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Graphene and its derivatives have sparked intense research interest in wearable temperature sensing due
to their excellent electric properties, mechanical flexibility, and good biocompatibility. Despite these ad-
vantages, the weak temperature dependence of charge transport makes them difficult to achieve a highly
sensitive temperature response, which is one of the remaining bottlenecks in the progress towards practi-
cal applications. Unfortunately, detailed knowledge about the key factors of the charge transport temper-
ature dependence in this material that determines the critical performance of electrical sensors is very
limited up to now. Here, we reveal that oxygen absorption on the ultrathin reduced graphene oxide (RGO)
films (~3 nm) can significantly increase their conductance activation energy over 200% and thus greatly
improve the temperature dependence of thermal-activated charge transport. Further investigations sug-
gest that oxygen introduces the deep acceptor states, distributed at an energy level ~0.175eV from the
valence-band maximum, which allows a highly temperature-dependent impurity ionization process and
the resulting vast holes release in a wide temperature range. Remarkably, our temperature sensors based
on oxygen-doped ultrathin RGO films show a high sensitivity with temperature conductive coefficient of
14.58% K1, which is one order of magnitude higher than the reported CNT or graphene-based devices.
Moreover, the ultrathin thickness and high thermal conductivity of RGO film allow an ultrafast response
time of ~86 ms, which represents the best level of temperature sensors based on soft materials. Profit-
ing from these advantages, our sensors show good capacity to identify the slight temperature difference
of human body, monitor respiratory rate, and detect the environmental temperature. This work not only
represents substantial performance advances in temperature sensing, but also provides a new approach to
modulate the charge transport temperature dependence, which could be benefited to both device design

and fundamental research.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Temperature sensors are widely used in numerous conventional
fields of human society and serve as one of key components of
some emerging applications such as wearable electronics, e-skins
and human health monitoring [1-5]. The common temperature
sensors, based on metals, ceramics or silicon, are limited by either
poor performance (e.g., low sensitivity and slow response) or rigid,
bulk structure and are not compatible with flexible electronics
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[4,6,7]. Reduced graphene oxide (RGO), as a derivative of graphene,
has the advantage of large-scale and low-cost solution processabil-
ity with the excellent properties inherited from graphene, such as
atomic thickness, high thermal conductivity and mechanical flexi-
bility [8-12]. With these advantages, RGO is believed as a promis-
ing candidate for the new generation temperature sensors entering
the market of flexible electronics, and many prototype devices have
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been demonstrated. However, the weak temperature dependence
of charge transport in RGO makes the sensing performance highly
limited. The pressing bottleneck in the progress of RGO sensors to-
wards practical applications is the lack of understanding of the fac-
tors that govern their temperature dependence of charge transport.

It is reported that RGO undergoes a transformation from semi-
conductor to semimetal as sp3 hybridized carbon atoms are grad-
ually reduced to the extended sp? conjugated network in the re-
duction process, significantly decreasing the localized tail states re-
sulting from structure disorder [13]. It makes the charge transport
gradually transform from thermal-activated hopping to band-like
and thus decreases temperature dependence of charge transport. It
seems a feasible method to improve the temperature dependence
of charge transport by increasing the ratio of sp? hybridized carbon
atoms in RGO through controllable reduction process [14]. How-
ever, it would critically scarify the key properties of RGO, such as
electrical and thermal conductivities, which leads to a performance
tradeoff between sensitivity and other important parameters. Up to
now, how to safely improve the charge transport temperature de-
pendence of RGO is still a great challenge.

Here, we develop a strategy to overcome this challenge by min-
imizing the thickness of RGO films (~3 nm) to increase oxygen ab-
sorption, which significantly increases the conductance activation
energy of RGO and thus greatly improves the temperature depen-
dence of thermal-activated charge transport. Remarkably, our RGO
sensors show high sensitivity with temperature conductive coeffi-
cient of 14.58% K~1, which is one order of magnitude higher than
the reported CNT or graphene-based devices. Moreover, the ultra-
thin thickness and high thermal conductivity of RGO film allow an
ultrafast response time ~86 ms, which represents the best level of
temperature sensors based on soft materials.

The device structure schematic diagram is shown in Fig. 1a. To
obtain a continuous, uniform and ultrathin graphene oxide (GO)
film, (3-aminopropyl)triethoxysilane (APTES) with two functional
groups was used to modify the polyimide (PI) surface, and then GO
sheets were assembled onto APTES through covalent bonds [15-
17]. Through these two processes, the ultrathin (about 3nm) GO
film (Figs. 1b and c) was formed with the large area continuation
and uniformity (Fig. S1 in Supporting information). Notably, the
covalently-bonded GO film showed excellent resistance toward sol-
vent ultrasonic treatment and mechanical scratch possesses (Movie
S1 in Supporting information), indicating its high mechanical ro-
bustness. The device was accomplished after Au electrode pattern-
ing by thermal deposition combined with a shadow mask and RGO
film thermal reduction to form the GO film (for details, see Sup-
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Fig. 1. Structure of the ultrathin RGO sensors. (a) Schematic of the ultrathin RGO
temperature sensors and chemical structure of ultrathin RGO film. (b) AFM image
and (c) section profile of the edge of an ultrathin GO film.
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Fig. 2. Response time and sensitivity of the ultrathin RGO sensor. (a) I-V curves
of ultrathin RGO sensor in the temperature range of 20-120 °C (temperature step
set as 10 °C). (b) Conductivity variation of the ultrathin and the thick RGO sensors
with temperature. Response time of (c) the ultrathin RGO sensor (~3nm) and (d)
the thicker RGO sensor (~200 nm).

porting information). All fabrication processes were low-cost and
applicable to large area, which would be very meaningful for some
applications such as wearable electronics.

To investigate the sensing property of the ultrathin RGO sen-
sor, the sensor was placed on a thermal platform and temperature
was tuned between 20 °C to 120 °C. Figs. 2a and b and Fig. S2
(Supporting information) show the I-V curves and the conductivity
variation with temperature, respectively. The conductivity of ultra-
thin RGO sensor raised by near one and a half orders of magni-
tude when temperature was increased from 20 °C to 120 °C and
sensitivity ((Ao[o)/dT x 100%) was about 14.58% K-!. However,
over the same temperature range, the conductivity of 30 nm, 80 nm
and 200 nm-thickness sensors changes by 12, 10 and 6.5 times, re-
spectively, which is significantly lower than that of the ultra-thin
sensors (Figs. S3 and S4 in Supporting information). A linear rela-
tionship between In(o) and 1000/T (Fig. S5 in Supporting informa-
tion) shows a good fit with Arrhenius equation, which implies that
the carrier transport mechanism in ultrathin RGO film is based on
hopping model [18,19]. Such high sensitivity of our device exceeds
most of reported temperature sensors, especially greatly higher
than CNT [4] and graphene-based devices [20]. To test the response
speed of the ultrathin RGO sensor, a thermal source (electric iron
covered with PI tape) was quickly in touch with and then removed
far from the sensor. Deserve to be mentioned, the bare ultrathin
RGO film without any package is so robust that can withstand
touch, which benefits from the covalent assembly as demonstrated
in Movie S1. As expected, our device showed a quite impressive
high-speed response time of 86 ms and a recovery time of about
854 ms (Fig. 2c, Fig. S6 and Movie S2 in Supporting information),
which is superior to the reported temperature sensors with thick
RGO active layers [10,21-25]. The key performance, materials and
type of some recently reported temperature sensors are summa-
rized in Table 1 [1,4,10,25-29]. By the way, the initial conductivity
of the ultrathin RGO films depends on their reduction level, but
it has insignificant influence on their temperature sensing perfor-
mance (Figs. S7 and S8 in Supporting information). As designed, in
our sensor based on the ultrathin RGO film remarkably decreases
the thermal conduction time, and therefore significantly improves
the response speed. For comparison, the thicker RGO film (about
200nm) prepared by the drop-casting method showed a longer re-
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Table 1
Comparison between various temperature sensors.
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Materials Device type Response/Recovery time *  Sensitivity (TCC #)  Temperature change (°C)  Temperature resolution (°C)  Ref.
Plastic Ag,S Thermoelectricity 0.11s/0.11 s 49% K1 # 24-34 0.05 [1]
SWCNTs Transistor 1.8s/3 s 1% K1 # 15-45 - [4]

RGO fiber Thermistor 7520 s 0.19% K1 # 30-80 3 [10]
Graphite/polymer ~ Thermistor 100 ms/- —0.19% K1 # 25-50 0.1 [25]
CSNF-Pt Thermistor 13.125/- 1.78% K1 # 35-63 3.5 [26]
PENB:FATCNQ Thermistor 9.25s/- 1.9% K1 # 20-60 2 [27]
PEDOT/TPU Thermistor 275/30 s* 0.96% K1 # 20-40 0.2 [28]
RGO/PU Transistor 10 s*/- 1.36% K1 # 30-80 0.2 [29]
Ultrathin RGO Thermistor/Transistor 86 ms/0.85 s 14.58% K1 20-120 0.2 This work

* Some response time and * the temperature coefficient of conductivity (TCC) are estimated based on the figure in the literatures. TCC is defined as
TCC= (A0 [0)/dT x 100%, which is the key parameter to assess the sensitivity of the sensor.

sponse and recovery time of about 2s (Fig. 2d). The difference in
response speed of the RGO sensors based on ultrathin film and
thick film is expected, but it is surprising that the thermal re-
sponse of the ultrathin RGO film is much higher than that of the
thick film, with corresponding activation energy EUlr of 0.29eV
and Ethick of 0,135 eV extracted from Fig. S5 by Arrhenius equation
(Eq. 1):

o = 00exp(—Ea/ksT) (1)

where o and oy are the conductivity at temperature T and absolute
zero, respectively, and kg is Boltzmann constant. And the striking
discrepancy in activation energy suggests that some latent factors
significantly alter the charge transport temperature dependence of
RGO.

It is well known that aromatic molecules, 2D carbon mate-
rial could adsorb the oxygen and form p-type doping [30-33].
We speculate oxygen doping may have an underlying impact on
the charge transport of RGO and the higher concentration of ad-
sorbed oxygen in ultrathin RGO allows higher thermal response
(submicrometer-thick GO membranes can be completely imperme-
able to any gas [34]). To testify the effect of doped oxygen on tem-
perature response, the ultrathin and the thick RGO sensors were
measured in a high vacuum (~10-%Pa) to remove the adsorbed
oxygen. The temperature was raised from 20 °C to 70 °C. It can
be seen from Fig. 3a that the current of the ultrathin RGO shows
a slight increase in vacuum. Remarkably, when a small amount of
0, was introduced into vacuum chamber to a pressure of about
10~1Pa, the current immediately increased significantly. In con-
trast, the current change of the thick RGO is obviously less than
that of the ultrathin RGO. These results clearly indicate adsorbed
oxygen have an important impact on the temperature dependence
of charge transport in RGO and also demonstrate the key role of
ultrathin film in high thermal response.

To further verify the doping effect by oxygen absorption, we
used electron paramagnetic resonance spectroscopy (EPR) to track
unpaired electrons of RGO in air (Supporting information). As
shown in Fig. 3b, the RGO film in the static magnetic field ex-
hibits an identifiable EPR signal with g=2.0017 and peak-to-peak
linewidth (AHpp) =~ 3.4G, which is assigned to the RGO cation rad-
ical [35]. After confirming the existence of RGO cation radical, its
putative partner should be superoxide anion (O, ™), but its EPR sig-
nal is usually too broad to be directly observed because of fast spin
relaxation. To confirm the O, existing, a spin trapping agent 5,5-
dimethyl-1-pyrroline N-oxide (DMPO) was used. After the RGO film
was immersed in trapping agent diluent for 30 min, the character-
istic EPR signal of the adduct DMPO-"O0H of DMPO with the su-
peroxide anion (0,~) was observed, with six peaks of equal height
and hyperfine coupling constants Ay ~ 13G and Ay g ~ 8G. These
EPR signals are direct indicators of the existence of the geminate
RGO cation radical and O,, revealing that an acceptor doping
readily occurs on RGO by spontaneous oxygen absorption in air.
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Fig. 3. Effect of oxygen doping on high sensitivity of the ultrathin RGO sensor. (a)
The current of RGO sensor measured in vacuum when temperature changes from
20 °C to 70 °C. (b) The EPR signals of cation radical and O,~ (DMPO-"O0OH) in RGO.
DMPO-"O0H shows the six peaks with the hyperfine coupling constants Ay ~ 15G
and Ay ~ 11G. (¢, d) Raman spectrum and statistics of the Raman G band fre-
quency of five ultrathin RGO films in air and Ar.

This point was further confirmed by Raman measurements. The
Raman G band of graphene upshift is widely interpreted as a mea-
sure of carrier doping [30,32,33,36]. Therefore, the G band fre-
quency, wG, of ultrathin RGO film was measured both before (re-
ferred as untreated sample) and after annealing and encapsulation
in an Ar atmosphere (referred as treated sample, for details, see
Supporting information). The wG of the untreated samples upshifts
obviously compared to those treated samples (Figs. 3c and d). The
G of ultrathin RGO films is observed to be 1600 cm~! in air and
1594 cm~! in Ar, where their standard deviation is 1 cm~!. This
result suggests that O, in the air was adsorbed, thus forming re-
versible doping on ultrathin RGO film.

To investigate the mechanism that oxygen doping modulates
the temperature dependence of charge transport in RGO, the ul-
trathin RGO field-effect transistors (FETs) were prepared (Support-
ing information) and their temperature response was investigated
over temperature range of 20-70 °C. The transfer curves of the
RGO FET were measured in air and vacuum, respectively (Figs. 4a
and b), and the FETs show typical p-type behaviors in air but n-
type behaviors in vacuum, which is contributed to the compen-
sation of existing electrons by oxygen doping in air. The change
of the minimum drain current (Iys, mip) versus temperature in air
and vacuum is shown in Fig. S9a (Supporting information). The
plot of In(l4s min) as a function of 1000/T (Fig. S9b in Support-
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Fig. 4. Characteristics of ultrathin RGO FET in air and vacuum. (a, b) Transfer characteristics of ultrathin RGO FET measured over the temperature range of 20-70 °C in air
and vacuum. Vy4= 5V. (c) The carrier mobility of ultrathin RGO FET at variable temperature in air and vacuum. (d) The carrier concentration at variable temperature in air
and vacuum. (e) Band diagrams of RGO before and after oxygen doping. Ef, Er;, CB and VB represent the Fermi level, the intrinsic Fermi level, the conduction band and the

valence band, respectively.

ing information) shows a good fit with the Arrhenius model in
both air and vacuum, from which the conductive activation en-
ergy (E;) of ultrathin RGO film can be calculated by the slope to
be 0.16 eV in vacuum and 0.23 eV in air, respectively. To further in-
vestigate the origin of activation energy change, we extracted the
temperature-dependent mobilities in linear region (u) of the ul-
trathin RGO FETs in vacuum and air by field-effect method, Ijs =
GuVys(W/L) (Vgs — V;), where W and L are the width and length of
the conducting channel, C; is the unit-area capacitance of the di-
electric layer. As shown in Fig. 4c, the temperature dependence
of mobilities in the two FETs is almost identical with the same
hopping activation energy of ~0.086eV (Fig. S10 in Supporting
information), which indicates that oxygen doping does not alter
the density of localized states related to hopping. Then, off-state
carrier density (n) of the ultrathin RGO FETs in vacuum and air
is calculated by o = neu using the minimum current of transfer
curves. In both cases, the carrier density increases obviously with
increasing temperature, but its temperature dependence is more
pronounced in air in Fig. 4d, which suggests the increase of con-
ductive activation energy by oxygen doping is mainly due to the
contribution of carrier density. We speculate that the temperature
dependence improvement in air may be derived from the deep ac-
ceptor states introduced by oxygen doping [37]. The deep acceptor
states result in a temperature-dependent impurity ionization pro-
cess in a wide temperature range, in which vast holes are released
into the valence band, leading to significantly increased conductiv-
ity (Fig. 4e). The energetic level of oxygen acceptor states, i.e., can
be roughly estimated to be 0.175eV (Fig. S11 in Supporting infor-
mation) from the valence-band maximum by Eq. 2 [38]:

NaNy E,—Ey
2 exP(‘ 2ksT (2)

where N, and Ny are density of oxygen acceptors and valence
band, respectively, and E5 and Ey are energy level of oxygen accep-
tors and valence-band edge, respectively. The thickness-dependent
temperature sensitivity of RGO film can also be explained. When
the thickness of the RGO film is reduced, the absorbed oxygen con-
centration increases, resulting in more impurities ionization with
the increase of temperature. Therefore, the thinner RGO film has a
relatively high temperature sensitivity.

Benefiting from high sensitivity and fast response of ultrathin
RGO, the sensors can monitor a small temperature change of 0.2 °C
over a range of 37-38 °C as shown in Fig. 5a. This resolution is
better than, at least comparable to, the reported values (Table 1).
In fact, high sensitivity suggests that our sensor may hold promise
for higher resolution. However, due to the limitation of our ex-
periment setup, we could not obtain smaller temperature change
in a continuous and reliable mode. In addition, this temperature
range fits with human body, indicating the potential of our sensor
in the wearable electronics. A step-like current curve with temper-
ature range of 20-50 °C is shown in Fig. S12 (Supporting informa-
tion), which presents that the RGO device works stably at different
temperature. To compare the sensing performance of the ultrathin
RGO sensor with the widely-used thermocouple, our device next to
a commercial thermocouple was heated and cooled continuously
over temperature range of 20-80 °C. The temperature spectra mea-
sured from our device and thermocouple is shown in Fig. 5b. Ex-
traordinarily, these two sensors show the almost identical trend,
indicating the accuracy, reliability, and high response speed of the
ultrathin RGO sensor that can be comparable to the commercial
temperature sensor.

To demonstrate the possibility of the ultrathin RGO sensor for
detecting the temperature of human body, the response of the de-
vice covered with PI tape was investigated when touched with fin-
ger pulp, finger dorsum and a plastic tube, respectively. As shown
in Fig. 5c, the device responded quickly and can distinguish the
small temperature difference of about 0.4 °C between finger pulp
and finger dorsum that is measured with an infrared thermometer.
The pressure exerted by the plastic tube caused only a weak signal
disturbance. The whole experiment was shown in Movie S3 (Sup-
porting information). These comparative results demonstrate that
our sensor has high temperature resolution and may distinguish
the human body with small different temperature, and that our
sensor shows good immunity to the pressure which is important
for the practical application in the complicated environment. Fig.
5d shows that the device encapsulated with scotch tape monitors
respiratory rate by measuring the heat of breathing gas. It is only
about 3 s for a normal breath, which proposes a high requirement
on the response time of the device. Our sensor can well capture
the respiratory state of human, which benefits from the fast re-
sponse speed and high sensitivity. To demonstrate the flexibility of
the ultrathin RGO sensor, the temperature response of the sensor
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Fig. 5. Accurate measurement and exemplary applications of the ultrathin RGO sensor. (a) Resolution of the temperature sensor. (b) The temperature measurement of
ultrathin RGO sensor and thermocouple. (c) The current response of the ultrathin RGO sensor to finger touch. (d) The device monitored respiratory rate by measuring the
heat of breathing gas. (e) Photograph of a 5 x 5 ultrathin RGO sensor array. (f) Temperature distribution measured from the sensor array.

after different bending times and under bending radius was mea-
sured, respectively. Fig. S13a (Supporting information) shows that
the temperature response curve did not change significantly dur-
ing the process of sensor bending from 0 to 4000 times. In ad-
dition, the sensor shows the same temperature response charac-
teristics as when placed horizontally at a tensile radius of 3.5, 6
and 8 mm (Fig. S13b in Supporting information). These tests indi-
cate the potential of the ultrathin RGO sensors in wearable elec-
tronics and human health monitoring. To detect the environment
thermal irradiation, the device was irradiated with infrared light
at different distances (Fig. S14 and Movie S4 in Supporting infor-
mation). The output sensing signal well matches the distance (i.e.,
the temperature), indicating the potential of our sensor for mon-
itoring the environmental temperature. For practical application,
sensor arrays are generally required. To prove this point, a 5x5
ultrathin RGO sensor array was fabricated and encapsulated with
scotch tape for conducting temperature mapping. The normalized
currents (Allly x 100%) of the array were measured when a cross-
shaped ice cube was placed on it (Fig. 5e). The mapping of the
temperature distribution via the measurement of the normalized
drain current is shown in Fig. 5f. This experiment exhibits precise
temperature sensing capability of the ultrathin RGO sensor array
and reveals its potential for the application in multipoint measure-
ments.

In conclusion, we demonstrate an effective strategy based on
spontaneous oxygen absorption to significantly improve the tem-
perature dependence of thermal-activated charge transport in RGO.
The mechanism behind excellent performance is unraveled that
oxygen introduce the deep acceptor states, distributed at an en-
ergy level ~0.175eV from the valence-band maximum, which al-
lows a highly temperature-dependent impurity ionization process
and the resulting vast holes release in a wide temperature range.
This effect is dramatically enhanced by minimizing the thickness of
RGO films. Remarkably, our temperature sensors based on oxygen-
doped ultrathin RGO films exhibit a high sensitivity of 14.58% K~!
and a high-speed response time of 86 ms. The high sensitivity and
good reliability make temperature resolution of our device as small
as 0.2 °C. This sensor can detect human touch, monitor respira-
tory rate, distinguish the environmental thermal irradiation, and
achieve multipoint measurements. The high sensing performance,
easy fabrication and low-cost enable the ultrathin RGO sensor to
be highly promising for emerging applications such as wearable
devices and human-machine interaction applications.
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