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ABSTRACT 

ALI REZA ZARE: Orientation of Cellulose Nanocrystals on Interdigitated Elec-
trodes Using Electric Field and Piezoelectric Sensitivity Measurement 
Tampere University of technology 
Master of Science Thesis, 43 pages 
August 2018 
Master’s Degree Program in Automation Science and Engineering 
Major: Microsystems 
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The piezoelectricity of cellulose nanocrystal (CNC) can be enhanced by orientation of 
CNCs. Unidirectional CNCs are obtained through time consuming mechanical or com-
bination of mechanical and electrical methods. This state-of-the-art thesis effort uses 
currently electrical method as a repeatable, efficient and instant CNC orientation meth-
od. For this, multiple Au interdigitated electrodes (IDEs) were fabricated. Orientation 
was carried out by applying electric field between the fingers of IDE and incubation of 
aqueous dispersion of CNCs. For optimization purpose, several IDEs with different 
width and spacing between the fingers were fabricated. These IDEs were used to meas-
ure the piezoelectric sensitivity as well. The electrodes were deposited through photoli-
thography process and lift-off by e-beam evaporation of 50 nm Cu and 100 nm Au on 
Polyethylene Terephthalate (PET) substrate. Prior to the deposition of Au, 3 nm Cr was 
deposited as an adhesion layer on PET. Final results were taken from Au IDEs since the 
stability of Au was better than Cu against applied electric field. 

The piezoelectric sensitivity measurements were implemented using a mechanical de-
vice known as shaker. Average generated charge by bending IDE sample before orienta-
tion of CNCs was 2.58 pC/N. This unexpected initial output is due to the change in ca-
pacitance by bending the sample. This fact was experimentally proved by testing the 
several bare samples without bending that resulted in zero output. 

A 10 µL drop aqueous dispersion of CNC (0.023 w-%) were incubated on active region 
of IDE with a micropipette. Provided uniform electric field with frequency of 1 MHz 
and 10 Vpp between the fingers of IDE. No charges were obtained during piezoelectric 
measurements. This proves that uniform electric field induces a dipole moment cancel-
lation between CNCs that results in initial charge cancellation of bare IDEs. 

CNC orientation using non-uniform electric field was performed to create so called die-
lectrophoretic trapping forces to gather and align the CNCs into the electrode gaps. By 
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keeping minimum amplitude at -1 V, different positive voltages were tested to the ap-
plied 1 MHz frequency, in parallel to the incubated CNCs. 

Best results were obtained from 5 µm width and spacing between electrodes of IDE-
CNC sample. Setting an DC of +2.5 V and -1 V to the applied electric field, 0.78 pC/N 
output charge was measured. This value increased to 1.25 pC/N by increasing the DC 
signal to +3 V to the applied 1 MHz frequency, keeping negative voltage constant. 
Deterioration of electrodes was observed by further increase in positive voltage. 
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1. INTRODUCTION 

Cellulose is the most abundant polymer available on the earth [1]. Cellulose is tough, 
fibrous and water insoluble that is responsible for maintaining the structure of plants 
cell wall. 

The piezoelectric behavior of Cellulose Nanofibrils (CNF) was experimentally proved 
at 1955 by E. Fukada et.al [17]. Recently the piezoelectric properties of CNF and CNC 
films were studied by S. Rajala et al. and B. Frka-Petesic et al. respectively [14] [15] 
[16]. In these experiments, charge generation in CNC was by applying a shear force to 
the randomly oriented CNC film. 

As a motivation to this thesis effort, electrical properties of CNC films can be improved 
by shifting from self-standing, randomly oriented film to aligned CNC film [33]. For 
orientation of CNC, several mechanical and electrical methods have been used. In me-
chanical methods [32] [18], the high aspect ratio feature of CNC was used for CNC ori-
entation through the relaxation of colloidal CNCs using different structures. But these 
mechanical methods are time consuming due to longer evaporation time of colloidal 
suspensions containing the CNCs. Electrical method is based on dielectrophoretic 
(DEP) forces acting on CNCs due to the polarization of CNC particles in non-uniform 
electric field. Electrical method is based on dielectrophoretic (DEP) behavior of CNC 
that applied electric field deviates the existing dipole moments between CNCs. This is 
due to the fact that charges of opposite sides of CNC have different polarity that leads to 
an effective net induced dipole moment [19]. As a result, CNC orientation due to the 
applied electric field between two separated electrodes was achieved. This property can 
be used for aligning the CNC in which lowers the orientation time to just a few minutes 
by instant dipole attraction towards the electrodes.  

Several DEP techniques combined with mechanical methods have been used. DEP was 
previously used for trapping of biomolecules such as DNA between the Au electrodes 
[31]. This thesis is dedicated to find a more efficient, repeatable, pure DEP method for 
orientation of CNCs between interdigitated electrodes (IDEs). In this study, DEP is used 
for orientation of the CNCs due to quick alignment of particles compared to mechanical 
methods with orientation time of several hours. 

Currently, there are no study of CNC orientation and piezoelectric measurement using 
IDE reported in literature. Therefore, this thesis work is a novel contribution to the field.    
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1.1 Objectives of the Thesis 

This thesis aims for improving the piezoelectricity effect by aligning Cellulose Nano-
crystals (CNC) and improve the piezoelectric property of CNC. Micro interdigitated 
electrode (IDE) structure is used for aligning and measuring the piezoelectric effect of 
CNCs. Polyethylene terephthalate (PET) is used as substrate in which a thin layer film 
IDE is deposited on one side. In this thesis, trapping and orientation of CNC is aimed to 
be achieved by applying electric field between the electrodes. 

1.2 Thesis Arrangement  

The frame of this thesis consists of theoretical and experimental parts. Chapter 2 pro-
vides a paper review in which the general concepts, materials and devices used in exper-
iments are discussed. This chapter covers the fabrication and properties of cellulose 
nanocrystals.  
Chapter 3 describes the experimental phase that reflects the design considerations and 
fabrication of the micro interdigitated electrodes using standard photolithography pro-
cess, mask making, aligning the CNC and piezoelectric sensitivity measurements. Chap-
ter 4 focuses on the results obtained in Chapter 3 and conclusion and future work are 
discussed in Chapter 5.  
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2. THEORY AND BACKGROUNG 

This chapter presents the theoretical background related to the topics in the thesis. It 
covers the fabrication, properties and piezoelectricity effect of CNC. This chapter also 
covers the importance of bendable electronics and structure of interdigitated electrodes 
used for trapping and orientation of CNCs.   

2.1 Cellulose Nanocrystals  

Cellulose is the most abundant and renewable polymer available on the earth [1]. From 
physical properties point of view, cellulose is tough, fibrous and water insoluble. These 
properties plays an important role in strength and maintaining of the structure of plants 
cell wall. On the other hand, chemical reduction of cellulose results in a rod- shaped 
crystal so called Cellulose Nanocrystals (CNC) also known as nanowhiskers. Apart 
from plants, cellulose can be cultivated from living species like algae, fungi, bacteria 
and tunicates. In addition to the excellent mechanical, optical, chemical and rheological 
properties [2] [1], CNC is renewable and sustainable material that found various appli-
cations in recent years from energy harvesting [3], wastewater treatment [4] to biomedi-
cal engineering applications. 

2.1.1 Structure of Nanocellulose 

Cellulose is a natural homopolymer that mainly can be obtained from agricultural fibers 
and wood. The high degree of stiffness and strength per unit weight of cellulose is the 
main reason of maintaining the cell walls of the plants. Cellulose is arranged into amor-
phous microfibrils which contains 1,4 β-linked d-anhydroglucopyranose monomer units 
by 180° spatial offset to the neighbors in the cell wall [5]. Cellulose macromolecules 
link together by covalent bonding by a glycosidic i.e. C-O-C bond between the hydroxyl 
groups. The formation of the cell walls is due to strong hydrogen-bonding crystalline 
structure leading to a primary and several secondary S1 and S2 layers [6]. The S2 layer 
holds a helical shape since it is thicker than the S1 layer [7]. Lignocellulosic fibre also 
known as elementary fibril is the basis of the cellulose. Elementary fibrils form through 
biosynthesis process. Their dimension lies between several micrometres length and 
diameter ranging from 5 to 30 nm [8]. The crystallization of these cellulose microfi-
brils that also can be considered as cellulose nanofibrils (CNFs), are due to strong Van-
der-Waals forces and hydrogen bonding [2]. 
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CNCs are the rod- like crystals that can also be considered as the monocrystalline re-
gions of the CNFs [9]. CNC can be obtained through chemical reduction methods and 
hydrolysis. The next subsection is dedicated to CNC fabrication process. The size of 
these rods is affected by the source in which they are extracted [5]. For instance, the 
length of CNC collected from bacteria has the length in the range of 100 to 1000 nm 
and diameter of 10 to 50 nm [10]. On the other hand, CNC obtained from fibers of 
wood is 100 to 600 nm in length and 2 to 20 nm in diameter [11] leading to high aspect 
ratio feature. Schematics of cellulose, CNF and CNC structure are depicted in Figure 1. 

 

Figure 1. Cellulose nanocrystals extracted from trees. Cellulose consists of several 
microfibril bundles. Microfibril consists of amorphos ans crystalline regions. Extraction 

of cellulose nanocrystals from microfibrils is through chemical reduction. (collected 
from [29]) 

2.1.2 Fabrication of Cellulose Nanocrystals 

In addition to the type of the source, the preparation method of the cellulose nanocrys-
tals also leads in different yield dimensions. Figure 2 shows the procedure of CNF and 
CNC fabrication. Cellulose microfibrils can be obtained from cell walls of the plant by 
mechanical methods. During mechanical procedure such as high-pressure homogeniza-
tions, ultrasonic treatments and cryocrushing, the produced shear force longitudinally 
divides the cellulose fibers. The yield is known as cellulose microfibrils or CNF. The 
cellulose microfibril consists of separate chain links lied in the microfibril direction and 
amorphous regions [5.]. Cellulose nanocrystals are extracted from CNF through me-
chanical or chemical reduction process by applying shear force and strong acid respec-
tively [2]. In the chemical method, strong acid hydrolyzes the amorphous regions, leav-
ing the crystalline parts as the final yield [11]. This is due to insolubility of the nano-
crystals in acid. 
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Figure 2. Cellulose nanocrystals extracted from wood. Cellulose microfibrils are 
extracted from the cell wall of plant cell through mechanical milling. The structure of 
cellulose microfibrils consists of crystalline and amorphous regions. In mechanical 

methods, cellulose nanofibrils are collected from cellulose microfibril by shear strain . 
Through chemical reduction, amorphous regions are dissolved and only acid resistant 

nanocrystals remains. (collected from [12]) 

2.1.3 Piezoelectricity of Nanocellulose 

Direct piezoelectric effect is the generation of electric charges by applying force on 
some crystalline structures like quartz. This is Charge generation in these materials is 
due to polarization density change in response to the applied stress and strain [13]. The 
piezoelectricity of wood was first reported by Bazhenov in 1950 [30]. Five years later, 
the piezoelectric behavior of crystalline regions of CNF was experimentally proved by 
E. Fukada et.al [17]. Recently the piezoelectric properties of CNF and CNC films were 
studied by S. Rajala.al and B. Frka-Petesic et.al respectively [14] [15] [16]. It has been 
shown by S. Rajala et al. that 45μm thick self-standing CNF film has the piezoelectric 
sensitivity of 4.7 ± 0.9pC/N [14]. 

The piezoelectric effect is characterized using piezoelectric coefficient matrix denoted 
by dmn.  The dmn values depend on the electric field produced by mechanical defor-
mation of crystal symmetries. The piezoelectric coefficient is expressed by a 3 × 6 ma-
trix such that m = 1, 2, 3 refers to the electrical axis, n = 1, 2, 3 corresponds to the 
length, width and thickness and n = 4, 5, 6 is related to the shear around these axes [13]. 
Eq. 1 shows the theoretical piezoelectric coefficient for wood by considering the tensor 
cancellation due to randomly aligned crystals [17]. In this matrix, the shear piezoelectric 
constant is d14 = -d25, approaching other tensors to zero. 
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dmn = (
0     0     0     𝑑14     0 0
0     0     0     0     𝑑25 0
0     0     0     0          0     0

)                   Eq. 1 

Equation 1 reveals the fact that charge generation in CNC is possible by applying a 
shear force to the CNC film. This can be achieved by bending the CNC film. Moreover, 
the piezoelectric coefficient value depends on orientation of crystals in CNC film [17]. 
d33 is transverse piezoelectric coefficient that is related to direct compression of CNC 
film. Piezoelectric constant increases from uneven distributed crystals of wood to pure 
crystalline CNF and CNC materials. In this thesis work, the effect of CNC alignment on 
enhancing the piezoelectricity effect was tested in smaller nematic ordered CNCs. 

2.1.4 Cellulose Nanocrystal Alignment 

The mechanical properties can be manipulated by aligning of CNCs. Unidirectional 
CNCs, show higher mechanical stiffness than randomly oriented structures [32]. In ad-
dition, electrical properties of CNC films can be improved from self-standing, randomly 
oriented films to aligned CNC film [33].  

Several mechanical and electrical methods have been used for CNC alignment. In me-
chanical methods, the high aspect ratio feature of CNC was used for CNC orientation 
through the relaxation of colloidal CNCs using different structures. In order to study the 
mechanical properties, CNCs were aligned in the grooves of the wrinkled Polydime-
thylsiloxane (PDMS) templates [32]. In this effort, a 20 µL drop of 1 g/L dispersion of 
CNC in water was placed on the surface of the wrinkled stamp followed by spin coating 
at 3,000 rpm for 60 s. 

Another successful method is shear produced by rotary motions [18]. In this method, 
preparation of oriented CNC films was carried out from aqueous suspension by shearing 
under evaporation. The CNCs were placed in sample container (glass vial) subjected to 
rotary motion of 700 rpm. The water evaporation in this method was about 20 hours 
leaving a thin CNC film in the container. These mechanical methods are time consum-
ing because of longer evaporation time of colloidal suspensions containing the CNCs.  

In electrical methods, dielectrophoretic property of CNCs have been used for orientation 
of CNCs. As mentioned earlier, CNC shows dielectrophoretic behavior that is due to 
existing dipole moments between CNCs. This is due to the fact that charges of opposite 
sides of CNC have different polarity that leads to an effective net induced dipole mo-
ment [19]. This property can be used for aligning the CNCs. By applying a non-uniform 
electric field to such dielectric CNCs, an unbalance force is created [20] that results in 
moving CNCs away or towards the strong field regions depending on the polarization. 
This effect is known as dielectrophoresis (DEP) effect. Figure 3 depicts the dielectro-
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phoresis principle schematically. The combination of both methods, shear force and low 
electric field as DEP have been used by Csoka, L. et.al previously [19]. In this study, 
CNC-water suspension was placed between a tilted, deposition glass slide and a mica 
substrate. Two copper electrodes separated by 5 mm distance from each other were 
placed on the mica substrate. Several electric fields with different magnitudes of 
100 V cm−1 and 2 KHz, 400 V cm−1 and 200 Hz, 800 V cm−1 and 2000 Hz were tested 
and applied to two electrodes with a signal generator. The CNC deposition and align-
ment was achieved by moving the tilted glass along the mica substrate in parallel to the 
applied electric field. Horizontal movement of tilted glass should be very slow for better 
CNC orientation. This slight movement was achieved by a syringe powered by a com-
puter program. This study showed that different frequencies, sliding speed and evapora-
tion time affect the degree of orientation. However, the horizontal movement of the tilt-
ed glass was very slow and time consuming. The best result was obtained from 
800 V cm−1 and 2000 Hz. 

DEP was previously used for trapping of biomolecules such as DNA between the Au 
electrodes by S. Tuukkanen et.al [31]. This electrical method, lowers the time of proce-
dure to just a few minutes by instant dipole attraction towards the electrodes. In this 
study, DEP was used for trapping and orientation of the CNCs due to quick alignment 
of particles compared to mechanical methods with orientation time of several hours.  

 

Figure 3. (a) Particle experiences zero net force in presence of uniform electric field. 
(b) Particle experiences the DEP force because of the applied external electric field to 

the electrodes. (c) DEP force is applied to the particle. (collected from [40]). 

2.2 Interdigitated Electrodes 

An effective DEP should operate as such to avoid the thermal Brownian motion of the 
particles. Therefore, higher gradient in electric field is needed to guide the smaller parti-
cles [34] that could be achieved by smaller electrodes. It has been shown by S. 
Tuukkanen et.al [31] that only scaling down the electrode design is not sufficient for 
shorter molecules. Correspondingly, to increase the gradient of the electric field a 
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‘finger-like’ electrode was used. The same electrode design is employed in this study by 
using interdigitated electrodes (IDEs). 
 
Interdigitated electrode (IDE) also so-called interdigitated capacitor (IDC) is made of 
two individual coplanar comb-like electrodes [21]. IDEs are highly sensitive transducers 
that have been used in various fields since early 1970s [22]. Apart from their applica-
tions in electronics, for instance microwave filters [23] and surface acoustic wave de-
vices [24], recently they become an interesting sensing element in biological applica-
tions. IDE based chemical sensors usually divided in two different categories: capacitive 
sensors and resistive sensors. In both types of these sensors, the stimuli increases the 
contact area between the parallel sensors. The sensing element acts like a dielectric and 
a resistor in capacitive and resistive IDE sensors, respectively [25.]. The change in re-
sistance or capacitance of IDE in response to the mark free chemicals under investiga-
tion made them suitable in lab-on-chip applications [26]. In this work, the conductivity 
of IDE is used for both the alignment and then piezoelectricity sensitivity measurement 
of CNCs.  

As discussed earlier, the length of CNC lies between 100 to 600 nm. The formation of 
nematic ordered CNCs between IDE fingers is required to provide a detectable output 
during piezoelectric sensitivity measurement. Consequently, spacing between IDE fin-
gers could be in the range of few micrometers which is slightly greater than the several 
nematic ordered CNCs. The details of IDE dimension and structure are discussed in 
paragraph 3.1.2 design considerations of interdigitated electrodes.  

2.2.1 Fabrication of Interdigitated Electrodes 

There are several methods for fabrication of micro IDE. For instance, it is possible to 
transfer the patterns of IDE on substrate using a stamp and metal inks [35]. This method 
is very fast but suffers from low resolution of the yield with millimeter dimensions. 
Moreover, the deposition height of the IDE is not under control and the surface of the 
IDE film is not smooth.  

Another successful method for fabrication of IDE is inkjet printing technology. Silver 
electrodes were inkjet printed on Si/SiO2 substrates by Le. Duy Dam et.al [37]. The 
inkjet printing parameters were used to obtain optimized dimensions, thickness and dis-
tance between the IDEs. The best results for thickness and spacing between the elec-
trodes was far above 100 nm. It is also possible to create IDE features on substrate using 
“molecular beam epitaxy and optical lithography” [38]. In this method, metal deposition 
followed by resist coating takes place. After UV exposure and development, the un-
wanted portions of metal is removed by wet etching. The final step is the resist removal. 

Identical IDE features to this thesis work was fabricated by Valera et.al using standard 
photolithography method and lift-off technique [36]. In this method, deposition of 150 
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nm Au was successfully carried out on polyethylene naphthalate (PEN) as flexible sub-
strate through photolithographic process. As a result, in this study, same technique was 
used for IDE fabrication by replacing the PEN substrate to similar available Polyeth-
ylene Terephthalate (PET). Both copper (Cu) and gold (Au) metals functionality was 
tested and compared with each other. Thickness of IDE film should be less or equal to 
100 nm by considering the CNCs dimensions. This leads to a flexible and transparent 
substrate which is ideal for bending the samples in order to produce piezoelectric effect. 
Besides flexibility, PET is treated with an adhesive Autostat CT5 coating films in which 
offers good adhesion with Cu and Au thin films. 

The features of IDE to be transferred on PET substrate requires photoresist, mask and 
UV exposure and clean room facilities. The detailed explanation of design process and 
fabrication of photolithography is provided in Section 3. 

2.2.2 Standard Photolithography 

Several photolithographic steps was used in this study for fabrication of IDEs. Pattern-
ing the microstructures and thin films is possible through photolithography technique 
that is a repeatable and cost effective method to create small patterns down to nanoscale 
dimensions [28]. Standard photolithography includes some basic steps such as cleaning 
and spin coating of substrate with photoresist, prebake, UV exposure, post-bake and 
development.  

 

Figure 4. Working procedure for Interdigitated Electrodes fabrication (1) spin coating 
the PET surface with SU-8 photoresist (2) UV exposure through photolithography mask 

after prebaking (3) development and Au metallization (4) lift off 

The procedure used for thin film IDE fabrication is depicted in Figure 4. The cleaning 
step is required for better film contact and adhesion by removing oil and organics from 
substrate. It is carried out by immersing the substrate into acetone, isopropanol (IPA), 
washing with deionized-water (DI-water) and nitrogen drying. A photoresist is coated 
evenly on the surface of the substrate by using a spin coater. The thickness of the resist 
depends on rotation time and speed of spin coater. The photoresist then is hardened by 
baking it on a hot plate. Next, the patterns are transferred to the substrate by UV expo-
sure through a photolithography mask. Post-baking and development completes the 
photolithography process.  



15 

There are two types of photoresists: (1) positive resist that exposed areas become solu-
ble in developer and (2) negative resist the unexposed areas become soluble in develop-
er. As a result, depending on the type of photoresist at development step, chemicals re-
move some portions of the photoresist from the substrate. In this work, negative SU-8 
photoresist series NR9-3000PY is used. This is due to the easy removal of larger areas 
of the photoresist during the lift-off process compared to the smaller features.  

IDE should be flexible to survive the structural bending during piezoelectricity meas-
urement procedure. For this purpose, the metal evaporation method is used. 

Lift-off 

The action of removing the photoresist from the substrate, leaving the deposited layers 
in contact with the substrate is known as lift-off. The lift-off step is after metal deposi-
tion phase by immersing the substrate in acetone. Acetone removes the photoresist from 
the substrate. Acetone also is suitable for removing the organic impurities from the sub-
strate. To wash off the acetone, IPA is used instead of deionized- water (DI-water). This 
is due to the fact that even after washing the acetone with DI-water, the traces of ace-
tone will remain on the substrate. Then, DI- water washing step will prevent ionic con-
tamination of used IPA. Finally, DI-water drying with nitrogen gun completes the lift-
off process. 
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3. EXPERIMENTS 

This chapter provides a detailed information on the experiments and conducted proce-
dures during this thesis work. It includes three main parts: (1) Interdigitated electrodes 
fabrication process and corresponding characterization, (2) dielectrophoresis of cellu-
lose nanocrystals on the fabricated IDEs and (3) piezoelectric sensitivity measurements. 

 

3.1 Method and Materials Used for Fabrication of Inter-
digitated Electrodes 

This section covers the design, fabrication, characterization and testing the IDEs. First, 
IDE fabrication using photolithography method is discussed. Then the required mask 
fabrication containing the features of the IDEs are explained in details. Finally, testing 
process consisting of two main phases as (1) structural survey using microscope and (2) 
electrical properties of the IDE by measuring the resistance of the electrodes are ex-
plained. 

3.1.1 Design Considerations of Interdigitated Electrodes  

The layout designs of IDEs were created using AUTODESK “AutoCad” 2017. Several 
identical layout designs were created to compensate the possible failure in some of 
IDEs. The mask design was achieved by some guidelines like different electrode width 
and spacing between them. The smallest designed IDE has 20 parallel electrodes by 
length (l) = 9.5 mm; width (w) = 5 µm and spacing (s) = 5 µm. Five more designs creat-
ed by increasing w and s value in steps of 2 µm reaching 7 µm, 9 µm, 11 µm, 13 µm 
and 15 µm, keeping the number of electrodes and length same for all the samples. In 
order to distinguish between different samples, a series of markings was used.  The 5 
µm sample was marked by one frame. Incrementing the frames until final sample with 
w and s = 15 µm by six frame markings. Figure 5 presents the electrode dimensions that 
is identical in all samples. Connecting pads are placed five mm away from the elec-
trodes to make them free from possible deformation caused by punching the aluminum 
connections. 
Final consideration in IDEs design was to spread and place the samples throughout a 
five inches diameter surface as shown in Figure 6. This was due to the maximum expo-
sure area of the mask aligner device. Hence, totally 6 × 4 samples successfully placed in 
the circle. Moreover, the samples were placed in six mm distance from each other for a 
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convenient cutting purpose. As a result, the total PET area occupied by one IDE sample 
is 16 × 16 mm2. Figure 7 and Figure 8 present the w = s = 15 µm and w = s = 5 µm IDE 
designs respectively created using “AutoCAD” software. 

 

Figure 5. Schematic of interdigitated electrode. All samples differs in values of w and s 
except the indicated dimensions as shown in the image. 20 fingers connected to one 

connection pad, resulting in total 40 fingers lying on top of the substrate.  

 

Figure 6. Layout of IDE designs created with “AutoCAD”. 24 samples were placed in a 
circle with diameter of 100 mm that if the maximum exposure area of the mask aligner. 
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Figure 7. Zoom in view from w = s = 15 µm IDE. (a) Six frames indicates the IDE 
sample with w = s = 15 microns (b) spacing and width of the electrodes is 15 µm as 

shown. Each connecting pad consists of 20 fingers. 
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Figure 8. Zoom in view presenting w = s = 5 µm IDE. (a) One frame corresponds to w 
= s = 7 microns IDE (b) spacing and width of the electrodes is 7 µm. 
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3.1.2 Mask Making 

In the photolithography step, the exposed portions of substrate are the metallization tar-
get areas. This is possible by using a negative mask and positive resist or positive mask 
and negative resist. In this work the positive mask and negative resist is used.  
The created IDEs designs were transferred on to a commercially available chromium 
mask coated with positive photoresist. This was achieved by direct writer (Heidelberg 
µPG 501). The direct writing device is a tabletop maskless aligner setup that can be 
used for UV direct - writing as well as for making photomasks. It is equipped with 390 
nm LED light source and Digital Micromirror Device (DMD). Final design was ob-
tained by immersing the exposed mask into the developer. Developer removes the areas 
that are exposed to UV light providing a transparent layer. 

3.1.3 Finishing the Mask 

Followings are the steps for finishing the mask:  
 The developer solution was prepared by mixing the 40 ml of AZ351B and 160 

ml of DI-water into the glass beaker,  
 The mask blank chrome was placed face up into a plastic container and diluted 

AZ351B was poured into it, 
 1 minute mask development by moving the mask gently back and forth with the 

help of plastic grippers for 1 minute,  
 Washing with DI-water, 
 Drying with nitrogen gun, 
 The mask then was placed face up into another plastic container and then 

enough CHROME ETCH 16 was poured on the mask blank in order to cover the 
whole mask,  

 Etch for 1 minute by moving the mask gently beck and forth using plastic grip-
pers, 

 The mask was transferred into another plastic container with sufficient DI-water 
on it,  

 Rinsing the mask with DI-water, 
 Drying it using pressurised nitrogen in which completes the etching phase,  
 The mask was UV exposed for 1 minute in a UV-oven, 
 The mask was developed for 1 minute by immersing it into the previously made 

AZ351B developer solution, 
 Rinsing with DI-water, 
 Finally dry by nitrogen gun. 
 
Figure 9 presents the created mask and a zoom in view from w = s = 5 µm IDE 
sample. 
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Figure 9. Designed and fabricated photolithographic mask. (a) A zoom in image was 
taken at 10× magnification from w = s = 5 µm IDE sample (b) Mask containing 24 in-

terdigitated electrodes. Small frames in the corners are provided to distinguish four 
identical × six different samples IDEs. One frame corresponds to w = s = 5 µm. 

3.1.4 Fabrication of Copper Interdigitated Electrode 

This subsection discusses the fabrication of the copper film IDE. The IDEs were fabri-
cated in the new cleanroom facilities (class 1000) of Tampere University of Technology 
(TUT), Finland. The complete process of IDE fabrication explained in three phases as 
lithography, metallization step and Lift-off steps. 

Standard photolithography procedure includes substrate cleaning, spin coating, soft 
bake, UV exposure, post bake and development which are described in details as fol-
low. 

Cleaning: A five inches diameter PET substrate was cleaned in order to remove the sub-
strate from unwanted organics and oils. The substrate cleaning process starts by wash-
ing with acetone, Isopropanol, deionized water rinsing and drying with nitrogen gun.  

Spin Coating: Spin coat with negative SU-8 photoresist series NR9-3000PY. The PET 
and resist was placed into the spin-coater WS-400 (Laurell technologies Corp, USA). 
Spin coating process begins by pouring some resist onto the center of PET. The spin-
ning speed was 3000 RPM for 40 seconds. This is due to spreading the photo resist 
evenly throughout the wafer surface.  
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Soft Bake: After spin-coating, the PET and resist layer was prebaked on a hot plate at 
150 °C for duration of one minute. 

Exposure: The mask aligner J500 VIS (OAI, USA) device is used to expose UV light on 
the spin-coated resist on PET substrate. The fabricated mask is placed between the UV 
light source and the photoresist. Exposure duration was 90 seconds.  

Post-baking: Hard baking of the resist was carried out on hot plate at 130 °C for one 
minute. 

Development: Development of the resist is done by immersing the post-baked photore-
sist into developing agent AZ726-MIF for 25 seconds. Rinsing with DI-water and dry 
with nitrogen gun completes the lithography step. In case of negative photoresist, the 
developer removes the resist areas that were not exposed to UV light. 

In metallization step, 50 nm Cu metal were e-beam evaporated on the PET substrate. In 
metallization step, the Meissner trap device Orion BC-3000 series box coater (System 
Control Technologies, Battle Ground, WA, USA) was used. Deposition thickness 
measurement was carried out by contact profilometer (Dektak XT stylus profilometer, 
Bruker GmbH., Germany). The resulting scratch and trace of the probe, may cause dis-
connection between the fabricated IDEs samples. As a solution, a reference glass was 
selected for metal deposition in parallel with the samples. After metal deposition, this 
glass was used for deposition thickness measurement. For this, a metal cut photolithog-
raphy mask was attached on the reference glass with dimensions of 80 mm length and 
30 mm width. Reference glass was loaded along the substrates on sample plate. The 
evaporation rate for Cu deposition was 5 Å/s. Pressure in the chamber during the depo-
sition was 1.1 × 10−5 to 1.3 × 10−5 Torr. The complete process steps for metal deposi-
tion on the PET substrate are described in Appendix A.  

Lift-off technique includes the removing the sacrificial layers of photoresist from the 
substrate. The detailed procedure are described as follow. 

 A glass beaker was filled with acetone in to a half to immerse the substrate into 
it. Acetone removes the resist from the substrate, 

 A glass beaker was filled with IPA in to a half. This beaker will be used for 
wash-off acetone from the substrate after resist removal, 

 Place the metal-coated substrate in to the glass beaker, 
 Acetone lifts the photoresist off, leaving the direct metal-PET contact regions. 

The lift-off was completed after 30 minutes, 
 Insert the sample after photoresist lift-off into beaker containing IPA, 
 Washing with DI-water to remove possible ionic contamination caused by used 

IPA. 
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3.1.5 Fabrication of Gold Interdigitated Electrodes 

This subsection discusses the fabrication of Au interdigitated electrodes. The procedure 
of Au IDE fabrication is same as Cu IDE that was explained earlier. However, 3 nm Cr 
was first e-beam evaporated on the substrate in the metallization step. This was due to 
increase the adhesion of the Au to the substrate followed by 100 nm Au metal deposi-
tion. Moreover, for thickness characterization, a reference glass was used. The evapora-
tion rate for Cr deposition was 5 Å/s and for Au 2 Å/s. Pressure in the chamber during 
the deposition was 1.1 to 1.3𝑒−5 Torr. The Lift-off duration in Au IDEs case was 45 
minutes. This lift-off time was 15 minutes longer than the case in Cu IDEs that could be 
due to the used Cr to elevate Au adhesion to the substrate. 

3.1.6 Structural Survey and Resistance Measurement 

The structure of fabricated IDEs was observed under optical microscope (Axio Im-
ager.A1m, Carl Zeiss GmbH., Germany) at 50x and 100x magnifications to visualize 
possible electrode abnormalities after lift-off process. In addition, the resistance of the 
electrodes were measured by probe station (KEYSIGHT B1500A Semiconductor De-
vice Analyzer). The probe station is mounted on vibration isolation system with stabi-
lizer bench (Newport Bench Top, patent 5,071,108 and 5,356,110, USA) which isolates 
the probe action from surrounding vibrations. 

To ensure the exact deposition thickness, instead of fabricated IDE samples, the features 
on the reference glass was studied. The thickness of deposited metal were measured 
with a contact profilometer (Dektak XT stylus profilometer, Bruker GmbH., Germany). 
The tip of the contact profilometer undergoes fluctuations caused by the height and 
width of the sample under the test. 

3.2 Aligning of Cellulose Nanocrystals 

This section provides detailed procedure used for CNC alignment between the IDE fin-
gers using DEP. Moreover, Scanning Electron Microscopy (SEM) was used to measure 
the degree of orientation. 

3.2.1 Aligning the Cellulose Nanocrystals Using Dielectropho-
resis 

CNC orientation was carried out between the fingers of fabricated IDE using DEP ef-
fect. This was achieved by applying a sine wave to the connecting pads of IDE and then 
incubating a drop of CNC-water dispersion. As a result, attraction or repulsion of di-
poles of the CNCs to the strong electric field regions electric takes place. This depends 
on the polarities of the two sides of CNCs. A function generator (AFG3101, Tektronix 
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Inc., USA) was used as sine wave source. The connection between connecting pads of 
IDE and function generator was made by punching two aluminum grippers isolated with 
a plastic shield. A w = s = 15 µm IDE was fixed on a glass with a double sided sticky 
tape. The glass with IDE on top was placed under optical microscope (Axio Im-
ager.A1m, Carl Zeiss GmbH., Germany). 

The wood base CNCs was obtained from aqueous CNF dispersion which was obtained 
through homogenization after Masuko grinder of birch pulp. The same CNFs were pre-
viously used in [14]. To obtain the CNC, The CNF was placed in sulphuric acid to ob-
tain aqueous CNC dispersion, explained in more detail in [39]. A 10 µL drop aqueous 
dispersion of CNC (0.023 w-%) were incubated on active region of IDE with a pipette. 
Frequency of 1 MHz with 10 V peak-to-peak voltage (Vpp) was applied to IDE for five 
minutes. During this time, constant suction and incubation of the same drop of CNC-
water dispersion was performed using the same micropipette. This pumping action was 
to provide dynamic and sufficient amount of CNC to be influenced by electric field. 
Finally, the whole drop was evacuated using same micro pipette from the active region 
of IDE. The electrode dries by self-heating phenomenon in five seconds and external 
electric field is removed. 

3.2.2 Structural Inspection   

After aligning procedure, the basic observation under optical microscope leads the pres-
ence of some CNC clumps. But typically CNCs are studied using microscopic tech-
niques like Atomic Force Microscopy (AFM) or Scanning Electron Microscopy (SEM). 
The morphological characteristics and the degree of CNC orientation were studied by 
Essi Sarlin using SEM. 

3.3   Piezoelectric Sensitivity Measurement 

As mentioned earlier, piezoelectric coefficient d33 depends on polarization produced in 
the direction of applied stress. As a result, characterization and piezoelectric sensitivity 
measurements of CNC was conducted by bending the samples. In this study, a sophisti-
cated mechanical instrumentation known as Shaker is used. Shaker (Mini-Shaker Type 
4810, Brühl & Kjaer, Denmark) is well designed for piezoelectric sensitivity measure-
ment and frequently was used in previous studies for characterization of PVDF, CNF 
and CNC films [14][27]. Sample deformation was provided by applied normal force of 
the shaker. The functionality of shaker described by S. Rajala et.al [27]. Figure 10 de-
picts the shaker and working principle of this mechanical system. The shaker supplies a 
dynamic excitation force about 10 N sinusoidal peak and has an operating frequency 
range from DC to 18 kHz. The sinusoidal input of the shaker was supplied by a function 
generator (AFG3101, Tektronix Inc., USA). A commercially available force sensor 
(Model 209C02, PCB Piezotronics Inc., USA) and a load cell (Model ELFS-T3E- 20L, 
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Measurement Specialties Inc., USA) for measuring the applied dynamic force and ap-
plied static force were utilized respectively as reference sensors. To measure the charge 
produced by samples with AD converter, the charge amplifier is used. The charge am-
plifier is made around an AD8613 op-amp consisting of 1 nF in parallel with 1 GΩ re-
sistor. Therefore, the sensitivity of the charge amplifier is 1 pC/mV. The piezoelectric 
sensitivity unit is C/N that was obtained by ratio of the amount of charge generated by 
sample by the applied force of the dynamic force sensor. 

 

Figure 10. Schematic of the measurement set-up (a) piezoelectricity sensitivity meas-
urement set-up (b) the piezoelectric sensitivity measurement principle. Bending of the 
samples by mechanical shaker results in piezoelectric sensitivity output in the [pC/ N]. 

(Collected from [12], [27]) 

The connection between the connecting pads of IDE and charge amplifier was made by 
the same punched aluminum grippers during the CNC orientation process. For isolation 
and preventing the possible short circuit, a plastic shielding was used along with the 
aluminum grippers. The metal plate of the shaker, where the samples are placed for pie-
zoelectric sensitivity measurement is stiff. To provide a flexible bed in this study, a Pol-
ydimethylsiloxane (PDMS) disc with a hole at center was fabricated. This disc was 
placed between the metal plate and samples under investigation. Figure 11 shows fabri-
cated PDMS disc using Sylgard 184 (Dow Corning, USA). Sylgard 184 is two-
component polymer consisting of base and curing agent parts which is the most com-
monly used PDMS in microfluidics. The complete process for PDMS disc fabrication 
are as follow.  

 Mix the base and curing agent by 10:1 weight ratio using plastic cup and scale 
 Pour the liquid PDMS onto a petri dish as a mold 
 Degassing by placing the petri dish with liquid PDMS on top into a vacuum. 

This is to remove possible trapped bubbles during mixing step 
 Curing at 80 °C for 24 hours in an oven 
 Cutting and peeling off about 30 mm diameter of the cured PDMS from the petri 

dish. The measured thickness of the PDMS cut was 3 mm 
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 Punching 7 mm hole in the center of the disc. This is required for bending the 
samples under investigation 

Sample with connected aluminum grippers and corresponding plastic cover was placed 
on the center of the disc. The sample was observed to be above the surface of the disc 
with a distance equal to the half of the thickness of the plastic cover. This could break 
the thin film IDE during bending procedure. To compensate this height, a groove with 
dimensions of l = 10 mm, w = 5 mm and 1 mm height was created. 

Figure 12 shows the sample on PDMS disc. A piece of tape was used to hold the sample 
on the surface of the disc. The disc with sample on top was placed under the dynamic 
force sensor. By using adjustment knob the contact between sample and dynamic force 
sensor was made to reach the static sensor output about 3 N. This is necessary to keep 
the sample it its place during the test. The output of function generator was set 1 Hz 
frequency and 1 Vpp. The readings were taken as an average of the maximum values for 
three strokes made by dynamic force sensor that is equal to three seconds. A computer 
program was used to record the piezoelectric sensitivity as a function of applied force. 
An image taken from measurement setup is provided in figure 13.  

 

Figure 11. PDMS disc with dimension of 30 mm diameter and 3mm thickness. Bending 
of samples is possible by punched 7 mm hole at the center of the disc. 

 

 

Figure 12. IDE assembly on PDMS disc. Active region of IDE is placed on the central 
hole of the PDMS disc. 
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Figure 13. IDE-CNC sample under the shaker setup. Reference sensors of the shaker 
applies a periodic normal force on sample. Sample Bends and generates charge that is 

collected and amplified by charge amplifier. The output unit is pC/N.  
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4. RESULTS AND DISCUSSIONS  

In this chapter, results and observations taken from the experimental section are provid-
ed. This section covers the observations related to structural and resistance measure-
ments related to the fabricated Cu and Au based IDEs. The morphological features of 
aligned CNC are depicted and discussed next and finally, the results related to piezoe-
lectric sensitivity measurement are revealed.  

4.1 Structural Survey of Copper and Gold Interdigitated 
Electrodes 

Figure 14 (a) and Figure 15 (a) show the w = s = 5 µm Cu and Au IDE captured with 
optical microscope (Axio Imager.A1m, Carl Zeiss GmbH., Germany) at 10× magnifica-
tion. Images reveals the achieved micro dimension features after lift-off without any 
cracks and disconnection between electrodes and connecting pads. The repeatability of 
metallization and lift-off procedure was well established by fabrication of Cu and Au 
based IDEs. 

 
Figure 14. Copper interdigitated electrode after lift-off (a) 50 nm Cu based thin film 

with w = s = 5 µm deposited on PET substrate. The image was taken at 10× magnifica-
tion (b) single w = s = 5 µm interdigitated electrode. One frame mark at the corner 

indicates the 5 µm width and spacing IDE (c) overview of bendable IDE on PET sub-
strate. 
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Figure 15. Interdigitated electrode after lift-off (a) 100 nm Au based thin film with 5 µm 
width and spacing between the electrodes deposited on PET substrate. The image was 

taken at 10× magnification (b) w = s = 5 µm interdigitated electrode. Single frame 
mark at the corner indicates the 5 µm width and spacing IDE (c) overall view of IDE on 

PET substrate. 

Thickness of the deposited metals 

Height of the deposited film on reference glasses was measured with contact profilome-
ter (Dektak XT stylus profilometer, Bruker GmbH., Germany). Two reference glasses 
were Cu and Au deposited in parallel with IDEs. Reference glass is used for height 
characterization to prevent damages caused by contact profilometer on IDE samples. 
Figure 16 shows the scanning direction of tip of stylus profilometer in Y direction. 

 

Figure 16. Reference glass. 100 nm Au film on reference glass was used for characteri-
zation of IDE samples. The direction of measurement is shown by the arrow in Z direc-

tion. 
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Figure 17 shows the height of the deposited Cu film on reference glass that is identical 
to the Cu thickness on IDE samples. Thickness of the metal layer is shown in x-axis 
which as an average is approximately 56 nm. This value deviates from the desired 
thickness of 50 nm by exceeding 6 nm. Width of the film is also shown on y-axis that is 
equal to 1 mm. Fluctuations of the tip of profilometer suggests the uneven surface of the 
deposited Cu layer.  

Figure 18 presents exactly 103 nm thickness in which meets the desired 3 nm Cr and 
100 nm Au deposition on reference glass as well as the samples. Surface of the Au/Cr is 
smooth as compared to Cu layer. 

 

Figure 17. Thickness of Cu on reference glass. Depicted on x-axis, 56 nm Cu film was 
e-beam evaporated on reference glass. Y-axis corresponds to width of the film on refer-

ence glass that is equal to 1 mm. 

Figure 18. Thickness of Au/Cr on reference glass. Graph shows thickness of 103 nm 
that corresponds to e-beam evaporation of 3 nm Cr and 100 nm Au film on reference 

glass as well as IDE samples. 
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4.2 Resistance of Copper and Gold Interdigitated Elec-
trodes 

Equation 2 was used for resistance and resistivity calculations. The calculated and 
measured resistance of different Cu and Au IDEs are provided in Table 1 and Table 2 
respectively. In calculation phase, the resistivity of Cu and Au was assumed to be 1.7 ×

10−8 Ωm and 2.4 × 10−8  Ωm respectively at 20°C. The total resistance in calculation 
part was carried out by adding resistance of single electrode = R1 and resistance of con-
nection pad = R2 as shown in Figures 14 (b) and 15 (b).  

𝑅 =  𝜌  𝐿/𝐴                                              Eq. 2 

Where R is resistance, 𝜌 is resistivity, L is the length and A is the cross section area of 
the electrode. Table 1 and Table 2 show a significant difference between calculated and 
measured resistances. The calculated resistivity from measured resistances of Cu and 
Au IDEs found to be 1.43 × 10−5 Ωm and 1.40 × 10−5 Ωm respectively. The measured 
resistance was achieved by adding resistance of single electrode = R1 and resistance of 
connecting pad = R2 shown in Figure 14 (b) and Figure 15 (b). 

One reason for resistivity mismatch is structural difference between two measured and 
calculation part. Fluctuations of tip of profilometer on Figure 17 (a) and Figure 18 (a) 
show that the surface of film is not smooth. This is due to uneven surface of PET, af-
fecting the surface of the film correspondingly. This effectively increases the resistance 
of the electrodes. In addition to this, Figure 14 (a) and Figure 15 (a) reveal rounded film 
in tip and corners in which does not match with assumed rectangular ones in calculation 
part. The ratio of calculated and measured values almost are approximately constant by 
0.4 in Cu and 0.52 in Au IDEs indicating a systematic difference between the measured 
and calculated resistance values. 

Table 1. Comparison between calculated and measured resistance of copper interdigi-
tated electrodes. 

w = s 5 µm 7 µm 9 µm 11 µm 13 µm 15 µm 

Calculated (Ω) 320 255 177 145 128 106 

Measured (Ω) 880 576 443 355 313 305 

Cal. / Meas. 0.38 0.44 0.40 0.40 0.42 0.34 
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Table 2. Comparison between calculated and measured resistance of gold interdigitated 
electrodes. 

w = s 5 µm 7 µm 9 µm 11 µm 13 µm 15 µm 

Calculated (Ω) 480 350 275 230 190 170 

Measured (Ω) 860 690 530 415 375 317 

Cal. / Meas. 0.56 0.50 0.52 0.55 0.50 0.53 

 

4.3 Dielectrophoresis of Cellulose Nanocrystals on 
Copper Interdigitated Electrode 

Figure 19 (a) and (b) depict the w = s = 15 µm copper IDE after incubation of 10 µL 
drop aqueous dispersion of CNC (0.023 w-%) and DEP. This sample was selected to 
enhance the observations under the optical microscope. During the five minutes of DEP 
process by applying 1 MHz frequency and Vpp of 10 V, gradual deterioration of Cu 
electrodes followed by deformation was observed. In addition to this, the traces of elec-
trical discharge are visible in Figure 19 (a). Because of these structural changes, one can 
easily conclude that the same IDE-CNC sample is unable to provide a reliable and de-
tectable output during piezoelectric sensitivity measurement. In order to eliminate these 
errors the thickness can be increased from 50 nm to increase the strength and stability of 
the electrodes. 

(a)                                                                      (b)  

 

Figure 19. w = s = 15 µm copper IDE after DEP. (a) Electrical discharges appeared 
during five minutes of dielectrophoresis (b) deterioration and discoloration of the elec-

trode tips are visible. 
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4.4 Structural Survey of Aligned Cellulose Nanocrys-
tals on Gold Interdigitated Electrode 

DEP was used to align CNCs between the fingers of several IDEs differing in dimen-
sions. Provided electric field between the fingers by a function generator (AFG3101, 
Tektronix Inc., USA) supplying frequency of 1 MHz and Vpp of 10 V for duration of 
five minutes. A pipette was used for continuous incubation and suction of 10 µL drop 
aqueous dispersion of CNC (0.023 w-%) in parallel to the applied electric field. The 
sample was fixed on a glass with a double sided sticky tape and was placed under opti-
cal microscope (Axio Imager.A1m, Carl Zeiss GmbH., Germany). After DEP, the 
whole drop was evacuated from the active region of IDE.  

No deterioration and deformation of electrodes observed during the DEP procedure. As 
a result, the same IDE can be directly used for piezoelectric measurements. The mor-
phological characterization of CNCs was carried out by SEM. Figure 20 shows an im-
age taken from CNCs deposited on Au IDE with w = s = 15 µm width and spacing be-
tween the electrodes. The bright regions indicates the presence of large amount of CNC 
between and on top of the electrodes which are randomly oriented. No partial CNC 
alignment can be found from the image indicating that CNC orientation in molecular 
scale is not very evident, even though the optical microscopy shows some longitudinal 
features between the electrodes after DEP. 

 

Figure 20. SEM images showing the CNCs between the IDE with w=s=15 µm. 
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4.5 Piezoelectricity of Cellulose Nanocrystals 

Multiple IDEs before CNC deposition were fixed on top of PDMS disk. The disk with 
IDE sample on top was placed under the dynamic force sensor. The output of function 
generator was set to 1 V of Vpp and 1 Hz. The readings were taken an average of the 
maximum values for three strokes. 

Table 3 presents the force sensitivity of different IDE samples before and after DEP.  
The average generated charge for w = s = 5 µm and 7 µm IDEs before deposition of 
CNC was measured and found to be about 2.58 pC/N. This unexpected output charge 
could be due to the change in capacitance under the bending force. Table 4 compares 
the collected output charge from bent and unbent samples. The generated initial charge 
for unbent samples was found to be zero in which agrees with previous hypothesis. An 
example of piezoelectric sensitivity measurement is shown in Figure 21 (a) presenting 
the amount dynamic force applied to w = s = 5 µm IDE bare sample. Figure 21 (b) 
shows the amount of generated charge by the same sample under the test. 

The IDE- PDMS disc setup was unloaded from metal plate of shaker by turning the ad-
justment knob. The PDMS disk with IDE on top was placed under optical microscope 
(Axio Imager.A1m, Carl Zeiss GmbH., Germany). A 10 µL drop aqueous dispersion of 
CNC (0.023 w-%) were incubated on active region of IDE with a pipette. A function 
generator (AFG3101, Tektronix Inc., USA) was used as electric field source. Frequency 
of 1 MHz with 10 Vpp was applied to IDE for five minutes. A pumping action was car-
ried out by continuous suction and incubation of CNC-water solution using pipette. Af-
ter five minutes the whole drop was evacuated from active region of IDE. 

The same CNC deposited IDE on top of PDMS disc was placed under the shaker for 
piezoelectric sensitivity measurement. The initial force again was set to 3 N by adjust-
ment knob and function generator was set to 1 Vpp and 1 Hz frequency. During three 
seconds measurements was recorded.  

The piezoelectricity of the sample was found to be zero after DEP of the CNCs in active 
region of same IDE. This output was same for all IDE samples. This means that pres-
ence of CNC between the electrodes cancels the initial generated charge. This could be 
due to the applied uniform electric field that results in the dipole moment cancellation 
between the CNC clumps that in turn acts like as insulator between the electrodes.  

In order to test the effect of non-uniform electric field to create an unbalance force be-
tween CNCs [20], an offset was provided by the function generator. This was achieved 
by incubation of 10 µL drop aqueous dispersion of CNC (0.023 w-%) with applied fre-
quency of 1 MHz with series of different offset voltages. After piezoelectric sensitivity 
measurement of such samples, the significant increase in charge generation was ob-
served only by 5 micron IDE-CNC sample. Applying an offset to AC signal by maxi-
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mum +2.5 V and minimum -1 V to the applied electric field resulted in output of 0.78 
pC/N. This value increased to 1.25 pC/N by increasing the offset to +3 V for maximum 
and keeping negative amplitude constant. Discoloration and deterioration of electrodes 
was observed by further increase of positive voltage to +3.5 V, keeping negative voltage 
at -1 V. Table 5 provides the results based on applied non-uniform electric field to w = s 
= 5 µm IDE samples.  

 

Figure 21. An example of measured (a) dynamic force and (b) sensor 
Output charge signal. The signals are measured from w = s = 5 µm IDE. 
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Table 3. Summary of force sensitivity of different IDE samples before and after DEP. 
The Standard deviation is calculated for three identical samples with width and spacing 
of 5 µm, 7 µm, 9 µm, 11 µm and 15 µm, followed by seven samples for 13 µm. 

IDE with 
w = s 
(µm) 

Average 
Initial 

Charge for 
Bare IDEs 

(pC/N) 

Standard 
Deviation 
Between 
Different 
Samples 

Charge after 
DEP of CNC 

with 1MHz DC 
+5 V and -5 V 

(pC/N) 

Charge after 
DEP of CNC 
with 1MHz 
DC +2.5 V 

and -1V 
(pC/N) 

Charge after 
DEP with 

1MHz DC +3 
V and -1V 

(pC/N) 

Charge after 
DEP with 

1MHz DC +3.5 
V and -1V 

(pC/N) 

5 2.58  0.16 0 0.78 for sam-
ple no. 4 

1.25 for sam-
ple no.5 

Deterioration of 
electrode for 
sample no.6 

7 2.58  0.16 0 0 _ _ 

9 0.38 0.01 0 0 _ _ 

11 1.48 0.31 0 _ _ _ 

13 1.36 0.36 0 _ _ _ 

15 1.2 0.00 0 _ _ _ 
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5. CONCLUSION AND FUTURE WORK 

In this thesis work, a new method for orientation in order to improve the piezoelectric 
sensitivity of CNCs was proposed and tested. An electrical method using DEP was used 
to orient the CNCs between the electrodes of IDE. DEP provides an instant orientation 
over other time consuming methods. Consequently, multiple interdigitated electrodes 
with different width and distance between the fingers were fabricated. Physical dimen-
sion of CNC was considered during IDE design. The necessities for these IDE dimen-
sions requires standard photolithographic procedure. 56 nm Cu and 103 nm Au/Cr films 
were e-beam evaporated on PET substrate. After metallization step, lift-off technique 
was used to remove the sacrificial layers of photoresist between the IDE structures and 
electrodes.  

DEP was carried out using uniform electric field followed by incubation of 10 µL drop 
of CNC (0.023 w-%) in active region of Cu and Au based IDEs in parallel with the pro-
vided electric field by 1 MHz 10 Vpp for five minutes. Au was more stable against ap-
plied electric field as compared to Cu. Deterioration of Cu electrodes was observed dur-
ing five minutes of DEP. Consequently, experiments continued with Au based IDEs. 
SEM images suggests that CNC alignment is not successful on w = s = 15 µm IDE.  

A dedicated mechanical device known as shaker was used for piezoelectric sensitivity 
measurements. After DEP, the total force sensitivity of IDE-CNC to the applied force 
by shaker was found to be zero. However, a measurable output charge was detected 
before CNC deposition on IDE that could be due to change in capacitance of the sample 
under the test. By this fact, we concluded that dipole cancellation between CNCs leads 
in this charge cancellation. 

DEP using non-uniform electric field was performed to create an unbalance force be-
tween CNCs [20].  Keeping minimum DC voltage at -1 V to the applied 1 MHz fre-
quency, different DC positive voltages were tested in parallel to the incubation of 10 µL 
drop of CNC (0.023 w-%) for five minutes.  

After DEP, piezoelectricity results showed the significant increase in output charge by 
w = s = 5 µm IDE-CNC sample. Applying DC voltage of +2.5 V and -1 V to the applied 
1 MHz frequency resulted in 0.78 pC/N output charge. This value increased to 1.25 
pC/N by increasing the positive DC to +3 V to the applied 1 MHz frequency. Further 
increase in positive signal caused deterioration of the electrodes. Consequently, for the 
first time the functionality of w = s = 5 µm IDE in order to align, improve and measure 
the piezoelectric sensitivity of CNC was shown. 
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Further improvements are necessary to provide more effective electric field between the 
fingers of IDE and increase the stability of electrodes against applied electric field. For 
increasing the stability of electrode, the width of electrodes can be greater than 5 µm. 
For optimization purpose, multiple IDE designs with distance between the electrodes > 
= 5 µm can be tested. 
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APPENDIX A: Metal Deposition 

 

 Press the “vent” bottom on the screen to blow air inside the chamber, 
 Turn on the water cooling system, 
 When the pressure inside the chamber reached atmospheric pressure, open the 

chamber door, 
 Discharge the possible voltages inside the chamber by touching the terminals by 

grounding stick, 
 Load the samples on the sample plate using screws and metallic fingers on sam-

ple plate, 
 Load the chamber with sample plate, 
 Clean the rubber sealing using IPA and clean room wipers, 
 Start the “mechanical pump” on the touch screen, 
 Wait until the pressure reaches to less than 𝑒0 Torr, 
 Start “High Vacuum”, 
 When the pressure reached 7𝑒0 Torr, start deposition by turning the current knob 

on the panel, 
 Deposit 50 nm copper layer on developed and undeveloped areas of the PET,  
 Deforest the coil and then “vent” the chamber, 
 Wait until the pressure inside the chamber reaches atmospheric pressure and 

then open the chamber door, 
 Again touch the copper terminals by grounding stick discharge, 
 Unload the sample plate and remove the samples from the sample plate. 

 


