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Abstract—A new approach for batch fabrication of carbon 
nanotubes (CNTs) based MEMS thermal sensor was developed 
using AC electrophoretic manipulation of MWNT bundles on a 
silicon substrate. Based on this technique, CNTs were successfully 
and repeatably manipulated by AC electrophoresis to form 
resistive elements between Au microelectrodes. We have 
preliminarily proved the feasibility to batch assembly of CNT 
devices with greater than 70% success rate. Besides, the devices 
were demonstrated to potentially serve as novel thermal sensors.  
We have measured the temperature coefficient of resistance 
(TCR) of these MWNT-based micro sensors and also integrated 
them into constant current configuration for dynamic 
characterization. The I-V measurements of the resulting devices 
revealed that their power consumption were in the µW range.  
Based on these experimental evidences and our proposed new 
approach, a feasible batch manufacturable scheme for functional 
CNT based thermal sensors is suggested which will dramatically 
reduce production costs of nano sensing devices and potentially 
enable fully automated assembly of CNT based devices.  
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I.  INTRODUCTION 
Carbon nanotubes (CNT), since discovered in 1991 by 

Sumio Iijima [1], have been extensively studied for their 
electrical (e.g., see [2]) and mechanical properties (e.g., see 
[3]). In order to build a CNT based device, technique to 
manipulate the CNT has to be developed.  However, CNTs 
tend to cling together in nature due to the presence of strong 
surface charges on their surfaces. The difficulty of isolating a 
single CNT from an intertwined bundle without tremendous 
effort (in the sense of batch fabrication) has led to a clear 
boundary between the two approaches of the usage of CNTs: 
either to treat each CNT as an individual building element, or 
to treat CNT bundles (or array) as a whole building block. 

To fabricate a nanodevice with CNTs/nanowire as 
individual building elements, the basic requirements include 
the isolation, manipulation, transport, fixture and connection, 
etc., of a single CNT. By means of AFM-based assembly 
method, a variety of mechanical and electronic nanodevices 
have been fabricated by researchers. However, few efforts have 
been reported to tackle the fundamental problem of the 
inefficiency caused by AFM operations when the process turns 
into batch production. As a result, most reported nanodevices 
are either proofs of principle or just prototypes. Among which, 

Kim et al., have reported a method to align CNTs side by side 
by means of condensation of nanowire solution [4][5]. On the 
other hand, bypassing the complex AFM operations 
completely, some of the nanodevice researchers have shifted to 
focus on treating CNT/nanowire bundles as an individual 
functional (e.g., sensing) element. By means of chemical vapor 
deposition (CVD), in combination with lithography techniques 
[6] or laser trimming [7], “vertically” aligned CNT/nanowires 
can be grown and patterned on specific sites in batch mode. 
The nanodevices developed based on this approach generally 
treat a bundle of aligned CNT/nanowires as one functional (i.e., 
sensing, emitting, etc.) element. By patterning an array of 
“functional bundle”, a functional array is formed.  Moreover, 
electric-field assist assembly is another feasible technology in 
batch fabrication of CNT/nanowires devices.  K. Yamamoto et 
al., has pioneered the work in electric-field assembly of CNT 
bundles [8][9].  The usage of electric-field assist assembly has 
also been reported for batch assembly of nanowires as well 
[10]. By using similar technique (i.e., AC electrophoresis), we 
have successfully manipulated bundled carbon nanotubes to 
form resistive elements between Au microelectrodes for 
thermal sensing efficiently. This paper reports the technique to 
form bundled MWNT resistive element between Au electrodes 
and our experimental findings on the I-V characteristics of the 
bundled MWNT sensors. The feasibility to batch fabricate 
these CNT thermal sensors is also presented. 

II. EXPERIMENTAL RESULTS 
We have successfully developed the technique of CNT 

formation by using the AC electrophoresis process and also 
investigated the feasibility of using this technology to mass-
manufacturing of CNT devices, i.e., the yield and the 
consistency of the batch fabrication process. The detailed 
procedure and results of the experiments will be presented in 
this section.  

A. Formation of CNT elements by AC electrophoresis 
1) Theoretical Background 

AC electrophoresis (or dielectrophoresis) is a phenomenon 
where neutral particles undergoing mechanical motion inside a 
non-uniform AC electric field (see Figure 1).  Detailed 
descriptions on AC electrophoresis can be found in [11].  The 
dielectrophoretic force imparted on the particles can be 
described by the following equation:  
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where α is the polarizability of the particles, which is a 
frequency dependent term. V is the volume of the particles and 
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of the electric field strength. Equation (1) reveals that the 
generated force is dependent of the gradient of electric field 
rather than the direction of electric field.  Besides, the 
polarizability function also determines whether the force 
generated is attractive (positive dielectrophoresis) or repulsive 
(negative dielectrophoresis).   
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Figure 1. Under non-uniform AC electric field, dielectrophoretic force 

induced on the neutral particles cause mechanical motion on the particles.

2) Experimental Details and Results 
The bundled MWNT used in the experiments were ordered 

commercially from [12] (prepared by chemical vapour 
deposition).  The axial dimension and the diameter of the 
MWNT was 1 – 10 µm and 10 – 30 nm, respectively. Prior to 
the MWNT manipulation, 50 mg of the sample was 
ultrasonically dispersed in 500 mL ethanol solution and the 
resulting solution was diluted to 0.01 mg/mL for later usage.  

The process for the experiment is shown in Figure 3. In this 
work, arrays of Au microelectrodes were fabricated and 
connected together (totally 14 sensor-microelectrodes) on the 
substrate. After that, the silicon substrate with arrays of sensor-
electrodes was place on the vacuum-pump stage of a 
micromanipulator station. Then approximately 10 µL of the 
MWNT/ethanol solution was transferred to the substrate by 6 
mL gas syringe and the Au microelectrodes were excited by 
AC voltage source  (typically, 16 V peak-to-peak at 1 MHz).  
The ethanol was evaporated away leaving the MWNT to reside 
between the gaps of the microelectrodes. To test the 

connectivity of MWNT to the electrodes for each sensor, room 
temperature resistances between the microelectrodes were 
measured before the sensors were advanced to the next 
fabrication procedure. In order to investigate the success rate of 
CNT connection of each sensor, we have performed repeatable 
experiments on different samples with arrays of fabricated 
microelectrodes.   

Array of MWNT sensors 
on a silicon substrate 
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Figure 3. Current experimental setup for CNT manipulation to build MWNT 

sensors. 

We experimentally found that the resistances of the MWNT 
bundles were sample dependent (i.e., different MWNT samples 
have different room temperature resistances) and the two probe 
room temperature resistances of the samples typically range 
from several kΩ to several hundred kΩ.  Since the conductivity 
of CNTs depend on their lattice geometries during their growth 
process, the conductivities of individual CNT cannot be well 
controlled, which results in the variation of conductivities in 
individual CNT.  During the AC electrophoresis process to 
form MWNT bundles across microelectrodes, the MWNT was 
randomly connected between microelectrodes.  Therefore, it is 
logical that different MWNT samples exhibited different 
conductivities.  

The connection of the bulk CNT of different sensors on one 
substrate sample is shown in Figure 2. After recording the 
resistance of all sensors on different samples, a plot of 
statistical data on the resistance measured was generated and is 
shown in Figure 4, which shows the maximum, minimum, 
average and standard deviation (S. D.) among the measured 
resistances on each sample. We have also proved that the 
overall success rate for the CNT manipulation on different 

 
Figure 2. Scanning electron microscopic (SEM) image showing the MWNT connections between Au microelectrodes.
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samples after one drop of the CNT solution is greater than 
70%, which is currently considered as an exceptional yield for 
nanodevices manufacturing. In a latter section, we will describe 
our proposed new approach for the batch fabrication to 
improve our technique to possibly obtain a 100% yield.  

 
Figure 4. Plots of statistical data of measured resistances between the Au-

electodes on differnet samples. 

B. CNT thermal sensor 
From our pervious demonstration in [13], we have 

successfully proved that CNT is promising to be used as high 
performance and low power consumption devices for thermal 
sensing. In order to investigate the thermal sensing property of 
the CNT device, the sensors were placed in an oven and the 
corresponding resistance changes with the specific temperature 
were monitored. The TCR was obtained from the experimental 
measurements (See Figure 5). We observed that the resistance 
of the bundled CNT devices dropped with temperature, which 
is in agreement with [13] (i.e., negative TCR).   

 
Figure 5. TCR for a typical bundled MWNT device in five different 

measurements. 

The ranges of TCR measurements of all of our testing 
devices were generally within -0.1 to -0.2 . Therefore, 
the temperature-resistance dependency of bundled MWNT 
implied its thermal sensing capability.  Besides, from the I-V 
measurement of the bulk MWNT device, the current required 
to induce the self heating of the device was in range at 
several volts, which suggested the power consumption of the 
device was in range (See Figure 6).   
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Figure 6. I-V characteristics of a typical bundled MWNT device.  Three 
repeated measurements were performed to validate its repeatability.  The 
straight line is the theoretical expectation using Ohm’s Law and the room 
temperature resistance of bundled MWNT in our testing sample was about 

170kΩ. 

III. PROPOSED BATCH FABRICATION OF CNT 
THERMAL SENSORS 

Based on the results of CNT formation by using AC 
electrophoresis process and the thermal sensing capability of 
the bundled CNT devices, a nano-robotic-injection system is 
under development to batch fabricate CNT thermal sensors. In 
this section, the methodology and procedure of the nano-
robotic based batch fabrication of CNT sensing arrays will be 
presented. 

Micromanipulator 

CNT/ethanol 
aqueous solution 

Nanoprobe A substrate with arrays of 
sensors-Au microelectrodes  

Figure 7. Conceptual illustration of the nano-robotic-injection system to be 
built for this project. 

The batch fabrication of CNT based thermal sensing arrays 
can be implemented by a three-dimensional nano-robotic 
injection and transferring system. It includes three major 
components: a nano-positioning stage, a computer-controllable 
micromanipulator of a micromanipulator station and a KL 
probe (See Figure 7). The process for the batch fabrication can 
be divided into two different parts: sample preparation and 
CNT manipulation. 

After the CNT/ethanol solution is prepared as described in 
the pervious section, it will be injected on to a sensor chip 
using a KL probe (See Figure 7). The KL probes can be 
fabricated with inner diameter of around 5µm as descried in 
[15][16].  When batch-fabricating the CNT sensors, the KL 
probe will be used to transfer the CNT/ethanol solution to the 
substrate. The probe will be attached to a three-dimensional 
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computer controllable micromanipulator, which is used to 
control the x-y-z movement of the probe. In order to control the 
nanoprobe accurately and provide a computer-based and 
automated injection and transferring system, a Sutter 
Instrument Company MP-285 Motorized Micromanipulator 
will be used in the experiment. The three-axis robotic 
movement will be controlled by the programmable computer 
controller and software interface developed by the company 
and improved by our team.  By using this micromanipulator-
probe injection system for batch CNT manipulation, we will 
develop a fully automated nano-injection system to align the 
KL probe to the desired electrode positions on a substrate. A 
nano-positioning stage can also be used to move the substrate 
to fine-tune the final position of droplet deposition.  After a 
droplet of CNT/ethanol solution is placed between two 
electrodes, dielectrophoretic nano-manipulation will be applied 
to form the CNT sensing elements between the electrodes as 
described below. 

(a) (b) (c) (d)

After developing the arrays of sensors-Au microelectrodes, 
the sensor chip (substrate) is placed on the vacuum-pump stage 
of a micromanipulator station. Then, the KL probe is 
commanded to move to one set of the microelectrodes, and a 
droplet of the CNT/ethanol solution is transferred to the sensor 
electrodes by the KL probe. Immediately after this, the Au 
microelectrodes are excited by an AC voltage source (See 
Figure 8). After that, the KL probe is commanded to move to 
the position of another sensor, and the entire process repeats 
again.  By using the computer controllable nano-robotic system 
and the technique of CNT formation, a fast and accurate 
system for the batch fabrication of CNT-based thermal sensors 
will be provided.    

IV. CONCLUSION 
A technique to form bundled MWNT resistive elements 

between Au electrodes was presented.  The TCR measurements 
of the bundled MWNT based MEMS sensors showed that 
bundled MWNT can be used as a sensing element for high 
performance, i.e., ultra-low-power thermal sensing 
applications. Also, by introducing the proposed nano-injection 
robotic-based batch fabrication system, we will improve our 
technique to possibly obtain a 100% yield of batch assembly of 
CNT bundled nanodevices in the future. 
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Figure 8.  (a) The KL probe is positioned by the nano-robotic-injection system to the proximity of two Au electrodes and begins to eject the CNT/ethanol 
solution.  (b) and (c)  After ejecting a droplet, the probe is moved to the 2nd sensing electrodes. At the same time, AC electrophoretic voltage is applied 

between the 1st set of electrodes to form the CNT sensing element.  (d) The process repeats again for the 2nd sensing electrodes. 
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