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Abstract
Suspended graphene (SUS-G) has long been hailed as a potential ‘true graphene’ as its conductive
properties are much closer to those of theoretical graphene. However, substantial issues with yield
during any device fabrication process have severely limited its use to date. We report the successful
fabrication of a fully operational prototype of a miniature 9 mm2 suspended graphene array sensor
chip, incorporating 64 graphene sensor devices, each comprising of 180 SUS-G membranes with
ever reported 56% fully intact graphene membranes for sensitive and selective gas sensing
applications. While a bare sensor chip can operate as a sensitive gas sensor for a variety of gasses
such as ammonia, nitrogen dioxide and carbon monoxide, down to ppm/ppb concentrations, a
tetrafluorohydroquinone functionalized sensor acquires specificity to formaldehyde gas molecules
with limited cross-sensitivity for ethanol, toluene and humidity. Unlike an equivalent device with
fully supported functionalized graphene sensor, a functionalized SUS-G sensor can be furthermore
reset to its baseline by using UV assisted desorption instead of substrate heating. The low power
UV irradiation does not show severe damage to the SUS-G structures and loss of functional
probes for the formaldehyde gas—a previously unreported feature. A resettable and selective
formaldehyde gas sensor array with mass manufacturability, low power consumption and overall
dimensions down to 1 mm2, would represent a significant technological step forward in the
development of an electronic nose, for the simultaneous detection of multiple-target gases, with
potential for integration in portable electronic devices and the internet of things.
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1. Introduction

Air pollution is the largest environmental contributor
to ill health and responsible for growing mortality
rate at an alarming pace. The World Health Organ-
ization (WHO) reported that indoor air pollution,
produced from an inefficient use of solid fuels and
kerosene for cooking, was responsible for close to 4
million premature deaths in 2016, which is 7.7% of
the global mortality. Ambient air pollutants consist of
gases such as nitrogen dioxide (NO2), sulphur diox-
ide (SO2), methane (CH4), ammonia (NH3), carbon
dioxide (CO2) and carbon monoxide (CO). As these
gasses play a major role in causing ill health, their
identification in the environment demands an accur-
ate and continuous air quality monitoring (AQM),
especially in large urban areas. The real-time high
resolution AQM requires deploying sensitive, select-
ive and cost-effective low-power and wide-area net-
work of miniaturized gas sensors in high pollution
zones. Currently, the performance standards in solid
state gas sensors are benchmarked by MOX techno-
logies, although these have known limitation of their
lifetime performance [1–7].Many advancedmaterials
including carbon nanomaterials have been proposed
as a replacement for MOx platforms [8–13]. Recently,
monolayer graphene has shown potential for sensit-
ive bio-, chemical, and strain sensors, because of its
properties e.g. scattering free charge transport over
several micro-meter length scales [14–19], and high
binding affinity to a variety of bio and gas molecules
[20, 21].

Gas sensors based on graphene, connected as a
resistive, Hall effect or in the field-effect transistor
(FET) configuration, as single device exhibit extra-
polated detection limits down to parts per billion
(ppb), trillion (ppt) or even singlemolecule have been
observed [22–24]. There are three main barriers to
market adoption: firstly, the intrinsic properties of
pristine graphene are severely affected by its interac-
tion with the host substrate particularly charge trap-
ping (or contamination) due to the conventional wet
chemical transfer [25, 26]. Secondly, industrial wafer-
scale fabrication is size limited when using wet chem-
ical transfer of chemical vapour deposition (CVD)
graphene [27–29]. Thirdly, a generic sensor is use-
ful but to have a viable marketable technology, it is
essential to attain specificity to a single useful gas
obtained either by sensor surface modification or
sophisticated machine learning [30–34]. A potential
solution to these challenges is the use of freestand-
ing or suspended graphene (SUS-G) sheet(s) [35–37].
Removal of the Van der Waals interaction between
graphene and the surface atoms of the substrate leads
to improved mechanical, electronic and chemical
properties compared to substrate supported graphene
(SUP-G) [35, 38], e.g. electron mobility has been
reported to increase up to ∼200 000 cm2 V−1 s−1

(from 2000 to 20 000 cm2 V−1 s−1 for SUP-G) and
gas detection sensitivity increased to single molecule
level [22].

In this work, we report a scalable approach to
the fabrication of suspended graphene array-based
sensors (SGAS) [39], where unfunctionalized SGAS
chips shows a high sensitivity for common air pollut-
ants (NO2, NH3 and CO) but a functionalized SGAS
shows specificity to formaldehyde (with no cross-
sensitivity for ethanol, toluene and humidity) and
recoverable using low power UV (390 nm,∼200 mW
at 6.5 V for∼5 min) irradiation.

2. Results and discussion

2.1. SGAS chip layout and characterization
Monolayer CVD graphene is generally polycrystal-
line, very often with grain size of only a few tens
of microns. In practice, the proposition of using
SUS-G films to overcome substrate effects which limit
its conductivity, appears at odds with the require-
ments of current volumemanufacturing of solid-state
sensors [40]. In fact, inherent defects at the grain
boundaries result in tearing of the suspended film
whilst undergoing simple lithographic steps like sup-
porting polymer removal or lift-off steps [40, 41].
This generally results in a poor yield of SUS-G mem-
branes (especially with monolayer graphene) and
batch-to-batch variations in the electrical properties
of the devices.

To overcome these issues, we used a novel
strategy, i.e. to create square/circular (tens of micron
sized areas/diameter) SUS-Gmembranes, configured
as an array, with micron sized separation (pitch)
between them. This results in areas of SUS-G altern-
ating with areas of SUP-G, but with the poten-
tial for much better manufacturability. The chal-
lenge is to find the ideal trade-off between maxim-
izing the conductive/sensing properties of graphene
(by increasing the ratio of suspended to SUP-G)
and maintaining a high yield (by finding the shape
(square/circular) and largest size membranes array)
of the membranes array that can remain intact dur-
ing the entire micro fabrication process. This is very
different from previously reported large graphene
membranes obtained on metal (Cu) substrate or
obtained by graphene/polymer stack transfer on
drums, but without top metal contacts formation,
as these devices cannot be used for gas sensing
applications [36, 42].

We thus fabricated a full-scale (15 mm× 15 mm)
die (figure 1(a) (top left)), containing 16 miniatur-
ized (9 mm2) individual sensor chips (figure 1(a)
(top right)), each containing 64 individual sensors.
As these individual sensors are connected in par-
allel, the architecture is tolerant to imperfection of
some of the sensors by performing an analog average
of the output signal between them. Each individual
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Figure 1. (a) Pictorial representation of 15mm × 15mm die consisting of 16 sensor chips (9 mm2) arranged in a 4 × 4 array
format, 9 mm2 chip (zoomed) and an individual device consisting of an array of 6µm × 6 µmcavities, and (b) optical images of
actual 15mm × 15mm die, 9 mm2 chips and a sensor chip wire bonded into a 16-pin DIL ceramic package.

sensor (figure 1(a) (bottom)) consists of a mono-
layer graphene, suspended over an array of 180
cavities, which further guarantees tolerance against
some of the membranes being broken during the
fabrication process. While each device occupies an
area of 120µm × 100µm, two different types of
devices were fabricated with square (6µm × 6µm)
and circular (6µmdiameter)membranes. Aftermany
attempts, this was found to be an upper limit, hav-
ing carefully balanced the largest size with the con-
straint of high yield, which was found to drop off sig-
nificantly for sizes larger than 6µm × 6µm (square)
and 6µm diameter (circular) membranes. The ideal
pitch (2µm) was determined by the resolution of UV
lithography system, while the depth∼1µmwas iden-
tified as the minimum depth that avoids the SUS-
G touching the bottom of the cavity while bowing
under e.g. pressure differences on either side of the
membrane. This was primarily driven by our previ-
ous work on back gated mechanical fluctuation SUS-
G structures [43]. The graphene layer is clamped on
two opposite sides by Cr (10 nm)/Au (100 nm) con-
tact lines (figure 1(a) (bottom)), to ensure the best
possible Ohmic contact (as opposed to simply lay-
ing the graphene on top of the metal contacts) [40].
Figure 1(b) shows the optical images of the die (top
left), sensor chip (top right) and chip wire-bonded in
a 16-pin dual-in-line (DIL) ceramic IC package case
(bottom).

As an example, scanning electron microscope
(SEM) images (figures 2(a) and (b)), obtained from
a chip having square graphene membranes, con-
firm the presence of fully covered (green box), par-
tially covered (red box), and some ruptured (yel-
low arrow) membranes. The cavities covered with
graphene, being electrically conductive, appear dark

in SEM images andwhilst open cavities (no graphene)
appear bright due to charging of the oxide sur-
face (also see figure S2, SI (available online at
stacks.iop.org/2DM/8/025006/mmedia)). The ring-
shaped features that appeared at the bottom of cav-
ities in oxide film (SiO2) were produced during the
reactive ion etching (RIE) of SiO2. Graphene mem-
branes appear to rupture at the grain boundaries due
to low bond strength [44]. Most of the cavities on
the SiO2 surface are covered by the graphene sheet as
revealed by a 30m × 30m topography atomic force
microscope (AFM) micrograph shown in figure 2(c).
A line profile graph for three distinct lines, line 1
(black), line 2 (red) and line 3 (blue) drawn on the
topographic AFM image (figure 2(c)), clearly indic-
ates fully suspended and partially broken cavities. The
monolayer graphene sheet tends to sag into the cavit-
ies, which potentially can touch the bottom surface
for larger cavities [43, 45, 46]. However, the resili-
ence of the aluminium/positive photoresist/graphene
(Al/PPR/Gr) graphene film stack (GFS) (sections S1,
SI), employed in this study, restrains this sagging,
which is evident from the line profile plots. The cav-
ity depth is ∼1µm (figure 2(c)), (line 2 (red)) and
it appears recessed by ∼150 nm (line 1 (black)) into
the cavity where graphene is mostly suspended over
the cavities, which means it is suspended over the
cavity at a height of ∼835 ± 20 nm. SEM images
of chips from different batches were collected and
analysed for estimating the circular/square graphene
membrane yield. The circular membranes show an
average∼56% intact,∼30%partially suspended/rup-
tured and∼14% broken membranes (figure S3.1 and
table S3.1, SI) when calculated from three samples,
each having 180 circular cavities. Similarly, an aver-
age of∼15% intact,∼80% ruptured and∼5%broken
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Figure 2. (a) SEM image of square cavities covered with graphene film; (b) highlight region (red solid box) in (a) showing fully
covered (green dotted box), partially covered (red dotted box) and ruptured (yellow dotted arrow), (c) AFM micrographs of a
900 µm2 height image of cavities array, (d) line profile graph for three lines (line 1 (black), line 2 (red) and line 3 (blue)) drawn
on height image in (c), (e) selective typical current–voltage (I–V) plots for SGAS chip (red) and supported graphene (SpG) (chip
having similar device architecture and device dimensions but graphene film is fully supported (no cavities) on SiO2/Si substrate)
chip (blue) and (f) statistical total resistance ‘Rs’ measurement (parallel equivalent of 64 devices plus contact resistance) for
SGAS. (It should be noted that RS data shown in (f)) was collected from ten batches of a 15 mm× 15 mm dies and plotted as
rectangular bar plot representing an average ‘Rs’ (1/Slope of I–V plot) of 3–5 sensor chips (error bars represents the standard
deviation from each batch).

square graphene membranes yield can be suggestive
(roughly observed from figures S2 and S3.2, SI),
which is evidently less than that for the circular mem-
branes. A potential reason for the large percentage of
ruptured membranes of square membranes is likely
due to the non-uniform strain on graphene around
the sharp edges that results in tearing of graphene
on most of the square cavities [43]. Topographical
data shown in figures 2(a)–(d) qualitatively confirms
the usefulness of the combined use of GFS based
graphene transfer and critical point drying (CPD)

cleaning methods, presented in this work, to achieve
a high yield of SUS-G membrane structures surviv-
ing the complete fabrication process. This yield is
e.g. 20 times larger than the 2.7% value reported by
Wagner et al [40]. As the graphene used in this work
only had a ∼10µm grain size, it can be anticipated
that the yield of fully covered cavities would improve
even more should larger grain-size CVD graphene
become available.

To evaluate the quality of graphene surface
obtained post-fabrication, Ramanmapping were also
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performed for both the SUP-G and SUS-G regions
within a square/circular cavity. Section 4 in SI
provides a detailed discussion of Raman spectrum
data analysis, which confirms the high quality of
SUS-G regions in comparison with SUP-G for both
the square/circular membrane configurations. Here,
if we only focus on intensity ratio (I2D/IG), which is
reported as inversely proportional to the number of
graphene layers and proportional to the uniformity
of the layer [47]. The I2D/IG values varies from 1.7 to
2 for SUS-G, 0.3 to 0.7 for SUP-G for a pair of square
membranes (figure S4.1(e)) and much improved for
circularmembranes (figure S4.3(g)). One conclusion,
thus, can be drawn that SGAS with circular mem-
branes, containing ∼56% of SUS-G, is significantly
less doped by the hydroxyl (–OH) and silanol groups
(Si–O–H) on the substrate surface, which are well-
known sources of p-doping in graphene [25, 48].

Lastly, we compare the total equivalent resistance
(RS) of two chips, which is identical in all aspects but
for the presence/absence of cavities (SGAS and SUP-G
sensor (SpG) chips) in the sensor substrate. For both
these chips, RS is obviously a parallel equivalent res-
istance of 64 devices (plus the contact resistance). It
is evident from figure 2(e) that the resistance shown
by SGAS (462 Ω) is an order of magnitude lower
than that of an SpG chip (∼9 kΩ). This is of particu-
lar importance as lower sensor resistance can poten-
tially increase the ability to detect small electrical sig-
nals across the load resistor RL used in the detection
circuit, potentially resulting in lower limit of detec-
tion (LOD). Additionally, an array of mostly intact
graphene membranes within sensor devices connec-
ted in parallel can enhance the signal to noise (S/N)
ratio and sensitivity due to the broadening of the act-
ive area for reaction [49]. One issue that still needs
resolving is that RS for both types of chips, shows
variations from batch to batch, although, it is worse
for SpG sensor (large error bars in figures 2(f) and
S3.2 (SI)). It is, however, anticipated that this would
also improve significantly with a large grain-sized
crystalline CVD graphene.

Finally, it is apparent that while mobility of SUS-
G is expected to be 103 higher than that of SUP-G
[35], this is not translated directly to a reduction of
the total chip resistance. This is because firstly, in a
120 µm× 100 µm graphene channel, 46% of SUP-G
area (pitch) contribution is significant in comparison
with even for a 100% yield of SUS-G (all 180 mem-
branes intact) area, and secondly the total resistance
measured is not just the resistance of the graphene
channel, but the RS of the chip, which includes the
metal contacts. However, even a single order of mag-
nitude reduction in the total resistance of the chip
demonstrates the significant performance advantages
of using SUS-G.

SGAS with 56% reproducible yield of circular
membranes in comparison with low yielded (∼15%)

square graphene membranes is expected to perform
better, especially for sensing applications. The high
quality (low p/n-doping) of SUS-G structures and
low resistance of connected devices on an SGAS chip
could benefit as miniaturized gas sensing. In the fol-
lowing section, we present the use of circular mem-
brane based pristine SGAS as a non-specific and a
functionalized SGAS as selective gas sensor for the
detection of different environmental gases.

2.2. Gas sensing
2.2.1. Pristine SGAS for NH3, NO2 and CO detection
A recent study conducted by Buckley et al suggests
the enormous potential of 2D material-based gas
sensors for environmental monitoring [14]. To assess
the potential of SGAS as a gas sensor for AQM, we
tested the detection and quantification of common
environmental pollutant gases (NO2 and CO) and
agricultural product life cycle/livestock health mark-
ers (NH3) using circular membrane based bare SGAS
(chemically unmodified graphene) chip. Figure 3(a)
shows the equivalent circuit diagram of the sensor
chip: any change in RS due to the adsorption of
different gas molecules at the graphene surface is
identified by measuring the change in voltage sig-
nal (VRL) across a load resistor RL connected in
series with RS (figure 3(a)), where RL = RS = R0
(R0 is the initial value (or base line) of sensor res-
istance). The sensor chip was exposed to increas-
ing concentrations of gas (NH3, NO2 or CO), with
cycles consisting of 120 s exposure at a fixed con-
centration (at room temperature (RT) and atmo-
spheric pressure), followed by a ∼600 s clean air
exposure for recovery, and the total mass flow was
maintained constant during exposure and recovery
cycles. Gas concentrations were controlled by a mass
flow controller (section S5, SI) used to mix appro-
priate amount of respective gas with compressed
air. In this study, different batches of chips were
used for different gases to completely eliminate the
risk of cross contamination. Figures 3(b)–(d) show
the normalized sensor response (∆R/R0) × 100%,
where, ∆R = RS − R0 and the change in RS with
respect to gas concentrations is extracted from equa-
tion RS = RL (V in/VRL − 1) (figure 3(a)) for NH3,
NO2 and CO gases respectively. An increase/de-
crease in graphene conductivity (hole-conductivity or
electron-conductivity) depends upon the initial dop-
ing state of graphene and types of dopants adsorb-
ing on its surface, which can be understood from
the energy band diagram shown in figure 3(e). For
example, n-doping gases (e.g. NH3, CO) decrease
the hole-conductivity of a p-doped graphene (Fermi
level (EF) below Dirac point, figure 3(e) (left)) but
increases the electron conductivity of a n-doped
graphene (EF above the Dirac point, figure 3(e)
(right) [50, 51]. On the other hand, a hole doping
gas (e.g. NO2) increases the hole-conductivity of
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Figure 3. (a) Schematics of gas sensor circuit, (b)–(d) normalized sensor response plot for NH3, NO2, and CO respectively and
(e) schematics of energy band diagram of an intrinsic (middle, EF at Dirac point), a p-doped (left, EF below the Dirac point) and
a n-doped graphene (right, EF above the Dirac point).

a p-doped graphene (EF below the Dirac point,
figure 3(e) (left)) but decreases the electron conduct-
ivity of n-doped graphene (EF above the Dirac point,
figure 3(e) (right)). Therefore, the detection sensitiv-
ity for any gas can be tuned whilst shifting EF above
or below the Dirac point (charge neutrality point or
intrinsic level, figure 3(e) (middle)) [23, 52]. While
pristine graphene gas sensors are non-specific and
cannot discriminate between the analytes, they can,
however, identify whether a gas acts as an electro
donor or acceptor. Here, an increase/decrease in con-
ductivity (hole/electron) of SGAS chip, due to the
adsorption of gases, is presented as decrease/increase
in∆R/R0 (or Rs).

For example, with the increasing concen-
tration of NH3 and NO2, ∆R/R0 increases and
decreases (or RS increases and decreases) respect-
ively (figures 3(b) and (c)), because the analytes
are strong reducing/oxidizing agents and donate/ac-
cept electrons upon interaction with the graphene

(p-doped) surface thus increasing/decreasing the
∆R/R0 [24, 51]. The responses to NH3 andNO2 show
sensitivity of the sensor for these two gases, which
while being previously reported for micron sized
areas of mechanically exfoliated graphene [51, 53],
is here proven in a fully scaled graphene chip.

It should also be noted that an SUP-G device
exposed to CO, a reducing gas (n-dopant), has a pos-
itive relationship between concentration and sensor
resistance [54], whereas, the SGAS showed a negat-
ive relationship between concentration and ∆R/R0
(figure 3(d)) on exposure to CO, as it does for oxid-
ising NO2 gas. CO, as an electron donating gas, can
increase the conductivity of graphene only if the EF
is either near or above the Dirac point, which is sim-
ilar to what Chen et al [23] reported for NH3. While
a low-doping is possible in SUS-G regions of SGAS
(Raman mapping data discussed in section S4, SI),
a slight n-doping could be from Cr/Au metal con-
tacts deposition (Cr/Au has higher work functions
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than graphene) [23, 55]. Thus, an electron doping
from CO gas into a slightly n-doped graphene causes
an increase in the electron-conductivity (figure 3(e)
(right)) leading to a negative relationship between
concentration and ∆R/R0 (figure 3(d)). The SGAS
responsivity is strikingly higher (with a pronounced
saturation at higher concentrations) than the one
reported with an SUP-G device [54]. The increased
responsivity and saturation at higher concentration
could be due to the up-shifting of EF (n-doped
graphene EF), which might not be favourable for
higher concentration of CO gas to further increase
the electron conductivity at ambient conditions. The
actual reason behind the early saturation of CO
sensor (for CO [>400 ppb]) needs further studies
through specific modelling of CO molecules inter-
action with graphene surface under doped/undoped
conditions.

It is also noted that none of the gas exposures
depicted in figure 3 show a complete recovery at RT,
however, a very slowly gas desorption is apparent
for NO2 (∼1 h for 200 ppb) and NH3 (>12 min
for 300 ppm) as the chamber is purged with com-
pressed air (see figure S5.2, SI). The desorption rate
(or recovery time) has been reported to be signi-
ficantly enhanced by substrate heating of an SUP-G
based sensor and, moreover, a micro heater can be
easily fabricated on the chip to enhance the desorp-
tion by Joule heating [49, 56]. An attempt to desorb
the gas molecules by heating SGAS chip at 150 ◦C on
a hot plate (as used by Schedin et al [24] for desorp-
tion of gas) resulted in an increase in its RS (tens of
kΩ, a values same as of an SpG sensor). A change in
Rs upon substrate heating is expected due to the bet-
ter graphene-substrate adhesion (annealing induced
doping effects) and the irreversible physical straining
and/or rupture of the graphene membranes, caused
by hot air inside the cavities exerting pressure dif-
ference on the graphene sheet (See figure S5.3, SI)
[57, 58]. Therefore, direct substrate heating to speed
the recovery (gas desorption) is not recommended
for SGAS. Alternatively, low energy ultra-violet (UV
at 390 nm) assisted gas desorption, without dam-
aging the SUS-G structure, is discussed later. SGAS
sensor’s sensitivity (response/conc.), LOD, rise time
and recovery time for different gases were calcu-
lated from the data in figure S5.4 (SI) and a per-
formance comparison with previous work is given in
table 1. The LOD was estimated to be lower for NO2
(∼108 ppb) and CO (∼50 ppb) compared to NH3
(∼34 ppm). Compared to the use of SUP-G, SGAS
shows responsivity for NO2 which is two orders of
magnitude better than other reports [23, 51], for NH3
close to the previously reported values [23, 51, 59],
and for CO higher (∼0.8% for 400 ppb, 2 × 10−3

S [ppb]−1) than the one reported for an SUP-Gdevice
(∼3.27% for 100 ppm, 3.2 × 10−5 S [ppb]−1) [54].
The signal, however, saturates at higher concentration
(>600 ppb) for CO.Here, we showed the sensitivity of

SGAS to various gases of interest, this sensor would
produce an aggregate signal if exposed to an environ-
ment containing a mixture of gases. SGAS as a select-
ive gas sensor is described in the following section.

2.2.2. Functionalized SGAS for selective formaldehyde
(HCHO) sensor, sensor recovery and specificity
The selective detection of HCHO has been
demonstrated by non-covalent functionalization
of CVD graphene surface with 2,3,5,6-
tetrafluorohydroquinone (TFQ) on an SiO2/Si sub-
strate [62]. To the best of our knowledge, a similar
attempt of specificity has not beenmadewith an SUS-
G membrane device as presented in this study. SGAS
chip with circular membranes was non-covalently
functionalized with TFQ, and to determine the effect-
iveness of the functionalization process; SEM, x-ray
photoelectron spectroscopy (XPS) and Raman map-
ping analysis were performed. Firstly, the struc-
tural integrity of the SUS-G film (intact membrane)
before/after the chemical modification was investig-
ated by SEM. It is confirmed (figures S5.5(a) and (b)
(SI)) that the immersion method, employed for the
chemical modification, does not cause collapsing of
membranes post TFQ treatment. Secondly, the qual-
ity of the TFQ coating was investigated by compar-
ison of XPS data obtained before and after the coating
(figures 4(a) and (b)). This clearly shows F1s signal
absorbance between the binding energy of 650 eV to
750 eV (inset; figure 4(b)), which confirms the pres-
ence of fluorine atoms (fluorine (F, 1.4%), carbon
(C, 62.0%), oxygen (O, 35.9%) and iodine (I, 0.7%)
atoms) at the sensor surface compared to the signal
for a pristine graphene (inset; figure 4(a)). The small
iodine peak could be due to Au etchant (section S1b,
SI) residual contamination on this particular chip. It
should be noted that the total effective graphene area
is ∼1 mm2 (12 000 µm2 graphene/sensor, 64 sensor-
s/SGAS chip) whereas the XPS system has 3 mm spot
size and, therefore, collected an average absorbance
spectrum of the entire SGAS chip surface. Hence,
only a weak F1s absorbance signal was obtained for
the π–π bonding and/or hydrophilic interactions of
TFQ molecules with graphene surface.

The Raman spectrum can also provide addi-
tional information concerning the chemical modific-
ation of graphene [65], e.g. for a non-covalent modi-
fication of graphene, the shift of the G-peak/2D-
peak position is highly sensitive to the doping of
the graphene structure [66, 67]. Ji Eun Lee et al
and Yapin Dan et al reported that the effects of
low level doping on graphene are more pronounced
for the G-peak position than the 2D-peak posi-
tion because of the non-adiabatic electron–phonon
coupling [68, 69]. However, Bo Tang et al repor-
ted the sensitivities of 2D-peak for high p-doping
[70]. To further evaluate the chemical modification
of SUS-G membranes in SGAS, optical micrographs
and Raman mapping (30 data points), using a WITek
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Figure 4. (a)–(f) Analysis before and after the chemical treatment of SGAS surface; (a) and (b) XPS spectrum; (c) and (d) optical
images of an array of membranes; (e) and (f) colour Raman mapping of IG/I2D ratio for a selected membrane (colour dots
represent 30 individual IG/I2D data points in selected membrane in (c) and (d)), (g) average Raman spectrum plot of the selected
membrane; before (black) and after (red) the chemical treatment and (h) zoomed in G-peak spectra extracted from Raman
spectrum plot in (g).

alpha 300 R Raman microscope, were produced for
individual graphene membranes before (figure 4(c))
and after (figure 4(d)) the chemical modification
with TFQ. The IG/I2D ratio colour map data rep-
resenting the quality of graphene membrane before
(figure 4(e)) and after (figure 4(f)) the chemical treat-
ment confirms the modification in SUS-G post TFQ
coating.

A careful examination of the average Raman spec-
trum of the selected membrane (figures 4(g) and
(h)) suggests that after TFQ modification there is
no D-peak intensity increase but a small up-shift
(blue shift) of ∼2 cm−1 in G-peak (figure 4(h)),
no significant shift for 2D-peak position, and small
sharpening of G/2D-peaks indicating low doping
and less defect/traps. This concurs with results
obtained by Tang et al [62], confirming that TFQ
functionalization induces a small amount of dop-
ing but no defects (increase in D-peak intensit-
ies) because the TFQ molecules are non-covalently
connected with graphene by π–π bonds or hydro-
philic interactions. A statistical data analysis per-
formed over 4000 data points on several suspen-
ded membranes (figure S5.6, SI) further supports
the above claims. In order to confirm the doping
of graphene, the average values of G-peak and 2D-
peak of the graphene component 3 (figure S5.6)
was compared before and after TFQ modifica-
tion. Average G-peak, before (1589.2 ± 0.66 cm−1)
and after (1583.6 ± 0.16 cm−1), positions indic-
ate a down shift of ∼5.6 cm−1 whereas the aver-
age 2D-peak, before (2684.8 ± 0.36 cm−1) and after
(2684.5 ± 0.20 cm−1), positions indicate a down
shift of ∼0.4 cm−1. While a small down shift (red
shift) in 2D peak indicates small doping, however, the
recorded ∼5.6 cm−1 average red shift (down shift)

of G peak could be attributed to the increased strain
effect and electron doping after TFQ modification
[68, 71]. These results were further validated by TFQ
modification of a fully SUP-G on SiO2 substrate,
which clearly shows the difference in doping effect
in TFQ functionalized suspended and SUP-G. The
Raman data analysis for an SUP-G (figure S5.7, SI)
reproduces the results as obtained by Tang et al [62].

2.2.2.1. Selective HCHO detection, sensor recovery and
specificity
HCHO is one of the causes of what is called the
‘sick building syndrome’ in huge skyscrapers, giving
people headache, nausea, eye irritation and affect res-
piratory organs. HCHO is an indoor air pollutant
besides CO2, CO, NO2, CH4, NO, etc. The permiss-
ible exposure limit for HCHO in the workplace is
0.75 ppm measured as an 8 h time-weighted average
(TWA). A short-term exposure, permissive exposure
limit is 2 ppm maximum allowed for 15 min period
[72]. The action level—which is the standard’s trig-
ger for increased industrial hygiene monitoring and
initiation of worker medical surveillance—is 0.5 ppm
when calculated as an 8 h TWA and throat and nasal
irritation can occur at levels of 0.08 ppm [72, 73].
Whilst carbon nanotubes (CNTs) based array sensor
has shown detection limit for HCHO concentration
down to 10 ppb [73], a micrometre sized SUP-G
device, functioned with TFQ molecules, was able to
detect 1.5 ppm of HCHO [62]. In this work, we only
aim to demonstrate the feasibility of functionalizing
SGAS, e.g. with TFQ molecules as HCHO receptors,
using wet chemical treatment methods presented
herewith, and cross-sensitivity for ethanol toluene
and humidity, rather than achieving a LOD-meeting
the permissible exposure limits.
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Figure 5. Selective formaldehyde detection responses by (a) F-SGAS and (b) F-SpG chip. UV assisted recovery of; (c) F-SGASF
and (d) the F-SpG.

It is important to note that with a large volume
(5 l) (figure S5.1(c), SI), of the adapted gas cham-
ber, a diffusion flow mechanism for higher concen-
tration (0 ppm to 1000 ppm) of HCHO was achiev-
able for sensing demonstrations. Tests of the ability
to selectively detect HCHO were carried out on a
functionalized SGAS (F-SGAS) chip and similarly
functionalized SpG (F-SpG) chip. Modified sensor
chips (F-SGAS/F-SpG) were tested for the HCHO
specificity against two control gases (ethanol and
toluene) and humidity. Prior to switching on the
power (DC, 1 V) to the sensor, the gas chamber was
flushed with compressed air and sealed. F-SGAS/F-
SpG graphene chips were electrically stabilized for
slightly more than 10 min after being powered on
(data not shown) and prior to exposure to HCHO
or control gases in the gas chamber. The cham-
ber was not evacuated during the gas injections
and consequently it would not result in immediate
changes in gas concentration at the sensor, but for
the purposes of this study this discrepancy is neg-
ligible. Tang et al suggested adsorption of HCHO
molecules at graphene surface occurs whilst forming
weak and reversible intermediate products due to the
interaction of HCHO with OH groups of TFQ [62].
These intermediate products thus transfer electrons

into the graphene resulting change in sensor resist-
ance. It is noted that not much literature is available
for a clear understanding of a positive (or negative)
change in resistance that could occur due to adsorp-
tion of HCHO at TFQ grafted CVD graphene. For
example, in case of F-SGAS/F-SpG, the sensor shows
a negative change in resistance with an increase in
HCHO concentration (figure 5), contrary to what
reported earlier by Tang et al for an SUP-G sensor
[62]. Where the n-doping of F-SGAS is supported by
the Raman data analyses (red shift in G/2D peaks,
figures S5.6 and S5.7), the decrease in sensor resist-
ance is similar to the interaction of electron donat-
ing CO gas with SGAS (figure 3(d), though non-
functionalized). The possible mechanisms for this
negative change (or decrease) in resistance could be
(a) the transfer of electron from HCHO molecules
into an intrinsic or slightly n-doped graphene (EF
near or above the Dirac point, figure 3(e), right)
and/or (b) the presence of induced dipoles on the
graphene due to the adsorption of the formalde-
hyde causing increase in conductivity of graphene.
The F-SGAS chip (figure 5(a)) is more sensitive
than the F-SpG (figure 5(b)). This is illustrated by
comparing the first derivates of respective sensor’s
response (blue lines in figures 5(a) and (b)), giving
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an idea of the kinetics of the sensors response, which
for the F-SGAS device are a series of regularly spaced
peaks that decrease to zero, but are less regular and
oscillate around zero for the F-SpG (indicating a
lack of clear plateau and upward/downward drifts
in the SUP-G sensor response (figure 5(b))). How-
ever, mathematical modelling of chemical kinetics
and rate of adsorption of gas molecules can precisely
be described using modified Langmuir adsorption
model [74].

The response for both sensors is linear only for the
first steps (0 to ∼800 ppm) in gas concentration and
it then becomes non-linear as the response saturates
at HCHO concentration⩾800 ppm and ⩾1000 ppm
for F-SGAS and F-SpG respectively. As per the dens-
ity functional theory calculations, done by Wang
et al, the adsorption of an HCHO molecule donates
0.021–0.039 electrons to single wall CNT [75]. A
clear step response can be seen for F-SGAS before
the saturation point, whereas the rate of adsorption
at higher concentrations for SpG sensor is hindered.
The saturation of response for both could be attrib-
uted due to the maximum possible number of act-
ive sites i.e. OH groups of TFQ on graphene for the
given TFQ concentration (3% in acetone) used in
this study. The F-SGAS’s response appears to be per-
fectly expressed by a sigmoid function of the gas con-
centration x, scaled by 0.5: S(x) = (1+ e−x)

−1− 0.5
but this is not the case for the F-SpG. A sigmoid
response is the result of a linear response at lower
concentrations and saturation at higher concentra-
tions, which is not unusual and often seen in the
case of gas sensor [76]. While a linear behaviour
would be ideal for any sensor, a non-linear, sigmoid
response is still a predictable behaviour that can be
used to calibrate a sensor’s output in terms of gas
concentrations.

A reversible sensor response is critical to its use
in real-time gas sensing, and the greater the rate of
forward and reverse response the wider the range
of practical applications for the sensor. The desorp-
tion that allows the graphene sensor response to
reverse or reset is typically very slow and it is there-
fore extremely important, for practical applications,
to enhance the desorption [59, 77]. To accelerate
the desorption of formaldehyde, the direct substrate
heating was discarded to avoid the damage of SUS-
G membranes (discussed earlier) and TFQ coating.
Also, no reports exist for a UV-assisted gas desorp-
tion from a functionalized graphene surface. How-
ever, UV aided desorption from pristine graphene
and CNTs surface has been reported [78, 79]. We,
therefore, for the first time, adopted low energy UV
irradiation to accelerate the formaldehyde desorption
from the surface of TFQ modified F-SGAS/F-SpG
chip. The efficacy of UV in accelerating the desorp-
tion of HCHO was tested by exposing the devices
to a UV LED, mounted in close proximity (∼2 cm),
powered at ∼200 mW at 6.5 V. The experimental

cycle, during which the sensor response was continu-
ously recorded (figures 5(c) and (d)), consisted of
injection into the chamber of sufficient HCHO to
eventually mix to a selected concentration (in total
three cycles of 400, 500, 800 ppm for F-SGAS and
200 ppm only for F-SpG), subsequent to the estab-
lishment of this concentration the chamber was ven-
ted eventually decreasing the concentration to zero.
The HCHO concentration was therefore likely to be
continually but predictably variable between 0 and
the target concentration. Both the modelled concen-
tration profile (green line) and, the period between
injection and the start of venting (red rectangle)
are shown for the experiments with F-SGAS/F-SpG
(figures 5(c) and (d)).

Firstly, a comparison of F-SGAS’s response to the
modelledHCHOconcentration shows that the sensor
responds rapidly to the increase in concentration and
slowly to the decrease in concentration—presumably
due to the slow desorption, which is accelerated by
the UV illumination (figure 5(c), F-SGAS response
(black), idealized (red) and presumed (green) HCHO
concentration profile). By extrapolating the unaided
decay profile (blue dotted line) in desorption, it is
possible to calculate that the level of UV illumin-
ation used decreases the recovery time by 15 m
from 400 ppm and 5 m from 800 ppm. The
reason for this enhancement is the subject of fur-
ther study, although a weak and reversible elec-
trostatic interaction between OH groups in TFQ
and HCHO molecules has been proposed in liter-
ature [62]. It is worthwhile to note the actual UV
energy impinging on graphene surface could not be
calculated accurately for these experiments due to
the lack of appropriate instrumentation. However,
the UV illumination does not change the suspen-
ded structure in F-SGAS sensor and its subsequent
capability of sensing is unaltered during progres-
sion through the three cycles of UV illumination
(figure 5(c)). A potential reason for this could be
that the impinged UV energy (36.12 kJ mol−1 (or
∼6 × 10−20 J), S5.3, SI) at the sensor might be
sufficient enough to break HCHO–OH intermedi-
ate species (dissociation energy not known) but not
between TFQ and graphene (π–π dissociation bond
energy, ∼264 kJ mol−1 (or ∼44 × 10−20 J)) and
C–C bonds (dissociation energy of 347 kJ mol−1

(∼58× 10−20 J)) in graphene (S5.3, SI) [80, 81].
Secondly, F-SpG behaves quite differently com-

pared to the F-SGAS (figure 5(d)). The response
differs after each cycle—injection, exhaust, UV
illumination—despite being challenged with an
identical concentration (200 ppm) each time. The
difference is largely a result of reduced baseline which
drops by as much as 5% (∼12mV). This is probably a
result of water, oxygen and nitrogen molecules being
trapped between graphene and the SiO2 surface.
Under UV irradiation, these can influence the con-
ductivity of graphene [82, 83]. Water molecules and
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Figure 6. Cross-sensitive response of F-SGAS for (a) ethanol (b) toluene and (c) relative humidity rH(%).

silanol groups e.g. photodissociate into hydrogen
radicals (H·), hydroxyl radicals (·OH) and radical
(–Si·, Si−O·), which in turn react with the graphene
lattice [84], changing the carbon orbitals from sp2 to
sp3. This increases the electrical resistance, ultimately
reducing the baseline voltage. It is also ascertained
that (due to reduced charge trapping in SGAS) the
effect of UV irradiation is significantly reduced for a
F-SGAS chip compared to the F-SpG. It is, anticipated
that with further optimization in chemical treatment
and the power and exposure time of applied UV, an
improvement in LOD can be achieved for selective
real time HCHO monitoring within a complex gas
environment.

The specificity of TFQ modified SUP-G device
against acetone, ethanol and humidity has been
reported by Tang et al [62], however, here we fur-
ther validate this whilst exposing F-SGAS to two con-
trol gases (ethanol and toluene) at concentrations
from 0 to 1800 ppm and relative humidity varying
from ambient to 75% in the gas chamber. Figure 6
shows a panel of F-SGAS response plots obtained
for varying concentrations of ethanol (figure 6(a)),
toluene (figure 6(b)) and relative humidity (rH (%),
figure 6(c)) in the glass chamber (figure S5.1, SI).
The two solvents (ethanol and toluene) were chosen
because bare graphene is known to be sensitive to
both these control gases [33] andHCHO (figures S6.1
(b)–(d)), and also these control gases are likely to be
present in industrial environments where HCHO is

typically produced. It is also worth mentioning that
an unfunctionalized SpG sensor also shows sensitivity
to HCHO (figure S6.1(d), SI), albeit with lower sens-
itivity compared to both F-SGAS and F-SpG. The
concentration of both ethanol and toluene was sys-
tematically increased (manually by injecting in the 5 l
chamber, in steps of 2.39 µl (200 ppm) of ethanol and
4.35 µl (200 ppm) toluene, shown as the red stepped
function).

The injected quantity of solvent volatilizes at
RT and atmospheric pressure. It is evident that the
F-SGAS sensor does not respond to the control
gases (figures 6(a) and (b)), which is in concur-
rence with work reported by Tang et al [62]. Besides,
testing the specificity of F-SGAS chip for control
gases, sensor response for increase in chamber relative
humidity (rH%) was also investigated (figure 6(c)).
Relative humidity of the glass chamber was elev-
ated from ∼32% (ambient) to 75%, whilst intro-
ducing water droplet of appropriate quantity into
the chamber and evaporating it using a heat gun
placed outside but near to the syringe injection point
(figure S5.1(c), SI). A commercial humidity data log-
ger (LASCAR Electronics, UK) was used to measure
the chamber temperature and rH (%) in real time
(figure S6.1(d), SI). From figure 6(c), it evident that
F-SGAS does not responds to the increase in rH (%)
as it responds to HCHO (figure 5(a)). The apparent
no cross-sensitivity from control gases for F-SGAS
could be due to the zero-binding affinity of ethanol
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and toluene molecules with TFQ and thus no charge
transfer to/from graphene. On the other hand, for the
strong immunity to water molecules, we agree with
the possible explanation proposed by Tang et al [62].
that the TFQpresence on graphenemight avoid water
molecules interaction resulting into no charge trans-
fer to graphene, which is contrary to what is the case
for a bare graphene device [85]. From figure 6(c).
it can also be noted that the instant fluctuations in
sensor response, at every instant of water injection,
might be due to electrical disturbances (electrical
humming) caused by the switching (power on/off) of
the heat gun set-up in close proximity of glass (figure
S5.1(c)). A small increase (<1%) in sensor response
start appearing for rH (%) >∼65%, which could be to
drifting of sensor response after running around one
hour continuously. Figure S5.8 (SI) provides more
evidence of specificity of a TFQ functionalized SGAS
for HCHOwhen compared with bare SGAS response
for these control gases.

2.3. Conclusions
The maintenance of the structural and electrical per-
formance of graphene in an SGAS chip and its cap-
ability in gas sensing both to single gases and to a
specific gas has been demonstrated. The chip is fully
compatible with microelectronics fabrication stand-
ards, the sensor benefits from a highly parallel archi-
tecture consisting of 64 devices connected in parallel,
each containing 180 individual portions of graphene
suspended over cavities. A very high quality and
yield (56%) of fully intact/SUS-G was obtained using
the proposed GFS based graphene transfer. The GFS
transfer method also ensures the standardize depos-
ition of metal contact lines clamping graphene film
on SiO2/Si substrate—significant progress in stand-
ard step-wise microfabrication of SUS-G structures
for micro electro mechanical system (MEMS) applic-
ations. From the electrical point of view, the main
advantage of using SUS-G instead of SUP-G is that
the final devices appear to have one order of mag-
nitude lower overall electrical resistance, resulting in
much more sensitive electrical readouts. This indic-
ates a clear advantage of having an array of SUS-G
membranes-based sensor configuration. From the gas
sensing point of view, the use of SUS-G improves the
sensitivity (responsivity) to NH3, NO2, and CO by
an order of magnitude compared to SUP-G devices
reported so far.

In terms of LOD, while the unfunctionalized
devices can detect as low as∼50 ppb NO2,∼108 ppb
CO and ∼34 ppm N3 in a controlled flow cham-
ber and a TFQ functionalized sensor detect formalde-
hyde whilst showing no cross-sensitivity against the
selective control gases; ethanol, toluene and humid-
ity. Very importantly, an accelerated reset mechan-
ism was demonstrated using UV irradiation from a
low power light emitting diode without affecting the
sensor sensitivity for formaldehyde and sever damage

to the SUS-G structure. Crucially, a device based
on SUP-G appears to deteriorate under UV irradi-
ation, with the baseline severely drifting by as much
as∼12 mV.

While some issues still require addressing, e.g.
using higher crystalline quality graphene to increase
yield and reproducibility, the chipset presented is
already an advanced prototype specific formalde-
hyde sensor, with required sub-ppm LOD, minimal
cross-sensitivity for more gases, mass producible, and
furthermore resettable. This knowledge is critical to
develop a route for the complete construction of an
electronic nose (e-nose) for simultaneous detection
of multiple target gases from a mixture. An e-nose
could be constructed either by connecting multiple
number of differently functionalized 3 mm × 3 mm
SGAS chip-sets into a single package or by having dif-
ferent coatings on a 15mm× 15mmSGAS die. Thus,
realizing such prototype demonstrates the potential
for SUS-G to finally construct a 2D material-based e-
nose system in the electronic market. This is some-
thing to achieve in future work.

3. Materials andmethods

3.1. Fabrication of SGAS/SpG sensor chip
A brief account on the sensor fabrication steps (pat-
ent pending [39]) is given in this section, with more
information given in section S1 of SI (supplement-
ary information). The substrates used for this exper-
iment were 15mm × 15mm Si (Si <100>, n+ type,
50 Ω cm−2) die with∼1.5 µm thick SiO2 film grown
through wet oxidation process (section S1, SI). Each
substrate contains 16 number of SGAS chips arranged
in 4 × 4array configuration and each sensor chip
contain 64 sensor devices. Individual sensor device
consists of monolayer graphene film suspended over
an array of 180 square cavities and connected bymetal
contacts at both the ends of cavities array as shown
in figure 1(a). The fabrication process steps include
three major steps;

(a) Pre-transfer device fabrication (substrate pre-
paration and cavity array formation); mul-
tiple arrays of square (6µm × 6 µm)/circular
(6µm, diameter) cavities were etched to a depth
of ∼1 µm in (∼1.5 µm) thick SiO2 layer of
SiO2/Si (<100>, n+ type, 50 Ω cm−2) sub-
strate die using RIE (section S1, figures S1.1(a)–
(i) and S2(a)–(c)). The cavities were etched
using RIE at an etch rate of ∼1.2 nm sec−1

to 1.3 nm sec−1 using a mixture of CHF3
(25 sccm), Ar (25 sccm) at a chamber pres-
sure of 30 mtorr, inductively coupled power of
160W, radio frequency power of 160W andDC
bias of 622.

(b) GFS (Al/PPR/GR) preparation and wet trans-
fer; a square piece (12 mm × 12 mm) of CVD
monolayer graphene on 25 µm thick Cu film
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(from 2D-tech, Manchester) was cut out and
graphene on the top side was protected with a
positive tone photoresist (PPR) (S1813, Ship-
ley) followed by thermal deposition of∼50 nm
Al (UV barrier) layer (section S1, figures
S1.1(j)–(l)). Graphene on the back side of the
Cu film was etched clean using O2 plasma
(and Cu film was removed whilst dissolving
in 0.25 M ammonium persulphate solution.
GFS was then transferred on O2 plasma cleaned
SiO2/Si substrate (15mm × 15mm, die with
cavities array) after thorough rinsing inDi-H2O
(section 1, figures S1.1(m) and S2(d)). After the
GFS transfer, the substrate was spun at high
speed (6 k rpm) to remove any water molecules
trapped under the GFS. Lastly, the substrate was
heated at 50 ◦C for 5 min to improve the adhe-
sion of GFS (or graphene) with SiO2.

(c) Post transfer fabrication (metal contacts depos-
ition and CPD); GFS on SiO2/Si substrate was
lithographically patterned andAl/PPR layer was
selectively removed (using wet etching) to open
windows on graphene for Cr/Au contact lines
(section 1, figures S1(n) and S1.2(e)–(h)), a
10 nm of Cr and 100 nm of Au films were
then thermally deposited at very low vacuum
(2 × 10−6 torr). Following which the Cr/Au
metal film was lithographically patterned and
wet chemically etched to obtain 100 µm wide
contact lines connecting all devices in paral-
lel, as shown in figure 1(b) (section S1, figures
S1.1(p) and S1.2(i)). Following the metalliza-
tion step, UV barrier Al layer was completely
removed in Al etchant solution and the sub-
strate was moved to a CPD chamber to dissolve
the PPRprotecting graphene filmover the cavit-
ies with acetone (section 1, figures S1.1(q) and
S1.2(j)). Thermal annealing (280 ◦C under N2
environment for 10 min) and current induced
annealing were also performed on the substrate,
after the CPD step, to obtain a good metal con-
tacts adhesion and removal of any polymeric
residues. The substrate was then scribed and
diced into 9 mm2 chips (figure S1.2(k)) and
wire bonded into DIL ceramic package sock-
ets for electrical characterization and gas detec-
tion testing (figures S1.2(m)–(o)). For com-
parison, SUP-G sensor chipset, in which CVD
graphene on SiO2/Si substrate with no cavities
array, was fabricated using the same methods
(figures S1(r) and S1.2).

3.2. Instruments
SUS-Gmembranes in SGAS were characterized using
SEM (Quanta 200/Zeiss Ultra, UK), AFM (Asylum,
UK) and Raman spectrum (Renishaw InViaTM

confocal, UK) to evaluate the yield and quality of
SUS-G membranes. Electrical characterization was
performed using an Agilent Technologies E5270B

(UK) measurement mainframe fitted with four
E5287A source measure units (SMUs), in which
each SMU was connected with a Karl Suss-PH100
micromanipulator probe with tungsten tip. A brief
account of the parametric conditions set for AFM,
SEM, XPS, Raman spectrums and electrical measure-
ments is given in section S2 (SI). High-resolution
SEM images were collected under low vacuum
2 × 10−6 torr with electron beam energy (25 keV)
and spot size of 3.0 nm. AFM height images, of
30µm × 30µm size, were collected at slow scan
speed of ∼10 µm s−1, scan rate of 0.1 Hz and
with line resolution of 256 × 256 lines. XPS spec-
tra were collected using a SPECS Sage HR 100 spec-
trometer with a non-monochromatic x-ray source
of aluminium with a Kα line of 1486.6 eV energy
and 300 W. The Raman maps were recorded with a
532 nm wavelength laser, a lens-based spectrometer
with 1200/1800 grmm−1 grating and a Peltier-cooled
front-illuminated CCD (1024 px× 532 px). The data
were analysed using WIRE 4.4 software. Additional
information on Raman spectrum data analysis for a
chemically treated SGAS is given in detail in section
S5.2 (SI).

3.3. Experiment setup for gas sensor
A gas flow mechanism was set-up for NH3, NO2 and
CO and a gas diffusion mechanism was set-up for
HCHO (37% in water, Sigma Aldrich) detection sec-
tion S4 (SI). The sensor’s response (VRL) is measured
across the load resistance RL connected in series with
RS (total chip resistance) and RL = RS = R0, where R0
is the initial (or baseline) resistance at RT and atm.
pressure, and the circuit was supplied with a 1 V DC
voltage (Keysight, PS, E36311A, UK) (figure 3(a)). A
4-channel Analog Data Logger (HOBO fromONSET,
UK) was used to record the temporal variation of
VRL when exposed to the increasing concentration
of tested gases. For the chemical treatment, SGAS
chips were immersed in a ∼5 ml of solution made
of 0.3%wt of TFQ (96%, Alfa Aesar) in acetone
(95%, Sigma Aldrich) for 30 min followed by dry-
ing under ambient conditions. SEM, XPS and RM/RS
data was collected before and after the chemical treat-
ment. UV assisted SGAS recovery (or sensor reset-
ting) of the HCHO gas (distortion) was achieved by
powering a UV LED (UV5TZ-390-30 Bivar, UV LED,
390 nm, 40 mW, 30 ◦C, 2-pin, RS components, UK)
at∼100 mW@ 6.5 V.
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