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Annealing effect on UV-illuminated recovery in gas
response of graphene-based NO, sensorst

Chia-Ming Yang,*?°° Tsung-Cheng Chen, & 2 Yu-Cheng Yang®
and M. Meyyappan®

The response and recovery of a graphene-based sensor for nitrogen dioxide (NO,) sensing is improved by
a combination of two treatments including rapid thermal annealing (RTA) of graphene and UV illumination
during the pump down period. A two-dimensional monolayer graphene grown by chemical vapor
deposition was transferred to an arc-shape electrode and subsequently heated at temperatures from
200 to 400 °C for 1 min in N, atmosphere by RTA to eliminate the chemical residues on the graphene
generated in the transfer process. The effect of RTA and poly(methyl methacrylate) (PMMA) residues was
investigated using Raman spectroscopy. The shift of the G and 2D bands could be due to graphene
suffering from compressive strain and hole doping from the substrate enhanced by the RTA treatment.
The hole doping effect was also observed from Hall measurements. Atomic force microscopy images
confirm the PMMA residues and surface roughness reduction by the RTA treatment. Annealing at 300 °C
enhances the NO, sensing response at 1 ppm by 4 times compared to the pristine graphene without
RTA. Full recovery of the sensor to the initial baseline could be achieved by the adjustment of UV

rsc.li/rsc-advances illumination time.

1. Introduction

Nitrogen dioxide (NO,) is one of the most pervasive air pollutants
due to the expansion of industrial activities and vehicular traffic,
which is one of the major contributors to the formation of ozone
and acid rain.' Inhalation of NO, in the ppb level is enough to
damage the body's respiratory and lung tissue.> Therefore,
numerous gas sensors have been developed for the detection of
NO,, mostly based on semiconducting metal oxides and carbon
nanotubes.>*® These solid-state gas sensors have the advantages
of small size, high sensitivity, low cost, and low-concentration
detection of NO,. However, the nanotube-based sensor needs
high purity semiconducting materials and the oxide-based
sensors could work only at high temperatures due to the high
activation energy of reactions with gas molecules. Therefore, it is
of great interest to develop high performance nitrogen dioxide
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gas sensors to operate at room temperature for the possibility of
portable detection with low power consumption.

Graphene-based gas sensors have attracted much attention
in recent years, mainly due to their two-dimensional structure,
atomic-layer thickness, huge specific surface areas and low
electrical noise of this material.”® Charge transfer between gas
molecules and the graphene surface can enable detection down
to a single molecule.” Several room temperature NO, gas
sensors based on graphene have been reported in the past
decade.'** For example, ppb level sensing was demonstrated
under high vacuum and argon environments."” In order to
detect NO, in air environment, Kodu et al. deposited ZrO, and
Ag nanoparticles on the graphene surface by pulsed laser
deposition and reported detection down to 40 ppb,* but the
recovery to the original baseline was incomplete.

Graphene for sensor fabrication can be grown in different ways
such as exfoliation of graphite,® reducing of graphite oxide (RGO),*
chemical vapor deposition (CVD)'*** and epitaxial growth.'* Among
them, CVD is the most investigated form of graphene mass
production over a large area.”” However, CVD graphene in applica-
tions needs a transfer process with poly(methyl methacrylate)
(PMMA) to the target substrate.” PMMA residues probably remain
during the transfer process on the as-transferred graphene surface,
leading to degradation of the device performance.” High tempera-
ture annealing under different atmospheres (including N,, H,, H,/
Ar, and vacuum) is one of the effective ways to clean PMMA from the
graphene surface and improve the electrical performance to that of
ideal graphene.***> Hong et al. reported that PMMA membrane with
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Pd nanoparticles on graphene shows high response and good
selectivity to hydrogen because the Pd nanoparticles enhance the
sensor response and the PMMA membrane blocks gas molecules
with higher molecular weight.” Beyond this, very little is known on
the effect of PMMA residues on gas sensing at present.

In this study, rapid thermal annealing (RTA) treatment under
nitrogen atmosphere at different temperatures and UV illumination
time during pump down is used to improve the NO, sensing
performance of graphene-based sensors at room temperature.
Graphene treated with three different annealing temperatures
including 200, 300 and 400 °C, and UV illumination added during
the pump-down step for efficient recovery efficiency were selected
for the study. The graphene status was also investigated using
Raman mapping of the shift of the 2D and G band, Hall
measurement and atomic force microscopy (AFM).

2. Materials and methods
2.1 Graphene growth and sensor fabrication

A monolayer graphene was grown on copper foil via a CVD
approach, as described in detail previously.** Briefly, a 25 pm
thick copper foil was loaded into a CVD quartz furnace while
introducing 80 sccm hydrogen (H,) gas flow and then annealed
for 1 hour at 1000 °C. The graphene growth was done at 1000 °C
using methane (CH,) and H, at a flow rate of 100 and 1 sccm,
respectively for a growth time of 20 min. Finally, the quartz tube
was quickly cooled down to below 200 °C and subsequently
vented to atmosphere. The graphene transfer process was based
on the conventional PMMA method.*® PMMA was spun on top
of graphene on the copper foil and then the backside of the
copper foil was immerged onto diluted FeCl; to etch the copper.
The PMMA/graphene film floating on the solution surface was
transferred to deionized (DI) water to dilute the etchant and
residues. It was then transferred to the substrate with patterned
Au electrodes and dried on a hot plate at 90 °C. The PMMA was
removed by acetone immersion for 1 hour, and then the sample
was rinsed with isopropyl alcohol. Finally, the sample was dried
by nitrogen flow.

Resistive type gas sensors were fabricated with the graphene
transferred onto a glass substrate with patterned Au electrodes.
The arc-shaped electrodes were patterned by a self-designed
shadow mask, followed by thermal evaporation of Cr and Au
layers with thickness of 100 nm and 1500 nm, respectively. The
width of the electrode and the spacing between neighboring
electrodes were 300 pm, and 1000 um, respectively. After the
graphene transfer process, the sensing area was defined by
photolithography and O, plasma etching. This pristine gra-
phene sensor is designated here as group “G”. In addition to
one set of pristine graphene sensors, RTA treatment in N,
atmosphere was administered to three groups at temperatures
of 200, 300, and 400 °C for 1 min, respectively; these three
groups are designated as “G200”, “G300”, “G400”, respectively.

2.2 Gas sensing measurement setup

Fig. 1 shows the gas sensing measurement setup including the
gas concentration generator and electrical measurement. The
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sensor was placed in the test chamber with a volume of 3 liters
and an array of 4 UV light-emitting diodes (LEDs) (370 nm,
maximum power 70 mW, KOODYZ) was fixed at a distance of
5 mm from the top of the sensor surface. This UV light (370 nm
wavelength) can allow graphene remain with fewer defects as
the energy is not sufficient for bond breaking or graphene
oxidation by ozone.”* The UV LED array was connected to
a power supply (3 V) for illumination. The flow rates of dry air
and target gas were controlled by mass flow controllers to
introduce the target gas at different concentrations to the test
chamber. The accurate concentration could be controlled by the
NO, emission in the gas standards generator (FlexStream™
Base Module, KIN-TEK Laboratories Inc, USA). The gas sensing
response was monitored by the change in resistance caused by
gas molecule adsorption on the graphene surface. A 4-channel
readout system constructed by inverting amplifier circuit could
be used to filter noises and convert to the resistance signal. The
resistance values were recorded by DAQ card setting and self-
developed LabVIEW program.

2.3 Material analysis

The spatially resolved maps of the G and 2D bands of all the
samples were obtained using a Raman microscope system
(UniDRON, CL Technology Co., Ltd., Taiwan) with an excitation
laser at a wavelength of 473 nm. The spot size of the laser was
0.5 um. The Raman scattering peak of Si at 520 cm ™' was used
as reference for wavenumber calibration before all measure-
ments. The result of Raman spectra could be used to identify
the characteristics of graphene including quality, number of
layers, strain and doping.*** To measure the Hall-effect
mobility and hole concentration, four silver balls were fabri-
cated on the graphene surface with the same distance.’® A Hall
measurement system (Bio-Rad HL5500, Nanometrics, U.S.) with
a magnetic field of 0.5 T was used to obtain the carrier mobility
and concentrations. The AFM images were collected by a Cypher
ES model from Asylum Research Oxford Instrument operating
in tapping mode to scan the surface roughness of graphene. The
scanning rate was 1 Hz with 512 scanning lines.

2.4 NO, sensing measurements and UV illumination

Before starting measurements, the mechanical pump separately
evacuated the test chamber and mixing chamber to 10~° Torr to
get the initialized state. A mass flow controller was used to
modulate the flow rate of air to dilute the NO, concentration
from the permeation tube with a fixed emission rate. By this
method, the selected concentration of NO, can be obtained for
sensor characterization. This target amount of NO, was gener-
ated by the gas generator and injected into the mixing chamber
until reaching a pressure of 9 x 10> Torr for the gas storage.
Then, this gas was injected into the test chamber by a valve and
mass flow controller, reaching a pressure of 7 x 10> Torr for
measurement. Total of 4 sensors with the same group were
measured for all NO, concentrations to evaluate the sensor
variation. The exposure time was 15 min for the sensor to detect
the target gas. The same protocol was defined for the injection
of different concentrations of NO,. During the desorption

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Schematic diagram of the gas sensor measurement system and graphene sensor.

process, the test chamber was first pumped out by a mechanical
pump; after pumping out for 2 min to a residual gas pressure of
10~ Torr, the UV LED array was illuminated to enhance the
removal of the residual gas molecules from the graphene
surface. The resistance of the sensor could increase during this
period to reach its initial value. Then, the UV LED array was
turned off and the test chamber was pumped out for a total of
15 min. The chamber was cleaned by following the previously
described procedures between different cycles of NO, intro-
duction to ensure the same initial condition.

3. Results and discussion
3.1 Graphene characterization

Raman analysis is widely used to characterize the structure of
graphene, crystalline quality and doping. The G peak (~at
1585 cm™ ') and 2D peak (~at 2700 cm ') are characteristics of
the C-C bonds with sp>hybridized in graphene. The D band
(~at 1350 cm™") is mostly related with the lattice disorder or
density of defects.** As shown in Fig. 2(a), the Raman spectra for
the sample “G” shows no significant peak in the D band region,
indicating few defects. The ratio of the intensities of the G peak
and 2D peak is about 2.4 and the full-width-at-half-maximum
(FWHM) of the 2D peak is 38 cm ™', which could be used to
conclude the graphene structure to be a monolayer. The
annealed sample at 400 °C (sample of “G400”) shows broad
peaks between the G and D peaks, suggesting increased
disorder in graphene and amorphous carbon formation from
the degradation of PMMA residue on the sample surface.** In
addition, both 2D and G bands show a clear blue shift at the
RTA temperature of 400 °C as seen previously for RTA-treated
samples.”® This can result from the hole doping induced by
O, from the bottom SiO, or by activated reaction with atmo-
spheric O, at this temperature.>**

This journal is © The Royal Society of Chemistry 2019

In order to further confirm the effect of hole doping and the
strain effect induced by RTA, G and 2D band shifts at various
annealing temperatures in the Raman spectra were collected for
5 points. The correlation plot of the G band shift and 2D band
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Fig. 2 (a) Raman spectra of graphene treated at various RTA
temperatures and (b) correlation map of the 2D and G peak positions in
the graphene as functions of RTA temperature. The brown solid line
referred to the strain limit (slope 2.45) and the brown dashed line
referred to the doping limit (slope 0.7).
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shift is redrawn as shown in Fig. 2(b). The excitation energy of
2.33 eV for the 532 nm wavelength used in Raman spectrum
results in pristine graphene (without doping and strain) G and
2D band peaks at 1582 and 2670 cm ™, respectively.** The G
band peak of pristine graphene will not change, but the 2D
band could be shifted by different energy of the excitation
laser.***® The 2D band peak of pristine graphene could be
shifted to 2695 cm ™" since the high energy of excitation from
the laser wavelength of 473 nm in our experiment and the
corresponding exchange ratio of 88 cm™ "' eV~ '.® A new refer-
ence baseline with a slope of 2.45 (brown solid line) and 0.7
(brown dash line) initiated from this point can be used to
identify the strain and doping effects, respectively.>” The units
of these new coordination for percentage of strain (¢) and hole
concentration from doping (p) could be defined as % and 10"
cm?, respectively. The evaluation of doping level is from the
data presented by Das et al.*® to create the new coordination of
doping line.*” A slope of —57 cm™"/1% could be used to calcu-
late the strain (%) based on the G band shift, which is derived
from the Griineisen parameters for graphene under uniaxial or
biaxial strain.** Some reference lines marked in brown color are
shown in Fig. 2(b). The level of strain and doping could be
obtained by the intersections of the fitting line of each
group.*>*' By using this method and new coordination, the shift
of G band of the “G” group project to the strain axis at a strain
value of —0.06% as shown in the red arrow dash line in Fig. 2(b);
this could be due to the water molecules or PMMA residue on
the graphene surface and strain during the transfer process.*
The G and 2D bands are both slightly red-shifted at RTA
temperatures of 200 and 300 °C, indicating graphene with less
compressive strain and a reduction in hole doping. This could
be contributed by graphene suffering tensile strain from the
glass substrate due to the difference in their thermal expansion
coefficients and electron doping from the degradation of
PMMA.**** With temperature increasing to 400 °C, the doping
obviously changed to heavily p-type with a concentration of 5.9
x 10" cm 2. Hole doping by oxygen from glass substrate has
been reported previously at an RTA temperature of 400 °C in
N,,” in addition to hole doping by annealing from 400 to
600 °C.* The RTA with a fast heating rate followed by cooling
down to room temperature within few minutes can induce
thermal expansion coefficient mismatch between graphene and
the glass substrate, which can cause compressive strain and
hole doping on graphene.”

The doping effect by RTA treatment at various temperatures
is also studied by the measurement of Hall mobility and carrier
concentration with different rotation angle of 0°, 90°, 180° and
270°. As shown in Fig. 3(a), graphene without annealing shows
a hole concentration of 1.48 x 10" cm 2, and this natural p-
type doped behavior could be contributed from the adsorbed
oxygen and water molecules in atmosphere. When RTA
temperature increases to 300 °C, the Hall mobility increases
significantly from 613 to 859 cm® V"' s~ " and the natural p-type
doped graphene becomes intrinsic with the hole concentration
decreasing. Thus, RTA treatment is useful to restore the
intrinsic properties and remove PMMA residues from the gra-
phene surface to improve carrier transport. As annealing
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temperature increases to 400 °C, the Hall mobility decreases to
405 cm® V' s7' and the hole concentration of graphene
increases to 3.5 x 10" cm™?, which could be from hole doping
by oxygen from the bottom glass substrate. Hall effect could be
a useful indicator for various dopants to graphene including
AuCl;, HNO;, and ozone as shown in previous studies.*®
Fig. 3(b) shows a plot of mobility versus hole concentration for
various RTA temperatures. The samples annealed at 200 and
300 °C show a higher Hall mobility and less hole concentration
due to PMMA residue removal. In contrast, the 400 °C sample
presents an opposite trend consistent with the Raman spectrum
presented in Fig. 2(b).

The surface roughness of the graphene surface was investi-
gated by AFM images as shown in Fig. 4 in order to further
confirm the removal of PMMA residues by RTA. Some PMMA
residues are still seen on the graphene surface even after the
supporting layer of PMMA was immersed in the acetone solu-
tion for 1 hour as shown in Fig. 4(a). After the RTA treatment,
the efficiency of removing PMMA residues is clearly observed in
Fig. 4(b) and (c). When the RTA temperature increases to 400 °C,
the surface roughness slightly increases compared to 300 °C as
seen in Fig. 4(d). Fig. 4(e) shows the root mean square rough-
ness (Rg) value of the RTA-treated graphene layer. The R, value
decreases with increasing temperature up to 300 °C, but
increases to 7.1 nm at 400 °C. The elimination of PMMA film at
annealing temperature of 300 °C can also be supported by
thermogravimetric analysis.** The forming of amorphous
carbon by RTA at 400 °C** can be the source of carbon atoms
from the PMMA residues. This phenomenon can also be sup-
ported by the broadening of G and 2D peaks in the Raman
spectra.’* More importantly, the distribution of PMMA residues
would block the gas molecules from the graphene surface.*® In
addition, the surface roughness of mechanical exfoliation gra-
phene on the SiO, substrate is only 0.154 nm,* which means
the R, value is mostly from the surface residues of PMMA. AFM
images were further analyzed by using Image] software to
quantify the ratio of PMMA coverage. All AFM images are
replotted by setting a new threshold value of roughness to
define the PMMA area as shown in Fig. Si(a) to (d).t The
calculated percentage of residue coverage in the pristine gra-
phene is 19.53%, 6.741%, 3.532% and 5.234% for the samples
annealed at 200 °C, 300 °C and 400 °C respectively. The gra-
phene surface coverage and the graphene domain size were also
evaluated in the same way.**

Based on the above results of Raman spectrum, Hall
measurement and surface roughness by AFM, the PMMA could
be almost removed at an RTA temperature of 300 °C. The RTA
temperature at 400 °C could form amorphous carbon on the
graphene surface leading to a high surface roughness.

3.2 NO, gas sensing performance

The dynamic response of the resistance relative to different
concentrations of NO, diluted in dry air was measured in series
as the standard protocol. The NO, concentrations in this
protocol were 0, 1, 3 and 5 ppm in a series of administrations of
the gas. For the recovery step, a mechanical pump was used first

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 AFM topographic image of (a) pristine graphene and annealed
at (b) 200 °C, (c) 300 °C and (d) 400 °C. (e) PMMA coverage calculated
in the imageJ software and roughness parameters R, related to
different RTA temperature from AFM images.

to remove the residual gas in the test chamber for 15 min before
each cycle of NO, detection. The sensor response and recovery
are defined as the relative change of resistance by exposure to or
removal from a given gas concentration:

Response (%) = AR x 100 = Re— R x 100 (1)
R; R;
R, — R
0 — g T
Recovery (%) = R_R x 100 2)

where R; is the baseline resistance, R, is the resistance upon
exposure to NO, at a certain concentration and R, is the resis-
tance at the recovery time of 15 min.

This journal is © The Royal Society of Chemistry 2019

Fig. 5(a) shows the dynamic responses of the sensor with
graphene annealed at various temperatures. Injection of 1 ppm
NO, to the “G” sensor reduces the resistance quickly with a 6%
change. NO, is a strong oxidizing gas, transferring electrons
from the graphene surface, which makes graphene a p-type-
doped layer and is followed by a decrease in resistivity. The
response of the 300 °C is higher (up to 20%) compared to the
“G” sensor as removing the PMMA residue can create more
surface area for adsorption. With NO, injection on the graphene
surface with fewer residues of PMMA, more sensing area of
graphene can be used to adsorb NO, molecules on the surface
and more charges transferred to the graphene. According to this
mechanism, the sensor with the RTA treatment at 300 °C
provided higher response due to the minimum amount of
PMMA residue on the graphene as supported by the AFM
results. Furthermore, the method of RTA could be suggested as
a pretreatment to remove residues before other surface modi-
fications for different applications.”*>® Fig. 5(b) shows the
absolute value of the sensor response and recovery for 1 ppm
NO,. The absolute value of the response for the “G”, “G200”,
“G300” and “G400” sensors is 6%, 6.7%, 20% and 18.3%. The
best response is for the 300 °C annealed case and the response

a 25 100
(a) SF 1ppm 3 ppm 5ppm (b)
0 INO, 1 ppm
- _20 Lm- Response \* g0
2 S 5 ta- Recovery ?
o 10 o 15 60 g
S a5 H 3
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3 210 4032
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Fig. 5 (a) Dynamic response versus time for the sensor treated at

different RTA temperatures and NO, gas concentrations of 1, 3 and
5 ppm, (b) absolute value of response and recovery change for the
sensor treated at different RTA temperatures with the exposure of
1 ppm NO,, and (c) schematic of the Fermi level of pristine graphene
and p-doped graphene tuning by the NO, molecules.
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is slightly degraded with RTA temperature of 400 °C. There are
two effects involved in determining the sensing performance at
RTA temperature of 400 °C. First, the amorphous carbon
formation on the graphene surface discussed earlier can block
NO, adsorption leading to lower response. Second, the hole
doping occurring at 400 °C modifies the energy band and the
Dirac point of graphene is higher than the Fermi level as shown
in Fig. 5(c).*® During the NO, adsorption, the Fermi level of p-
doped and pristine graphene decreases until alignment with
the lowest unoccupied molecular orbital (LUMO) of NO,,
meaning that p-doped graphene enjoys more electron transfer
to NO,. Thus, the NO, response is still similar to that annealed
at 300 °C even with amorphous carbon formation on the gra-
phene surface at 400 °C.

Regarding sensor recovery, all sensors show a recovery less
than 25% after the 1 ppm exposure. With this poor recovery, the
sensor response degraded in the second cycle when exposed to
3 ppm because the site coverage on the graphene surface is still
high from the previous cycle. The strong adsorption energy of
NO, on graphene is confirmed by the density of states (DOS),*”
leading to the poor recovery behavior at 3 and 5 ppm. In
summary, the NO, response of the sensors can be improved by
RTA but the issue of poor recovery remains unsolved.

In order to improve this poor recovery behavior, a short-time
UV illumination on the graphene surface during the pump
down process is applied with the advantages of low power
consumption in an efficient way.”® As shown in Fig. 6(a), the
recovery of the “G300” sensor could be fully recovered to the
original baseline by UV illumination for 4 min and pumping
down in the recovery step. This operation of one cycle can be
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Fig. 6 (a) The time response and (b) schematic plot of the surface
reaction for the “G300" sensor to 1 ppm NO, and UV illumination in the
recovery step. The periods of 1 to 4 indicate the initial state, adsorption
of NO,, pre-cleaning process and short term UV illumination,
respectively. (c) The time response for the “G" and "G300" sensors
exposed to different concentrations of NO, with proper UV illumina-
tion time for a full recovery. (d) Absolute value of the response change
by the effect of RTA at 300 °C and recovery change by the optimized
UV illumination time.
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separated into four steps as follows: first, the sensor was in the
vacuum environment during pump down, keeping the response
stable (stage @). The second step involves stopping pump down
and injecting 1 ppm NO, until the response saturates (stage @).
Third, pumping for 2 min as a pre-cleaning process to reduce
the residual NO, in the environment and potential ozone
damage to graphene by UV illumination (stage ®). Finally, the
UV LED array is turned on to aid gas desorption from the gra-
phene surface until the resistance returns to the baseline level
(stage @). The mechanism for this procedure of UV illumina-
tion and pumping down for a better recovery is illustrated in
Fig. 6(b). In stage @, no additional gas molecules could reach
the graphene surface in the vacuum environment. In stage @,
the injected NO, molecules adsorb on the surface. In stage ®,
the pumping down process was used to remove the residual gas
from the measurement environment. Finally, the UV light was
turned on to make graphene generate the electron-hole pairs.
This phenomenon follows NO, ™ (ads) + h* — NO, (gas), leading
to full desorption from the graphene surface under UV illumi-
nation to the initial state. The advantage of this proposed 2-step
recovery including pumping down and UV illumination is less
UV-ozone generation and less defects on the graphene making
it suitable for long-term and precise sensing applications.>**
The illumination time needed for recovery was investigated
in detail for various conditions. The recovery of the RTA-treated
sensors is lower than with illumination time for optimization of
the “G” sensor as shown in Fig. S2(a).} The graphene surface
with RTA treatment has more sensing sites as mentioned earlier
to adsorb NO, molecules, leading to incomplete desorption in
a short-time UV illumination. When the UV illumination time is
extended for the full recovery of the sensor RTA-treated at 300 °C
(Fig. S2(b)T), the highest response change is achieved at 300 °C
for concentrations from 1 to 5 ppm. In particular, the
percentage recovery for both “G” and “G200” is higher than
100%. This phenomenon can presumably be ascribed to the
presence of oxygen and water molecules on the graphene in the
initial state, followed by desorption with UV illumination. The
sensing performance of the “G” and “G300” sensors with opti-
mized UV illumination time is shown in Fig. 6(c). The “G300”
sensor shows a higher response change than the “G” sensor for

<
2 -5{[WG300| , 3 . A
(7] 2 = PO
& -10 MG
o
8 15
8 15
201  Air  CH,CH,OH NH,
25 ] 1ppm 5 ppm

Fig. 7 Gas responses of the "G" and “G300" sensors exposed to pure
air, CH3sCH,OH of 1 ppm, NHz of 5 ppm and NO, of 1 ppm at room
temperature.
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Table 1 Comparison of NO, sensors based on graphene related materials

Sensing materials NO, response Operation temp. (°C) Recovery time (s) Recovery Ref.
4AQ-rGO 60% at 1 ppm RT 3300 80% 10
MoS2/rGO 12% at 0.15 ppm 90 °C 300 40% 61
RGONMF 15% at 1 ppm RT 5000 60% 62
CVD-Gr 4% at 1.5 ppm 22 °C 1800 50% 63

RGO 30% at 1 ppm RT 3000 70% 64
g-C;N,/graphene 40% at 20 ppm RT 1200 60% 65
Graphene 20% at 1 ppm RT 900 97% This work

all the concentrations. The time of UV illumination for “G300”
sensor increases from 110 to 400 s compared to the “G” sensor
due to more NO, molecules adsorbed on the graphene surface.
Fig. 6(d) presents the absolute values of the response change
and recovery by UV illumination for various NO, concentra-
tions. The NO, response improves from 5.3% to 20% for the
RTA temperature at 300 °C for 1 ppm. The recovery for various
concentrations can be significantly improved to more than 90%
compared to the case without UV illumination. These results
show that the combination of RTA treatment and UV illumi-
nation has potential for a gas sensor with high response and
short time recovery. To evaluate the stability and repeatability,
the sensors “G” and “G300” were tested 3 cycles for 1 ppm NO,
concentration as shown in Fig. S3.7 A good repeatability is seen
from the variation of response within 0.6% and 0.3% for the two
sensors respectively. In addition, after UV illumination on gra-
phene for 3 h in a vacuum environment, no additional defects
can be observed by Raman spectra as shown in Fig. S4.F
According to the above, the number of cycles with sustained
sensing can be more than 12 by the total illumination time of
3 h divided by the UV illumination time of 15 min for recovering
the concentration of 5 ppm. Therefore, the damage to graphene
must be negligible from the illumination effect. For practical
applications using this proposed UV illumination, an automatic
system with a program to control the switch of the UV light
source can be designed for fast recovery to baseline, which can
be an example for the combination of smart sensors and
internet of things (IoT). Besides, the micropump integrated
with a microfluidics channel on the chip of gas sensor is
a feasible way to replace the original system including the
mechanical pump, the mixer chamber and the test chamber for
the purpose of miniaturization.*

We also investigated the response properties of RTA treat-
ment on the sensor for various gases at room temperature.
Fig. 7 shows the response and recovery of “G” and “G300”
sensors to pure air, CH;CH,OH of 1 ppm, NH; of 5 ppm and
NO, of 1 ppm. Obviously, the “G300” sensor showed a clearly
large change in response for NO,, which was negative and more
than 4 times higher than those of the other gases. In addition,
all the gas response can be improved by RTA treatment due to
the removal of PMMA residues. These results show that the
“G300” sensor has a good selectivity to NO, at room tempera-
ture, which can be a candidate for NO, gas sensing in envi-
ronmental monitoring systems. A comparison between the

This journal is © The Royal Society of Chemistry 2019

sensing performances of this proposed sensor and other NO,
sensors based on graphene is summarized in Table 1.'%°"* We
found that the effect of RTA treatment and UV illumination on
monolayer graphene in this study could be used to detect NO,
in the concentration range from 1 to 5 ppm with a complete
recovery within 900 s at room temperature, which is better than
other NO, sensors and suitable for long-term and precise
sensing applications.

4. Conclusions

NO, sensing characteristics for graphene with RTA treatment
and UV illumination are presented in this study. The sensor
response is improved by 4 times with RTA treatment at 300 °C.
Removal of PMMA residues from the graphene surface by RTA
treatment leads to more NO, molecular adsorption. Complete
recovery can be achieved with proper UV illumination by the
control of irradiation time. Therefore, the optimization of RTA
treatment and UV illumination of graphene-based sensor could
be useful for ppb level sensing of NO,.
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