimide substrates operate at low voltages (+ 5 V) and exhibit
typical p-type behavior. Upon exposure to NHs at a nominal concentration of ~8 ppm, the C 1s core level shifts
by ~0.5 eV toward higher binding energy in the unbiased state, consistent with electron donation from NHjs to
the CNT network. Strikingly, applying a —5 V gate bias approximately doubles the magnitude of this shift to
~1.0 eV, providing direct spectroscopic evidence that electrostatic gating enhances gas-induced charge transfer
at the CNT surface. These findings reveal how transistor gating can modulate gas-surface interactions at the
electronic level and demonstrate the capability of in-operando photoemission spectroscopy to uncover sensing
mechanisms beyond conventional electrical measurements. The approach provides a pathway toward the
rational design of flexible, low-power chemical sensors with tunable sensitivity.

Gas-solid interfaces

In-operando surface spectroscopies
Flexible thin-film transistor
Electrochemical sensors

1. Introduction

The development of flexible gas sensors is increasingly driven by
applications in environmental monitoring, wearable and portable
detection systems, and biomedical diagnostics [1]. Carbon nanotubes
(CNTs) offer distinctive advantages over conventional metal-oxide sen-
sors, mainly owing to their high mechanical flexibility and exceptionally
high surface-to-volume ratio. The latter one maximizes the density of
active sites and enables faster adsorption-desorption kinetics,[2-4]

* Corresponding authors.

while also eliminating the need for elevated operating temperatures
(300-450 °C) typically required for sensor recovery [5,6].

An important application of CNT-based sensors is the detection of
ammonia (NHs), both a significant health hazard and an environmental
pollutant. According to occupational exposure limits, concentrations
above 20 ppm are considered harmful [7]. Moreover, elevated NHg
levels in the body are associated with various diseases, making early
detection essential for preventing health complications [8-11]. Semi-
conducting single-walled CNTs, even without functionalization, are

E-mail addresses: marcovittorio.nardi@cnr.it (M.V. Nardi), melaniekristina.timpel@cnr.it (M. Timpel).

https://doi.org/10.1016/j.apsusc.2026.167650

Received 27 April 2026; Received in revised form 17 June 2026; Accepted 22 June 2026

Available online 23 June 2026
0169-4332/© 2026 Published by Elsevier B.V.


https://orcid.org/0009-0003-9491-542X
https://orcid.org/0009-0003-9491-542X
https://orcid.org/0000-0002-4185-7225
https://orcid.org/0000-0002-4185-7225
https://orcid.org/0000-0001-6927-9319
https://orcid.org/0000-0001-6927-9319
https://orcid.org/0009-0000-7775-049X
https://orcid.org/0009-0000-7775-049X
https://orcid.org/0000-0003-3945-4440
https://orcid.org/0000-0003-3945-4440
https://orcid.org/0000-0002-4938-9331
https://orcid.org/0000-0002-4938-9331
https://orcid.org/0000-0002-4947-2370
https://orcid.org/0000-0002-4947-2370
https://orcid.org/0000-0002-7432-3086
https://orcid.org/0000-0002-7432-3086
mailto:marcovittorio.nardi@cnr.it
mailto:melaniekristina.timpel@cnr.it
www.sciencedirect.com/science/journal/01694332
https://www.elsevier.com/locate/apsusc
https://doi.org/10.1016/j.apsusc.2026.167650
https://doi.org/10.1016/j.apsusc.2026.167650

C. Gatsios et al.

ideal active materials for NH3 detection in such application scenarios, as
they have demonstrated detection limits down to 2 ppm [3,4].

As diagnostic, environmental, and food-safety monitoring tools, NH3
sensors must combine high sensitivity with portability and low pro-
duction cost to enable widespread use [12-16]. Although CNT-based
sensors have demonstrated excellent performance, their sensing
behavior, particularly under operating conditions and within device-
relevant architectures, remains insufficiently understood [16,17]. In
most studies, sensing is assessed primarily through electrical measure-
ments, from which the underlying gas-surface interactions are inferred
indirectly, often without isolating the contributions of surface chemis-
try, device fabrication, and operating environment [4,15,16,18]. As a
result, direct experimental insight into surface chemical phenomena
such as gas adsorption, desorption, and charge-transfer during operation
is often overlooked. This is largely because such investigations require
advanced in-situ and in-operando surface-sensitive characterization
techniques that are not commonly employed. However these methods
can be essential for identifying fundamental performance limitations
and guiding the rational improvement of device architectures [19-21].

To directly probe this process, our previous work employed in-situ X-
ray photoelectron spectroscopy (XPS) during dynamic high pressure
(DHP) dosing of NH3 complemented by electrical measurements in dry
air and under DHP dosing in ultra-high vacuum (UHV) conditions,
correlating core-level shifts with the resistive response of spray-coated
CNT thin films integrated in flexible chemoresistive devices.[22]
Using this approach, hole depletion at the CNT surface was directly
observed through shifts of the C 1s core levels towards higher binding
energy (BE), resulting from charge transfer from electron-donating NHs
to the p-type CNT network. This direct spectroscopic evidence explained
the observed increase in device resistance upon exposure and is
consistent with previous studies [2,4,23,24].

In the present study, we extend this approach by employing in-
operando SPEM during NH3 exposure in CNT-based thin-film transis-
tors (CNT-TFTs). The key advancement over our previous two-terminal
chemoresistive study [22] lies in the gate electrode, which provides
independent electrostatic control over the charge carrier concentration
and thus the Fermi level of the semiconducting CNT channel. By elec-
trostatic gating, we can directly observe how the Fermi level position
governs the efficiency of surface charge-transfer from adsorbed NHj
molecules, a question inaccessible to purely electrical measurements. To
the best of our knowledge, this is the first direct, surface-sensitive
spectroscopic observation of gate-modulated gas-surface charge trans-
fer in CNT-TFTs. While previous electrical studies have reported gate-
induced amplification of gas sensitivity in transistor-type architec-
tures, [25-27] these investigations have been largely restricted to
electrical characterization, without direct, surface-sensitive chemical
insight into the underlying gas—surface interactions.

Our in-operando approach combines the surface sensitivity of XPS
with the electrostatic control provided by the TFTs configuration,
allowing direct observation of gas-surface interactions under operating
conditions. Our findings corroborate and extend recent electrical studies
focused on gate-modulated sensitivity in similar devices, [26,27]
providing direct spectroscopic evidence of the underlying charge
transfer interactions, with the C 1s core-level shift increasing twofold
upon ammonia exposure compared to the unbiased state. This method
supports the investigation of gate-modulated charge-transfer in-
teractions at gas—solid interfaces and can be generalized to various an-
alyte gases and sensing materials, offering valuable insight into the
origins and limitations of gas sensing in low-dimensional material
systems.

2. Experimental
2.1. Device fabrication

The fabrication of the flexible CNT-TFT was performed on a 125-um
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thick polyimide (PI) substrate, onto which a 50-nm thick aluminum
layer was thermally evaporated through a shadow mask to form the gate
electrode in a bottom-gate, bottom-contact device configuration, as
shown in Fig. 1a and 1b. A 180-nm thick Parylene-C film was then
deposited by chemical vapor deposition (CVD) to serve as the gate
insulator, providing a uniform, pinhole-free layer. Next, source and
drain electrodes were created by thermally evaporating a 50-nm thick
gold film, followed by patterning using standard photolithography
processes. The device channel length was about 30 um and its width was
about 0.5 cm.

2.2. CNT dispersion preparation and film deposition

In contrast to our previous spectroscopic study on CNT-based che-
moresistors, where single-walled CNTs (purity > 90%) with a mixture of
chiralities (and thus both metallic and semiconducting characteristics)
were employed [22],here we used chirality-sorted, highly enriched
semiconducting single-walled CNTs (s-SWCNTs; chirality > 95%, purity
> 95%, Merck, Darmstadt, Germany) for the fabrication of transistor-
based gas sensors. This selection minimizes metallic percolation path-
ways and ensures improved device performance in CNT-TFT gas sensors,
which depend on exponential current modulation and enhanced gate
control. Following the protocol as in [14,28,29], a water-based disper-
sion of the SWCNTs was prepared using sodium carboxymethyl cellulose
(CMC, Merck) as surfactant. Specifically, 0.05 wt% CNTs were dispersed
in 0.5 wt% CMC aqueous solution. To promote dispersion, the mixture
was sonicated (Fisherbrand FB-505, Fisher Scientific, Portsmouth, NH)
using alternating cycles of 5 min at 50% and 30% power, for a total
sonication time of 25 min. Subsequently, the solution was centrifuged
(ThermoScientific SL 16, F15-6 rotor, Thermo Fisher Scientific, Wal-
tham, MA) at 13000 rpm for 100 min, and the supernatant was diluted
1:30 in 1.3 mM CMC. Before CNT deposition, the fabricated devices
were rinsed with isopropyl alcohol and deionized water, dried with
compressed air, and treated with oxygen plasma to enhance surface
wettability (1 min at 100 W). CNT films were deposited by spray-coating
using an industrial air-atomizing spray valve (Nordson EFD, Westlake,
OH) through a shadow mask, defining the active channel area. A total of
60 spray-coated CNT layers were deposited while maintaining the stage
temperature at 70 °C throughout the deposition process. After deposi-
tion, the devices were immersed twice in deionized water (10 min each)
at room temperature, followed by drying on a hot plate at 115 °C to
remove the residual CMC surfactant. This milder aqueous post-
treatment was adopted to preserve the integrity of the underlying
Parylene-C dielectric, in contrast the harsher nitric acid processing used
in previous CNT chemoresistor works.[13,14,22] The devices were
stored under nitrogen in a glovebox until further use. Prior to SPEM/XPS
measurements, the devices were introduced into a UHV chamber and
annealed at 50 °C for 30 min to remove adsorbates and activate the
surface. The morphology of chirality-sorted CNT films (95% purity) on
unpatterned Si/SiOy substrates after CMC removal was examined by
scanning electron microscopy (SEM) using a Thermo Scientific Helios 5
PFIB CXe (Fig. S1a, Supporting Information). Both chirality-sorted (95%
purity) and chirality-mixed (90% purity) CNT films were deposited on
unpatterned Si/SiO4 substrates to compare their electronic properties by
ultraviolet photoelectron spectroscopy (UPS), using a He-discharge
lamp (He I, 21.22 eV; energy resolution 0.1 eV), a —7 V sample bias,
and a VSW HA100 hemispherical analyzer (Fig. S1b and ¢, Supporting
Information).

2.3. In-operando SPEM/XPS setup and ammonia dosing

In-operando SPEM and XPS measurements were carried out at the
ESCA Microscopy beamline of the Elettra synchrotron, using a DHP
system. This system enables the controlled delivery of short NH3 pulses
directly onto the device surface while maintaining UHV conditions in
the analysis chamber. As demonstrated previously, this DHP
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Fig. 1. A) optical micrograph of a flexible cnt-tft fabricated on apolyimide (PI) substrate and schematic illustration of the interdigitated source and drain electrodes,
showing their geometry (channel length ~ 30 pm, width ~ 0.5 cm). b) Cross-sectional schematic of the device architecture, comprising a thick PI substrate, an
aluminum gate electrode, a Parylene-C dielectric layer, and gold source and drain electrodes with a spray-coated CNT channel. ¢) CNT-TFT output characteristics (Ips
vs Vpg) for varying gate voltages (Vgs). d) Transfer characteristics (Ips vs Vgg) at fixed drain bias (Vpg), confirming typical p-type transistor behavior.

configuration produces a locally high instantaneous NHj pressure at the
sample surface (up to ~150 mbar) without compromising the overall
chamber pressure (10-°-10- mbar), thereby ensuring a sufficient elec-
tron mean free path for SPEM and XPS measurements [30,31]. NH3 gas
(> 99.5% purity) was delivered in pulses of ~3.4 ms duration at a
repetition rate of 0.3 Hz, corresponding to a nominal NH3 concentration
of ~8 ppm at the sample surface. For SPEM mapping, the X-ray beam
was focused to a spot size ~5 um? to achieve spatially resolved contrast.
For high-resolution XPS measurements, the beam was defocused to ~75
pm (beam spot diameter) to reduce the local photon density at the
sample surface and ensure reliable spectral acquisition, with spectra
collected while positioning the beam over the active CNT channel. The
analyzer provided an energy resolution of 180 meV. Measurements were
performed under two operating conditions: (i) the OFF state, with no
biases applied, and (ii) the ON state, with a gate voltage of Vgs = -5V
and a drain voltage of Vpg = -5V, while the source was grounded.

3. Results and discussion
3.1. TFT characterization

The CNT-TFTs were characterized by measuring both output
(Fig. 1c¢) and transfer curves (Fig. 1d). The device exhibited typical p-
type CNT transistor behavior, with the drain-to-source current (Ipg)
increasing under negative gate (Vgg) and drain-source (Vpg) bias.
Notably, the device architecture enabled operation at voltage levels as
low as 5 V, highlighting its potential for wearable gas-sensing applica-
tions. Nevertheless, some limitations were observed. In particular, the
transistor did not fully reach the saturation regime (Fig. 1¢), and current

hysteresis appeared in the transfer characteristics (Fig. 1d). Further
device optimization, particularly of the dielectric-active layer interface
may reduce these effects in future work. Importantly, the linear-regime
operation is consistent with the SPEM potential maps discussed below,
which confirm a linear potential gradient and a steady-state current
across the channel during NH3 exposure. The SEM images of CNT films
(see Fig. Sla,b, Supporting Information) reveal a more diluted network
of CNTs compared to our previous work, [22] which can be attributed to
the modified dispersion and deposition protocol adopted here to pre-
serve the integrity of the pre-patterned device template. Despite this, the
devices exhibit clear gate modulation of the drain current, confirming
that the CNT network forms a functional percolating channel suitable for
our in-operando investigation of gate-controlled gas-surface interactions
while further device optimization falls beyond the scope of this surface
science study.

3.2. SPEM surface potential mapping under source-drain bias

Scanning photoelectron microscopy (SPEM) experiments were first
conducted without NHs dosing. A representative SPEM intensity map
collected in the C 1s region while the device was in the OFF state is
shown in Fig. 2a. Due to the geometrical configuration of the SPEM
instrument, the recorded intensity maps capture both topographical and
chemical information from the device surface [30,32]. Since the surface
chemistry of the CNT film spray-coated across the entire device is ex-
pected to be uniform, the darker region observed in Fig. 2a is attributed
primarily to topographical contrast and therefore corresponds to the
CNT active channel, whereas the brighter regions correspond to the
interdigitated source-drain electrodes. To disentangle topographical
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Fig. 2. A) spem image of the cnt-tft (off state) collected in the ¢ 1s BE region, showing the spatial distribution of photoelectron intensity. The darker region cor-
responds to the CNT channel, while the brighter regions correspond to the interdigitated source and drain electrode regions. b) Corresponding OFF-state SPEM map of
the surface electrostatic potential (pixel intensity converted to binding energy), showing an electronically homogeneous surface. ¢) Corresponding map of the de-
vice’s ON state, revealing two distinct electrostatic regions due to the applied bias between source and drain. d) Averaged line profiles along the channel extracted
from both OFF- and ON-state maps, showing for the ON state a linear potential gradient across the channel length (~30 pm). e) High-resolution C 1s spectra collected
from the channel region in both OFF and ON states, showing a 2.2 eV shift toward lower BE under applied bias, consistent with the surface potential difference

induced by the source-drain voltage.

from chemical contrast, the spatial intensity map in Fig. 2a was con-
verted into a binding-energy-resolved map, where each pixel was reas-
signed to the BE corresponding to the maximum of the C 1s peak (see
conversion procedure in Fig. S2, Supporting Information). The subse-
quent maps (Fig. 2b, ¢) display the spatial distribution of the C 1s BE
across the device. Because shifts in the core-level BE are directly related
to local variations in electrostatic potential, these maps qualitatively
represent the surface electrostatic potential.

As expected, in the absence of applied voltages (OFF state), the
electrostatic potential map of Fig. 2b displays a uniform electrostatic
potential across the device, predominantly blue, corresponding to a BE
of ~286 eV. In contrast, under applied bias (ON state), the corre-
sponding map (Fig. 2¢) reveals two distinct electrostatic regions,
consistent with the potential difference between source (0 V) and drain
(=5 V) contacts. An averaged line profile along the transistor channel
(Fig. 2d) reveals a linear decrease in surface potential over approxi-
mately 30 pm, in excellent agreement with the device’s channel length.
This linear potential gradient qualitatively suggests a steady-state cur-
rent flow characteristic of the linear regime of transistor operation [33],
in agreement with the output and transfer characteristics shown in
Fig. 1c and 1d.

Notably, the measured potential energy difference between source
and drain was approximately 2.2 eV, which is about half of the expected
5 eV difference stemming from the applied bias. Since XPS is inherently
surface-sensitive and the source-drain electrodes are buried beneath the
CNT film, the measured binding-energy shifts could reflect changes in
the electrostatic potential at the CNT surface rather than the potential of

the underlying electrodes. Consequently, the observed surface potential
difference may appear reduced relative to the applied bias, due to finite
potential drops associated with contact resistances and the bulk resis-
tance of the CNT channel.

High-resolution XPS spectra of the C 1s core level were acquired with
the CNT-TFT in both OFF and ON states. As shown in Fig. 2e, the C 1s
peak exhibits a pronounced shift of approximately 2.2 eV toward lower
BEs when the CNT-TFT is in the ON state. This shift is consistent with the
trend observed in the SPEM maps induced by the applied source-drain
bias. In addition, comparison of the ON- and OFF-state spectra reveals a
noticeable broadening of the C 1s peak in the ON state. This broadening
can be attributed to the finite X-ray beam size (~75 pm spot diameter),
which results in spatial averaging over regions of the channel experi-
encing slightly different electrostatic potentials.

3.3. Gate-induced amplification of ammonia sensitivity

As shown in Fig. 3, when the device is in the OFF state, the C 1s peak
shifts by approximately 0.5 eV toward higher BEs upon NH3 exposure.
As reported in our previous work [22], this shift can be attributed to
electron donation from NH3 molecules to the CNTs, which depletes holes
in the p-type CNT network and shifts the electronic states towards higher
BE relative to the Fermi level.

Interestingly, in the CNT-TFT ON state, the C 1s peak exhibits a shift
roughly twice as large, i.e., about 1.0 eV, toward higher BEs, which is
consistent with the same electron-transfer mechanism as in the OFF
state. However, the enhanced electron-transfer, and thus enhanced
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Fig. 3. High-resolution C 1s spectra of the CNT-TFT collected from the channel
region in both OFF and ON states and w/o NH3 dosing conditions. The lower
spectra correspond to the OFF state without NH3 dosing (solid blue line) and
during NH; dosing (dashed blue line), whereas the upper spectra correspond to
the ON state without NH3 dosing (solid red line) and with NH3 dosing (dashed
red line). A clear shift of the C 1s peak toward higher binding energies is
observed upon NHj exposure, with the magnitude of the shift approximately
doubling under gate bias, indicating gate-modulated amplification of the CNT-
TFT’s chemical sensitivity.

response to NHgs, provides strong evidence of gate-modulated sensitivity
in the ON state. Applying a negative gate voltage (—5 V) increases the
hole concentration in the CNT channel, thereby enhancing the effect of
electron donation from NHj3 as this leads to a larger observed BE shift in
XPS.

This gate-modulated effect can be rationalized as follows: when an
NH;3 molecule adsorbs on the CNT surface, it effectively acts as a tran-
sient dopant (electron donor). As discussed in previous theoretical
studies, the formation energy of the dopant determines the efficiency of
the charge-transfer event, and it depends directly on the position of the
Fermi level relative to the band edges [34,35]. Applying a negative gate
voltage shifts the Fermi level towards the valence band, increasing the
hole concentration and thereby lowering the energetic barrier for elec-
tron transfer between NH3 and CNTs. This enhances the overall effi-
ciency of the charge-transfer process and, consequently, the overall
chemical sensitivity of the CNT-TFT based sensor. Based on this Fermi-
level-dependent mechanism, a systematic correlation between the
magnitude of the gate bias and the C 1s BE shift is expected: increasingly
negative gate voltages shift the Fermi level gradually closer to the
valence band, further lowering the dopant formation energy and
amplifying charge-transfer efficiency.

The electrical response of the CNT-TFT during NH3 dosing in UHV
shows a decrease in the source—drain current, consistent with the ex-
pected increase in resistance due to electron donation to the p-type CNT
network. To contextualize these observations, it is worth discussing the
nature of the NH3-CNT interaction. Previous theoretical and experi-
mental works have established that NHj interacts with pristine SWCNTs
primarily through weak physisorption, governed by van-der-Waals
forces and partial lone-pair donation from the nitrogen atom to the
CNT n-system [36-38]. Supporting this picture, our previous in-situ XPS
study on CNT-based chemoresistors [22], in which CNTs of >90% purity
were used, demonstrated essentially fully reversible C 1s core-level
shifts of approximately 1 eV upon NHj dosing, consistent with pre-
dominantly non-covalent, physisorptive interactions. The larger shift
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observed in that study compared to the ~0.5 eV shift measured here in
the unbiased (OFF) state may, in part, reflect the higher defect density
associated with the lower-purity CNTs used previously, suggesting that
structural defects, including vacancies and residual oxygen containing
functional groups (such as carboxylic and carbonyl species) introduced
during CNT processing, can locally enhance NH3 binding and shift the
adsorption regime from physisorption toward weak or moderate
chemisorption at specific sites [39]. However, despite the potentially
stronger binding at such defect sites, the adsorption process in the pre-
vious work remained predominantly physisorptive, as evidenced by the
essentially complete reversibility of the C 1s shifts upon gas removal. In
the present work, where higher-purity SWCNTs (>95%) are employed
and therefore a smaller number of defect sites is expected, the recovery
of the source-drain current after each NH3 dosing cycle is nonetheless
strongly suppressed, resulting in a dosimeter-like behavior (Fig. S3,
Supporting Information). This is counterintuitive from a defect-density
perspective as one would expect fewer defect-mediated binding sites
and thus faster, more complete recovery. We therefore attribute the
suppressed recovery to a combination of factors that are difficult to fully
disentangle in the present study. The applied gate bias likely plays an
important role, consistent with the enhanced charge-transfer efficiency
discussed above, which may render NH3 binding more favorable than
desorption under negative gate bias. However, differences in device
architecture, CNT processing protocol, and network morphology
compared to our previous chemoresistor work [22] may also contribute,
and the relative weight of each factor cannot be determined from the
current data alone. A minor contribution from defect-mediated
adsorption at residual sites within the spray-coated CNT network simi-
larly cannot be excluded.

4. Conclusions

Overall, our results provide strong evidence for gate-modulated
amplification of NH3 sensitivity in CNT-based TFTs under NH3 expo-
sure. The fact that a negative gate voltage approximately doubles the BE
shift (compared to the unbiased state) demonstrates that modulating the
Fermi level can meaningfully lower the energetic barrier for charge
transfer from adsorbed gas molecules to the semiconducting TFT chan-
nel. This observation bridges an important gap in the literature: whereas
previous works have reported gate-dependent gas sensing via purely
electrical readouts, they lacked insight into surface charge-transfer in-
teractions. Systematic bias-dependent studies during gas exposure,
extending beyond core-level shifts to valence band spectra and work
function measurements, would be valuable future steps to explicitly map
the relationship between gate voltage and BE shift, and to determine the
thermodynamic limits of charge transfer as well as the adsorption and
desorption kinetics governing sensor recovery. The present work es-
tablishes in-operando XPS/SPEM as a method capable of directly
resolving the influence of gate voltage on surface charge-transfer in-
teractions, an approach directly generalizable to various analyte gases
and sensing materials.

From a broader perspective, our study underscores the advantage of
combining surface-sensitive spectroscopy with electrostatic device
gating under realistic operating conditions, providing a blueprint for the
rational design of next-generation gated chemical sensors. While the
present work demonstrates pronounced binding-energy shifts at ppm-
level NH3 concentrations, the same in operando SPEM/XPS approach
can be extended to trace-level (sub-ppm or ppb) detection and to other
gas analytes, such as NO; or volatile organic compounds, for which
Fermi-level and gate modulation are expected to influence sensitivity.
Moreover, investigations involving mixed analyte-oxygen environments
may help clarify the role of adsorbed oxygen and competing surface
processes under environmentally relevant conditions. In this context,
the approach presented here offers a pathway to distinguish between
weak physisorption, dynamic charge-transfer-induced surface charge
accumulation, and stronger chemisorption processes in different sensing
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materials. Finally, the demonstrated operation of flexible, polyimide-
based CNT-TFTs at low gate voltages (+ 5 V) highlights the potential
for integrating such devices into wearable or portable sensing platforms.
Overall, this work advances gas-sensing research by providing direct
spectroscopic insight into gate-controlled sensing mechanisms, thereby
extending the understanding beyond electrical characterization alone.
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