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Chemical gas sensing is essential for healthcare, environmental monitoring
and industrial safety, yet current sensors lack sensitivity, selectivity and
scalability. Carbon nanotube field-effect transistors (CNFETSs) offer high
surface area and low-power operation, but they traditionally provide limited
chemical discrimination. Here we report an integrated sensing platform that
combines CNFETs with conductive metal-organic frameworks and catalytic
metal nanoparticles to achieve tunable selectivity and enhanced sensitivity.

The hybrid architecture boosts response by up to two orders of magnitude
and enables on-chip pattern generation for robust gas classification. As
proof of concept, we apply the platform to the classification of clinically
relevant bacteria and yeast species by analysing the volatile organic
compounds emitted from cultures grown on agar plates with 95% accuracy,
using a portable measurement set-up. By integrating functionalized CNFETSs
into acommercial foundry-derived system, this work introduces a rapid,
cost-effective and scalable gas sensing approach for real-world biomedical
and industrial sensing applications.

The microelectronics revolution has been driven by commodity manu-
facturing of complex systems with unprecedented capability. One
domain, however, has remained relatively untouched—chemical gas
sensing. In response, research has focused on novel electronic mate-
rials’, new device structures for better transduction of chemical and
biological information’, and new integrated systems™* that mimic the
multichannel olfactory systems of living organisms.

Among electronic materials used for sensing, carbon nanotubes
(CNTs) are notable for their high surface-to-volume ratio, accessible
surface chemistry’, low power consumption® and room-temperature

operation for compatibility with biological and medical applications’.
To overcome the inherent selectivity limits of pristine CNTs, exten-
sive efforts have been dedicated to tuning the surface chemistry of
CNTs through catalyst decoration®, polymer wrapping’, anchoring of
acceptors™ or constructing heterogeneous structures”. Nevertheless,
achieving high sensitivity and tunable selectivity, as well as under-
standing the underlying sensing mechanisms of CNT-based sensors,
remains challenging.

In this work, we present a sensor array utilizing commercial
foundry-derived CNT-based integrated sensors containing 2,048
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Fig. 1| Chip functionalization. a, Chip schematics. The CNFET chip has 32
subarrays, each containing 64 CNFETs. cMOFs are grown on all 32 subarrays,
and 16 selected subarrays are further functionalized with 4 distinct metal
nanoparticles at 4 different concentrations. b, Device functionalization flow.
Insets: CNT (top), cMOF-functionalized CNT (middle) and cMOF-functionalized
CNT with metal nanoparticles (NP) (bottom). The first functionalization is LBL
growth of cMOF, and the second is in situ synthesis of metal nanoparticles after
forming microfluidic boundary. ¢, An OM image of a CNFET chip. Asubarray
isshownin ayellow rectangle. d-g, ASEM image of a subarray containing 64
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CNFETs (d), a CNFET with interdigitated electrodes (e), the interface between
the channel and electrode after cMOF growth (f) and a CNT channel after cMOF
growth (g). h, ATEMimage of cMOF-functionalized CNT. i, An OMimage of a
subarray fully filled with metal nanoparticle solution without overflow.
Jj,Animage of a chip where metal nanoparticle solutions are drop cast onto 16
selected subarrays. k, Average transfer characteristics of all NIHHTP-CNFETs on
achip, where/, (A) is the drain current. I, Histogram of threshold voltage after
cMOF growth.

CNT field effect transistors (CNFETSs), functionalized with electrically
conductive metal-organic frameworks (cMOFs) and catalytic metal
nanoparticles. The cMOFs are highly porous and easily tunable elec-
tronic materials'. We show that cMOF functionalization enhances the
sensor sensitivity by up to two orders of magnitude and modulates
theselectivity to the target gases. To create sensors with different sen-
sitivities for on-chip pattern generation, we define subarray areas by
forming microfluidic boundaries through a self-assembled monolayer
(SAM) process and perform in situ synthesis of Pt, Au, Pd and Ru metal
nanoparticles on the surface and within the pores of the cMOF. The
performance and operating mechanism of the chip is characterized
using redundancy within the 2,048 functionalized CNFETs to generate
statistically significant results for an array of gases. Then, highlight-
ing the potential of the integrated circuits for medical applications,

we demonstrate arepresentative application: classifying Escherichia
coli (EC), Pseudomonas aeruginosa (PSA) and Candida albicans (CA)
based on the mixture of gases released from the microorganisms in
culture. Our successful demonstration promises convenient, safe,
rapid bacterial and yeast differentiation in clinical settings.

Functionalization of CNFET chips

CNFET chips are fabricated on a conventional 200-mm silicon sub-
strate” and subsequently diced into 6 x 10 mm?dies, each correspond-
ing to a single sensing unit (Methods). Each sensing chip comprises
2,048 global back-gated CNFETs, divided into 32 subarrays, witheach
subarray containing 64 CNFETSs (Fig. 1a). We enhance the response of
the chips to target gases and differentiate the sensors using ascalable
two-step functionalization process (Fig. 1b).
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Fig.2| Chemical gas sensing performance. a-f, Average response of a chip
toNO, 5 ppm (a), NH; 50 ppm (b), H,S 5 ppm (c), ethanol 200 ppm (d), acetone
200 ppm (e) and H,200 ppm (f). Average responses for each variation were
obtained using 1,024 cMOF-CNFETs. After stabilization in dry air, the response
of each chip to target gases was measured over 20 min, followed by recovery in
dry air. The vertical dashed line at t = 0 min indicates the time when the device
is exposed to the target gas, and the line at ¢ =20 min indicates the time when
the device is exposed to dry air for recovery. The response is calculated as
1,(8)/1,(0)-1for NO, and /,(0)/I,(¢)-1for other target gases. g, t-SNE analysis. The

NH,

response and threshold voltage change data were used to classify target gases.
h, Comparison of the response with that of resistive-type devices. Bars represent
the mean response for each material-gas pair, with black error barsindicating
the standard deviation (s.d.). Individual data points are overlaid as dots. The
horizontal spread of the dots reflects the local data density along the response
axis, such that regions with a higher density appear visually thicker, providing
adistribution-aware visualization of the response variability. The sample size is
1,024 for transistor-type sensors and 4 for resistive-type sensors.

As a first step, we functionalize the CNFET chip by growing
four different cMOFs with the M,L, structure™* (where M = Ni or
Co, and L=HHTP (2,3,6,7,10,11-hexahydroxytriphenylene) or HITP
(2,3,6,7,10,11-hexaiminotriphenylene)) on the chip using a layer-by-
layer (LBL) approach. In the second step, we further functionalize
half (16 subarrays) of the cMOF-grown CNFETs (cMOF-CNFETs) by
using 4 distinct metal ion solutions at 4 different concentrations
and areducing agent. This second functionalization is achieved by
drop casting each solution onto the target subarrays using auto-
matic microdispenser (M2 automation; Supplementary Fig. 1). To
prevent droplet overflow between subarrays, we form microfluidic
boundaries through a single photolithography process, followed by
the deposition of a SAM before dispensing the solutions (Fig. 1i,j and
Supplementary Fig. 2).

Figure 1c shows the optical microscopy (OM) image of a CNFET
chip, and Fig. 1d-g shows scanning electron microscopy (SEM)
images of a subarray containing 64 CNFETs, a CNFET with inter-
digitated electrodes, channel and drain electrodes of a CNFET after
cMOF growth, and cMOF-CNT composites, respectively. Transmis-
sion electron microscopy (TEM) (Fig. 1h) confirms cMOF growth
on CNT. Additional TEM images of cMOF-CNT composites after
metal nanoparticle synthesis are provided in Supplementary Fig. 3.
Figure 1k shows the average transfer characteristics of all Ni;HHTP,-
grown CNFETs (NiHHTP-CNFETs) on a chip. The consistency of the
chip functionalization methods is confirmed by the histograms of
threshold voltage after cMOF growth (Fig. 11). See Supplementary
Note 1 and Supplementary Fig. 4 for the consistency of the CNFET
chips before cMOF growth.
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Fig. 3| Analysis of device characteristics. a,b, Transfer characteristics change of
CNFET upon NO, exposure (a) and NH; exposure (b). ¢,d, Transfer characteristics
change of CNFET upon NO, exposure (c) and NH; (d). The modulation of transfer
characteristics upon gas exposure is enhanced compared with unfunctionalized
CNFETs. The dashed grey line in each plot is provided to compare the
modulationsin each corresponding case at V;=-0.5V. e,f, Threshold voltage
change (e) and subthreshold swing (SS) change (f) of both CNFET and
NiHHTP-CNFET upon NO, and NH; exposure. g, lllustration of Schottky barrier
modulationin NIHHTP-CNFETs upon gas exposure near the source contactin

the on-state (upper) and the off-state (lower). The y axis represents the relative

potential, defined as the energy difference between the valence band edge (£,)
and the metal work function (@,,). The grey, orange and blue lines represent
NiHHTP-CNFETs exposed to dry air, NO, and NH;, respectively. In the on-state,
upon NO, exposure, the reduction in the Schottky barrier for holes enhances

the tunnelling current, whereas NH; exposure increases the Schottky barrier,
decreasing the tunnelling current. In the off-state, modulation of the Schottky
barrier affects thermionic emission, resulting in either an increase or decrease in
leakage current and, consequently, a corresponding change in the subthreshold
swing. h, Response of both NIHHTP-CNFET and CNFET to NO, and NH, gases with
respect to the applied gate voltage.

As a control, we prepare resistive-type cMOF-CNT composite
sensorsand compare their performance with that of the cMOF-CNFET
chips (see Supplementary Note 2 for details). The resistive-type cMOF-
CNT sensors are also used to optimize the cMOF functionalization
techniques on CNTs (Supplementary Note 2 and Supplementary Figs.
5and 6). Although we mainly use NiHHTP in this work, the broad tun-
ability of cMOF functionalization highlights the potential of other
cMOF-CNT composites (Supplementary Note 3 and Supplementary
Fig.7) for gas sensing applications.

Effect of cMOF growth on gas sensing
performance and analysis

Figure 2a-f shows the average response of 1,024 cMOF-CNFETs in 16
subarrays to 6 different gases: NO,, NH,, H,S, ethanol, acetone and H,
gas, at a gate voltage of —0.5V (V;=-0.5V) and a source-drain volt-
age of 1V (Vg =1V) after stabilization in dry air (see Supplementary
Figs.8and 9 for the gas flow system and gas measurement set-ups). To
study the sensing mechanism, we focus particularly on the response
of chips to 5 ppm NO, and 50 ppm NH,. The concentrations of H,S,
ethanol, acetoneand H, are chosentobe 5 ppm, 200 ppm, 200 ppmand
200 ppm, respectively, to achieve the similar magnitudes of response
to each gas, thereby allowing us to assess the selectivity of our cMOF-
CNT composites. See Supplementary Fig. 10 for a characterization at
lower concentrations of target gases (0.5 ppm, 5 ppm, 0.5 ppm, 10 ppm,
10 ppm and 10 ppm for NO,, NH,, H,S, ethanol, acetone and H, gas,
respectively) and Supplementary Fig. 11 for repeatability across consec-
utive response-recovery cyclesindry airand at various humidity levels.
The average response is calculated after excluding transistors dam-
aged by the functionalization process, with an average exclusion rate

of 3.6% per chip (Supplementary Note 4 and Supplementary Fig. 12).
Inaddition, we correct background drift attributed to traps activated
under continuous bias with the gate oxide in dry air>* (Supplementary
Note 4 and Supplementary Fig.13). The response of cMOF-CNFETs to
thesixgases—NO,, NH;, H,S, ethanol, acetone and H,—increases by up
t0108, 6.94,139,4.53,3.51and 5.56 times, respectively, compared with
CNFETs before MOF growth at the same gate voltage.

We use t-distributed stochastic neighbour embedding (¢-SNE) to
visualize the separation among six gases based on average sensitivity
and threshold-voltage shift dataset obtained from four different cMOF-
CNFETs, each comprising 16 subarrays. For robustness beyond ¢-SNE,
we use kernel principal component analysis to obtain deterministic
embeddings showing class separability among the six gases, and we
trainalinear discriminant analysis classifier to evaluate classification
performance (Supplementary Note 5and Supplementary Figs.14 and
15). Successful classification indicates the outstanding selectivity of the
cMOF-CNT composite. Figure 2h compares the response of selected
devices. We observe a 6.94-fold increase in response to NH; after NiH-
HTP is grown on CNFETs. Compared with unfunctionalized resistive-
type CNT sensors, unfunctionalized CNFET chips exhibit a further
7.10-fold higher response, which we attribute to transconductance-
driven amplification via optimal gate-voltage tuning (Supplementary
Fig.16). This confirms the importance of both material functionaliza-
tionand device structure.

To explainthe substantialimprovementinthe response of cMOF-
CNFETsrelative to CNT resistive sensors, we perform Raman scattering
and analyse the transfer characteristicsin the presence of representa-
tive electron-withdrawing and electron-donating gases, NO, and NH,,
respectively (Fig.3a-d). Electronic transportinsingle-tube CNFETs is
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Fig. 4| Metal nanoparticle synthesis. a, Average normalized drain current

of 64 NiHHTP-CNFETs with Pd nanoparticle synthesized at four different
concentrations. The functionalized CNFETs were stabilized under dry air at a flow
rate of 1,000 sccmuntil ¢ = 0 (min). The devices were then exposed to 200 ppm
ethanol gas with adry air balance for 20 min and were recovered under dry air
from ¢ =20 (min). b,c, Histograms of the responses of four different subarrays

t0 200 ppm ethanol gas, with each subarray containing 64 NiIHHTP-CNFETs:

Metal variation

Metal variation

without metal nanoparticles (b) and with Pd nanoparticles synthesized at four
different concentrations (c). d-f, Heatmap of average response of eight different
NiHHTP-CNFETSs subarrays to 200 ppm ethanol (d), acetone (e) and hydrogen
gas (). g-i, Heatmap of average response of NIHHTP-CNFETs functionalized with
four distinct metals at four different concentrations to 200 ppm ethanol (g),
acetone (h) and hydrogen gas (i).

understood to be controlled by a Schottky barrier at the source con-
tact”"". Four main factors can influence the drain current of CNFETs
upon gas exposure: Schottky barrier height?>?', CNT-CNT intertube
junction barrier?, intra-CNT doping® and disorder in the electronic
states of the CNT". For single-tube CNFET devices, previous studies
have demonstrated that the operational mechanism of gas sensors is
predominantly Schottky barrier modulation at the source contact®**.
In network CNFET devices, the role of intertube junction must also
be considered, depending on the CNT network density”’. Upon gas
exposure, the intertube junctionbarrier and intertube charge hopping
rate can be modulated by changes in local doping?** or intercalation
of gas molecules®, causing changes in the saturation conductance®.

Asshownin Supplementary Fig. 17, the ex situ Raman studies are
consistent with no doping effect in the unfunctionalized CNT channel
and negligible changes in disorder in the electronic states of the CNT
upongas exposure (Supplementary Fig.17a,b). Furthermore, the satu-
ration conductance changes by 3.8% and 5.1% after 20 min of exposure
to NO, and NH;, respectively, implying a relatively small contribution
from the intertube barrier modulation. Thus, in the absence of cMOF
functionalization, the gas-induced shiftsin threshold voltage and sub-
threshold swing (Fig. 3e,f) canbe attributed to changes in the Schottky
barrier height at the metal-CNT contacts’.

By contrast, the Raman G-band peak of NIHHTP-CNFETSs exhibits
ablue shift upon exposure to NO,, indicating p-type doping, and ared
shiftupon exposure to NH,, indicating n-type doping” (Supplementary

Fig.17c,d). Because there is no doping effect in the unfunctionalized
CNTs upon gas exposure, shifts in the G-band peak can be attributed
to charge generated by the interaction between the cMOF layers and
the gas (see Supplementary Note 6 for details). Charge transfer to CNT
networks mediated by cMOF layers also substantially changes the
saturation conductance by 27.4% and 32.9% upon 20 min of exposure
to NO, and NH,, respectively. Notably, the increase in the /,//; ratio of
NiHHTP-CNFETs after NO, exposure (Supplementary Fig. 17d) indi-
cates the generation of additional defect states, which could explain
the much larger change in subthreshold swing compared with NH,,
resulting in a pronounced response in the subthreshold regime (Fig.
3h). Insummary, in addition to the Schottky barrier height change at
the metal-CNT contact, cMOF functionalization maximizes the sen-
sor response via charge transfer from cMOF, thereby modulating both
intertube junctions and intratube doping.

Integration of CNFET-based sensor array

In addition to enhancing the sensitivity and selectivity towards the
target gas, integrating multiple sensors with distinct responses onto a
single chip presents amajor challenge. To address this issue, we intro-
ducethesecond functionalization step, involving the in situ synthesis
of 4 distinct metal nanoparticles at 4 different concentrations across
16 selected subarrays out of a total of 32 (Methods). The remaining 16
subarrays are used to validate the statistical significance of the modula-
tionintroduced by the metal nanoparticles.
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Fig. 5| Medical application: biological gas sensing. a, Images of EC, PSA and
CA, grown on agar plate, from left to right. The initial concentrations are 100-fold
dilution (top), and 1,000-fold dilution (bottom) of 0.5 McF broth. b, Transient
response of chips to 100-fold diluted EC, PSA and CA. The chip was stabilized

with agar plate without bacteria or yeast until 20 min, and then exposed to the
target bacteria or yeast. c-e, t-SNE analysis 0f 10,000-fold (c), 1,000-fold (d) and
100-fold dilution (e) of 0.5 McF from the raw dataset. f, t-SNE analysis of 100-fold
dilution of 0.5 McF using only the normalized dataset.

After metal nanoparticle synthesis, the response of NIHHTP-
CNFETs to ethanol increases as the concentration of the Pd solution
increases (Fig. 4a). To demonstrate that improvements in selectivity
are due to metal nanoparticles and not an artefact of device-to-device
variation, we compare histograms of four different NILHHTP-CNFET
subarrays without and with metal nanoparticles (Fig. 4b,c). For the
former histograms, which represent subarrays without metal nano-
particles, the mean values of the responses across 64 functionalized
transistors in each subarray are 30.2%, 33.5%, 33.9% and 32.6%, with
low standard deviations of 3.2%, 2.2%, 2.6% and 3.0%, respectively. By
contrast, the histogram for subarrays with metal nanoparticles shifts
asthe concentrationincreases, showing the increasing mean response
values of 31.8%, 35.7%,40.0% and 41.2%, accompanied by low standard
deviation of 6.9%,1.8%, 5.9% and 6.3%, respectively.

Figure 4d-fshows heatmaps of the average responses of 64 NiH-
HTP-CNFETs from 8 different subarrays to 3 different target gases:
ethanol, acetone and hydrogen, respectively. We intentionally adjust
the heat map scale bar for each gas to compare the degree of modula-
tion between responses without metal nanoparticles and those with
metal nanoparticles. We confirm that the average responses from
8 NiHHTP-CNFETs subarrays are consistent, whereas the 16 subar-
rays with metal nanoparticles exhibit distinct patterns for each gas
(Fig.4g-i). This distinct pattern allows the classification of gases using
an integrated chip, while the low subarray-to-subarray variation and
device-to-device variation in each subarray statistically supports the
generated response pattern. With a uniform scale bar, response pat-
terns are more distinct, enabling easier classification (Supplemen-
tary Fig. 18). See Supplementary Fig. 19 for reversible characteristics
of NiHHTP-CNFETSs.

Inparticular,among the four NiIHHTP-CNT composites loaded with
different metal nanoparticles, the 1.25 mM Pd-loaded sample exhibits
the highest responses to ethanol and acetone. This is consistent with
thered shifts observedin the Raman G-band spectrum (Supplementary
Fig.20), indicating that metal nanoparticles promote interfacial charge
transfer and induce corresponding doping effects onthe CNT channel.

High-resolution TEM further reveals that higher precursor concentra-
tions (1.25 and 0.25 mM) produce both ultrasmall (<2 nm) catalysts
confined withinthe cMOF pores and some agglomerated nanoparticles,
whereaslower concentrations (0.05and 0.01 mM) mainly yield confined
catalysts (Supplementary Fig. 21). This indicates that excessive catalyst
loading leads to surface coverage of the cMOF matrix and may block
intrinsic active sites”®. Consequently, the response enhancement is
expected to exhibit a peak for a particular loading of metal nanopar-
ticles, consistent with our observations (Fig. 4g-i). This statistically
supported nonlinear dependence reduces feature collinearity and
increasesa class separability”, indicating that not only the catalyst type
but also the size and density play critical roles in sensor performance.

Medical application

One of the mostimportant qualities of an integrated gas sensing chip
isits potential to address real-time challenges related to human or
biological problems. However, most previous chemical sensing studies
have relied on high temperature operation®*** or bulky, non-portable
systems™, limiting their use in real-world biomedical applications (Sup-
plementary Note 7 and Supplementary Fig. 22). We present a simple
method for classifying bacteria and yeast on the basis of gases gener-
ated during growth, using our functionalized CNFET array witha port-
able measurement circuit placed over the culture plate (Supplementary
Fig.23). We compare responses to the common intestinal bacterium
EC, abacterial pathogen, PSA and a pathogenic yeast, CA. Eachis pre-
pared from broth at a 0.5 McFarland standard (McF), then diluted to
1/100,1/1,000 and 1/10,000-fold and finally incubated on agar plates
for 24 h (Supplementary Note 8). Figure 5a shows the images of EC,
PSA and CA (from left to right) with the concentrations of 1/100 (top)
and 1/1,000 (bottom). See Supplementary Note 9 for major volatile
organic compounds emitted by the three microorganisms. We first
stabilize the chip by putting the chip and a bacteria-free agar plate in
asmall container (Supplementary Note 10). Subsequently, we replace
these plates with incubated plates and record the electrical response
as afunction of exposure time.
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Theresponses of NiIHHTP-CNFETSs to the gases emitted from plates
incubated with1/100 dilutions are clear (Fig. 5b). Control experiments
with agar plates inserted after the stabilization step confirm that the
response to biological gases are not false signals (Supplementary
Fig. 24). In addition, we verify the consistency of our chip in terms of
device-to-device and chip-to-chip variations by comparing response
averages and histograms (Supplementary Fig. 25). Conventional ¢-SNE
readily distinguishes the1/100 and 1/1,000 dilution samples, with lower
separation for 1/10,000 dilution samples (Fig. 5c-e). Furthermore,
we demonstrate a 3-week stability test in which new cultures of each
microorganism were grown weekly and tested by the same chips (Sup-
plementary Fig. 26). Despite the stochastic nature of microbial growth,
we achieve 95.0% classification accuracy in identifying microorgan-
isms, confirming the robustness of our gas sensing system.

Tofurther evaluate the selectivity of our NIHHTP-CNFETs with metal
nanoparticles, we normalize the responses of the 1/100 dilution samples
(see Supplementary Note 11 for details), thereby removing any informa-
tion containedin the magnitude of the signals. Classification of bacteria
is still achieved using the normalized dataset (Fig. 5f), suggesting that
the successful classificationis attributable not only to the magnitudes of
the response of NIHHTP-CNFETSs, but also to the selectivity introduced
by metal nanoparticle functionalization. To examine whether different
concentrations of the same microorganisms can be classified as the same
classbased ontheselectivity, we demonstrate concentration-invariant
pathogen classification using a linear discriminant analysis classifier.
When training and testing on two concentrations (1/100 and 1/1,000-fold
dilutions) and three concentrations (1/100, 1/1,000 and 1/10,000-fold
dilutions), the classificationaccuracies are 99.6% and 95.5% (Supplemen-
tary Fig.27), respectively, indicating that reliable pathogenidentification
can be maintained despite changes in concentration.

Conclusion
We demonstrate room-temperature gas sensing using foundry-derived,
integrated CNFET chips. By contrast, previous proof-of-concept studies
have combined data from sensors fabricated on different substrates.
Because many chemical and biological materials are incompatible
with traditional lithography, the CNFET chips are functionalized with
cMOFs using alow-cost LBL coating process. The LBL method enables
precise control of cMOF thickness and composition and allows the
confinement of ultrasmall catalytic metal nanoparticles within cMOF
pores. Functionalization increases the sensitivity by up to two orders of
magnitude, with patterned synthesis of catalytic metal nanoparticles
enabling discrimination between different analytes on a single chip.
Toenable portable microelectronic chemical sensors for general
biomedical applications, the sensors should ideally operate at room
temperature. High-temperature operation often requires a gas-flow
system with a non-portable carrier-gas cylinder or a complex pump
module to prevent heating of samples or exposure to human partici-
pants. At the same time, the sensors must be sufficiently sensitive to
detect trace levels of volatile organic compounds at room temperature.
Inaddition, to obtain statistically significant datasets, the sensing plat-
formshould exhibit minimal device-to-device variation and be readily
integrated. We demonstrate label-free, diffusion-limited classification
of bacteria and yeast by analysing the gases they emit in real-world
settings, without the need for a carrier-gas cylinder or any other com-
plex module that may be incompatible with on-chip integration. The
resulting combination of performance and scalable manufacturing
promises tointroduce the traditional advantages of microelectronics
to applicationsin chemical gas sensing.

Methods

CNFET fabrication

CNFETs chips were fabricated on 200-mm silicon wafers by SkyWater
Technology®. As afirst step, the 200-mm silicon wafer was planarized
and metal gates were defined through a tungsten plug damascene

process. Next, HfO, was deposited by atomic layer deposition. For the
CNT layer, CNTs dispersed in toluene at a 1:20 ratio were poured into
apolytetrafluoroethylene container holding the wafer and incubated
for 48 h to achieve uniform coverage. The CNT solution comprises
>99.99% semiconducting single-walled CNTs dispersed in toluene.
The CNTs were synthesized by a radiofrequency plasma method,
and the CNT solution was prepared via a customized process derived
from Nanolntegris’ IsoSol-S100 polymer-wrapped single-walled CNT
solution (see https://nanointegris.com for more information about
polymer-wrapped nanotubes). Semiconducting enrichment was
achieved by exploiting the selective affinity of conjugated polymers for
semiconducting CNTs****. The deposited CNT density is~75 CNTs pm™,
with an average length of 1.6 um and average diameter of 1.2 nm. Fol-
lowingincubation, the wafer was rinsed sequentially with acetone and
isopropyl alcohol to remove excess CNTs. Finally, for the source and
drain contacts, a Ti/Pt layer was deposited and patterned using the
e-beam evaporation and lift-off process. The distance between the
source electrode and drain electrode is 3 um. Oxygen plasma etching
was used to remove CNTs outside the active region of the chip. See
previous works for additional details of the fabrication process™*>>¢,

Material preparation

For cMOF growth, NaOAc (Alfa Aesar), cobalt(ll) nitrate hexahy-
drate (Co(NO,),-6H,0) (Alfa Aesar), copper(ll) sulfate pentahy-
drate (Cu(S0,)-5H,0) (Alfa Aesar), nickel(ll) acetate tetrahydrate
(Ni(OAc),4H,0) (Strem) precursors and HHTP (TCI Chemicals) were
used without further purification. 2,3,6,7,10,11-Hexaiminotriph-
enylene hexahydrochloride (HATP-6HCI) was synthesized accord-
ing to procedures reported previously'. For metal nanoparticle
synthesis, potassium tetrachloroplatinuate(ll) (K,PtCl,), potassium
tetrachloropalldate(ll) (CI,K,Pd), potassiumgold(lll) chloride (KAuCl,),
potassiumhexachlororuthenate(IV) (K,RuCly) and sodiumborohydride
(NaBH,), trichloro(1H,1H,2H,2H-perfluorooctyl)silane were purchased
from Sigma-Aldrich. Acetone, isopropyl alcohol and ethanol were used
asreceived without further purification.

cMOF growth

The target metal precursor and ligand were dissolved in ethanol, with
concentrations of 0.1 mM and 0.01 mM, respectively. The first step in
the cMOF growth processistoactivate the surface of the CNFETs using
anultraviolet ozone cleaner for 3 min at apower of 10 mW tointroduce
hydroxylgroups®. This ultraviolet ozone cleaning process facilitates the
self-assembly of positively charged metalions on the negatively charged
hydroxyl groups. Subsequently, a LBL growth process was conducted
by repeatedly dipping the substrate into the metal precursor solution
and the organicligand solution, with washingin ethanol between each
step. Thenumber of LBL cycles was controlled from1to30 cyclesforthe
resistive-type devicesandset to 6 cycles for the CNFET chips. Following
the LBL process, the CNFETs chips were annealed at 65 °C for 30 min.

Microfluidic boundary formation

The microfluidicboundaries were formed through a photolithography
process and the deposition of a SAM. Initially, a positive photoresist
was spin-coated onto the CNFET chip. Through photolithography, the
photoresist was removed from the chip’s surface, except for the active
region where the 32 subarrays of CNFETs are located. Subsequently,
the chip, alongwith trichloro(1H,1H,2H,2H-perfluorooctyl)silane, was
placedinavacuum chamber for 2 h to deposit SAM layers and make the
surface superhydrophobic. Finally, the remaining photoresist on the
activeregionand any excess SAM layers were removed by cleaning the
chip with acetone and isopropyl alcohol.

Metal nanoparticle synthesis
The metal precursors (Pt, Au, Pd and Ru) were dissolved in water at
concentrations of 0.01 mM, 0.05 mM, 0.25 mM and 1.25 mM for each
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metal, resultingin atotal of 16 different metal solutions. Sodium boro-
hydride, used as the reducing agent, was also dissolved in water at a
concentration of 0.1 mM. These 16 metal solutions were dispensed onto
16 subarrays using an automated microdispenser (M2 Automation)
at2-minintervals, with 5 droplets drop cast on each subarray. Subse-
quently, the ligand solution was dispensed using the same procedure.
The chip was then rinsed with water and annealed at 65 °C.

Chemical gas sensing

The target gases, including NO,, NH;, H,S, ethanol, acetone and
hydrogen, were purchased from Airgas, with their initial concen-
trations in dry air being 50 ppm, 1,000 ppm, 50 ppm, 200 ppm,
200 ppmand 200 ppm, respectively. NO,, NH; and H,S were diluted
using mass flow controllers and an additional dry air gas cylinder
to concentrations of 5 ppm, 50 ppm and 5 ppm, respectively, while
ethanol, acetone and hydrogen were used without further dilution.
Thetarget gaswasintroduced at a flow rate of 1,000 sccm to the gas
inlet of a custom-built circuit to expose the CNFET chip to the gas.
The chips were first exposed to dry air for 70 min to be stabilized,
followed by exposure to the target gas for 20 min. During gas expo-
sure, a single transfer curve was measured every minute for each of
the 2,048 CNFETs on the chip, with a gate voltage range of -3V to
3V(from-3Vto3V)andasource-drainvoltage of 1 V.It takes 5 sto
measure all 2,048 CNFETs.

Biological sample preparation

EC, PSA and CA were purchased from ATCC, with strain numbers of
25922, 27853 and 18804, respectively. See Supplementary Note 5
for details.

Material characterization

Raman analysis was measured using a Renishaw Invia Reflex Raman
Confocal Microscope with a 532-nm laser. SEM characterization was
performed at MIT.nano using a Gemini 450 SEM (Zeiss). TEM characteri-
zationwas performed at MIT.nano using an FEI Tecnai 120 kV electron
microscope. X-ray photoelectron spectroscopy characterization was
performed at MIT.nano using a Physical Electronics PHI Versaprobe Il
XPS equipped with an Al anode as the X-ray source. The charge shift
was calibrated by setting the Cls peak of surface-adsorbed adventi-
tious carbon to284.8 eV.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The datasets collected for various gases and microorganisms in this
study are available via GitHub at https://github.com/Jaekang-Song/
cMOF_CNFETs_Gas_Sensor. Further data supporting the other findings
of thisstudy are available from the corresponding author uponrequest.

Code availability
The code used in this study is available via GitHub at https://github.
com/Jaekang-Song/cMOF_CNFETs_Gas_Sensor.
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Escherichia coli, Pseudomonas aeruginosa, and Candida albican.

Sampling strategy Each CNFET within the array was treated as an independent sensing unit, as each CNFET can be individually addressable, providing
large number of parallel measurements. Multiple chips and repeated exposures to each microorganisms were used to generate
training and testing datasets. We have demonstrated a three-week stability test in which new cultures of each microorganism were
grown weekly and tested by the multiple chips.

Data collection Authors recorded the data using electrical reader which is fabricated at Analog Devices Incorporated. Electrical current-voltage
characteristics of each CNFET were recorded. For chemical gas sensing, we used MFCs to flow gases. For biological gas sensing,
microbial cultures were placed in a sealed measurement chamber to ensure diffusion-limited exposure.

Timing and spatial scale  Our chip size is 6 mm * 10 mm. In the three-week stability test mentioned above, we measured biological plates once a week to test
the long-term stability of devices and variability in the biological samples.

Data exclusions Individual CNFET showing device failure, open circuit, or short circuit values were excluded from analysis. We describe the pruning
procedure in Main text and Supplementary Information.

Reproducibility The experiments were repeated across multiple chips and multiple independently prepared microbial cultures. Consistent response
patterns and classification performance using LDA were observed across repeats.




Randomization Our sensor groups are deterministically defined by the chip architecture and functionalized layout, and chemical and biological
samples are defined by species identity for classification.

Blinding Blinding was not applicable because all sensor measurements were acquired automatically by electronic instrumentation and did not
involve subjective human judgment.

Did the study involve field work? |:| Yes |Z No

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChlIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging
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Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied-
Authentication Describe-any-atithentication-procedures foreach seed stock-tised-ornovel- genotype-generated—Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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