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A B S T R A C T   

In this work, a thorough investigation of electron beams induced graphene oxide reduction has been conducted. 
A highly sensitive graphene-based temperature sensor had been proposed by using electron beam reduction of 
graphene oxide (GO) as a temperature-sensitive layer. It had a resistance temperature coefficient (TCR) of 
1.18 %/◦C and a response time of 0.17 s in the temperature range of 30 ◦C ~ 80 ◦C for the optimized electron 
beam parameters on rGO production. The effect of electron beam dose dependence on the performance of 
temperature sensors has been systematically investigated. These results showed that the temperature sensors 
fabricated by this method had high sensitivity, fast response time, good linearity and low hysteresis. Further-
more, the transport mechanism of the temperature sensor was revealed.   

1. Introduction 

Owing to the high stability, rapid response and simplicity in fabri-
cation, high-precision resistive temperature sensors are playing an 
important role in daily life [1]. Nevertheless, conventional used channel 
materials such as platinum have severely limited their development due 
to the high price and the low initial resistance [2]. As a very promising 
substitution of conventional materials, the reduced graphene oxides 
(rGO) have attracted extensive attention in past decades [3–6] due to 
their ultimate surface-volume ratio and large varies of optional surface 
chemical properties upon the synthesis methods. Rooting from graphene 
oxide (GO), which is an insulator, the resistance of reduced graphene 
oxide (rGO) varies several orders of magnitude ranging from semi-
conductor to a graphene-like semimetal [7]. The temperature sensor 
fabricated by it can exhibit a negative temperature coefficient of resis-
tance (TCR), with a wide operating temperature range as well as high 
sensitivity [8]. 

Currently, there is a broad spectrum of methods for preparing tem-
perature sensors using rGO, such as thermal process [8–10], chemical 
treatments [9–11], and laser reduction [12]. In 2018, Sehrawat et al. 
[13]. made a rGO temperature sensor by thermal reduction that had a 
resistance temperature coefficient (TCR) up to 0.801 %/◦C and a 

response time of 52 s in the temperature range of 30 ◦C ~ 100 ◦C. But the 
thermal reduction method inevitably required high temperature that 
potentially can be detrimental to other electronic devices which might 
be integrated to the sensor eventually in practically applications. Sahoo 
et al. [14] fabricated a fast rGO temperature sensor by using chemical 
reduction with a response time of 0.59 s and a recovery time of 7.22 s. 
However, chemical reduction required the usage of highly toxic re-
ductants that could cause serious environment problems [15]. Mean-
while, laser beam reduction of GO (LIG) has been recently developed for 
realizing single step patterned rGO production [16]. Although this 
method has shown much superior to those conventional approaches, 
such as directly patterning without extra post lithograph step needed in 
order to fabricated patterned rGO, ambient condition operation solely, 
and high production yield rate, its rather low sensitivity (0.142 %/◦C) 
and tens of micrometer patterned pitch size essentially are barricades for 
its applications in much broad field [17,18]. As an alternative, electron 
beam irradiation (EBI) induced rGO as a possibility to upgrade this type 
of technique in temperature sensors with higher device density and 
better sensitivity [19,20]. 

The interaction of high-energy electrons with the material can ionize 
and energize the molecules, therefore, trigger the chemical reactions [9, 
21], consequently, using highly focused electron beams can achieve 
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micrometer or even nanometer sized reduction of graphene oxides [9, 
20]. More often, certain processes that are not possible with thermal or 
optical treatments can be accomplished with electron beam irradiation. 
As the most promising nanoscale rGO fabrication approach, it is 
non-toxicity, chemical-free and highly efficient [20,22] with high 
tunability. However, the research on both the technique and mechanism 
of EBI based graphene oxide reduction just begins [15]. 

Here, we present a systematic investigation on the electron beam 
reduced GO with different electron beam doses and beam energies. It 
was found that the TCR decreases with the increase of electron beam 
dose monotonically ranging from 1.34 %/◦C to 0.59 %/◦C in the tem-
perature range of 30 ◦C ~ 80 ◦C. Upon these results, rGO based tem-
perature sensors were made, excellent TCR value of 1.18 %/◦C, and the 
response time was only 0.17 s was realized. Compared with the rGO 
temperature sensors obtained by other methods, the rGO temperature 
sensors which was fabricated through EBI technique have much wider 
range of TCR variation and shorter response time. 

2. Materials preparation and device fabrication 

GO was prepared using the modified Hummers [23] oxidation 
method, detailed information could be found in the supplementary in-
formation. In order to characterize the defect density of electron beam 
irradiated GO, the confocal Raman spectrometer (RTS-2, Titan 
Electro-Optics (Hong Kong) Co Ltd) with a laser wavelength of 532 nm 
was used. The defect density of rGO was quantitatively characterized by 
analyzing the peak intensity ratios of the D peak (~1350 cm− 1) and the 
G peak (~1580 cm− 1) [13,24]. As shown in Fig. 1a, the Raman map-
pings of GO that reduced at different electron beam doses (10, 500, 
5000, 10000 mA⋅s/cm2) showed that the ID/IG decreases with the in-
creases of the electron beam dose, and at the dose of 10,000 mA⋅s/cm2, 
the ID/IG was ~ 0.81. Fig. 1b corresponds to the Raman spectra under 
the above electron beam irritation doses. As the degree of reduction 
increases, the defects in rGO continue to decrease, resulting in a more 
ordered sample, which was consistent with studies in the literature [13]. 

The sensor fabrication procedure was shown in Fig. 2a, where the 
two metal electrodes with 10 μm space were patterned as external ter-
minals on SiO2/Si substrate. Firstly, the substrates were hydrophilized 
using RIE and hung with hydroxylated. Then, GO DI water solvent with a 
concentration of 2.7 mg/ml was spin-coated over the gaps. Before being 
used, the GO solution was ultrasonicated at a frequency of 40 kHz for 
1 h. The thickness of GO films was controlled to be around 10 nm by 
multiple times spin-coating. Finally, the EBI was applied to the GO be-
tween the two electrodes by using an electron beam lithography in-
strument (TESCAN VEGA3) at an accelerating voltage of 15 KV (Other 

acceleration voltages were shown in the Supporting Information Fig.S1) 
and beam current of IBC ~ 1.59 nA. The finished device was shown in the 
inset of Fig. 2a. 

In this work, the sample was placed on a heating pad and heated by 
energizing the pad. The device was connected to a 2450 signaling meter 
to monitor the real-time resistance of the sample (50 % RH humidity in 
atmospheric conditions). Current–Voltage (I–V) characteristics of the 
sensors were conducted to measure the conductance change of rGO films 
with different electron beam doses of 10, 500, 5000, and 10,000 mA⋅s/ 
cm2, which was shown in Fig. 2b. The linearity of measured I-V curves 
indicated the nice ohmic contacts between GO and relevant metal leads 
[25]. Moreover, with the increase of the electron beam dose, the resis-
tance of rGO film decreased. This was due to the reduction of 
oxygen-containing functional groups on the surface of GO through the 
increase of the exposing dose, which leads to large recovery of sp2 

hybrid orbitals, therefore, the enhancement of its electrical conductiv-
ity. These results demonstrated that as the exposing dose increasing, the 
resistance of the reduction area became smaller and GO reduction was 
more complete. 

3. Performance test of fabricated temperature sensors 

GOs with different extents of reduction were used as a temperature 
sensitive layer for the fabrication of temperature sensors and their per-
formance were measured. Temperature coefficient of resistance (TCR), 
response time, and thermal hysteresis (Hth) are the three most important 
parameters in temperature sensors [17]. We investigated the above 
three sensing properties of rGO temperature sensors that were fabricated 
at different electron beam doses. 

3.1. Temperature resistance coefficient（TCR） 

As shown in Fig. 3a and b, the resistance-temperature curves of the 
reduced GO-prepared temperature sensors were investigated with 
electron beam doses of 10 and 20 mA⋅s/cm2. Thermal hysteresis was 
calculated from the resistance-temperature fitting curve, as shown in the 
upper right inset (resistance-temperature curves for other electron beam 
doses were shown in the Supporting Information Fig.S2). The inverse 
proportion relation between the resistance and temperature indicated its 
negative temperature coefficient, which could be attributed to features 
of semiconductor [26,27]. The high defects rGO result in a thin barrier 
layer for charge carrier transfer, as the temperature rises, the probability 
of carriers crossing the barrier will increase significantly as well as the 
carrier tunneling effect between neighboring rGO layers. Consequently, 
the carrier mobility of rGO largely increases with the rise of 

Fig. 1. (a) Raman mapping and (b) Raman spectra of reduced GO with electron beam doses of 10, 500, 5000, and 10000 mA⋅s/cm2.  
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Fig. 2. (a) Schematic diagram of temperature sensor preparation. (b) Conductance of EBIGO as a function of electron beam dose. The insert plots in (b) exhibit the I- 
V curves at different electron beam doses. 

Fig. 3. Resistance-temperature relationship curves of temperature sensors fabricated by reduced GO at electron beam doses of (a) 10 and (b) 20 mA⋅s/cm2, and the 
inset plots exhibited the thermal hysteresis calculated from the resistance-temperature fitting curves. (c) TCR value of the temperature sensor as a function of electron 
beam dose. 

Fig. 4. (a) Response times of temperature sensors prepared at a dose of 5000 mA⋅s/cm2 and tested with temperature-sensitive layers placed on 1, 2, 3, and 4 layers of 
silicon wafers, respectively. (b) Response time of the temperature sensor as a function of the number of silicon wafers. Its slope is 2, indicating an additional response 
time of 2 seconds for a single substrate. 
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temperature, leading to the decrease of its resistivity [26]. The respon-
sivity of the device can be calculated by following Eq. (1) as 

(Rt − R0)/R0

Tt − T0
× 100% (1)  

where Rt and R0 are the resistances at temperature Tt and the initial 
temperature T0, respectively [27,28]. The TCRs of the temperature 
sensors were summarized in Fig. 3c as a function of different electron 
beam doses (10, 20, 30, 40, 60, 100, 500, 1000, 2000, 4000, 5000, 
10000 mA⋅s/cm2). Experimental results showed that the smaller the 
electron beam doses, the larger the TCRs. However, for pure GO, the 
resistance shows no temperature dependence. The minimum dose with 
nonzero measured TCR is 10 mA⋅s/cm2, which has the maximum TCR 
about 1.34 %/◦C in the temperature range of 30 ◦C ~ 80 ◦C. This can be 
interpreted as diminish of rGO defects with the enhancement of reduc-
tion of GO, consequently, leading to a lower responsiveness to temper-
ature [27,29]. It is further verified by the Raman measurements. 

3.2. Response time 

The functional material layer was spin-coated on the substrate, and 
response time measurements with the consideration of the elongation 
caused by silicon wafers substrate since its finite heat transfer speed.  
Fig. 4a showed the time response property of temperature sensor pre-
pared at the dose of 5000 mA⋅s/cm2 (from room temperature to 50 ◦C 
(~24–50 ◦C) in 240 s). Fig. 4b showed the same sensor but with the 
number of silicon substrates, the slope indicated that actual device 
response delay caused by the substrate was 2 s. 

Subsequently, we also investigated the beam dose dependent 
response time of the sensors which are presented in Fig. S3. Fig. 5a 
exhibited the dynamic response curve at a dose of 20 mA⋅s/cm2, and 
Fig. 5b showed that on a single wafer, the response time of the sensor 
was about 2.17 s and the recovery time was about 2.45 s. Considering 
the delay resulted by the silicon substrate, the actual response time of 
the temperature-sensitive layer was only 0.17 s. It was much shorter 
than the reduction GO based temperature sensors by other methods. 

3.3. Thermal hysteresis（Hth） 

Another important problem of temperature sensors is thermal hys-
teresis (Hth). Thermal hysteresis refers to the phenomenon that the 
sensor’s resistance is different during warming up and cooling down to 
the same temperature, and hysteresis is one of main reason cause the 

measurement error. Since GO is a hydrophilic material, and its resis-
tance is sensitive to humidity. The water remaining in GO after spin- 
coating with the water absorbed under atmospheric conditions have a 
great influence on its thermal hysteresis. We found that thermal hys-
teresis can be largely decreased by baking the device in an oven at 50 ◦C 
for 12 h before testing. As shown in Fig. 6a and b, the thermal hysteresis 
of the temperature sensor (with the dose of 60 mA⋅s/cm2) after baking 
can be reduced from 8.36 % to 3.20 %, which means that the corre-
sponding measured temperature error decrease from 4.2 ◦C to 1.6 ◦C in 
the temperature range of 30 ◦C – 80 ◦C. As shown in Fig. 6c and d, they 
are the resistance-temperature tests without and with baking, respec-
tively. Without baking, after 20 heating and cooling cycling the curves 
show significantly downward shift, while with baking the 1st and 20th 
cycling curves nearly perfect overlapping in the temperature range of 
30 ◦C – 50 ◦C. 

4. Transport properties analysis 

For rGO based devices, in addition to electron-phonon scattering, the 
energy dissipation of charge carriers resulted by defects, impurities, 
edges, and rGO/metal electrode interfaces play very important roles 
[30,31]. As a type of particulate film and the resistance showing nega-
tively correlated dependence on the temperature [32], so its transport 
properties can be rationally described using as following Eq. (2) 

R = R0exp (T0/T)p (2)  

where R0 is the pre-factor and T0 is the characteristic Mott temperature 
associated with the energy required for carrier hopping, p = 1/(D+1) 
and D is the dimension of the system which is the index to distinguish 
different mechanisms. The transport behavior dominated by 2D Mott- 
VRH (variable range hopping) with exponent p = 1/3; 3D Mott-VRH 
with exponent p = 1/4; 2D Efros Shklovskii-VRH with exponent p =
1/2; and for thermally activated Arrhenius transport mechanisms 
applicable to higher temperature intervals, exponent p = 1 [33,34]. 
Moreover, the Resistance Curve Derivative Analysis (RCDA) [35] is a 
highly effective methods for the determination of p. p can be obtained 
from the slopes of lnw and lnT, where the w and p can be extracted as 
following Eqs. (3) and (4) 

w =

⃒
⃒
⃒
⃒
d(lnR)
d(lnT)

⃒
⃒
⃒
⃒ (3)  

p = −
d(lnw)

d(lnT)
(4) 

Fig. 5. (a) Measured response time of a temperature sensor prepared at the dose of 20 mA⋅s/cm2 on a single silicon wafer. (b) The response time was about 2.17 s and 
the recovery time was about 2.45 seconds. 
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As shown in Fig. 7a, the slopes of the lnw-lnT change at about 330 K. 
The slopes of the calculated lnw(lnT) in the range of 150 K to 330 K are 
shown in Fig. 7b, which is − 0.26 with a p-value of about ¼ and indi-
cating that 3D Mott-VRH. The temperature resistance dependence of the 
characteristic at 150–330 K is shown in Fig. 7c. Substituting p=1/4 into 
Eq. (2) in the inset plot results in a linear relationship between InR and 
T− 1/4. Hence, the temperature dependence of the electrical transport 
properties of MEB-rGO thin film materials in the temperature range of 
150 K~330 K satisfies ideally the Mott 3D-VRH transport. 

Above 330 K in Fig. 7a, there was a change in the slope of the dif-
ferential resistance curve (p=1), reflecting the change of dominant 
transport, which was no longer a VRH, and the detailed study of the 
transport mechanism of rGO thin films has been investigated by Negishi 
et al. [36,37]. The VRH behavior suggested the existence of localized 
electronic states near the Fermi energy level [33]. As the temperature 
increases, the electrons gains sufficient energy and leap from the states 
below the Fermi energy to above, consequently transitioning to ther-
mally excitation-dominated transport (Arrhenius transport mechanism) 
regime [38–40]. As shown in Fig. 7d, the temperature resistance 
dependence characteristics at 330–375 K. Substituting p=1 into Eq. (2), 
a linear relationship between InR and T− 1 fitting was obtained. The 
Arrhenius transport mechanism of MEB-rGO thin film materials in the 
temperature range of 330 K~375 K was demonstrated. 

5. Conclusion 

In this work, a temperature sensor with high sensitivity and fast 
response was fabricated by using a novel electron-beam direct-write 
method of patterned reduction of GO. The effect of electron beam dose 
on the sensitivity of temperature sensors was systematically investigated 
and the materials were characterized by both Raman and electrical 
transport measurement. It was found that the TCR decreased with 
increasing electron beam dose and could be varied from 1.34 %/◦C to 
0.59 %/◦C in the temperature range of 30 ◦C ~ 80 ◦C, and the prepared 
sensor exhibited the highest sensitivity (~1.18 %/◦C), the fastest 
response time (~0.17 s) as well as a superior linearity at an electron 
beam dose of 20 mA/cm2. Moreover, the humidity had a large effect on 
the hysteresis of the rGO temperature sensor, and the thermal hysteresis 
could be reduced from 8.36 % to 3.20 % by simple baking. The results 
also showed an interesting mechanism transition at temperature about 
330 K from 3D Mott-VRH to thermally activated Arrhenius. The research 
was compatible with current silicon-based techniques and provided a 
new way to monitor overheating in electronic devices. 
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