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Abstract
We report the design methodology of thin film capacitor (TFC) device using thermal evaporation technique for quality study or
material differentiation application by testing with liquid (different concentration) and solid. A simple and special modification
was incorporated in thermal evaporation setup for depositing semi cylindrical capacitor design on a capillary tube (CT). In order
to avoid the disturbance due to electrostatic noise disturbance, TFC was covered with another glass tube, aluminum (Al) metal
foil (as shield) and finally by plastic tube cover. Electrodes were taken from the film using silvers paste and connected as input to
the LCR-Z meter. The capacitance value of the thin film was varied up to 15-16 pF from the initial value (Al: 129 pF, Cu: 130
pF) when subjected to the static flow. A low cost embedded micro controller module with Liquid Crystal Display (LCD) was
developed for the real time testing of TFC.
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1. Introduction
Flow measurement is an important aspect necessarily carried out in several areas like nuclear reactors, industrial
applications, automobiles, biomedical application etc., for monitoring and or measurement or analyzing. Several
flow measurement techniques had been reported for the measurement of void fraction, bubble distribution, bubble
frequency, bubble size, velocity, growth rates etc., In all those measurement techniques the objective was to find
one or more of the following parameters, bubble size distribution, void fraction profiles, phase fraction distribution,
bubble velocity distribution, volume-averaged void fraction, flow regime characteristics, fluid temperature, bubble
size, bubble velocity, bubble growth rate, level detection, flow pattern identification, time-averaged void fraction,
concentration etc., This paper deals about concentration analysis of materials for material differentiation in static
flow measurement. The application involving study of materials through concentration will be greatly useful for in
situ analysis of oil quality in engines or machines or about study of biodegradable materials like milk or about
analysis of liquid medium for contamination etc.
Flow measurement is carried out either intrusively or without flow objection. Intrusive methods include wire
mesh sensors [1, 2], rod bundle [3] and optical probe [18]. Non-intrusive type measurements are carried out using
different techniques like impedance method [4, 5], radiation method [6, 11], optical method [7], pressure [8], RF [9],
induction [10] and capacitance [12-17]. Non-intrusive methods are generally preferred and out of those nonintrusive measurement techniques, capacitance is preferred because of its design simplicity and different interface
possibilities for signal measurement. The reported works had employed one of the following metal electrodes for
capacitor plates, such as copper [11,12,14,16,17,19] or aluminum [17,19] or brass [9,15] or stainless steel [5] over
the one of the following dielectric tube such as glass [19,13,17] or plastic [6,7,9,12,14] or acrylic [4,11,15,16].
Abdullah et al. [19] tested different capacitor configurations and determined, strip and parallel plate capacitor [23] is
more sensitive than other capacitor configurations. Thus, we have chosen strip type capacitor as it is more sensitive
and suitable for semi cylindrical capacitor design.
The objective of this work is to design and develop thin film semi cylindrical capacitor structure over capillary
tube (CT) using Aluminium (Al) or Copper (Cu) metal and to study the response of thin film capacitor (TFC) device
with respect to different concentration of the material. The advantage of designing semi cylindrical capacitor
structure over capillary tube is that the device can directly inserted in between or in parallel to the suitable liquid
flow tube. The design was carried out using thermal evaporation technique with the help of a special setup designed
using DC motor.
2. Experimental details
2.1. Deposition technique
The major drawback of coating thin film over the CT in stationary mode was uneven deposition which affects
the sensitivity/responsivity of the device. In order to overcome the drawback mentioned simple modification was
made in deposition chamber setup by fitting dc motor to obtain even deposition. Glass substrates and capillary tubes
used for deposition were cleaned with soap water & distilled water and ultrasonically agitated for 5 min in acetone
and then dried in hot air oven. The cleaned substrates and CT (fixed on the motor shaft) were loaded inside the
chamber. TFC over CT was made by depositing two semi cylindrical electrodes separated with 2 mm distance on
both sides. The electrode separation was done by simple masking technique. The chamber was evacuated to the base
pressure of 5 × 10-5 mbar and the source to substrate distance was maintained at 7 cm. Aluminum (Al) and copper
(Cu) strips (99.99 % purity) was used as the source material and evaporated using the tungsten filament. Al and Cu
thin films were deposited over the rotating CT (driven by 6 V, 60 rpm motor) using vacuum evaporation technique.
The deposited films were annealed at 200 °C in vacuum for 1 hr to obtain increased adhesion with the substrate and
to avoid the oxidation while exposed to ambient air. The schematic representation of thermal evaporation set up
fitted with DC motor is shown in Fig. 1.
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Fig. 1. Thermal evaporation setup with DC motor for CT deposition

As deposited films were characterized using the X-ray diffraction (XRD) (Rigaku Ultima III) which is operated
with CuKα radiation (1.5406 Å) and field emission scanning electron microscopy (FE-SEM) (JEOL JSM 670 1F)
which is operated with an accelerating voltage of 3 kV and operating distance of ~4.8 nm to study the structural and
morphological properties respectively. The electrical studies (capacitance and resistance) of the deposited semicylindrical TFC were measured using the LCR/Z meter operated at different frequency (KOKUYO KC605).
2.2 Capacitor sensor fabrication
In the semi cylindrical TFC, metal contacts were taken using the silver paste is shown in Fig. 2(b). To avoid damage
and interference (electrostatic interference) TFC with metal contacts was covered with glass tube and over which the
aluminium shield was made and connected to the ground using shielded cable. Finally, the TFC device was covered
with plastic tube and sealed using Teflon glue to avoid axial movements of TFC. The schematic and fabricated TFC
device is shown in Fig. 2(a) and (b).

Fig. 2. (a) Schematic of fabricated TFC and (b) steps involved in TFC fabrication

3. Results and discussion
3.1 Structural and morphological analysis
XRD patterns of the Al and Cu thin films are shown in Figs. 3 (a) and (b) respectively. XRD pattern of the Al
films has no significant peak corresponding to the reflections of Al which confirms that the deposited Al film was
amorphous in nature. XRD pattern of the Cu has a preferential orientation peak at 2θ angle of 43.6°corresponding
to the reflection plane (111) with cubic crystal structure which was also observed by Habibi et.al.[20].
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Fig. 3. XRD patterns of (a) Al and (b) Cu thin films.

FE-SEM micrograph of Al and Cu thin films are shown in Figs.4 (a) and (b) respectively. FE-SEM micrograph
of Al films shows grains of different size and presence of defects. FE-SEM micrograph of Cu thin film shows flakes
like morphology which is due to the agglomeration.

Fig. 4. FE-SEM micrographs of (a) Al and (b) Cu thin film.

3.2 Electrical studies
The sheet resistance of thin films was studied using 4 probe measurement technique, an average resistance of 0.49 Ω
and 0.25 Ω was obtained respectively for Al and Cu thin films, which indicated that the deposited metal films were
good conductors. Capacitance measurement of Al and Cu TFC is done using LCR meter in which, capacitance of 29
and 130 pF is obtained respectively.
3.3 Capacitance measurement
The theoretical prediction of capacitance of semi cylindrical capacitor was discussed by Sagarika PAL et al. [21]
and Subir Das PAL et al. [22]. In general, the capacitance of a capacitor is given by the formula,

(1)
where, A (area of the electrode) and D (distance between the electrode) is constant, which is the thickness
specification of the designed TFC as given in section 1 and ε is called dielectric constant of the material. The
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capacitance of the device is purely determined by the dielectric constant εof the capacitor. The dielectric constant is
given by
(2)
where, ε0= 8.854 × 10-12F/m, ε1 = dielectric constant of the glass tube and ε2 = dielectric constant of the material
inside the capillary tube. Thus the capacitance of the designed TFC device is mainly based on dielectric constant of
the material inside the CT and varies according to its quality or concentration.
The fabricated TFC device was tested for capacitance using LCR-Z meter and an embedded controller device. The
embedded controller device was designed using PIC 16F628 a low cost micro controller. It is an 8 bit micro
controller with inbuilt analog comparator. With an external 10 k resistor and TFC, a RC oscillator is formed around
inbuilt analog comparator. The output of the RC oscillator is a square wave and its frequency is determined by the
connected resistor and capacitor. The external resistance value is constant therefore the generated frequency is
directly proportional to TFC device capacitance. Thus depending on the material, capacitance changes which in turn
is measured in terms of frequency. In addition to RC oscillator the micro controller was programmed as a frequency
counter. The RC oscillator output was given as input to the frequency counter and displayed with the help of LCD.
The output waveform of RC oscillator and TFC charging and discharging cycle studied using ‘FALCON DSO100C1G’ oscilloscope. The conversion of frequency to capacitance is explained in section 3.2. Other than LCR [4]
meter, Data acquisition (DAQ) system [12-14] and other signal conditioning [5, 7, 10, 16] system where reported to
be used for signal study.
3.4 Device testing materials and methods
The designed TFC device was tested with following materials to study its capacitance response with respect to
different material concentration. The TFC device was tested with one solid (wooden stick) material and different
concentration of liquid materials. Only static flow measurements were carried out because our intention was to test
the response of TFC for different concentration of materials. In order to use the designed TFC device in different
application areas different testing methods were adopted. For all the test methods the TFC device will be interfaced
to the micro controller and the response of the device is measured in terms of frequency. The difference between
initial and final value can be used to determine the material based on its concentration. Capacitance deviation of 3 to
4 pF for wooden stick, 2 pF for oil and up to 16 pF for distilled water was noted from the initial value. A minute
reduction in capacitance deviation was seen if the distilled water concentration is increased by mixing salt gradually.
In addition to LCR [4] meter, TFC was tested in real time by interfacing it with the measurement circuit. The
capacitance of the TFC device is measured in terms of frequency and the equivalent capacitance can be found from
the RC oscillator formula,
C = 0.72 / (R×F)

(3)

where, R = 10000 ohms resistor and F is measured frequency. The equivalent initial value capacitance is of 168 and
169 pF for Al and Cu TFC device respectively. A very small capacitance difference of 39 pF was found between the
LCR meter and controller based measurement which may be due to the very small change in resistance and supplied
voltage was possible from its standard value in embedded controller module and this error doesn’t influence the
deviation difference between the capacitance.
3.5 Measurement result analysis
3.5.1 Concentration test
The concentration test helps in identifying the sensitivity of the designed TFC device with respect to different test
materials. The concentration test was carried out with liquid materials like distilled water, tap water (ground water),
hair oil and distilled water mixed with different quantity (0.5, 1.5 and 3 g) of table salt. The designed Al and Cu
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TFC sensor can hold up to 4.7 and 3.7 ml of liquid respectively. For concentration test, initial frequency was noted
down i.e. without any test material. Then the TFC device was completely filled with liquid test materials and the
change in frequency was noted. The frequency deviation decreases with increase in concentration. Fig. 5 (a) and (b)
shows the result of concentration test for Al and Cu TFC device respectively. From graph it is evident that as the
concentration of the salt increases the frequency deviation was less. The reason for the lower frequency deviation
may be stated as follows: on the addition of solute hydration may happen such that an appreciable amount of water
molecules may froze around solute ions due to the exceeded interaction energy of water molecule dipole than that of
the hydrogen bond between species and solvent. Due to the hydration the hydrated salt ion will become bulkier than
non-hydrated ion.
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Fig. 5. Plot of concentration test using different material for (a) Al TFC and (b) Cu TFC device.

The hydrate sheath around the dipoles prevents them from orienting themselves with the changing electric field. As
a result of this the permittivity was decreased with increase in salt concentration which directly has the impact on
the capacitance. The oil has very low frequency deviation than distilled water. The tap water was having higher
concentration than the distilled water hence it shows lower frequency deviation. Wooden stick is having a better
deviation than the oil material but lesser than the water. A maximum capacitance deviation of 16 and 2 pF from
initial value is obtained for distilled water and oil respectively. Initial value for each test is varied because of the
device sensitivity to temperature and humidity. Subir das etal. [22] designed a semi cylindrical capacitive sensor
with signal conditioning and tested it for soil moisture measurement.
3.5.2 Length test: Stick
Length test is a solid material test that is testing the response of TFC device using the wooden stick.
Wooden stick of length 17 cm and with a diameter of 0.5 cm. This test is used to find the linearity response of the
designed TFC device. Initially in level test, the wooden stick will be fully inserted first (corresponding frequency
will be measured as initial value) and the stick will be removed in the order of 1 cm and corresponding frequency is
noted. Fig. 6.Shows the graph of length test performed using wooden stick in Al and Cu TFC. The graph clearly
shows a linear variation of capacitance with respect to stick movement and the variation stabilizes at the removal of
stick from the sensor. A capacitance deviation of 3 to 4 pF is noted from the initial value. The test is carried out by
fully inserting the wooden stick first and then removing it in the order of 1cm. Subir das etal. [22] reported linear
change in capacitance in the nano farad range with the variation of soil moisture.
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Fig. 6. Graph of length test using stick in Al and Cu TFC device.

3.6 Device sensitivity
The designed TFC was very much sensitive to temperature [8, 9, and 21]. Hence, the initial value of each
measurements was somewhat differ from one test to other. Whatever may be the initial value the level of deviation
to final value from initial value is almost constant for all material, but changes only depending on the test material.
Testing of solid material like wooden stick doesn’t affect the initial value whereas liquid material like water highly
affects successive readings. Hence before each measurement the tube is thoroughly cleaned. The above sensitivity
issue has very little effect on the concentration test in room temperature. The entire tests were carried out several
times to confirm the sensitivity of the device. Future work should be aimed in designing small sized TFC device
with very low or no response to temperature and the same should be used for material analyse under dynamical flow
condition.
4. Conclusion
Thus in the present work Al and Cu TFC device were successfully designed and developed. The designed device
has initial capacitance of 129 and 130 pF for Al and Cu TFC device respectively. The device was tested with
different materials and the response to their concentration, level was studied. Increase in capacitance that is
deviation of 2 pF for oil and up to 4 pF for wooden stick from the initial value was observed. With increase in the
concentration the capacitance of the film decreases which is due to the unchanged dipoles with change in electrical
field because of hydrated sheath. From the results it is clear that the device has good linearity and repeatability. The
device is designed to be insensitive to electrostatic interference. Presently the device is sensitive to temperature
changes because of glass capillary tube and may be avoided by using acrylic or plastic tubes. Out of the two device,
Al and Cu, Al is preferred because it is easier to design and its sensitivity is better than copper. The device can be
employed in engines or machines to study the quality of the coolant oil.
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