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Abstract — Sensing devices using electronic-grade carbon 
nanotubes (EG-CNTs) as resistive sensing element were 
fabricated by dielectrophoresis (DEP) manipulation. DEP-based 
fabrication of EG-CNTs is important as it allows some control of 
the nominal resistance of the fabricated sensors, which is 
essential to improve the SNR of CNT sensors. The devices were 
characterized and the potential of EG-CNTs to serve as a novel 
temperature and humidity sensing element has been 
demonstrated. Electrical characterization revealed that the EG-
CNTs sensors, which exhibit large linear I-V range, have both 
positive and negative TCR at higher operational temperatures. In 
addition, its resistance-humidity linear dependency proves its 
humidity sensing capability. Moreover, the EG-CNTs device is 
capable of operating in nW range. On the foundation of these 
measurements, we aim to prove EG-CNTs as a promising 
material for future applications in nano-sensing. 

Keywords — Dielectrophoresis, Electronic-grade carbon 
nanotubes, Micro/nano sensing, Humidity sensor. 

I. INTRODUCTION 
       Carbon nanotubes are hollow cylinders of graphite sheets 
with high aspect ratio [1].  Since being discovered in 1991 [2, 
3], they have captured extensive interests due to their 
extraordinary properties including unique electrical property, 
exceptional mechanical properties, remarkable thermal 
conductivities, high chemical stability, as well as large 
surface-to-volume ratio [4]. Significant progress has been 
achieved in developing CNTs based sensing devices, such as 
gas [5], pressure [6], thermal [7], optical [8] and flow sensors 
[9], etc. CNT sensors have exhibited excellent sensitivity, 
rapid response time and small dimension, and hence are highly 
desired.  

       Our group has developed a process to form carbon 
nanotubes linkage between microelectrodes by DEP since 
2003 [10]. Similar technique has been used in our recent 
research on the EG-CNTs (BSI-CNT-016), which was 
provided by [11]. Containing both multi-walled carbon 
nanotubes (MWNTs) and single-walled carbon nanotubes 
(SWNTs), the EG-CNTs disperse evenly in DI water solvent. 
Trace metals in the solution are less than 25ppb, which 
implies its ultra-pure property. The nanotubes used in our 
work are around several hundred nm in length. X. Han et al. 
have already used this kind of CNT to fabricate thin-film 
transistor in 2006 [12]. The bulk samples used in our 
experiments were performed as bundle nanotubes, which were 

held together by the weak interactions between the tubes. The 
inconsistency of chirality and diameter of the nanotube, as 
well as the tube-tube interaction result in the difference of 
properties between CNT bundles and isolated CNTs [1].  

       In this paper, we will present our latest progress on the 
characterization of EG-CNTs, and its potential to serve as 
nano-sensing elements will also be discussed. 

II. FABRICATION OF EG-CNTS SENSOR 
       In our experiments, DEP manipulation was used to 
fabricate EG-CNTs based resistive sensing devices as we have 
proposed before [9]. Firstly, a pair of Au microelectrodes was 
excited by AC bias voltage (typically input sine wave of 16 
volts peak-to-peak at 1MHz). Then, a drop of EG-CNTs 
solution was transferred to the silicon substrate by a syringe. 
After the evaporation of DI water, EG-CNTs were left on the 
gap between microelectrodes (as illustrated in Fig. 1 (a)), 
whose linkage was confirmed by the scanning electron 
microscopic (SEM) image (see Fig. 1 (b)).  The two-probe 
room temperature resistance of the sensor typically ranges 
from several tens of Ω to several hundred Ω, which are much 
lower than the CNTs we tested before (e.g., several hundred 
kΩ). 

       From our experimental observation, if relatively higher 
current (e.g., 100mA) were applied to the pair of 
microelectrodes after the formation of CNTs connection, the 
resistance of the device can be increased to several thousand 
or even larger Ω. The possible reason may be the burn out of 
part of the CNTs network. It has been noted that this kind of 
damage is permanent and the change of resistance is 
irreversible.  

       In addition, series of experiments were conducted to 
investigate the resistance-dependency of EG-CNTs on DEP 
manipulation as well as the concentration of EG-CNTs 
solution. The initial values of the three variables (voltage, 
frequency and concentration) during DEP manipulation were 
set as 16V, 1MHz and 1 (i.e., original concentration), 
respectively.  During each measurement, we only changed one 
of the parameters. The resistance values under different 
circumstances are summarized in Table. 1. It was noted that 
altering the parameters of DEP manipulation respectively 
would not affect the CNTs linkage much. The resistance still 
remained in the same order of magnitude, though there might 
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observed in both figures. In the nonlinear region range (e.g., 
when current is above 50mA), however, different trends were 
observed, i.e.,  the resistance of some EG-CNTs sensor tends 
to drop as current increases (see Fig. 2 (a)), while others’ 
resistance increased with rising current (shown in Fig. 2 (b)). 
We suppose the phenomenon results from the containing of 
both SWNTs and MWNTs in the EG-CNTs solution. Actually, 
the behavior of EG-CNTs in the nonlinear region at higher 
temperature implies its Temperature Coefficient of Resistance 
(TCR) of the certain sensor. The two samples in Fig. 2 (a) and 
2 (b) exhibit negative TCR and positive TCR, respectively. 
Moreover, when the current exceeds some critical value, 
usually around 80 to 100mA, the resistance would increase 
dramatically, due to the damage of part of the CNT network as 
mentioned earlier. This phenomenon is better demonstrated in 
those sensors that exhibited decreasing resistance in the 
nonlinear region, such as Fig. 2 (a). In the third measurement, 
when applied current was 110mA, increased resistance was 
recorded. It was not only larger than the resistance at same 
current in the first two cycles, but also exceeded the Ohm’s 
Law expectation value. It implied that the stability of CNTs 
network was compromised by the high operating power (about 
3.7W). Additionally, the I-V characteristics are repeatable as 
long as the current applied to the sensor was not high enough 
to damage its network. The repeatability of typical EG-CNTs 
based sensor was verified by 3 consecutive measurements, as 
illustrated in Fig. 2 (a). 

       What is also attractive in utilizing EG-CNTs as sensors is 
its ultra-low power consumption during activation. Owing to 
the low resistance and the relatively large linear range, the 
power consumption of a typical EG-CNTs sensor ranges from 
several nW to several hundred mW. The ultra-low power 
consumption enabled EG-CNTs to pick up the physical 
parameters with minimal thermal disturbance [10], which is an 

indispensable property for sensing true measurands in micro 
scale world. 

B.   Thermal Sensitivity 
       Temperature is a significant interfering variable for non-
thermal sensors, since the accuracy and response of the sensor 
could be affected by the fluctuation of temperature. 
Experiments were conducted to determine the temperature-
dependency of EG-CNTs. The Thermal sensitivity was 
calculated by the Equation (1): 

      
where R refers to the resistance at a certain temperature T, Rref 
is the resistance at temperature Tref, and α represents the 
temperature coefficient of EG-CNTs based device. 

       As we mentioned earlier, the thermal property of EG-
CNTs can be inferred by the trend of resistance change under 
higher current. After being placed in a programmable chamber, 
where temperature and humidity could be controlled 
independently, the EG-CNTs based device was exposed to a 
temperature range of 20  to 80℃, at 5℃ increments. The 
resistance change was recorded in order to decide the thermal 
sensitivity of the EG-CNTs. We observed both positive and 
negative TCR ranging from -0.2% to 0.3%. The thermal 
sensitivity of a typical EG-CNTs sensor was shown in Fig. 3, 
with the negative TCR of -0.127%. 

       It has been reported in literature [13, 14], that the TCR of 
SWNTs and few-wall nanotubes are always positive. It starts 
from zero and increases with length for long nanotubes. Short 
MWNTs whose diameter exceeds roughly 6nm, on the other 
hand, incline to show Negative TCR. However, for long 
length MWNTs, resistance increases with temperature due to 
shorter MFPs (Mean Free Path). Based on this theoretical 
argument, we suspect that the observation of different TCR 
types is caused by the existence of both SWNTs and MWNTs, 
especially MWNTs with short length. 

C.   Humidity Sensitivity 
       Humidity measurement allows us to determine the amount 
of water vapor present in a gas that can be a mixture, such as 
air or pure gas [15]. Humidity sensor is critical to many 
applications and future technologies, such as general industry, 
agriculture, as well as biomedical fields, etc. The humidity 
unit we used in our experiments is relative humidity (RH), 
which is the ratio of partial pressure of water vapor exist in a 
gas to the saturation vapor pressure of the gas at a given 
temperature.  

       CNTs are promising material to serve as humidity sensing 
material because of their large surface-to-volume ratio, which 
was provided by its central hollow cores and the outside walls 
[16]. The adsorption of water vapor molecule on the nanotube 
act like electron donors in a p-type semiconductor and thus 
changes the electrical transport property of SWNTs [17, 18]. 
For MWNTs, not only do they benefit from the even larger 

 
Figure 3.  Thermal sensitivity of a Negative EG-CNTs based device, TCR 
was -0.127%. 



sensing surface area, but also can induce capillary 
condensation, which occurs in porous solids when multilayer 
adsorption from a vapor proceeds, to amplify the sensor 
response [19]. 

       We have established that resistance of EG-CNTs exhibits 
significant sensitivity upon exposure to moisture environment. 
Thus, experiments were performed to determine the humidity 
sensitivity of EG-CNTs. The results demonstrated EG-CNTs 
for humidity detection ranging from 20%RH to 80%RH with 
linear sensor response. During the experiments, a chamber 
was employed to provide different humidity levels. While 
temperature was kept constant, humidity increased from 
20%RH to 80%RH gradually with a step of 10℃. The 
corresponding resistance change versus different humidity was 
monitored. For all the samples, an increase in resistance was 
recorded with rising humidity levels. Fig. 4 illustrated the 
sensitivity versus humidity. The humidity sensitivity was 
calculated by Equation (2): 

    
where R refers to the resistance at certain humidity, and Rref 
represents the initial resistance. 

       The humidity sensitivities under different temperatures 
were also investigated. In Fig. 3, the humidity sensitivity 
under 50℃, 60℃ and 70℃ are 0.917%, 0.587% and 0.225%, 
respectively. It clearly indicates that the EG-CNTs exhibit 
higher humidity sensitivity under lower temperature, which 
has been demonstrated by EG-CNTs based sensors of either 
positive or negative TCR.  

       Upon comparing the sensitivity to temperature and 
humidity, we concluded that the temperature effects are 
relatively lower than measured humidity values, i.e., it is 
humidity, rather than temperature that has larger impact on the 
resistance of EG-CNTs, which is an indication of the humidity 
sensing ability of EG-CNTs. 

D.    Stability 
       Long time stability is an essential factor to estimate the 
performance of a sensor. In order to evaluate the reliability of 
EG-CNTs based device, stability tests were carried out. 

       During the experiments, we found that the resistance 
tended to drift in the open environment under room 
temperature, where the fluctuation of ambient condition is 
unknown. However, the resistance of sensor stayed fairly 
constant in the chamber, since the temperature and humidity 
were stable. Fig. 5 shows a stability test of a typical EG-CNTs 
sensor. The sensor was set in the chamber, where temperature 
and humidity were tuned separately and maintained at 
constant levels (20%rh, 25℃) for about 12 hours. Resistance 
values were recorded simultaneously and plotted in Fig. 6. 
The maximum resistance change was 0.564% in 12 hours. The 
SNR (signal to noise ratio) was 56.2dB, which indicates the 
stability of EG-CNTs as nano-sensing material. According to 
our experimental results, the stability of EG-CNTs is usually 
better than the CNTs we tested before [7], and the SNR of 
EG-CNTs could be up to 75dB. One of the reasons might be 
its ultra-pure property during synthesis, since it is well known 
that the existence of contamination could significantly affect 
the reliability of CNTs.  

E.   Hysteresis 
       Hysteresis refers to the non-coincidence between the 
output curve during loading and unloading of input variable, 
which ideally should follow the same resistance path. 
Hysteresis value is defined by: 

        

 
Figure 4.  Humidity Sensitivity under different temperatures (50℃, 60℃, 70
℃, respectively). 

 

Figure 5.  Stability of EG-CNTs. 12hrs in the chamber at 25℃, 20%RH. 



where et is the hysteresis value, Δmax refers to the maximum 
deflection, and yFS equals to the maximum output. 

       Experiments have been performed to determine the 
hysteresis of EG-CNTs during thermal and humidity sensing. 
In the experiments of thermal sensing, temperature was 
ramped from 20℃ to 80℃, at 5℃ increments, and then cycled 
down to the initial temperature following the same step. Fig. 6 
(a) indicates that hysteresis happened when temperature was 
relatively high (i.e., above 50℃). The maximum deflection 
was found at 70℃, which corresponds to a hysteresis value of 
±1.96%. However, it was also noted that when temperature 
was kept decreasing, the two curves almost overlapped. In the 
end, resistance almost reached the initial value at 20℃. 

       In addition, the hysteresis of humidity sensitivity was also 
investigated. The moisture adsorption started from 20%RH 
and ended at 80%RH with incremental steps of 5%RH, and 
then dehumidified to 20%RH again. Resistance change during 
the adsorption and dehumidified process were measured in Fig. 
6 (b). No significant hysteresis was observed. However, when 
humidity dropped below 70%RH, resistance path differed to 
some extent and a hysteresis value of ±1.52% at 40%RH was 
calculated. 

IV. CONCLUSION 
       The characteristics of EG-CNTs were explored, and its 
possibility to serve as nano-sensing elements was 
demonstrated. DEP manipulation was utilized to fabricate EG-
CNTs based resistive sensing device. Based on the 
investigation of the characteristics of EG-CNTs, such as I-V 
curve, temperature coefficient of resistance, hysteresis and 
reliability, we draw the conclusion that EG-CNTs exhibit 
relatively low resistance with merits of large linear range, 
ultra-low power consumption that can be limited to nW range, 
small degree of hysteresis, as well as being stable over a long 
period. Moreover, EG-CNTs reveal linear response upon 
exposure to moisture, contributed by its large surface-to-
volume ratio and its unique hollow geometry. Higher humidity 
sensitivity was observed under lower temperatures, and thus 
implies its potential to serve as a humidity sensor with low 
operating temperature, such as room temperature. Although 
EG-CNTs provided higher sensitivity to humidity over 
thermal sensitivity, the accuracy of sensor could still be 
affected by temperature interference. However, the 
temperature-dependency of the sensor could be solved by 
temperature compensation techniques.  
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