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Abstract

Wearable electronics and the Internet of Things (IoT) progression create a pressing desire to develop flexible sensors for
healthcare monitoring and industrial applications. This study presents a new scalable and low-cost approach for fabricating
high performance and flexible temperature sensors based on sulfur (S) and nitrogen (N) co-doped laser-reduced graphene
oxide denoted as (LRSNGO) for wearable electronics. A handy visible laser engraver machine was fabricated for simultaneous
co-doping, patterning, and photothermal reduction of graphene oxide (GO) films. SEM, XRD, and Raman spectroscopy
results confirmed the effective photothermal reduction of GO and unveiled structural characteristics enhancements due
to nitrogen and Sulfur co-doping. XPS analysis endorsed the efficient electron donative and defects curative integration
of nitrogen and Sulfur heteroatoms into the graphitic lattice. The LRSNGO exhibited an electrical conductivity of 847.9
S/m significantly higher than the nitrogen-doped and the pristine LRGO. The LRSNGO also demonstrated the best
thermal sensitivity, with a temperature coefficient of resistance (TCR) of—0.233%/°C, which is~117% higher than the
pristine LRGO sensor. These results were associated with a fast response time of 3.5 s, excellent thermal stability, and
outstanding mechanical stability and flexibility. LRSNGO sensor was tested for live monitoring of human body temperature
demonstrated quick response and precision with an almost consistent body temperature reading. All characterization results
are comprehensively discussed and interpreted throughout the study.

Highlights

e A scalable laser writing method is introduced for simultaneous doping, reduction, and maskless patterning of flexible
graphene oxide thin films.

e The effects of heteroatom doping with nitrogen and co-doping with nitrogen and sulfur on the properties of laser-reduced
graphene oxide films are thoroughly discussed.

e Remarkable enhancements in the structural and electrical properties of laser-reduced graphene oxide films upon the
doping process were recorded.

e Flexible temperature sensors were fabricated and tested for wearable healthcare monitoring and IoT applications.

e The co-doped graphene-based temperature sensors showed outstanding temperature sensing performance compared to
their counterparts, along with mechanical and cyclic stabilities.
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1 Introduction

In daily life, human temperature is an essential parameter
to measure in healthcare monitoring and industrial working
fields [1]. Temperature sensing is playing a critical role in
a wide range of modern technologies, including wearable
health monitoring, smart cloths, and biomedical devices
[2]. Flexible temperature sensors, which can be integrated
into these applications, give precise readings while being
mechanically flexible, allowing them to contour to the
human body or other surfaces without losing functional-
ity. Wearable health monitoring uses temperature sensors
to check vital signs and detect health abnormalities such as
fever or heat stress, ultimately improving patient care [3].
Similarly, smart cloths use temperature sensing to moni-
tor body temperature in real time, hence promoting health
and wellness [4]. Furthermore, in biological applications,
flexible sensors are implanted or attached to monitor tem-
perature changes, which is necessary for accurate diagnosis
and therapy [5]. Overall, the integration of flexible tem-
perature sensors into these applications not only improves
performance but also expands the potential for innovative
healthcare solutions [6]. Traditional rigid temperature sen-
sors provide reliability and accuracy but often suffer from a
lack of flexibility and scalability which limit their applica-
tion in wearable electronics or IoT applications. By contrast,
flexible temperature sensors offer many advantages, such as
being soft, low cost, deformable, and able to take any cus-
tomized designed patterns. These sensors usually consist of
a heat-sensitive material layer on top of a substrate [7]. The
sensitive layer must have a physical change with tempera-
ture, thermal stability against heating and cooling cycles,
and low cost [8]. Current flexible temperature sensors have
several limitations and challenges that affect their wide-
spread use, performance, and reliability. Limitations such
as fabricating sensors with promising performance param-
eters remain a significant challenge [9]. Also, employing
difficult manufacturing procedures, toxic chemicals, and
cost-effective materials creates a significant barrier to mass
production [10]. Furthermore, production repeatability and
reproducibility issues must be addressed to provide con-
stant accuracy under varying situations [11]. Addressing
these difficulties is critical to the development of flexible
temperature sensor technologies.

Numerous materials were reported as resistive flexible
temperature sensors including metals [12, 13], semiconduc-
tors and metal oxides [14, 15], conductive polymers [16,
17], carbon allotropes [18—20] and thin films of nanomateri-
als and nanocomposites [21, 22]. Among all studied materi-
als, carbon allotropes such as graphene, carbon nanofibers
(CNFs), and carbon nanotubes (CNTs) disclosed many
advantages such as biocompatibility, flexibility, high thermal
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and electrical conductivities, rapid thermal response, and
thermal stability. P. Sehrawat et al. investigated the heat
sensing performance of the reduced graphene oxide (rGO)
as a resistive sensor fabricated via spin coating of GO on an
alumina substrate and reduced by thermal annealing. The
authors reported a high TCR of ~—0.801%/°C, in a high-
temperature range of 30-300 °C, manifold higher than any
commercial data or scientific findings [23]. Later, G. Liu
et al. performed a series of experiments to compare the
performance of the flexible temperature sensors fabricated
from rGO, single-wall carbon nanotubes, and multiwall car-
bon nanotubes in the temperature range of 30 — 100 °C [2].
The experiments revealed that the best performance was
recorded for the rGO-based sensor in terms of tempera-
ture sensitivity, performance linearity, and response time.
Although the fabrication process was fairly complicated and
lacked patterning capability, it established rGO as one of the
strongest flexible temperature-sensing layer candidates for
wearable electronics.

Graphene-based materials exhibited a negative tempera-
ture coefficient of resistance (NTCR). In pristine graphene,
the conduction and valence bands are touched at the Dirac
points and the density of states (DoS) near Fermi energy
has a linear relationship with energy [24]. So, with the
application of a temperature gradient, electrons thermalized
from the valence band into the conduction band leading to
an increase in the electrical conductivity with temperature.
The situation is slightly different when it comes to the rGO.
Not all oxygen groups are removed, and a part remains and
the sp® network is partially restored [25]. Due to incom-
plete band structure, two conduction mechanisms were used
to model resistance—temperature behavior in disordered
materials like rGO. The variable range hopping mecha-
nism (VRH) in a low-temperature regime and the nearest
neighbor hopping mechanism (NNH) in a relatively higher-
temperature regime [23]. In VRH, electron hops between
localized states that are close in energy regardless of their
spatial location in the lattice. Electrons can be boosted by
electron—phonon scattering to overcome the difference
between those localized states and complete the transition
which is often described by Mott's law Eq. (1):

o(T) = ooe_(%)u(dH) (1)
where o is the electrical conductivity, o, is a pre-factor, 7, is
the characteristic temperature related to localization length
and density of states, T is the system temperature, and d is
the system dimensionality where d=2 for 2D systems and
d=3 for 3D systems [23, 26]. In NNH on the other hand,
electric conduction is primarily governed by thermal acti-
vation. At higher temperatures, electrons acquire sufficient
energy, known as activation energy (£,), which facilitates
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their hopping between the closest spatial atoms or the
nearest available localized state regardless of their energy
difference. This shortens the hopping mean-free path and
improves electron mobility. The electric conductivity as a
function of temperature in NNH is often described by the
Arrhenius equation Eq. (2):

Eq

o(T) =0, XBT (2)

At room temperature and higher, both NNH and VRH
mechanisms may coexist. As the temperature increases the
hopping probability, and more conduction electrons are lib-
erated too enhancing the electrical conductivity. This man-
ifested as a decrease in the overall resistance of the rGO
illustrating NTCR behavior. In addition to the commonly
incomplete reduction of GO, structural defects evolved into
graphene basal planes and at the edges [27]. For these rea-
sons, lower TCR values are usually obtained for the rGO-
based sensors [28, 29].

Heteroatom doping of rGO is a promising strategy usually
adopted to improve the performance of rGO-based devices
by tuning rGO electronic and structural qualities. Carbon
neighbors in the periodic table such as boron [30], nitrogen
[31], phosphorus [32], and sulfur [33] are commonly used to
dope graphene. Heteroatoms such as nitrogen and sulfur have
more electrons in the outermost shell and donate the excess
electrons to the delocalized m-network to make n-type doping
for graphene [34]. However, this depends in the first place on
the locations where dopants are linked to the graphene lattice.
Pyrrolic-N and thiophene functional groups are examples
of n-type doping occurring by nitrogen and sulfur dopants,
respectively. Graphitic-N and sulfoxides are other examples of
N and S functionalities improving the rGO characteristics by
curing the defective sites [35-37]. However, there is a scarcity
of studies exploring the applications of doped graphene in
flexible temperature sensors [38, 39]

In this regard, this study presents a simple yet effective
approach for simultaneous co-doping, photothermal reduc-
tion, and patterning of GO thin films by laser writing for
flexible temperature sensor applications. Thiourea, a single
precursor for N and S dopants, was mixed with the exfoli-
ated GO solution using ultrasonication. GO thin films on
a flexible Polyethylene Terephthalate (PET) substrate were
then fabricated by the drop-casting method. A visible diode
laser-equipped engraving machine was built and used for the
fast, scalable, and low-cost fabrication of flexible tempera-
ture sensors. Thanks to the ultrasonication and photothermal
energies, S and N co-dopants were successfully integrated
into the LRGO matrix as confirmed by XPS measurements.
SEM, XRD, and Raman measurements analysis declared
many structural variations of the LRSNGO in comparison
to the pristine LRGO and the solely nitrogen-doped LRGO.

The electrical and temperature sensing measurements
showed remarkable enhancements in the LRSNGO sen-
sor performance surpassing the other two devices. A high
TCR 0of—0.233%/°C was achieved for the LRSNGO sensor
accompanied by a fast response time of 3.5 s. The results of
all measurements are comprehensively discussed and inter-
preted in this study. The overall LRSNGO sensor perfor-
mance enhancements were mainly attributed to combining
the benefits and synergistic effects of co-doping with N and
S in healing defective sites, donating excess free electrons,
and promoting the mobility of free charge carriers.

2 Experimental work
2.1 Materials

Extra-pure graphite powder having a 5-20 um grain size was
purchased from Fisher Scientific. Urea granules [CH,N,O],
and thiourea [CH,N,S] were obtained from Sigma Aldrich,
Germany. All the other chemicals were reagent grade and
used as received without any additional purification. Poly-
ethylene Terephthalate (PET) Substrates with 100 um thick-
ness were locally sourced.

2.2 Preparation of doped GO films

Graphite oxide was prepared according to the modified
Hummers’ protocol [40—42] and explained in detail in the
Supplementary information. The GO flexible thin films
were prepared by drop-casting technique on a flexible com-
mercial PET Substrate. First, the GO solution with 5 mg/
ml concentration was prepared by dispersing graphite oxide
in double distilled water using magnetic stirring which was
followed by ultra-sonication bath for 1 h. For the doping of
GO, 20 wt% of urea in the case of N-doping and 20 wt%
thiourea in the case of SN-doping were added to the GO
solution and Subjected to a mild ultra-sonication process
for 2 h in an ice bath. Cooling was maintained to avoid the
GO overheating which may cause partial reduction of the
GO and affect the casting process. For comparison pur-
pose, a plain GO solution was prepared following the same
method but without any additives. All prepared GO solu-
tions were centrifuged at 3000 rpm for 20 min to remove
the non-exfoliated graphite oxide particles. For the casting
process, the PET Substrates were pre-cleaned with ethanol
and distilled water and dried at room temperature. 20 ml of
the GO solution was uniformly drop-casted on a predefined
100 mm x 100 mm area with the help of an adhesive tape
on the cleaned PET. The fabricated GO films were left to
completely dry naturally at ambient conditions for at least
two days before the laser reduction process.
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2.3 Laser reduction and sensor fabrication

A custom-built CNC laser engraving machine equipped
with a 450 nm wavelength diode laser with 10 Watts maxi-
mum power was employed for the laser reduction process
of the prepared GO deposited on the flexible PET substrate
(see the supplementary information Fig. S1). For the reduc-
tion process, the GO flexible films were located exactly at
the laser’s focus point. The laser machine parameters were
manipulated until the lowest possible sheet resistance was
achieved without any visual damage or cracks observed
in the samples. The optimized laser reduction conditions
were set to an engraving speed of 600 mm/min, 5% of laser
power, and 20 lines per mm resolution for all the fabricated
samples. A summary of the fabrication workflow of the laser
reduction process is schematically shown in Fig. 1.

2.4 Material characterization

The surface morphologies of the prepared samples were
studied using a scanning electron microscope “SEM” (Ther-
moFisher (USA) Quattro S Felid Emission Gun, Environ-
mental SEM “FEG ESEM”). The structural analysis of the
prepared samples was studied using Raman spectroscopy
and x-ray diffraction (XRD). Raman scattering spectra were
collected using a Confocal Raman Microscope (WiTec,
300R alpha). The measurements were performed with a
532 nm laser wavelength, 2 mW laser power, Accumula-
tion time of 10 s, and overall integration time of 10 s. The
XRD patterns for the prepared samples were recorded using
Fig. 1 Sample preparation pro-

cedures, laser carbonization, and
temperature sensor patterning
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Laser head
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a Rigaku Miniflex600 Benchtop diffractometer operating
with a Cu target as Ko x-ray radiation source of wavelength
(A=1.5418 A°®). X-ray photoelectron spectroscopy (XPS)
spectra was measured using (SPECS- Surface nano analysis
GmbH, Germany with x-ray beam source Al 400w, 15 kV).
Finally, we employed a four-point probe instrument (Ossila,
UK) for the sheet resistance measurements.

2.5 Temperature sensor measurements

The performance of the fabricated temperature sensor
samples was evaluated in terms of temperature sensitivity,
linearity, stability, response time, and recovery time. Sen-
sor’s sensitivity was measured by a custom-built setup. The
sensor under test was fixed on the hot surface of a com-
mercial Peltier element (TEC1-12706) that is connected to
a variable DC power supply. The sensors’ resistances were
recorded by means of Keithley 2400 using a Paios two-point
flexible probe station. A K type thermocouple with a digi-
tal multimeter (UNI-T UT39C+) was attached to the sensor
surface to measure its actual temperature. The sensors’ flex-
ibility and mechanical stability were examined by a custom-
built mechanisms (see supplementary information Fig. S2).

3 Results and discussion

The oxidation process of graphite create functional groups
such as hydroxyl (-OH), carbonyl (C=0), and carboxyl
(-COOH) within the graphite structure which increased

probe sonicator

Ultrasonication (1hr)

.—)ﬁ + Urea L >
i + Thiourea -

Doping

~
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(ice bath 2 hrs)

PET—
Drop casting

Centrifuge
@3000 rpm (20 min)
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the graphitic interlayer distances and facilitate the liquid
phase exfoliation process Fig. 2a [43, 44]. That which was
confirmed by the XRD measurements acquired for the
graphite before and after the oxidation process, and also
by the FTIR and XPS analysis of graphite oxide, as shown
in Fig. S3. Herein, a proposed approach for simultaneous
doping, photothermal reduction, and maskless patterning
process with visible laser light for GO flexible films is
introduced. The approach mechanism starts with a simple
chemical mixing followed by an ultrasonic-assisted process
which can be explained as follows: First, urea or thiourea
granules were added to the GO solution. The mixture was
subjected to mild ultrasonication for the GO exfoliation
purposes. During the ultrasonication also, the urea is
broken down into nitrogen-containing moieties such as
ammonia whereas thiourea on the other hand is dissociated
to sulfur and nitrogen moieties such as ammonia and
thiocyanate [45]. These moieties are attached to the edges
and basal planes of the exfoliated GO sheets with the

Graphitic-N

Pyrrolic-N

Graphitic-N Pyrrolic-N

® Carbon @ Oxygen @ Nitrogen

Pyridinic-N

assistance of the aforementioned oxygen functional groups
and also the defective sites on the graphitic sheets evolved
during the oxidation process, Fig. 2b After that, when the
GO films are illuminated with visible laser pulses, the GO
absorbs the photon energy, and heat is generated. When the
laser intensity is beyond a specific threshold, an enormous
amount of heat is generated (>1000-2500 °C) which
is enough to break C—O and C=0 bonds and remove
the oxygen functionality from the GO sheets [46]. An
expansion of the LRGO film thickness is visually observed
which is mainly attributed to the fast liberation of gases
from the films during the photothermal reduction process.
Besides the photothermal GO reduction, it is supposed
also that the heat generated from the absorption of the
laser power is used to integrate the nitrogen and sulfur
heteroatoms into the LRGO sheets, Fig. 2c-d. Hence, a
variation in the structural and electrical properties of the
LRGO films is supposed to be noticed due to nitrogen
doping and sulfur-nitrogen co-doping.

Hydroxyl

Ammonia

e
Carboxy| / Thiocyanate

(d)

Thioether ' Sulfoxide

Thiophene

'kThiophene
Sulfoxide /"

o) Sulfur

Thioether

¢ Hydrogen

Fig.2 (a) graphite oxidization by Hummer’s method (b) oxygen functional groups, ammonia, and thiocyanate position in GO structure (¢) nitrogen
atom positions in LRNGO structure (d) sulfur atom positions in LRSNGO structure
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3.1 Structural analysis

SEM microscopy was used to evaluate the morphology
changes in the flexible GO before and after the laser treat-
ment. Figure 3a shows a typical SEM micrograph of the as-
casted GO film that is covered by wrinkles arising from the
oxygen functional groups linked to the graphitic sheets of
the GO and preventing it from restacking [47]. The exis-
tence of such a large number of wrinkles on the surface indi-
cates the excellent exfoliation process of the GO by mild
ultrasonication in water. The absence of any surface cracks
or pores in the surface is an indication for the high-quality
GO films on the flexible PET substrate using the drop-cast-
ing method. Upon the laser photothermal reduction process,
the SEM images revealed several variations in the surface
morphology of the GO films after the laser photothermal
reduction process was conducted. The micrograph of the
pristine LRGO in Fig. 3b shows clearly the traces of the
laser pulses and the disappearance of the surface wrinkles
confirming the successful laser reduction process. The
image also reveals the porosity of the LRGO film surface
morphology that consists of overlapping graphene nano-
flakes comprising several unordered graphene sheets stack-
ing together. This was accompanied by the evolution of
some micropores resulting from the fast-gaseous release by

the laser photothermal reduction process. All laser-reduced
films (LRGO, LRNGO, and LRSNGO) showed similar sur-
face morphologies. Similar observations were previously
reported for GO films photothermal reduced by different
laser wavelengths [48, 49].

A noticeable volume increase at the GO and LRGO
interface after the laser reduction was observed in the cross-
section micrograph of the LRGO in Fig. 3c. The volume
expansion demonstrates the increased interlayer spacing
between the graphene sheets due to the gases liberation
during the laser reduction process. The average film thick-
nesses of the three fabricated films were estimated from
the cross-section micrographs Fig. 3c—e. The LRGO aver-
age thickness was~25.7um which increased in the case of
LRNGO to~33.15 pm, whereas the LRSNGO’s average
thickness was only~26.2 um. The largest thickness of the
LRNGO could be attributed to the ability of the nitrogen
atoms incorporated into the graphene hexagonal lattice at
different configurations creating more lattice distortion that
led to an increase in the interlayer spacing [50]. Meanwhile,
the smaller LRSNGO’s average thickness may be due to the
nature of sulfur doping which occurs mostly at graphene
sheets edges and defects sites without distorting the car-
bon hexagonal lattice. This could be strongly confirmed by
the high magnified cross-section micrographs in the insets

lt,,=33.15 ym 40 UM

Fig. 3 SEM micrographs of (a) GO surface before reduction (b) LRGO surface with pores (¢) LRGO cross section (d) LRNGO cross section (e)

LRSNGO cross section

2]

...............
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of Fig. 3d-e that show the LRSNGO is composed of more
densely packed graphene sheets than the LNRGO which
could be beneficial for better electric conductivity of the co-
doped films.

Figure 4a shows the XRD patterns collected for the
LRGO, LRNGO, and LRSNGO films and compared
with that of the GO. The XRD pattern of the GO shows
a graphite oxide characteristic peak at 26=10.08° indexed
to the (001) reflection plane with an interplanar spacing of
d~0.879 nm [51]. This peak has completely disappeared in
the other three laser-reduced films. Instead, a sharp charac-
teristic peak centered around 20 =~ 25.8° and indexed to the
interplanar spacing of d=~0.345 nm for the graphitic (002)
planes. This demonstrates that the laser reduction removes
oxygen functional groups. The slight downshift obtained in
the (002) XRD peak for the laser-reduced samples from the
20=26.4° of graphite is attributed to the expanded morphol-
ogy of the samples and also to the lattice imperfections [51].
The measured FWHM of the (002) peak for the LRGO,
LRNGO, and LRSNGO are 0.6387°, 1.2622°, and 1.2277°
respectively. The broader the peak, the more exfoliated
the graphene sheets [52]. Hence the lower FWHM of the

(a) (b)

LRSNGO compared to that of the LRNGO agrees well with
the previous SEM findings that the sole N doping produces
more expanded graphene sheets than the SN co-doping.
Nondestructive Raman spectroscopy was employed to
evaluate the laser reduction efficiency, sample quality, and
structural defect density of the GO films. Figure 4b and Fig.
S4 show the recorded Raman spectra for the three fabricated
films before and after the laser process. The three charac-
teristic graphitic carbon Raman peaks, D (~1345 cm ™),
G (~1575cm"), and 2D (~2695cm™!) are clearly seen in
the measured spectra [53—55]. However, a sharp decrease
in the defective peak intensity (/) alongside a remark-
able increase in the graphitic peak intensity (/;) in all three
samples was achieved after the photothermal reduction pro-
cess. This unequivocally confirms the successful photore-
duction process of the GO films by the visible laser. Table
(S1) summarizes the parameters estimated from the Raman
data analysis. The lowest //]; ratio was calculated for the
LRSNGO which emphasizes the role of sulfur and nitrogen
atoms in healing the structural defects in the graphene sheets
during the deoxygenation process [54]. These observations
also ascertain the role of sulfur and nitrogen heteroatoms

(c)
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Fig. 4 Material characterization (a) XRD pattern for GO and laser-
reduced samples (b) Raman Spectrum for all reduced samples stacked
compared with GO (¢) XPS survey spectra for LRGO, LRNGO,
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LRSNGO, and GO (d) deconvolution of Nls peak of LRNGO (e)
deconvolution of N1s peak of LRSNGO (f) deconvolution of S2p peak
of LRSNGO
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doping in enhancing the graphitization degree of the GO
by the photothermal reduction process. Nonetheless, both
LRNGO and LRSNGO samples showed a decrease in the
G-peak FWHM. Graphene doping was reported to shift the
Fermi level away from the Dirac point decreasing the carrier
recombination probability which leads to Raman G-peak
sharpening [53]. Thus, the sharpness obtained in the G-peak
and the slight redshift in the 2D-peak of the LRNGO and
LRSNGO samples suggest successful doping during the
laser processing. Also, the 7,,// ratios are around unity
for the three laser-reduced samples corresponding to the
bilayer and few-layer graphene sheets reflecting the effec-
tive deoxygenation and exfoliation process of the graphene
sheets by the visible laser [56]. Furthermore, the ratio I/l
was used to estimate the average distance between defects
(Lp), defect density per cm® (77,,), and domain size (L) for
the LRGO, LRNGO, and LRSNGO films using Eq. (3) — (5)
and the obtained results are summarized in Table 1:

7 -1
L?p (nm?) = (2.4 x 1077) >\L4(ID> 3)
G
2.4 x 1022 (Ip
w20 () @
oy afIp)
Lo = (24 x 1071%) A, o (5)

where 4;=532 nm is the excitation [57, 58]. Table 1 illus-
trates that nitrogen atom doping in graphene lattice increased
the number of defects. As a result, the average distance
between successive defects (L) and sp? domain size (Lspz)
of the LRNGO decreased compared to that of LRGO. Addi-
tionally, the defect density (#,) of the LRNGO increased
compared to that of LRGO, indicating that the LRNGO
was more disordered and had a smaller sp? domain size.
the LRSNGO demonstrated the lowest defect density and
the larger average distance between the successive defects.
In addition, the LRSNGO exhibited the largest sp? domain
size. This exposes the synergistic role of SN co-doping and
laser reduction in producing high-quality graphene sheets
desired for good electrical conductivity and high tempera-
ture sensing performance.

Table 1 Estimated parameters from Raman scattering measurements:
average distance between defects (L), defect density per cm? (1),

To determine the accurate elemental composition of the
fabricated samples, XPS measurements were performed.
Figure 4c¢ shows the survey spectra of GO, LRGO, LRNGO,
and LRSNGO respectively. The Cls and Ols peaks
appeared at 284.5 eV and 532.3 eV, respectively, in all sam-
ples [59, 60]. Whereas N1s peak appeared at 400 eV in the
LRNGO and the LRSNGO samples, and an additional S2p
peak appeared at 163.8 eV in the LRSNGO sample [48, 55,
61, 62]. The estimated elemental compositions of the sam-
ples from the XPS measurements are tabulated in Table 2.
The estimated results show that laser reduction reduces the
oxygen content in the films, which directly increases the
C/O ratio of all samples. The presence of oxygen in laser-
reduced samples implies the partial reduction of the GO
films. Whilst the existence of N1s peak in the LRNGO spec-
trum and the N1s and S2p peaks in the LRSNGO spectrum
confirm the successful integration of the heteroatoms into
the graphene framework. The relatively weak peaks for the
N and S are because of their significantly lower concentra-
tions compared to carbon and oxygen.

N1s and S2p peaks deconvolution study used to explore
how the heteroatoms were linked to the graphene frame-
work. Figure 4d gives the deconvoluted Nls peak of the
LRNGO. The deconvolution manifested that three types
of nitrogen functional groups, namely pyridinic-N [(397
eV) — (4.26%)], pyrrolic-N [(399.69 eV) — (64.62%)], and
graphitic-N [(402.2 eV)-(31.12%)] were formed [55, 63].
Both pyrrolic-N and graphitic-N are working as electron
donors for the delocalized m network of graphene [64].
Hence, a reduction in the sheet resistance of the LRNGO
is expected to be observed. Also, the N1s deconvolution of
the LRSNGO in Fig. 4e declared high contributions for the
pyrrolic-N and graphitic-N functionality. Figure 4f is the
deconvoluted of the LRNGO S2p peak which declared the
formation of three types of sulfur functional groups C-S-C
[(163.7 eV)—(16.5%)], thiophene [(164.9 eV)—(12.1%)],
and -SOx [(168.8) — (71.4%)]. Thiophene functionality
donates two delocalized electrons to the m network. The
other two Sulfur forms modulate the electronic band struc-
ture via the creation of localized states near the Fermi level
and induce spatial distortion preventing graphene sheets
from order restacking [65]. For these reasons, the co-doped
LRSNGO is highly suggested to surpass the performance of
the other two samples.

Table 2 Elemental composition of GO, LRGO, LRNGO, and
LRSNGO determined from the XPS analysis

and sp? domain size (Lg,”) Raman results Cat % O at % N at % S at %
Sample L, (mm) 75,(ecm?) L’ (m) I/l Ly, GO 65.7 34.3 - -
LRGO 15.873  2.286x10"  25.197 0.763  1.0101 LRGO 73.83 26.17 - -
LRNGO 15497  2.399x 10" 24,015 0.8005 1.0115 LRNGO 73.61 24.02 2.37 -
LRSNGO 16.956  2.003x10'' 28752 0.6687 0.974 LRSNGO 68.86 26.84 3 1.3
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3.2 Electrical measurements

The laser parameters were optimized to ensure the best
reduction efficiency and electrical performance for the
fabricated graphene-based temperature sensors. A laser
speed of 600 mm/min and Line spacing of 0.05 mm had
been found the best suited for the GO/PET samples. The
laser reduction power was varied from 4% to 6.5% of the
maximum power (10 Watts) by a step of 0.5%. Figure Sa
shows the variation of the sheet resistance measured for 10
mm X 10 mm films of the LRGO, LRNGO, and LRSNGO,
and the laser power. All reduced samples showed a sharp
reduction in sheet resistance with increasing the laser
power from 4% to 5.5% implying better GO reduction
by increasing the absorbed photothermal power.
Further increases in laser power beyond 6.5% did not
Substantially lower the sheet resistance of the samples.
It is clear that both the doped LRNGO and LRSNGO had
lower sheet resistance than the LRGO at all tested laser
powers. Moreover, the LRSNGO achieved the lowest
sheet resistance at all power values. This emphasizes the
role of laser photoreduction in conjunction with doping in
improving the electric conductivity of the GO films. This
also agrees with our findings that S and N co-doping is
more efficient for healing the graphene lattice structural
defects and donating more charge carriers than N doping
alone. Herein, 5% laser power was Chosen as the optimum
value due to its better mechanical stability. Beyond 5%
some destroying visually seen on the laser-reduced films,
see supplementary Fig. S5.

The bulk conductivity of the laser-reduced films was cal-
culated from Eq. (6):

1

where o (S/m) is the bulk conductivity, Rs (€/sq) is the sheet
resistance, and ¢ (m) is the average thickness in estimated
from the SEM cross-section measurements [66]. Figure Sb
shows a comparison between the bulk electrical conductiv-
ity (o) of the three prepared films. The highest electrical
conductivity of 847.9 S/m was calculated for the LRSNGO
film given that it recorded the lowest sheet resistance of ~45
Q/sq. The LRNGO and LRGO attained nearly similar
electrical conductivity although the sheet resistance of the
LRNGO was lower. This is because the LRNGO attained a
more expanded cross-section among the three films as dis-
cussed earlier.

3.3 Temperature sensor performance
characterization

Figure 6a shows a photograph of the custom-built temperature
sensor characterization setup. The sensor under investigation
was fixed to the hot side of the Peltier element and it’s
temperature was adjusted by varying the applied DC voltage.
A two-point probe station connected to Keithley 2400
measures the sensor’s resistance as a function of temperature.
A multimeter equipped with a thermocouple was used to read
the sensor’s actual temperature. It is worth mentioning that
the whole system was covered during the measurement to
prevent heat loss and to provide stable reading.

Among the different patterns reported in the literature for
flexible temperature sensors, the heater pattern presented in
Fig. S6 was employed in this study. Compared to square
and serpentine widely reported, for example, [67, 68] the
heater pattern exhibits longer electric conduction path and
larger thermal mass. The fabricated and tested resistive
temperature sensors were the LRGO (3.71 kQ), LRNGO
(2.58 kQ), and LRSNGO (1.79 kQ). The lower overall

7~ Rt (6)
(a) (b) |
180 @ 5% Power - 600mm/min
—®— | RGO 90 3 g. Ta0 F1050
1601 ——LRNGO 80} & “‘_’ 5 900
140 —e—LRSNGO 70l o 3 |35 |
5120 =60} 30€-750,€
§,100- g50- .253-600§
2 80; .52‘;8' ~}450%
60+ 20l 120 300
40, 10} 115 150

40 45 50 55 6.0 6.5
Power (%)

LRGO LRNGO LRSNGO

Fig.5 (a) sheet resistance variation with laser power for LRGO, LRNGO, and LRSNGO (b) Estimated values of the sheet resistance (R;), average
thickness (t,,), and electrical conductivity (o) at 5% laser power for LRGO, LRNGO, and LRSNGO films
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Fig. 6 a Photograph for the custom-built temperature sensor characterization setup, (b) R/Ry% versus temperature indicating resistance tempera-

ture coefficient (TCR) for LRGO, (¢) LRNGO, and (d) LRSNGO

LRSNGO sensor resistance is due to its higher bulk
electrical conductivity. Figure 6b-d gives the relationship
between (R/R,) % and T measured in the temperature range
(2545 °C) for the fabricated sensors during heating and
cooling sweeping directions. The figure disclosed that all the
sensors experienced resistance decreases as the temperature
increased indicating their NTCR nature. All sensors
displayed negligible hysteresis between the heating and
cooling measured data. Also, the measured data are well-
fitted straight lines as indicated with Pearson’s coefficient
(R) close to unity. These results indicate the perfect
temperature sensing mechanism of all the fabricated LRGO
films and also the higher accuracy of the measurements.
Interestingly, at the end of the heating and cooling tests,
all fabricated sensors successfully restored their initial
resistances reflecting good reversibility.

The temperature Sensor’s sensitivity is determined by
the resistance temperature coefficient (TCR) which is calcu-
lated from Eq. (7) [69]:

AR
TCR = ﬂ (7)
AT

where R, is the sensor’s resistance at room temperature
and 4R is the change in sensor resistance at temperature
difference AT from room temperature. The TCR of the
pristine LRGO sensor was calculated to be—0.101%/°C,
The LRNGO sensor showed a 19.4% improvement in the
TCR and recorded —0.1206%/°C because of its relatively
lower resistance. The superior temperature sensitivity
was exhibited by the LRSNGO sensor that achieved a
TCR 0of—0.233%/°C, which is~117% enhancement to
the sensitivity of the pristine LRGO sensor. The TCR
of the pristine LRGO sensor closely matches previously
reported values for graphene-based sensors as seen in
the performance comparison Table 3. This demonstrates
the high caliber of the custom-built visible laser
machine for the GO reduction, and also the temperature
sensitivity characterization system. Electrical resistance
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is inversely proportional to electrical conductivity, so
Arrhenius equation Eq. (2) can be modified to:

—Eq

R(T) = Rye®sT (7

and taking the natural logarithm, we get Eq. (8):

L (B _ _Ea .
n(R)_KBT ®

By drawing arelation between In (%) and 1/T'itshould give

a linear relationship with slope equal to £ /K. Figure 7a
shows the plot between In (R) and (1/7) for the three sensors
which are best fitted to linear relationships and implying
NNH is the dominate conduction mechanism in all samples.
The estimated activation energy of the LRSNGO (19.4
meV), LRNGO (10.12 meV), and LRGO (8.41 meV) are
all below the 25.9 meV of the room temperature activation
energy. The higher activation energy of the LRSNGO may
be associated with the relatively larger average sp*> domain
size (~28.7519 nm) formed by the SN-Co-doping than
the other two samples as found earlier from Raman data
analysis [70, 71].

As discussed earlier, NNH transport conduction features
electron tunneling and hopping between the neighboring
sp® domains mechanism in rGO. Three major parameters,
namely, the electronic properties, the structural defects,
and the thermal electron transport, are thus controlling the
temperature sensitivity of the graphene-based sensors [72].
To more elaborate, doped graphene with heteroatoms such
as N and S exhibits n-type semiconductor conductivity.
According to the XPS findings, higher concentrations of
the electron donator Pyrrolic-N (59.85%) and graphitic-N

(28.34%) were formed in the LRSNGO (3% N) than Pyr-
rolic-N (64.62%) and graphitic-N (31.12%) in the LRNGO
(2.37% N) besides the S-based thiophene electron donator
(12.1%). The higher the free electrons are, the higher the
electric conductivity. Also, the S and N co-doping contrib-
ute to the healing of the laser-reduced graphene structural
defects which lower electron scattering. Thus, raising the
temperature of the LRSNGO—enriched with more free
electrons than the other two sensors—increased the electron
tunneling and hopping mobility rates, leading to the supe-
rior temperature sensitivity that was achieved. Table 3 con-
veys the superiority of the LRSNGO sensors such that the
TCR 0f—0.233%/°C, is far overcoming most of the recently
reported values for graphene-based flexible temperature
sensors fabricated with laser processing or other fabrication
techniques.

The sensor response time is an essential parameter used
to assess the feasibility of the sensor for practical applica-
tions. So, a temperature responsivity measurement experi-
ment for the fabricated sensors was designed and executed
to estimate their response time. Two wires were connected to
the sensor under test using silver paste, those used to make
the sensor connection with the Keithley — 2400 meter. To
suddenly increase the sensor’s temperature, hot water was
quickly poured into the stainless-steel cup that was attached
to it, as seen in Fig. S7 the change of the sensor’s resistance
against time was recorded. The flexible LRSNGO tempera-
ture sensors realized an immediate change in resistance
upon the sudden heating, see supplementary video VSII.
The response time of the sensor is defined as the required
time till sample resistance reached 63.2% of the final
steady-state value [79]. Figure 7b shows the response time
measurements for the LRGO, LRNGO, and the LRSNGO

Table 3 Performance comparison between the LRSNGO sensor from this work and the most recent published graphene-based temperature sensors

Sensing material Substrate Temperature range (°C) TCR Response time (s)  recovery time (s) Ref
(%/°C)
LRGO PET 30-50 —-0.101 =35 - (this work)
LRNGO PET 30-50 -0.1206 =35 - (this work)
LRSNGO PET 30-50 -0.233 ~3.5 7.3 (this work)
r-GO PI 3040 -0.28 0.6 0.6 [73]
r-GO Paper 30-100 -2.77 5.5 5.1 [74]
r-GO PET 30-100 -0.37 0.196—0.274 9.7 [69]
LIG PI 25-60 —0.068 3 - [67]
LCBFs PAN (CNFs)  25-60 —0.087/ 20 -
-0.114/
—-0.127
graphene nanoplatelets alumina 10-100 —0.0052 125 - [75]
r-GO 10-100 —0.00486 121 -
r-GO 30-100 —0.008 1.2 - [2]
MWCNTs PET 30-100 —0.0063 - -
Laser-induced graphene (LIG)  PI -10-60 -0.0014 1~20 - [76]
LIG paper 30-45 —-0.15 - - [77]
LIG PI 30-100 —-0.05 2 39 [78]
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Fig.7 (a) Arrhenius equation validation of LRGO, LRNGO, and LRSNGO, (b) normalized graphs of response time and exponential fit of LRGO,
LRNGO, and LRSNGO at 40 °C (¢) response time of LRSNGO at 40 °C, 50 °C, and 60 °C (d) Recovery time of LRSNGO at 40 °C

sensors measured at temperature of 40 °C. An exponential
fitting for the recorded data was performed according to the
following Eq. (9) [69]:

Rﬁ; (t) = (50)0 + Ajexp <_(tT_t")) — 9)

where Rﬂ (t) is the normalized resistance as a function of

time, (%) baseline value which the function approach it
°/o

at infinity, 4, initial amplitude, ¢ is time as the independent
variable, ¢, is the time offset at which the decay begins, and
7 is the time constant represent response time or recovery
time. The fitted response time was estimated = 3.5 s for the
three sensors, which is comparable with literature tabulated
in Table 3. The response time is to some extent dependent
on the material response as well as on those of the PET Sub-
strate and the stainless steel. However, it is worth mentioning
that the LRSNGO consumed 3.5 s of response time to make
a larger 4R than the other two devices. Figure 7c shows a

@ Springer

sharp decrease in the response time of the LRSNGO sen-
sor as the applied temperature difference is increased. This
is mainly attributed to the enhanced electron speed braking
by the electron—phonon scattering that increased as the tem-
perature increased.

Recovery time is the time in which the sensor’s resis-
tance returns to 63.2% of its initial value after a sudden
removal from a high-temperature region and permitting it to
cool naturally. The experiment was performed following the
procedure reported in Ref. [69] by heating the freely hang-
ing LRSNGO sensor to a temperature of 40 °C with a hot air
gun, see supplementary information Fig. S8. Once reached a
steady-state condition at the target temperature, the heating
source was removed, and the sensor resistance was acquired
versus time, see supplementary video VSII1. The acquired
data in Fig. 7d was exponentially fitted using Eq. (9) and
a reasonable recovery time t~7.3 s was estimated for the
LRSNGO temperature sensor. Our estimated recovery time
was comparable with the reported in Table 3, The recovery
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time is somewhat influenced by the heat that flows through
the substrate; in other words, the substrate's thermal conduc-
tivity influences the recovery time; the higher the thermal
conductivity, the faster the heat is released from the sensor.
Our substrate, PET, has poor thermal conductivity, which
had an undesirable effect on recovery time.

The thermal stability of the LRSNGO sensor was tested
by repeating the temperature sensitivity measurement five
times within the same range of temperature. As seen obvi-
ously in Fig. 8a, the LRSNGO sensor was able to deliver
nearly similar temperature sensitivity output during the five
testing cycles. This proves its good thermal stability and
suitability for transient wearable applications. The long-
term stability test as well was performed on the LRSNGO
sensor. Figure 8b compares the temperature sensitivity
between a fresh LRSNGO sensor and that of an LRSNGO
stored under normal ambient conditions for five months. A
negligible change in performance between the two devices
is noticed. The TCR of the aged device is—0.233%/°C
nearly identical to that of the fresh device (—0.233%/°C),
confirming the excellent shelve storing stability attributed

in the first place to the hydrophobicity and chemical stabil-
ity of the LRSNGO. To validate sensor fabricating repeat-
ability, four LRSNGO samples were fabricated and their
sensitivity evaluated under precisely the same conditions.
Figure 8c displays their TCR values, which displayed close
performance with 0.0176 standard deviation which vali-
dated the repeatability of our manufacturing procedure for
wearable graphene-based temperature sensor.

To ensure effective integration into wearable electronic
applications, the mechanical flexibility and stability of the
LRSNGO temperature sensor should be essentially eval-
uated. For this regard, a series of mechanical tests were
performed on the LRSNGO sensor using a custom-built
setup, see Fig. S2. Figure 8d gives the normalized sensor’s
resistance at different bending angles. The inset of Fig. 8d
shows a photograph of the flexibility test at certain bend-
ing angles (6). up to a 90° maximum bending angle, ~4.8%
change of the LRSNGO sensor's resistance compared to
its original flat value was recorded. The applied stress (o)
on the sensor was estimated at every point and recorded.
Table S2 Summarizes all measurement calculations. The
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maximum stress applied to the LRSNGO temperature sen-
sor was 2.22 MPa at a bending angle of 90°, which implies
the high integrity of the sensor. Also, the cyclic mechani-
cal stability of the LRSNGO sensor was examined by Sub-
jecting it to 500 bending cycles at an angle of 90°, and
the sensor resistance was measured after each 100 bending
cycles [80]. Figure 8e is a plot between the normalized
sensor resistance versus the number of bending cycles. The
plot shows that the LSNRGO sensor’s resistance is almost
unchanged at the end of the test, verifying its mechanical
stability and high flexibility. This astonishing mechanical
flexibility and stability is accredited to the ability of the
overlapped graphene sheets to slip over each other dur-
ing bending without losing electrical contact between each
other. The high integrity and flexibility of the PET sub-
strate also played a pivotal role in keeping the device pat-
tern undeformed, maintaining coherence among graphene
sheets during the test, and ensuring a delicate recovery at
the end of the test. The overall results demonstrated that
the LSNRGO sensor exhibited exceptional mechanical

A® mOMEMNAO
1 * 3

prorTan (ew-) B B

properties in addition to its excellent temperature sensing
performance, which recommends it a strong candidate for
practical wearable electronics applications.

3.4 Human temperature sensing application

To demonstrate the potential of the flexible LRSNGO
temperature sensor as a wearable device for healthcare,
electronic skins, human-machine interface, and other
fields of application, the LRSNGO sensor was tested for
Live monitoring of human body temperature. Firstly, the
tested LRSNGO sensor was connected to a temperature
logging circuit including an ADS 1115 analog to digital
converter, an Arduino board, and a linear potentiometer
as shown in Fig. 9a and Fig. S9 [81, 82]. The logging
circuit was designed to utilize a voltage divider to
monitor the sensor's resistance changes and a previously
validated sensor measurements to compute and display the
temperature. The Arduino was connected to MS Excel via
data streamer to enable continuous temperature monitoring
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ADSI116° &
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Fig. 9 Temperature sensor application (a) wiring diagram of the temperature logging circuit (b) temperature sensor response and fixation at tem-
poral artery area (¢) temperature sensor response and fixation at the neck area

@ Springer




Emergent Materials

every second. Then, the connected LRSNGO sensor was
attached to a volunteer by means of thin double adhesive
tape to guarantee good contact.

Among the several active spots on the human body
for monitoring temperature, the tested sensor was stuck
to the armpit area and the temporal artery area in the
neck of a volunteer. These spots were carefully chosen
to ensure accurate temperature measurements because of
their proximity to blood flow. Figure 9b-c illustrates the
live body temperature acquired by the LRSNGO sensor
from the armpit and temporal artery areas, respectively.
Both inset photos declare the comfortable attachment of
the LRSNGO flexible sensor to the volunteer’s body. By
covering the sensor with thin tape serving as a shield to
minimize heat transfer to the Surrounding air, temperature
monitoring became more stable and the LRSNGO sensor
demonstrated quick response and precision in both spots,
with an almost consistent body temperature reading close
to 37 °C, the typical human body temperature.

4 Conclusion

In summary, this work introduced a productive technique for
fabricating flexible graphene-based temperature sensors using
an affordable CNC diode laser writing tool. The precursors
of the heteroatoms were directly mixed with GO aqueous
solution using ultrasonication. Visible laser scribing was
used for the concurrent photothermal reduction, heteroatom
doping, and patterning of the GO thin films prepared on
flexible PET substrates. XRD and Raman measurements
showed that the sulfur and nitrogen co-doped laser-reduced
graphene oxide (LRSNGO) has better structural and
morphological characteristics than the nitrogen-doped and
pristine LRGO in terms of higher crystallinity, lower defect
density, and larger sp2 graphitic domains. SEM disclosed a
similar surface morphology of all fabricated thin films but,
the LRSNGO had a more compact thickness. XPS elemental
analysis showed a successful integration of a higher dosage
of nitrogen (3.0 at.%) and sulfur (1.3 at.%) Functionalities
into the graphitic lattice of the LRSNGO causing enhanced
free electrons donation and mitigated structural defects. As
a result of the overall better characteristics, the LRSNGO
temperature sensor demonstrated better electrical and thermal
performances. A high electrical conductivity of 847.9 S/m and
superior negative (TCR) of—0.233%/°C was achieved by the
LRSNGO temperature sensor, which is~94% and~117%
higher than the LRNGO and pristine LRGO sensors,
respectively. The astonishing temperature sensitivity of the
LRNGO sensor was accompanied by performance Linearity,

repeatability, durability, and high accuracy, in addition to a
short response time of 3.5 s and a reasonable recovery time
of~7.3 s. Finally, the mechanical flexibility and stability of
the LRSNGO thin-film on PET substrate accentuated the
high potential of heteroatom doping and visible diode laser-
reduction as effective techniques for fabricating highly
sensitive flexible temperature sensors to satisfy the desire in
wearable electronics and the Internet of Things. LRSNGO
sensor was tested for live monitoring of human body
temperature demonstrated quick response and precision with
an almost consistent body temperature reading.
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