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Abstract 
In this work, organic semiconductor sensors for humidity, light, temperature and 

displacement measurements were fabricated and characterized for the telemetry system 

applications. Main advantages of the organic devices are its low cost, ease of device 

fabrication, and the use of flexible substrate for the device fabrication. Organic 

semiconductor devices have attracted considerable interest in the area of electronic and 

photonic devices due to their wide range of applications. The techniques which are used 

in the fabrication of the organic devices are comparatively simple one, resulting in the 

reduced cost of the device. The organic materials can be easily synthesized. The choice of 

material selection makes it more attractive for the future technology. The organic 

materials also have very good compatibility with the silicon technology. The fabricated 

organic sensors were integrated with standard inorganic semiconductor circuits for the 

telemetry system applications.    

Organic humidity sensors were fabricated using Copper Phthalocyanine (CuPc) and Poly 

Epoxy Propyle Carbazol (PEPC) with the blend of Cellulose (which creates the porosity 

for the device). Silver (Ag) and gold (Au) were used as electrodes. These humidity 

sensors were fabricated by the drop casting method. Methanol was used to prepare the 

5wt% blend of cellulose with the organic material. Fabricated humidity sensors were 

characterized for the resistive-humidity, capacitive-humidity, and for the impedance-

humidity response. Impedance response can be used to obtain both the effects of 

resistance and capacitance which makes it more usable parameter in the characterization 

of the devices. Using the impedance-humidity relationship increases the range of the 

sensor and improves the sensitivity of the sensor in the humidity interval of 30%-98% 

RH. It was observed that the impedance is largely effected by the resistance-humidity 

parameter from 30%-80% RH humidity level and the capacitance-humidity parameter 

plays its essential role in the interval of 80%-98% RH.  

To fabricate light and temperature sensors, Copper Phthalocyanine (CuPc) and Gallium 

Arsenide (GaAs) were deposited on silver electrode. A thin film of CuPc was deposited 

on GaAs substrate to fabricate Ag/n-GaAs/p-CuPc/Ag structure in which the front 

electrode has a gradient of thickness which allows the 6% and 10% of the incident light to 

pass through the silver film at the edge and in the center of the sample, respectively. CuPc 

was deposited by vacuum thermal evaporation technique and its thickness was observed 

by a quartz crystal monitor. Light-Resistance and Temperature-Resistance parameters of 



 
 

x 
 

the multi-functional sensor were then measured. The Light Experiment was performed by 

opening a small lid from the top of the chamber, and the Temperature Experiment was 

performed in an air tight closed chamber. After that the sensor was connected with the 

oscillator circuit, and it was observed that how it affects the oscillating frequency of the 

voltage controlled oscillator. When illuminated, the cell acts as a photo resistor, and the 

frequency of VCO varies from 12.2 kHz to 17 kHz depending on the illumination of the 

cell. When the cell is connected with the VCO as a temperature sensor, the frequency of 

VCO varies from 2.1 kHz to 11 kHz. The temperature and illumination dependence of the 

frequency of oscillator can be used for the short range and long range telemetry system 

applications. 

Organic displacement sensors were fabricated using carbon nanotubes (CNTs). Multi-

walled carbon nanotubes (MWNTs) were deposited on an adhesive plastic substrate 

connected to two aluminum electrodes. Displacement sensors were fabricated using a 

technique known as “Press Tablet”. To fabricate this kind of displacement sensor, bulk of 

the CNT material was put on the Al electrodes with an inter electrode distance of 4-6 mm. 

The nominal thickness of the MWNTs layers in the samples were ~300 and ~430 μm. The 

fabricated displacement sensors were put into a plastic casing so that the external 

environmental effects can be minimized. It was found that by changing the displacement 

from 0 to 800 µm changes occurred in the sensor resistance by 2.5-3 times which 

ultimately alter the oscillator’s frequency (from 22-156 kHz for 430 µm thick samples 

and 42-122 kHz for 300 µm thick samples). This effect can be used for the short range 

and long range telemetry system applications. 

A second displacement sensor was fabricated using organic field effect transistor (OFET) 

in which Silver (Ag) was used as the source and drain electrode, Aluminum (Al) as the 

gate electrode and the Copper Phthalocyanine (CuPc) was used as the organic 

semiconducting material. CuPc and Al were deposited by the vacuum thermal 

evaporation technique. The sensor was characterized for the effect of displacement, and 

was observed that the OFET changes its resistance in response to displacement effect on 

the surface of the sensor. The organic field effect transistor changes its resistance by 8 

times when the displacement was changed from 0 to 550 µm. Afterwards, the 

displacement sensitive OFET was connected with the voltage controlled oscillator circuit, 

altering the frequency of the oscillator from 3.3-11 kHz, which can also be utilized for the 

telemetry system applications. 



11 
 

Table of Contents 

Dedication ……….…………..……...………………….…..…………...............…….iii 

Certificate……………………………………………………………..……iv 

Acknowledgement…………………………………..…………..…………...……….v 

Declaration……...……………….………………............................................……...vii 

Abstract………………….………….….…...……………………..…………………...ix 

Table of Contents…………………...……..…………....…………..………...….…xii 

 List of Figures……………………………………………………..………xv 
 
 

Chapter 1 

Introduction………….....……………..…..….…………...19

1.1 Fundamental Properties of Organic Semiconductors...…..……….……..19 

1.2 Devices Fabricated from Organic Materials.…….……...………..............21 

1.3 Organic Semiconductors in Sensor Technology……………………….…25 

1.4 Outline of the Dissertation………….…………………………..……...…..25 

References...................………………………...……………………………..….27 

 

Chapter 2     

   Theory and Literature Review 

2.1 Literature Review……………………………...……………….………......29 

   2.1.1 History of Organic Semiconductor Devices…………………..…29 
 2.1.2 Organic Semiconductor Sensors……....……….…….……….….31 

2.1.2.1 Resistance Based Sensors……………………………......32 

2.1.2.2 Capacitance Based Sensors……………………………....32 

2.1.2.3 Impedance Based Sensors…………………………….….32 

2.1.2.4 Chemical Structure Based Sensors……...……………….32 



 
 

12 
 

2.1.2.5 Other Types of Organic Sensors…....................................33 

2.2 Conduction in Organic Semiconductor Devices…………………………..34 

   2.2.1 Charge Transport Process in Organic Semiconductor Diodes……..34 

 2.2.2 Electronic Traps……………………..…………………....….…….37	

 2.2.3 Space Charge Limited Current (SCLC)………..……….……....….42 

References……………………………………………………………………….45 

 

Chapter 3 

 Experimental Setup 

3.1   Introduction………………………………………….…...……………..…49 

3.2 Techniques used to Fabricate Organic Devices……….…..…....……...…49 

 3.2.1Thermal Vacuum Evaporation Method.............................................50 

 3.2.2 Drop Casting Method for thick film Deposition……………….…..51 

3.3 Experimental Setup for Physical Parameters Characterization……...…53 

3.4 Experimental Setup for Telemetry System Applications...…………....…56 

References……………………………………………………………………….59 

 

Chapter 4     

   Resistance, Capacitance and Impedance based Humidity  
   Sensors 

   
  4.1 Copper Phthalocyanine Based Humidity Sensors………………..…..…..60 

   4.1.1 Introduction…………………………………………...….………61 

 4.1.2 Device Fabrication and Characterization......…………...…...….62 

 4.1.3 Results and discussion……….……………………………...……65 

  4.1.3.1 Effect of humidity to electrical properties…….…………65 

  4.1.3.2 Use of the humidity sensor for telemetry system   

   applications……………………………………………....68  

 4.1.4 Conclusion…….…………………………………………………..69 

   4.2  Poly Epoxypropyl Carbazole Based Humidity Sensors ...........................70 



 
 

13 
 

 4.2.1 Introduction…………………………..….……………………..…70 

 4.2.2 Device Fabrication and Charaterization………….……........….71 

 4.2.3 Results and Discussions……….………………………………….73 

  4.2.3.1 Effect of Humidity to Electrical Properties…….………..73 

  4.2.3.2 Use of the Sensor for Telemetry System Applications…..78  

 4.2.4 Conclusion……….…………….…………………………...……..79 

 References……………………………………………………………….80 

 

Chapter 5 

   Light Sensors 

5.1 Introduction……………………………………………….……..….………83 

5.2 Device Fabrication and Characterization………....…………………...….85 

5.3 Results and Discussion…………………….……...……….…………..……88 

 5.3.1 Effect of light to the photo-resistance of the Sensor…….…….…...88 

 5.3.2 Oscillator Circuit for the light Sensors ……………………….…...88 

5.4 Conclusion……………………………….………………………….……....90 

References………………………………………………………………...…….91 

 

 Chapter 6   

  Temperature Sensors 
 

6.1 Introduction………...….……………...………………………..………..….93 

6.2 Device Fabrication and Characterization ……….………..…………....…96 

6.3 Results and Discussion…………………..……………………..…..….........98 

6.3.1 Junction Resistance……………….………………………….…...100 

6.3.2 Energy Band Diagram of the Fabricated Cell …………………....100 

6.3.3 Oscillator Circuit for the Temperature Sensor………..……….….102 

6.3.4 Comparison of Simulated and Experimental results……………...102 

6.4 Conclusion…………………………………...………………………....….103 



 
 

14 
 

References……………………………………………………………………...104 

 

Chapter 7  

   Displacement Sensor 

   7.1 Displacement Sensors based on Multiwalled Caron Nanotubes……….106 

 7.1.1 Introduction…………………………………...……..….………106 

 7.1.2 Device Fabrication and Characterization ……..……...…...….109 

 7.1.3 Results and Discussions…….…………………………..……….111 

  7.1.3.1 Effect of displacement on the resistance of the Sensor…111 

  7.1.3.2 Oscillator Circuit for Displacement Sensor ……………113  

  7.1.3.3 Comparison of the experimental and simulated results...115 

  7.1.3.4 Junction Resistance………………….………………….115 

 7.1.4 Conclusion……………….…….……………………..…...……..116 

7.2 Displacement Sensor based on Organic Field Effect Transistors…..….116 

 7.2.1 Introduction…….…………………………………….….………117 

 7.2.2 Device Fabrication and Characterization……….……….....….118 

 7.2.3 Results and Discussions……….……………………….………..122 

  7.2.3.1 Effect of displacement on the resistance of the Sensor…122 

  7.2.3.2 Oscillator Circuit for Displacement Sensor ……………126 

  7.2.4 Comparison of Experimental and Calculated Results…….....127 

 7.2.5 Conclusion………………….….……………………..…...……..128 

  References………………………………………………….………………….128 

 

Chapter 8    

   Summary & Future Work 

8.1 Summary……………………….….………………….……………....……131        

8.2 Future Work……………………………..…….….……………………….133 

 

 



 
 

15 
 

List of Figures 
 
Figure 1.1.a: Typical structure of Organic Light Emitting Diodes……..……………………....23 

Figure 1.1.b: The charge transport phenomena occurred in OLEDs.………...……………...….24 

Figure 1.2: Cross-sectional view of an organic field effect transistor………………...…..…….24 

Figure 2.1: Electrons are injected from highly delocalized extended states of fermi level of metal   

 (cathode) into localized state of amorphous or polycrystalline organic semiconductor…….……35 

Figure 2.2: This graph shows the jump of a carrier (Hole or Electron) from the tail state to the  

 transport state with energy Et.............................................................................................38 

Figure 2.3: Exponential trap distribution for amorphous or polycrystalline organic 

 semiconductor based devices…………………………….………………………………41 

Figure 2.4: Current-Voltage characteristics of typical space charge limited current in 

  organic semiconductor diode. (Three regions based on different charge  

 transport phenomena)…………………………………………………………….………43 

Figure 3.1.a: Auto 306 Vacuum Thermal Evaporator……………………………………..……50 

Figure 3.1.b: Schematic view of vacuum evaporation setup used for thin film  

 deposition of organic semiconductor…………...………………………….…………….51 

Figure 3.2 Schematic diagram of the spin coater……………….………………...……………..52 

Figure 3.3: Experimental setup used for the characterization of Capacitive Humidity  

 and Light Sensor…………………………………………………………………………54 

Figure 3.4.a UV Spectrometer (Perken Elmer) Lambda 19…………………………………….55 

Figure 3.4.b Working Principle of Perkin Elmer Lamda……………………………...………...55 

Figure 3.5.a Wien Bridge Oscillator Circuit……………………………...……………………..57 

Figure 3.5.b Wien Bridge Oscilllator Circuit with diodes………………………..……………..57 

Figure 3.6 Voltage Controlled Oscillator Circuit……………………………..…………………58  

Figure 4.1.a Shows the schematic diagram of Cellulose…………………….………………….63 

Figure 4.1.b Shows the schematic diagram of Copper Phthalocyanine CuPc…………….…….64 

Figure 4.2.a Schematic diagram of the fabricated sensor Ag/Cellulose/CuPc/Ag……….……..64 

Figure 4.2.b Equivalent circuit diagram of the fabricated sensor Ag/Cellulose/CuPc/Ag……...64 

Figure 4.3 The relationship of Capacitance (C), Resistance (R) and impedance (Z) 

  with relative humidity (H) for the Ag/Cellulose/ CuPc/Ag hygrometer at  



 
 

16 
 

 frequency (f) equal to 120 Hz……………………………………………………………66 

Figure 4.4 The relationship of Capacitance (C), Resistance (R) and impedance (Z)  

 with relative humidity (H) for the Ag/Cellulose/ CuPc/Ag hygrometer at  

  frequency (f) equal to 1 kHz…………………………………………………………….66 

Figure 4.5 Frequency-humidity relationships for the circuit (a) and (b) is shown by  

 the curve 1 & 2 respectively………………….………………………………………….68 

Figure 4.6 The molecular structure of Poly Epoxy Propyle Carbazol (PEPC)……….…………72 

Figure 4.7 Cross-sectional view of the fabricated of  PEPC Au/Cellulose/PEPC/Au 

 hygrometer……………………………………………………………………………….72 

Figure. 4.8 Capacitance (C), resistance (R) and impedance (Z) with relative 

  humidity (RH %) relationship for the Au/Cellulose/PEPC/Au hygrometer 

  at frequency (f) equal to 100 Hz…………………………………………………...……73 

Figure. 4.9 Capacitance (C), resistance (R) and impedance (Z) with relative  

 humidity (RH %) relationships for the Au/Cellulose/PEPC/Au hygrometer 

  at frequency (f) equal to 1 kHz…………………………………………………...……..73 

Figure. 4.10 Capacitance (C), resistance (R) and impedance (Z) with relative humidity 

 (RH %) relationships for the Au/Cellulose/PEPC/Au hygrometer at frequency (f)  

 equal to 10 kHz…………………………………………...…………………….…….….74 

Figure.4.11 SEM image of the Sample…………..…………………………………………...…76 

Figure 4.12 Humidity-Impedance relationships for the sample thickness of 65µm at  

 100Hz, 1kHz and 10 kHz……………………………………………………...………..76 

Figure 4.13 Humidity-Impedance relationships for the sample thickness of 88µm at  

 100 Hz, 1kHz and10 kHz……………………………………………………………….77 

Figure 4.14 Humidity-Impedance relationships for the sample thickness of 210µm at  

 100 Hz, 1 kHz and 10 kHz…………………………..………………...………………..77 

Figure 5.1 Molecular Structure of CuPc……………………………..………………………….86 

Figure. 5.2 Cross sectional view of organic–inorganic heterojunction sensor fabricated 

  by using n-type GaAs substrate and a thin p-CuPc film: 1-GaAs, 2-CuPc, 

  3-Ag, 4-Ag (semi-transparent), 5 and 6- terminals; (a) Side view (b) Top view…….....87 

Figure 5.3 Dependence of forward biased resistance (Rf)  of the Ag/CuPc/n-GaAs/Ag  

 cell on illumination…...………………………………………………………………….89 



 
 

17 
 

 

Figure 5.4 Frequency dependence of a 566 VCO unit on illumination of the  

 Ag/CuPc/n-GaAs/Ag cell………………………………………………………………...89 

Figure 5.5 Absorbance-wavelength relationships for CuPc and GaAs (in arbitrary units)…......90 

Figure 6.1 Molecular structure of CuPc………………………………………………………....96 

Figure 6.2 SEM image of the temperature sensor……………………………...……………..…97 

Figure 6.3 Cross sectional view of organic–inorganic heterojunction sensor fabricated 

  by using n-type GaAs substrate and a thin p-CuPc film: 1-GaAs, 2-CuPc, 

  3-Ag, 4-Ag (semi-transparent), 5 and 6- terminals; (a) Side view (b) Top view…….....98 

Figure 6.4 Dependence of forward bias resistance (RF) of the Ag/CuPc/n-GaAs/Ag 

  cell on temperature. Experimental (     ) and simulated results (- - -)………………..….99 

Figure 6.5: Energy-band diagram of the p-CuPc/n-GaAs heterojunction…………….……….101 

Figure 6.6 Dependence of frequency of a 566 VCO unit on temperature of the 

  Ag/CuPc/n-GaAs/Ag cell. Experimental (      ) and simulated results (- - -)…………..102 

Figure 7.1 Schematic diagram of the fabricated Al/MWNT/Al surface-type displacement 

 sensor………………………………………………………………………………...…110 

Figure 7.2 Basic structures of singlewalled multiwalled carbon nanotubes……………….…..110 

Figure 7.3 Transducer for the investigation of the Al/MWNT/Al Sensor at the 

 effect of displacement : (1) metallic support, (2) Displacement Sensitive Sensor, 

  (3) thin plasticfilm, (4) elastic rubber, (5) metallic disc and at (6) micrometer….……111 

Figure 7.4 Electric circuit of the voltage controlled oscillator with built-in Al/MWNT/Al  

 flexible surface type displacement sensor (R1)……….…………………………………………112 

Figure 7.5 Frequency response of Voltage controlled oscillator for the two Al/MWNT/Al  

 displacement sensors…………………….…………...…………………………………114 

Figure 7.6 The relative resistance and frequency relationship with Displacement………..…..114 

Figure 7.7 The comparison of experimental and simulated results of frequency 

  with displacement for 300µm sample…...……………………………………………..115 

Figure 7.8 Molecular structure of CuPc………………………………………………………..119 

Figure 7.9 X-Ray diffraction pattern of CuPc film…………………………………………….119 

Figure 7.10 Scanning electron micrographs of CuPc film……………………………………..120 



 
 

18 
 

Figure 7.11 Cross-sectional view of the displacement sensitive organic FET………...………121 

Figure 7.12 Transducer for the investigation of the OFET at the effect of the  

 displacement: (1) metallic support, (2) DSFET, (3) thin plastic film, (4) elastic 

  rubber, (5) metallic disc and (6) micrometer…….……….……………………………122 

Figure 7.13 The drain-source resistance (R) and displacement (D) relationship for the  

 DSFET and frequency-displacement relationship for the oscillator circuit…………….123 

Figure 7.14 The drain-source relative resistance (R/Ro) – displacement (D) relationships  

 for the DSFET: experimental (solid lines) and simulated (dashed line) respectively….126 

Figure 7.15 Simplified schematic diagram of OFET showing the effect of  

 displacement to source-drain current of DSFET: depletion region at normal 

  condition (1) and at the displacement (2), space charge (3 and 4), Ich and Ij are the 

  channel current and the junction current, respectively…………………………...……127 

 
 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

19 
 

Chapter 1 

Introduction 

 

An organic semiconductor is a material with semiconductor properties. At the end of 20th 

century, organic electronic devices attracted much attention as viable alternatives to inorganic 

ones. Organic devices are usually fabricated at low temperature which makes the organic devices 

more economical, and it also takes less energy for its fabrication. Moreover organic devices are 

lighter in weight and can also be fabricated on flexible substrates which make them more 

attractive for practical use. During the past decade, a lot of research has been done in the area of 

organic semiconductors, but up till now only one product, the organic light emitting diodes 

(OLEDs), has been commercialized [1]. Although organic electronics has experienced a 

tremendous progress during the past decade, still it is considered as a new technology. Lots of its 

theories are extracted and developed on the bases of inorganic technology. Up till now the 

electronic transport mechanism in organic devices is not completely understood. It is difficult to 

define these phenomena due to the complex nature of organic materials. The performance of the 

organic materials can be increased by making improvement in the fabrication of the device rather 

than focusing on the complexity of the internal structure of the material. For this purpose, the 

fabrication of organic-organic and organic-inorganic semiconductor sensors and embedding of 

these sensors to inorganic circuit technology has been reported in this dissertation. Initially these 

sensors were characterized for temperature, light, humidity and displacement and then used for 

the telemetry system applications.  

1.1 Fundamental Properties of Organic Semiconductors 

Organic molecules are weakly bonded by Van der Waals forces, which are considerably weaker 

as compared to covalent bonds in inorganic semiconductors [2]. As a result of weaker bonding, 

the organic materials usually have lower melting point and mechanically are not very strong. 

This weaker delocalization of electronic wave functions among neighboring molecules has direct 
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implications for the two most important properties; the optical properties, and the charge carrier 

transport.  
Firstly, It will be discussed that how weaker electronic delocalization affects the optical 

properties. Due to weak electronic delocalization, organic semiconductors have two main 

differences from inorganic semiconductors. One is the existence of well-defined spin states 

(singlet and triplet) like in isolated molecules; this also sets an upper limit for the 

electroluminescence quantum efficiency in OLEDs [2]. The second important difference arises 

due to the localization of the optically excited charges (excitons); these excitons are usually 

localized on one molecule and, therefore, have a considerable binding energy of typically 0.5 to 

1 eV. Binding energy has to be overcome before the creation of positive and negative charge 

carriers [2]. 

The second important property of the organic semiconductor which arises due to the weaker Van 

der Waals bonding is related to the charge transport. In organic semiconductors, the movement 

of electrons and holes usually follow the ionic molecular state of the material. Charge transport 

in organic materials is reliant on π-bonding orbital and quantum mechanical wave-function 

overlap. Degree of order of the organic materials plays an essential part in the charge carrier 

transport. Due to this, the charge carrier transport mechanism can be divided into two extreme 

cases: band, and hopping mechanism [3, 4]. At low temperatures usually the band transport 

phenomenon occurs in highly purified molecular crystals. For that reason, the mobility in organic 

materials can achieve the values from 1 to 10 cm2/Vs [2].  

Hopping mechanism took place in amorphous organic solids, which usually results in the much 

lower mobility values. The hopping of carries from molecule to molecule are reliant upon the 

energy gap between highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) levels. Hoping mechanism also depends on the temperature and on 

the applied electric field. An increase in these two factors, also increases the hoping process in 

organic semiconductors [5]. 

To measure the charge carrier mobility in organic semiconductors, two major methods are in 

practice: the time of flight method (TOF), and analysis of current-voltage characteristics of 

single-carrier devices in the space charge limited current regime [7, 8]. The time of flight method 

(TOF) is an old technique to measure the mobility and to detect the trap states in organic 

materials. Though, it is observed that the mobility which is measured through the time of flight 
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method (TOF) corresponds to very low carrier densities while devices such as organic light-

emitting diodes usually operate at much higher densities of the injected charges which results in 

both partial trap filling by carriers and space charge effects. For this reason, organic materials are 

generally characterized by experimental methods like space charge limited current (SCLC) 

measurements. The SCLC method gives the results which are very close to the device actual 

operational results [6- 11].   

The time of flight method uses a very simple concept to calculate the transient current under the 

biased voltage. In this method, a short pulse of light is spotted on the organic material. Due to 

this, the changes occurred in the transient current. The highest reading of the current is calculated 

and then compared with the applied light pulse, and the lag between the two is calculated. This 

comparison gives us the TOF of the carriers. From these calculations mobility can also be 

calculated with the help of applied bias voltage. But there are some difficulties in the calculation 

of the time lag between the white light pulse and the transient current. There are also many 

complications involved in the calculation of the transient current as the actual carrier motion is 

very complicated. The transient current is usually distorted by two factors: one is the dispersion 

of the carrier mobility, and the other is the diffusion of the carriers, after being injected. Both of 

these will affect the transient current. Double injection may make the observation of the transient 

current very difficult. So in this situation, it becomes a bit difficult to assess the actual carrier 

motion because of the transient current [2].  

1.2	Devices	Fabricated	from	Organic	Materials	

After the report of sufficiently strong electroluminescence phenomenon in conjugated polymers, 

organic materials attracted much attention of the researchers for the development of new 

semiconductor materials [1]. These organic semiconductor materials are lighter, flexible, and less 

expensive than inorganic semiconductors. This makes them a desirable alternative in many 

applications like field effect transistors (FETs), light emitting diodes (LEDs), batteries, radio 

frequency identification tags (RFIDs), flexible and flat panel displays and solar cells and they 

can have applications in lasers. During the last two decades, organic semiconductor materials 

evolved very rapidly and succeeded in getting the attention of the researchers in the area of 

electronics and optoelectronics. Some organic semiconductor devices such as OLEDs and 

organic displays have already been commercialized for more than ten years [1, 2]. In future the 
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commercialization of other organic devices like organic solar cells, organic thin film transistors 

and organic sensors are also expected. 

Organic light emitting diodes are very useful electronic devices which are usually fabricated with 

the thin films of organic semiconductor materials. Main advantage of an organic light emitting 

diode is that it uses less energy to operate than a conventional commercially available inorganic 

light emitting diode. These organic LEDs also give brighter and crisper light than the inorganic 

ones. Organic light emitting diodes usually consist of a hetero layer structures between different 

organic semiconductor layers [13]. Injection of charge carriers into the fabricated cell is the basic 

method that leads the cell to operate as OLEDs. Charges are injected through the contacts under 

the effect of applied electric field into the electron and hole transporting layers. These layers are 

known as ETL (Electron Transport layer) and HTL (Hole Transport Layer), as shown in Figure 

1.1. The interface of two layers plays a crucial role in the efficiency of OLEDs, e.g. less energy 

required by the electron and hole to pass the metal–organic junction as compared to other types 

of junctions. The efficiency of OLEDs is also affected by the photo physical processes. In 

OLEDs the process of recombination of electrons and holes emits light. Up till now more than 

200 Lumens/Watt, efficiency has been achieved for OLEDs [13]. Another important organic 

semiconductor device is organic field effect transistor. It has shown a great potential in the 

electronic industry. It is the most intensively studied organic semiconductor device. Organic field 

effect transistors can be used in electronic as well as in sensor technology. Use of the organic 

field effect transistors in sensor technology increases the efficiency of the sensor. Field effect 

transistor consists of source, drain, and the gate which are shown in Figure 1.2 [14]. The 

functioning of field effect transistor has similarities with the capacitors. Like the capacitor it also 

consists of the two plates: one plate serves as the conducting plate between the source and drain, 

and the other plate known as gate controls the charges. From the literature review it was found 

that the polycrystalline Organic Field Effect Transistors (OFETs) showed mobility greater than 1 

cm2/volt-sec for both p-type and n-type field effect transistors. Whereas the highest mobility was 

achieved for Rubrene-based OFETs which was in the range 20–40 cm2/V·s, and the other 

organic materials like Pentacene showed the mobility in the range of 10 cm2/V·s [14-16]. High 

luminous efficiencies have been achieved with organic light emitting diodes, making them more 

attractive for the possible use of low cost and energy efficient lighting [12, 13]. 
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Another important use of organic semiconductor materials is in solar cells. In organic photo 

voltaic cells (OPVCs), the power conversion efficiency of 1-3% has been achieved for different 

kinds of structures [2]. The problem in the organic photovoltaic cells arises due to the presence 

of large number of excitons in the organic material. These excitons have high binding energy 

which makes it very difficult to dissociate them. This can be overcome by making use of a photo 

induced charge transfer between electron donors and acceptors. Reliability is also one of the 

important issues in organic photovoltaic. Because organic molecules are also very much affected 

by the other physical phenomena like temperature, humidity etc. To increase the efficiency of 

OPVCs, bulk heterojunction structure technique was used, while the reliability problem was 

addressed by developing new materials. New materials giving higher efficiencies and longer life 

time for the bulk heterojunction organic photo voltaic solar cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1.a: Typical structure of the Organic Light Emitting Diode (OLED).  
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Figure 1.1.b: The charge transport phenomena occurred in OLED [2]. 

 

 

 

Figure 1.2: Cross-sectional view of an organic field effect transistor. 
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1.3 Organic Semiconductors in Sensor Technology 

There has been a strong tendency to use organic semiconductor based sensors. The main reason 

for this statement is that the organic semiconductor materials have the ability to change its 

physical and electrical properties in response to external physical parameters such as light, 

temperature, humidity, pressure, gases, displacement, and radioactive radiation etc. Therefore, 

organic semiconductors have the great potential to be used in the sensors technology [2].  

Another reason behind the popularity of organic sensors is the low cost fabrication technique. 

The fabrication technique of organic sensors is simpler than the inorganic sensors which results 

in the low cost of the device and makes the bulk production of the organic sensors very easy. The 

properties of the organic semiconductor materials can also be tailored by adding long chain or 

short chain molecules. This results in the different kinds of sensors properties that can be used 

for different kinds of applications [2]. So it gives the freedom of selection of molecular structure 

by having the liberty to develop side-chains in organic materials like polymer and oligomers. 

The charged or neutral particles and the grains of specific behavior can also be added into bulk 

organic materials or on its surface region to increase the performance of the films. Organic 

semiconductor materials also give us the freedom of substrate selection. Organic materials can be 

deposited on flexible substrates which increases its importance in the sensor technology. 

1.4	Outline	of	the	Dissertation	

The research work presented in this dissertation is planned as follows: 

Chapter 2 

Chapter 2 starts with the theoretical background of organic semiconductors which is necessary to 

understand this dissertation, and it also covers the literature review of the carried research work. 

This chapter explains the electrical properties of organic semiconductors with special reference 

to the organic materials used in this research work. The chapter starts with the history of organic 

semiconductors and then discusses different kinds of sensing parameters in organic 

semiconductor devices. At the end of the chapter, the theory of conduction mechanism in organic 

semiconductors is discussed.  
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Chapter 3 

In this chapter, the different device fabrication techniques are discussed. The layout and 

functioning of the different experimental setup for characterization and measurement are also 

explained. This includes different kinds of sensors and their physical and electrical 

characterization. Telemetry circuits which are used for organic sensors are also explained in this 

chapter.  

Chapter 4 

Humidity sensors are discussed in chapter 4. This chapter explains the response of Copper 

Phthalocyanine (CuPc) and Ploy Epoxypropyl Carbazol (PEPC) to humidity. It is also explained 

that how the thickness variations affects the properties of the organic humidity sensors. The 

impedance characterization of organic humidity sensors is also explained in the chapter.   

Chapter 5 

In chapter 5, the effect of light on the properties of organic semiconductor sensor is discussed.  

Sensors were fabricated using Copper Phthalocyanine (CuPc) and Gallium Arsenide (GaAs). 

This chapter also explains the properties of organic-inorganic hetero-junction structure.  

Chapter 6 

The effect of temperature on the properties of the organic semiconductor materials is discussed 

in this chapter. The use of organic materials for the fabrication of low temperature sensors is also 

investigated. The use of organic temperature sensors in the telemetry systems applications is also 

discussed. 

Chapter 7 

This chapter covers the organic semiconductor displacement sensors. Two types of sensors were 

fabricated: one is made from Copper Phthalocyanine, and the second type of sensor is made from 

carbon nanotubes (CNTs). The sensors were characterized for the displacement response. 

Chapter 8 

In this chapter, the research work is summarized which is presented in this dissertation. In the 

end some suggestions are given for the future extension of this research work.  
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Chapter 2 

Theory & Literature Review 

 

In the beginning of 18th century, it was believed that organic compounds can only be extracted 

from the living organisms. But after the synthesis of urea by a German scientist Frriedrich 

Wohler in 1828, proved that the organic compounds can also be synthesized in the laboratory. 

After that scientists started synthesizing different organic compounds in the laboratory. Later 

development of the organic semiconductor industry divides the organic materials into two main 

categories: (a) the polymers and (b) the low molecular weight organic materials. Generally 

polymers exist in a amorphous form, while the low molecular weight organic materials can be 

found in relatively ordered form (crystalline form). In this research work, different organic 

semiconductor materials like Copper Phthalocyanine, Poly Epoxypropyl Carbazol, and Carbon 

Nanotubes are being used. Cellulose is also used which is an organic material but it is not a 

semiconductor. In this work the response of organic semiconductor materials was observed for 

different physical phenomena like temperature, humidity, light and displacement. The studied 

organic materials are found to be very efficient for future technology. 

2.1 Literature Review  

2.1.1 History of Organic Semiconductor Devices 

After the synthesis of organic materials in the laboratory, it was believed that the organic 

materials are insulators, and at that time scientist did not put much attention to the practical 

application of the organic materials in the electronic industry. But in 1963, significantly high 

conductivity than insulator was observed in an iodine-"doped" and oxidized polypyrrole black 

[1]. In 1970’s William et al. developed organic semiconductor thin films by vacuum evaporation 

and Longmuir-Blodgett method [2]. Later on, many other scientists start working on organic 

semiconductors, among them the Tang et al. are the most prominent. He fabricated the organic 

light emitting diodes for the first time in the history of organic semiconductors and this is the 

only product which is commercially available in the market. These organic LEDs can also be 
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used for the display applications [3]. In 1974, the initial organic devices were made from 

polyacetylene, polypyrrole, and polyaniline. In these organic devices high conductivity was 

observed during the “ON” state [4]. In 1979 shirakawa et al did much work on conductive 

polymers, and they found materials like oxidized iodine-doped polyacetylene; and for this work 

they got the Nobel Prize of chemistry in the year 2000 [5]. 

Few years back, organic field effect transistors (OFETs) become very popular due to their usage 

in electronic industry. The performance of organic field effect transistor is comparable with the 

inorganic FETs. The first polyacetylene based OFET was fabricated in 1983 [6], but much of the 

important work was done four years later when a polythiopene-based organic thin film transistor 

was fabricated [7]. 

Electroluminescence was first observed in organic materials in the year 1950 but the first 

functional OLED was reported in 1987 by ching W. Tang and steven vanslyke. They also 

reported for the first time the novel two layer structure of the OLED, in which one layer is the 

electron transporting layer and other is the hole transporting layer [8]. The main theme of 

proposing two layer structures is to reduce the operating voltage of the OLEDs. On the basis of 

rapid development in OLEDs and organic field effect transistors, the researchers also start 

thinking about the development of lasers from disordered organic semiconductor. For the first 

time, stimulated emission was observed in polymer solution, and later it was observed in solid 

films. Initially, the Tessler et al got succeeded in achieving the lasing action in organic 

semiconductors [9].   

So after such a long journey, now organic semiconductor entered into the era of 

commercialization at the end of 1990’s by producing the organic light emitting diodes [10]. In 

1990, researchers also start working on Polymers and defined it as another class of materials 

which can be used for lighting and display purposes instead of low molecular weight organic 

materials. The first commercial OLED was launched in Japan in the year 1997 for an automotive 

industry [11]. Now the OLEDs are commonly used for the display and lighting purposes. The 

other devices like flexible flat panels which are based on organic FETs are expected to be 

launched in near future [12-14]. 

The important reason for shifting towards the organic materials is that their deposition technique 

is very simple, which ultimately reduces the final cost of the product. The techniques which are 

used for the fabrication of organic devices are very simple and much more economical than the 
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inorganic fabrication techniques. Another most important advantage of organic materials is that, 

they can be deposited on a number of varieties of substrates which includes hard to soft. Up till 

now the devices with hard substrate are being commercialized, and we are expected to get these 

devices on soft substrate vey soon in the near future. The other great advantage of organic 

materials is that a number of materials are available for a specific kind of application.  

Organic semiconductors are used to fabricate sensors for the measurement of different physical 

phenomena like light, temperature, humidity, displacement, pressure, gas and electromagnetic 

radiation etc. A number of organic semiconductor materials like phthalocyanine, polypyprole, 

polyphenyl acetylene, polyamide, polyimide, ploy Epoxypropyl Carbazol and orange dye (OD) 

etc are available to fabricate different kinds of sensors with different working principles.  The 

chemical and physical properties of organic semiconductor materials can be changed according 

to the requirements i.e. they are more popular in the fabrication of sensors relative to inorganic 

materials [15]. 

2.1.2 Organic Semiconductor Sensors 

Sensors are the devices that are used to acquire information about the physical, biological, 

chemical and environmental changes occurring in the surroundings.  Sensors are intensively used 

in everyday life. Different kinds of sensors are available in the market. Many of the available 

sensors are based on inorganic (conventional silicon technology) but now the researchers are 

trying to develop organic semiconductor based sensors. The efficiency of organic sensors is same 

as the inorganic semiconductor sensors. Organic sensors can detect different physical phenomena 

like humidity, light, temperature, pressure, displacement, gasses, acoustic, radioactive radiation 

etc. Therefore, the researchers prefer to fabricate sensors from the organic semiconductor 

materials instead of inorganic. [16].  

A number of advantages can be obtained from the fabrication of organic semiconductor sensors. 

First of all organic materials can be easily deposited on the substrate which reduces the 

complexity of the device fabrication process. The processes which are involved in the device 

fabrication are all low energy consuming processes which ultimately reduce the cost of 

production of the organic semiconductor sensors. In some specific cases organic sensors show 

better response of sensitivity than the inorganic sensors. The other main advantage of the organic 

sensors is that they can be used as multifunctional sensors. At the same time, one sensor can be 
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used to detect the two or three physical phenomena which are obviously not possible in the 

inorganic semiconductor technology. One of another important advantage of organic 

semiconductor sensors is that they can be deposited on flexible substrates which make them 

more attractive for the practical uses. [17]. 

Now the sensing parameter will be discussed, which are used to measure different physical 

phenomena in the organic semiconductor sensors. 

2.1.2.1 Resistance Based Sensors 

In these kinds of sensors, the resistance of the sensors changes with the external surrounding 

parameters likes humidity, light, temperature, pressure, displacement etc. Lots of organic sensors 

are fabricated by using the resistive dependent sensing property of the organic material. Yao et al 

fabricated the humidity sensors on the bases of cross-linked copolymers and characterize the 

resistive properties of the sensor [18]. 

  2.1.2.2 Capacitance Based Sensors 

It is another most important electrical parameter which is used for the detection of changes occur 

in the surroundings like humidity, light, temperature, pressure, displacement etc. Humidity 

dependent sensors are usually based on capacitive dependent sensing [19].   

2.1.2.3 Impedance Based Sensors 

Impedance dependent sensors are the combination of both resistive and capacitive dependent 

sensing. Both parts play their role in the impedance dependent sensing. Kato found the change in 

impedance of the sensor, fabricated with thin CuPc film. These changes occur due to the 

absorption of gases, particularly NO2 gas at different concentrations. Yao fabricated the humidity 

sensor which changes its impedance with respect to humidity [18, 20]. 

2.1.2.4 Chemical Structure Based Sensors  

This type of sensing involves the changes of chemical structure of the organic semiconductor 

material. The chemical structure of the material changes with the change of any specific physical 

phenomena like pressure, displacement, acoustic etc. The chemical structural changes occur in 
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the organic material are not permanent, and the chemical structure of the material can be easily 

retrieved back when the external applied forces are removed [28].  

2.1.2.5 Other Types of Organic Sensors 

There are a lot of other sensing parameters available in organic semiconductors sensors which 

respond to the physical changes occur in their surroundings. These kinds of sensors are: 

1. Resonance sensors. 

2. Electrochemical sensors. 

 3. Image sensors. 

4. Charge particle dependent sensors. 

5. Pressure sensors. 

6. Acoustic wave sensors. 

In resonance dependent sensors, the change of the mass or change of the wave propagation 

properties results into the change of resonance frequency. The results of organic resonant sensors 

are not very much comparable with the inorganic resonant sensors. But the researchers are trying 

to improve the sensors output. [21]. 

In electrochemical sensors, the sensing parameter is chemical changes. Ultimately these 

chemical changes results into the change of resistance or capacitance of the sensor which can be 

measured through the electrodes of the sensors [22]. While in image sensing, the sensor detects 

the changes of photoelectric or photochemical changes. R. A. Street et al  has fabricated large 

area image sensor with the combination of an organic photoconductor by using the composite of 

benzimidazole perylene (BZP) and the other derivatives of Phthalocyanine (Pc) [23].  

 Charged particle dependent sensors relatively have a simple working principle; these kinds of 

sensors usually change their properties when they come into interaction with high energy 

particles. Beckerle worked on the polyacetylene organic polymer and fabricated a thin film 

sensor, which detected 5 MeV α particle very accurately [24]. 

The working principle of pressure and acoustic wave sensors is much more like displacement 

sensors. With the increase of pressure or applying the acoustic wave, the physical structure of the 

sensor changes which results into the change of electrical parameters such as resistance and 

capacitance. These sensors have a wide variety of uses, Takao Someya and Takayasu Sakurai used 

these kinds of pressure sensors in the bio-technology field for the artificial skin applications [25]. 
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2.2 Conduction in Organic Semiconductors Devices 

Conduction in organic semiconductors depends on three factors. Firstly, it depends on the charge 

transport process of the organic semiconductor devices. This is due to the varity of junctions 

formed between different organic materials and the metal electrodes. Secondly, the conduction in 

organic semiconductors is effected by the electronic traps of the organic materials; this is 

because of the material quality. Thirdly, the conduction in organic semiconductor is effected by 

the space charge limited current. 

2.2.1 Charge Transport Process in Organic Semiconductor Diodes 

Charge transport process in organic semiconductor is defined as the movement of the charges 

from one electrode to another under the influence of applied electric field. Charge transport 

process includes both types of charges, positive and negative. In organic semiconductor 

materials, the charge transport process can be separated into three different stages: charge 

injection, charge transport and charge recombination [26]. 

First, let us discuss the charge injection process which occurs due to the interface of any organic 

material with the metallic electrodes. Because of the weaker Van der Waals bonding between the 

organic molecules, they behave differently from the inorganic materials. So when a transport of 

electrons and holes in organic semiconductor is considered, it means that it involves the ionic 

molecular states. If there is need to create a hole, then move an electron from the neutral 

molecule M, and it will leave the radical cation M+ behind it. This defect of electron shifts from 

one molecule to another consequently. Similarly the transport of electron based on the movement 

of the negatively charged radical ions M— which moves along the neutral particles [26-28]. 

Same principle is also followed in polymers, but in polymers the charged states are usually 

termed positive or negative polarons. These ionic states in solid organic materials are stabilized 

by polarization energies. The energy level scheme is shown in Figure 2.1. In the consequence of 

all these phenomena, the electronic state are usually consider to be in a much localized form. 

Due to this, the charge transport usually takes place due to hopping mechanism. In Organic 

semiconductors, there is no need of dopants which are generally required in the inorganic 

semiconductor technology. This results in the larger depletion depth instead of the deposited 

organic layer thickness. Therefore, the Fermi level and the charge injection barriers depend 
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directly on the interface properties and types. So the charge injection can happen by thermally 

assisted tunneling from the delocalized states of the metals into the localized states of the 

semiconductor as shown in Figure 2.1. But all the energy of these charges also has the effect of 

distance from the mean barrier height, the energetic disorder and on the effect that how much we 

are applying the electric field. All these parameters have the little but significant effect on the 

charge injection but there are no adequate analytical theories available to calculate all these 

factors individually and accurately [29, 30]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Electrons are injected from highly delocalized extended states of fermi level of metal 

(cathode) into localized state of amorphous or polycrystalline organic semiconductor [29, 30].  

  

The second parameter involved in the charge transport process is called charge transport. The 

term charge transport means that how the charges move in organic semiconductor devices. Up 

till now there is no satisfactory theory available which can be used to translate the charge 
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transport process [31]. There are different models available to describe the charge transport 

phenomenon in organic semiconductor devices. One of the most popular methods is the trapping 

model with space charge limited current. The theory of the trapping model based on the 

distribution of traps in the energy space between highest occupied molecular orbital (HOMO) 

and lowest unoccupied molecular orbital (LUMO); they are also known as the localized states 

because these states can capture the free charge carriers and limit the mobilization of the charges 

[32].  To get free from these traps, free charges required the energy from some external 

phenomena like temperature of the surrounding, photo absorption or through any other excitation 

methods. By this way, they are able to participate in the electrical behavior of an organic 

semiconductor device. Many researchers believe that the trap distribution in the energy band is 

exponential. Some researchers follow the field dependent mobility model which is considered 

the second important model for the charge transport. In the field dependent mobility model 

suppose the exponential dependence of mobility p  on square root of electric field F, and this is 

also considered to be hold true for the large value of eclectic field as explained by the Poole-

Frenkel law and can be written as [33]: 

0
p o

F
exp

F
 

 
  

 
       (2.1) 

where o  is the mobility at oF  and is considered as initiating value in the calculations and the 

values of these factors are dependent of the sample. 

Now the third important parameter of the charge transport process which is the charge 

recombination will be discussed. It is believed that the organic semiconductor devices have very 

low mobility and also have the hopping mechanism for the transport of charges in amorphous 

states. Therefore, it is unanimously established by the researchers that the Langevin mechanism 

of charge recombination is appropriate for the organic semiconductor devices [34]. 
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2.2.2	Electronic	Traps	

Whenever there is an electrical transport process of the charges occurs, there is the possibility 

that some of the charges get stuck to the localized states between the HOMO and LUMO level. 

So the electronic traps can be defined as those energy states which exist between HOMO and 

LUMO level of organic semiconductor materials. When transport of the charges took place in 

organic devices, which either occurs, due to the applied electric field or by optical excitation, the 

charges jump from the HOMO to the LUMO level and create the pair of electron and hole. Now 

those localized states which are below and close to the lowest un-occupied molecular orbital 

level and are capable to capture electrons, are termed as electron traps and localized states above 

and close to the highest occupied molecular orbital level, which are capable to capture holes, are 

termed as hole traps [35]. Here the two cases arises: firstly, when the release rate is greater than 

the recombination rate, the localized state is called a trap, and if the recombination rate is greater 

than the release rate, then the localized states are known as the recombination centers. For the 

same state to act as a trap or a recombination center depends on some other conditions like 

temperature or the ratio of the minority to the majority carrier concentration. Generation of the 

traps strongly affect the charge transport properties because their columbic charge effects the 

electric field distribution in the device. Due to the presence of traps or if the release rate for the 

trapped charge carrier is suitably low, then it is difficult to reach the quasi thermal equilibrium 

condition, and due to this, delay and hysteresis effects also produced. It is very difficult to 

differentiate between a trap state and a transport state. To solve this problem, for the first time 

the Monor has given the solution for the amorphous inorganic materials. Later on this concept is 

also followed in the amorphous organic semiconductors [36-37]. The main theory of this concept 

is that a carrier in a deep tail will most probably jump to a state of energy Et independent of its 

initial energy in the tail as shown in Figure 2.2. Et is defined as a transport energy or escape 

energy or releasing energy because it defines the level from which a trapped carrier is most likely 

escape to a neighboring site. As a result, every state under the transport energy is a trap state 

whereas states higher than the transport energy are normal transport states. On the other hand, 

the transport energy is also a function of temperature. A state acting as a trap at room 

temperature may become a transport state at lower temperature [28]. 
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Figure 2.2: This graph shows the jump of a carrier (hole or electron) from the tail state to the  

 transport state with energy Et [28]. 

 

 

There are number of reasons due to which traps are generated. It includes the presence of 

impurities in the organic material, or they can also be generated by the structural defects and 

self-trapping phenomena also exist in organic materials etc [28]. Now it is discussed in a very 

brief way that what is the origin of these traps and how are they generated. First, the effect of 

impurities is being discussed. It is known that the interaction between the organic molecules is 

weaker, due to this weaker bonding every molecule of the organic material wants to maintain its 

highest occupied molecular orbital and lowest un-occupied molecular orbital level without 

having the effect of the neighboring matrix. Now if the impurity molecule places itself in the gap 

of HOMO and LUMO level of the host molecule, it creates a trap [26, 38]. The second important 

factor which creates the traps is structural defects. We cannot predict the exact position of 

HOMO and LUMO level on the bases of its chemical structural formula but their position is also 
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affected by electronic polarization of the surroundings. In case of polymers the location of 

HOMO and LUMO level is also affected by the effective conjugation length. The third important 

factor is self-trapping. Self-trapping can be defined as, when the surplus charge carrier remains 

on an organic molecule, it will lead to a molecular disturbance. Such a carrier with its produced 

molecular deformation is a new quasi-particle called polaron. Two charge carriers sharing the 

same molecular deformation will result in a bipolaron. Despite these general parameters, there 

are some other process parameters which also effect the generation of traps; it includes the 

deposition rate of the material and substrate temperature etc [39].  

Now the most important question arises that how to calculate the trap states in the organic 

materials. There are different methods available for the detection of trap states. The most popular 

methods are: 

(i) Optically stimulated current (OSC) 

(ii) Thermally stimulated current (TSC) 

(iii) Thermally stimulated luminescence (TSL) 

(iv) Through I-V characteristics 

As known, there is no direct method available for the calculation of traps; the methods listed 

above only gives the indirect conclusion of the energy distribution of traps. In all these methods 

the trap states are first filled and then evacuated. This process is usually carried out at low 

temperature because we want the traps to hold the charges for a specific period of time and 

prevent the fast escape. As a second step in these processes is the release of those charges in a 

controlled way [28]. This is the step where different techniques are applied. In the optically 

stimulated current (OSC) technique, the trapped charges are de-trapped by applying the light in a 

controlled way and then measured the change in current. In this way, the energy distribution of 

trap states in the organic materials can be calculated. Only in some cases the trap distribution 

energy can be found directly. For example in those materials where there is direct transition 

possible from the trap state to the transport state in the form of light, but there are very few 

materials available in which this kind of phenomena can be observed. Due to these kinds of 

phenomena the release rate of traps increases by thermal excitation, and this process is termed as 

TSC (Thermally stimulated Current) [40, 41]. In this method the trapped charge carriers are set 

to be free by heating the sample, and the current is measured as the temperature increases 

linearly. So by this way the energy distribution of traps is calculated by TSC method. In 
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sufficiently thin film this method becomes vulnerable because of the dependence of mobility on 

the unknown temperature factor. To overcome this problem, a new method has been devised 

which is known as the thermally stimulated luminescence (TSL). Steps needed to be followed in 

thermally stimulated luminance are same as followed in the TSC; the only difference is that in 

TSL the luminance due to radioactive recombination is recorded instead of the current. Such 

luminance is most likely due to the recombination of geminate pairs. Such pairs do not 

recombine at lower temperature. That is why both carriers are separated over a short distance 

[42, 43]. This technique also has some drawbacks like it is only applied to those materials which 

have the luminance effect while in organic semiconductors not all materials are luminous, and it 

only gives information about the shallow traps and not about the deep traps [28].   

There are lots of other techniques available like photo-induced absorption (PIA), time of flight 

method and current-voltage characteristic in space charge limited current. In I-V technique, the 

electrical properties are dependent of the space charge limited current which determines the 

charge trap model. Through this technique, the information about the mobility and energy 

distribution of the traps can be gathered by applying analytical methods. This technique gives us 

the very precise data related to the trap energy distribution and depth as compared to other 

methods. Burrows et al showed that the I-V technique is consistent with the other experimental 

techniques [44].  

The essence of traps in organic materials is extensively debateable; scientists are still working on 

different models and they want to minimize the variations between analytical and numerical 

calculations. Deep traps may either be described by a discrete or exponential distribution. From 

Figure 2.3, it is concluded that the trap density decreases as we move from the near edge of 

HOMO to the gap of LUMO. Therefore, the exponential traps distribution model is followed 

with the supposition that the traps are in thermal equilibrium state with the conduction band. 
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Figure 2.3: Exponential trap distribution for amorphous or polycrystalline organic 

semiconductor based devices. 
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2.2.3 Space Charge Limited Current  

To understand the space charge limited current, there is a need to understand that, what the space 

charge is. Space charge effect was first discovered by Edison in the incandescent light bulbs but 

later on this effect was also observed in semiconductor electronics. Space charge means charges 

distributed in space, which can either be electrons or holes. Space charge can only be observed in 

dielectrics or in vacuum space. But with the discovery of semiconductor technology, it is also 

observed in semiconductor materials. This effect can’t be observed in conductive materials 

because the charges produced in conductive materials can immediately be neutralized or 

screened by electric field. In solid state electronics, if dealing with the n-type materials, then the 

space charge will consist of electrons, and if dealing with the p-type semiconductor materials 

then the space charge will consist of holes. These charges can be mobile or localized, but they 

produce irregular electric field. Therefore, the transport of the charges under the effect of non-

uniform electric field is known as the space charge limited current (SCLC) [26, 27]. SCLC can 

be defined as: 

3 3

2 2

2 2 2 2

8
V=

9 2 2

j j j
d

P q P q

 
  

   
    

   
   (2.2) 

Suppose, a diode based on organic semiconductor material has been fabricated. Consider, the 

thickness of the film is d and the applied external voltage is V and ε and µ are the dielectric 

constant and mobility of the organic material. Where P is the particle concentration and q is the 

charge of the particle. Figure 2.4 shows the I-V curve of the given device which was achieved by 

solving Equation 2.2. By detailed inspection of Figure 2.4, it can be concluded that the current-

voltage curve can be divided into three regions.   

(i) Region I 

(ii) Region II 

(iii) Region III 

Region I is called an ohmic charge region. Initially, when the voltage is applied at the electrodes, 

the charges get entered from the electrodes to the organic layer, and we know that the organic 

materials have the traps. So these traps are used to capture those charges. Only a small amount of 

charges are succeeded in reaching the opposite side of the electrode which causes a small amount 

of current to flow through the device.  
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Figure 2.4: Current-Voltage characteristics of typical space charge limited current in organic 

semiconductor diode. Current-voltage characteristics can be differentiated into three regions 

based on different charge transport phenomena [26, 27]. 
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When the applied voltage is increased beyond certain level, the I-V characteristic curve enters 

from the linear ohmic region to the second region of the curve as shown in Figure 2.4. The slope 

of the region II is higher than the third region. At higher voltages, there is an increase in the 

probability of excess charge carrier injection into the organic semiconductor from the electrodes. 

The charge carrier transport from the organic semiconductor layer is affected by the density of 

traps. This effect deviates from ohm’s law. The organic layer is used to accommodate the excess 

charge because of the geometrical capacitance C of the organic layer. Then charge transport in 

the presence of traps is defined as the trapped SCLC and can be written as [26, 27]: 

 

2

3

9

8 o p

V
J

d
          (2.3) 

where θ is called trap factor, which differentiates region II from region III and it also gives us the 

information that how traps minimizes the effective mobility. 

When voltage is further increased, a stage is reached where all the traps are filled up by the 

charges and the device behaves just like as trap free organic layer, then SCLC can be defined as 

given below: 
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This equation is known as Mott-Gurney equation and is the solid-state analogy of child law of 

space charge limited current in a vacuum [26, 27]. 
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Chapter 3 

Experimental Setup 

 

3.1 Introduction 

In this chapter, the experimental setup used for the fabrication and characterization of organic 

semiconductor sensors is discussed. In this research work, different kinds of experimental 

equipments are used. Some of them are commercially available and some were developed by us 

in device testing lab. In Section 3.2, the fabrication process of different kinds of sensors will be 

explained, and will also discuss techniques used for the deposition of organic materials over the 

surface of metals, glass or inorganic semiconductor substrates. In Section 3.3 the Experimental 

setup used for electrical characterization will be discussed. At the end in Section 3.4 the 

interfacing of organic sensors with the existing inorganic circuits will be discussed, and it will be 

seen that how the fabricated organic sensor changes the electrical parameters of those circuits.   

3.2 Techniques Used to Fabricate Organic Devices 

The nature of bonding in organic semiconductor materials is different from inorganic 

semiconductor materials. In organic semiconductor materials, the molecules are weakly bonded 

by van der waals forces. Because of weak intermolecular bonding, the characteristics of organic 

semiconductor devices are very much dependent on the manufacturing techniques [1-5]. To get 

the best response of the device, different fabrication techniques are used which are implemented 

with different physical parameters. So it can be concluded that use of a suitable processing 

technology improves the performance of the devices.  

In literature different kinds of deposition techniques are available but in this research work two 

important deposition techniques were used to deposit organic films over the surface of substrates. 

These methods are: 

i) Vacuum Thermal Evaporation Method     

ii) Drop Casting Method                          
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3.2.1 Vacuum Thermal Evaporation Method 

Usually vacuum thermal evaporation technique was used to deposit thin film of organic 

materials. In this process the material is placed in a high vacuum chamber in the range of 10-5 to 

10-6 mbar. The organic material is put in a molybdenum bolt which can withstand very high 

temperature and also remains inactive with the organic material at high temperature. The 

material is put into the bolt and then bolt is resistively heated by increasing the current gradually. 

Different organic materials have different sublimation temperature. Generally CuPc has the 

sublimation temperature of 400-450 oC. At this high temperature the sample also gets heated. 

The temperature of the sample doesn’t exceed beyond 40 oC. Quartz crystal monitor is used to 

monitor the thickness of the deposited organic material. Normally the deposition rate is kept as 

low as possible. There is also a shutter which is used to control the rate of deposition of organic 

materials on the substrate. The diagram of the vacuum thermal evaporator is shown in Figure 

3.1.a and its model is shown in Figure 3.1.b. In this research work thin films of CuPc were 

deposited over the surface of GaAs by vacuum thermal evaporator. 

 
 

Figure 3.1.a: Auto 306 Vacuum Thermal Evaporator. 
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Figure 3.1.b: Schematic view of vacuum evaporation setup used for thin film deposition of 

organic semiconductor materials. 
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3.2.2 Drop Casting Method 

It is one of the simplest techniques used to deposit organic material layer on the substrate. The 

main advantage of this method is that it is very simple, economical, and time saving. The 

equipment used in this process is also very economical. First of all, solution was prepared. The 

organic material may dissolve or remain suspended in the solution depends on the nature of the 

organic material. The solution was prepared according to the weight percent of the organic 

material in the solution. It can be varied according to the required thickness of the organic film. 

The solution generally consists of methanol or benzol. In this research work both of these two 

materials were used to prepare different kinds of solutions with different organic materials. After 

the preparation of organic material solution, it was put into a sucker and then drops casted on the 

substrate. After deposition the substrate was dried out at room temperature. This process can be 

repeated to increase the thickness of the deposited film. 

If there is a need to deposit thin films of the organic materials, then the spin coater is required to 

deposit thin films. Figure 3.2 shows the schematic diagram of the spin coater. It usually consists 

of a rotating shaft and a vacuum assembly in the middle of the shaft which is used to hold the 

sample. Control circuitry is also used to control the speed of the rotating shaft. Speed of the shaft 

is usually adjusted according to the required film thickness of organic materials. Thin films can 

be deposited by increasing the speed of the shaft and vice versa.     

 

Figure 3.2 Schematic diagram of the spin coater  
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3.3 Experimental Setup for Physical Parameters Characterization 

 In this dissertation, focus is on the four most important sensing parameters. They are humidity, 

light, temperature and displacement. For temperature measurement, the Janis Variable 

Temperature Pourfill (VPF700) Cryostat was used in the temperature range of 10 to 80 oC. The 

internal temperature of the chamber can be increased by the resistive heating of the coil, and it 

was measured and controlled by the Lakshore 331 temperature controller. 

The filament lamp illumination was used for the photo measurement. Figure 3.3 shows the 

diagram of the photo measurement experimental setup. To measure the photo intensity of light 

the Lux meter 319 was used and to measure the resistance and capacitance of the sensors the 

KEITHLEY 196 digital multi-meters were used. For the measurement of impedance of the 

sensor, Escort ELC 3133 digital meter was used. For the measurement of humidity Fisher 

Scientific humidity meter was used. We have designed a closed chamber in which all the three 

parameters like humidity, light and temperature can be controlled as shown in Figure 3.3. 

To perform the capacitive-humidity, light and temperature or resistive-humidity, light and 

temperature, all these experiments required a cylinder in which all these three parameters can be 

controlled individually. This cylinder is usually made with complete thermal isolation to 

maintain the temperature inside the cylinder. There is also a hole through which the drops of 

water can be added to change the humidity level inside the cylinder. It also has a slit opening for 

the filament lamp illumination.  Electrical connections were provided to digital meter to measure 

capacitance and resistance of the sample. To measure the absorption spectra of the deposited 

organic layer the UV/VIS Spectrometer (PERKIN ELMER λ-19) was used. Figure 3.4.a shows 

the image of spectrometer while its working principle is shown in Figure 3.4.b. The micrometer 

was used to measure the displacement for displacement sensors. 
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Figure 3.3: Experimental setup used for the characterization of Capacitive Humidity and Light 

Sensor. 
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Figure 3.4.a UV Spectrometer (Perken Elmer) Lambda. 

 

 

 

 

 
 
 

Figure 3.4.b Working Principle of Perkin Elmer Lamda 
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3.4 Experimental Setup for Telemetry System Applications  

After the physical characterization of the fabricated sensors, there is need to check that either 

these sensors can be used for the practical applications. For this purpose, there is a need to 

convert the sensors capacitive, resistive or impedance response to the electrical signal so that it 

can be used further for the telemetry system applications. For the capacitive humidity sensor, the 

Wien Bridge Oscillator circuit was used to convert the sensor response to the electrical signal. 

Figure 3.5.a shows the Wien Bridge Oscillator circuit. It gives the output in the form of 

oscillating frequency. This oscillating frequency can be used for the short range and long range 

telemetry system applications. Only in long range telemetry system the modulation is required to 

be done [6]. 

                                                    1 1 2 2

1

2of R C R C


                               (3.1)      

The improved form of wien Bridge Oscillator circuit is shown in Figure 3.5.b. The improved 

circuit was used to get the better response of the sensor. Actually this circuit maintains the fixed 

oscillation of the oscillatory circuit. It prevents the circuit to go into the positive or negative 

oscillation of the oscillator. This is because of the two diodes D1 and D2 as shown in Figure 

3.5.b. When increased positive cycle comes, the diode D2 becomes active, and when the 

increased negative half cycle comes, the diode D1 becomes active. 

Similarly, the voltage controlled oscillator circuit was used to convert the physical response of 

light and temperature to the frequency of the oscillator. A voltage controlled oscillator (VCO) is 

a circuit that provides a varying output signal (typically of square-wave or triangular-wave form) 

whose frequency can be adjusted over a range controlled by a dc voltage. Figure 3.5 shows an 

example of VCO with 566 IC unit. The oscillating frequency changes with the R and C 

components of the oscillator circuit. The oscillating frequency of the oscillator can be calculated 

as: 

 fo = 2 (V+-Vc)/V
+ R1C1  (3.2) 

Where V+ is the applied voltage and Vc is the control voltage. R and C are the externally 

connected resistor and capacitor and fo is the oscillating frequency [6]. 
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Figure 3.5.a Wien Bridge Oscillator Circuit [6]. 
 
 
 
 
 
 

 
 

Figure 3.5.b Wien Bridge Oscillator Circuit with diodes [6]. 
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Figure 3.6 Voltage Controlled Oscillator Circuit [6]. 
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Chapter 4 

Resistance, Capacitance and Impedance 

Based Humidity Sensors 

 

In this chapter, two types of humidity sensors, Copper Phthalocyanine (CuPc) based and Polyy 

Epoxypropyl Carbazol (PEPC) based humidity sensors will be discussed. This chapter explains 

the fabrication and characterization process of both the humidity sensors. The resistive, 

capacitive and impedance response of the sensors was observed by gradually increasing the 

humidity level. In the end, utilization of these humidity sensors in the prefabricated inorganic 

circuitry for the telemetry system applications is also discussed. In this dissertation, humidity 

sensors were also referred as hygrometers.  

4.1 Copper Phthalocyanine Based Humidity Sensors  

In this study, an investigation has been made on the properties of impedance hygrometer 

fabricated using cellulose and Copper Phthalocyanine (Ag/Cellulose/CuPc/Ag). The 5 wt% 

suspension of cellulose was prepared in water while the CuPc was dissolved in methanol. Film of 

cellulose was deposited on glass substrates with preliminary deposited metallic electrodes 

followed by deposition of CuPc film. The resistances and capacitances of the samples were 

evaluated under the effect of humidity. The impedance was calculated from resistance and 

capacitance measurements. It was also measured during the experiment. It was observed that the 

capacitance of the sensor increases and resistance and impedance decreases with an increase in 

the relative humidity level. It was found that impedance-humidity relationship showed gradual 

changes in the interval of 31%-98% RH than the resistance-humidity and capacitance-humidity 

relationships that showed visible changes in the humidity interval of 31%-80% RH and 80%-

98% RH respectively. Humidity dependent impedance of the sample makes it attractive for use 

in impedance hygrometers. The impedance hygrometer may be used in the instruments for 

environmental monitoring of humidity. 
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4.1.1 Introduction  

It is known, some of organic semiconductors are very sensitive to humidity [1, 2], temperature 

[3-6], IR, visible and UV radiation [7], and different types of gases such as ammonia [8]. 

Therefore, study of physical properties of organic semiconductors with respect to different 

changing physical phenomena is very promising field for the development of various sensors for 

light, temperature, humidity, radiation, strain, gases, displacement etc.  

At present, in inorganic resistive hygrometers, the most commonly used material is lithium 

chloride [9, 10]. To fabricate this kind of sensor, we put the mixture of lithium chloride and 

carbon on an insulating substrate between two metal electrodes to fabricate bulk type sensor. 

Resistance of the element decreases with an increase of humidity [9, 10]. The orange dyes (OD) 

as a p-type organic semiconductor material has the potential to be used for the applications of 

electronic devices [11-12]. As orange dye is very sensitive to humidity, so it can be used for the 

fabrication of organic humidity sensors [13, 14].  

Copper Phthalocyanine (CuPc) is one of the well-studied organic photosensitive semiconductors 

[1, 2]. CuPc has a high absorption coefficient over a wide spectrum and a high photo-

electromagnetic sensitivity at low intensities of radiation. Thin film of Copper Phthalocyanine 

was deposited with the help of thermal vacuum evaporator. CuPc is very stable organic 

semiconductor material and the purification of CuPc is also very simple and low cost. The 

sublimation temperature of CuPc is in the range of 400–600°C. CuPc also has the property that it 

can be re-crystallized from an organic solution at 25 oC.  

A number of capacitive and resistive humidity sensors made from porphyrin and Copper 

Phthalocyanine have been reported in references [15-17]. These sensors showed good capacitive 

sensitivity at higher humidity and high resistive sensitivity at lower humidity. Investigation of 

the capacitive type humidity sensors fabricated by using cellulose and Copper phthalocyanine 

(CuPc) showed that the sensor is more sensitive when the humidity is above of 50% [18]. The 

sensor fabricated on the basis of cellulose only, was less sensitive than sensor made on the 

double layer of cellulose and CuPc [18].   

Practically, in many cases the humidity is measured by the meter, at the spot. But sometimes 

there is need to calculate the humidity by means of short-range or long-range telemetry system. It 

might be possible that the investigated area of humidity is very far away or can be hazardous, so 
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for this purpose, there is need to measure the humidity by means of telemetry system. In this 

kind of setup usually the sensor with transmitter is located at one spot and the receiver is placed 

at some distance. Communication between these two spots may be established by wireless 

communication resources or through hard wire [19]. Sensor’s response is converted into voltage 

that applied to voltage-controlled oscillator (VCO). The frequency of the VCO was modulated 

by the voltage applied from the sensor. In the receiver, the frequency modulated (FM) signal is 

demodulated by the receiver and processed accordingly [19]. The frequency modulation process 

can be simplified if the sensor was directly used with the oscillator circuit. In this dissertation it 

is described that organic humidity sensor controlled oscillator where the sensor fabricated on the 

basis of cellulose and Copper Phthalocyanine and used with the prefabricated Wein Bridge 

Oscillator Circuit. 

4.1.2 Device Fabrication and Characterization 

Commercially available cellulose with molecular formula (C6 H10O5 )n and CuPc purchased from 

Sigma Aldrich were used without further purification for the fabrication of the bi-layer 

impedance hygrometer. Density of the cellulose was 1.592 g/cm3. The bi-layer structure was 

selected to increase the performance of the sensor. Molecular structures of the cellulose and 

CuPc are shown in Figure. 4.1.a and 4.1.b. First of all, 5 wt% suspension of cellulose was 

prepared in water while the CuPc was dissolved in methanol. The substrate cleaning process was 

then started which is the most important step in device fabrication process. Presence of any kind 

of impurities on the substrate can destroy the whole process of device fabrication, so it is very 

important to clean the substrate very well. Glass is used as a substrate in this device.  Initially, 

the glass substrate was cleaned with distilled water in ultrasonic cleaner for 10 minutes and then 

dried at normal room temperature. After that the substrates were also plasma cleaned for 5 

minutes in thermal vacuum evaporator. The metallic electrodes of silver (Ag) on cleaned 

substrate were also deposited by thermal vacuum evaporation method, keeping the 50 μm gap 

between them. The thickness of the electrodes was 100 nm where as the gap lengths were 5 mm. 

The thickness of the electrodes was measured by the quartz crystal monitor. It was ensured that 

the height of the substrate and the film thickness monitor should be the same from bolt 

(containing organic material). It is also followed that both the substrate and the sample should be 

placed at right angle to the bolt. Films of cellulose and CuPc were deposited in sequence by drop 
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casting method with approximate thickness of 140 μm and 10 μm, respectively. The fabricated 

devices were kept at room temperature for one night to evaporate moisture from the films. Figure 

4.2 shows schematic diagrams of the fabricated Ag/Cellulose/CuPc/Ag hygrometer. 

Measurements were carried out in self made humidity measurement setups, which have been 

developed in our device testing laboratory as explained earlier in chapter 3. Resistance, 

capacitance and impedance were measured by using conventional digital meters. 

It is known that the output frequency of the oscillator, including VCO, made on the base of IC 

technology containing external resistances (R1 = R2 = 51 kΩ) and capacitances (C1 = C2 = 0.001 

µF), the square root of the elements R and C are inversely proportional to the frequency [20]. We 

have selected Wien bridge op-amp oscillator circuit for the conversion of the sensor response to 

an electrical signal and replaced the capacitance (C2) by the organic sensor 

Ag/Cellulose/CuPc/Ag. Figure 3.4.a and b shows the electric circuits for organic humidity 

controlled oscillators with built-in Ag/Cellulose/CuPc/Ag sensor. The frequency of the 

oscillators is determined by the following expression [20]: 

                              1 1 2 2

1

2of R C R C


                                                        (4.1) 

Experimentally, the frequency was estimated by use of the conventional oscilloscope. 

 

 

 

 

(a) 

 

Figure 4.1.a Shows the schematic diagram of Cellulose  
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(b) 

Figure 4.1.b Schematic diagram of Copper Phthalocyanine CuPc. 

       

    

 

 

 

 

 

 

Figure 4.2.a Schematic diagram of the fabricated sensor Ag/Cellulose/CuPc/Ag. 

 

 

 

Figure 4.2.b Equivalent circuit diagram of the fabricated sensor Ag/Cellulose/CuPc/Ag. 
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4.1.3 Results and discussion 

4.1.3.1 Effect of humidity to Electrical Properties  

Figure 4.3 and Figure 4.4 show the capacitance (C), resistance (R) and impedance (Z) 

relationship with relative humidity (RH) for the Ag/Cellulose/CuPc/Ag hygrometer at two 

different frequencies (f) is equal to 120Hz and 1 kHz. It was observed that the resistance shows 

very sharp decrease in the interval of  humidity of 31%-80% RH , and the capacitance shows 

large increase in the interval of humidity of 80%-98%. The change in resistance and capacitance 

of the hygrometer with respect to initial readings over the entire humidity interval was equal to 

3300 and 210 times at 120 Hz frequency and 2600 and 52 at 1 kHz frequency, respectively.  

The impedance of the hygrometer was calculated as the combination of resistance and 

capacitance connected in parallel. Equivalent circuit diagram of the sensor is shown in the Figure 

4.2.b. 

 

Z = 1 / Y = 1 / (1 / R + j 2 π f C)   (4.2) 

 

where Y  is admittance. From Figure 4.3 and 4.4 it was observed that decrease in impedance of 

the hygrometer occurs due to increase in the humidity level. Impedance-humidity relationship 

shows that the sharp changes cover a wider range of humidity than the resistive–humidity 

relationship. This effect plays an important role in the design of the organic hygrometer.  
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Figure 4.3 The relationship of Capacitance (C), Resistance (R) and impedance (Z) with relative 

humidity (H) for the Ag/Cellulose/ CuPc/Ag hygrometer at frequency (f) equal to 120 Hz. 

 

 

Figure 4.4 The relationship of Capacitance (C), Resistance (R) and impedance (Z) with relative 

humidity (H) for the Ag/Cellulose/ CuPc/Ag hygrometer at frequency (f) equal to 1 kHz. 
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The impedance depends on both resistance and capacitance changes (Eq. 4.1) that is why the 

impedance-humidity curves are more uniform than those of the resistance and capacitance. As 

the impedance and resistance decrease simultaneously with humidity, so it is obvious that the 

resistance effect on the impedance is more dominating than the capacitance effect. At 

frequencies 120 Hz and 1 kHz, the impedance decreases to 1300 and 425 times respectively in 

the humidity range 31% - 98%. It was noted that the measured results matched with the 

calculated values of impedance. 

It is known that the value of the capacitance depends on the polarizability of the material [21]. 

Basically there are three main sources of polarizability: dipolar αdip, ionic αi and electronic αe 

polarizability. In this case, the dipolar (αdip) polarizability due to the presence of dipoles (H2O) 

seems to play a very important role.  Electronic polarizability is most universal and arises due to 

relative displacement of the orbital electrons. As the CuPc may comprise internal charge-transfer 

complexes and/or external one with cellulose, we can assume that ionic polarization takes place 

as well in these organic materials. There is also one another type of polarizability present which 

arises due to the transfer of charge carriers (αt). These charge carriers includes electrons and 

holes present at normal conditions in organic materials [22-24]. 

The increase in capacitance with an increase in humidity can be explained by the following way. 

Firstly, dielectric constant of the organic material increases due to absorption of water molecules 

which have higher dielectric constant than organic materials. Secondly, the decrease of resistance 

may be due to the presence of displacement current caused by water molecules. Thirdly, 

capacitance increases and resistance decreases due to possible doping of the organic material by 

the water molecules, increase of the polarizability and concentration of charges related to extra 

charge carriers. These mechanisms are described in detail with respect to some solids [22]. The 

obtained data shows that the sensitivity of the hygrometer is decreased with increase in the 

frequency. It may be due to comparability of the relaxation time of the related processes with 

period of applied measuring AC voltage [21]. 

The simulation of the impedance-humidity relationship can be easily done by use of the (Eq. 4.2) 

and for simulation of the capacitance for organic semiconductor previous research work of our 

group was consulted [25]. Obtained data shows that resistance and capacitance measurements for 

the humidity sensor are complimentary and can be replaced by impedance measurements only. 

The high sensitivity of the Cellulose/CuPc double layer system is due to high sensitivity of 
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cellulose and CuPc toward humidity. The highest sensitivity of the device is also attributed to 

surface structure formed by cellulose powder and thin CuPc film. 

4.1.3.2 Use of the Humidity Sensors for Telemetry System Applications  

Figure 4.5 shows frequency-humidity relationships for the circuit shown in Figure 3.5.a and b. It 

was observed that the oscillator’s frequency increases with the humidity to 1.4 and 2.5 times for 

the circuits (a) and (b), respectively. The oscillator's frequency increases with the increase of 

humidity; it was observed that the effect of the sensor's resistance is dominating with respect to 

capacitance to the frequency of the oscillator. The increase of the oscillators' frequency with 

humidity depends on two factors: firstly, decrease of the sensor's resistance due to increase of 

humidity, and secondly, the increase of the sensor's capacitance with the increase of humidity. 

 

 

 

 

 

Figure 4.5 Frequency-humidity relationships for the circuit (Figure. 3.5.a) and (Figure 3.5.b) is 

shown by the curve 1 & 2 respectively. 
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4.1.4 Conclusion    

An impedance hygrometer was fabricated and investigated using cellulose and Copper 

Phthalocyanine (Ag/Cellulose/ CuPc/Ag). The resistance, capacitance and impedance of the 

hygrometer were evaluated under the effect of humidity in the range of 31%-98% RH. It was 

observed that the capacitance of the sensor increases, and resistance and impedance decrease 

with the increase of relative humidity. Impedance changing gradually  in the interval of humidity 

31%-98% RH with respect of resistance and capacitance that shows visible changes in the 

humidity interval of 31%-80% RH and 80%-98% RH respectively. It was observed that 

resistance contribution in the impedance is dominating with respect of the capacitance. 

Impedance-humidity measurements were taken only in the case of Ag/Cellulose/CuPc/Ag 

hygrometer for the design of the humidity meter. Humidity dependent impedance of the sample 

makes it attractive for the application of impedance hygrometers. The impedance hygrometer can 

be used for the instrumentation purposes and can also be used for the environmental monitoring 

of humidity.    

After the physical characterization of the sensors, they were connected to the Wien bridge op-

amp square wave oscillators. It was found that with the increase of humidity the oscillator’s 

frequency was also increased in the range of 6.700-16.700 kHz and 4.500-6.300 kHz depending 

upon the sensor’s resistance and capacitance properties and oscillator’s circuit elements. This 

organic humidity sensor controlled oscillator can be used for short-range and long-range 

telemetry system applications for environmental monitoring and assessment of the humidity 

level. 
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4.2 Poly Epoxypropyl Carbazol Based Humidity Sensors 

In this study, an investigation is made on the properties of impedance hygrometer fabricated by 

using cellulose and Poly-N-Epoxypropyl Carbazol (Au/Cellulose/PEPC/Au). The 2 wt. % 

suspension of cellulose was prepared in water while the PEPC was dissolved in methanol. Film 

of cellulose was deposited on glass substrate with preliminary deposited metallic electrodes 

followed by deposition of PEPC film. Three samples with three different thicknesses 65, 88 and 

210 µm were fabricated. The resistances and capacitances of the samples were evaluated under 

the effect of humidity. The impedance was calculated from resistance and capacitance 

measurements and obtained in the experiment directly as well. It was observed that the 

capacitance of the sensor increases and resistance and impedance decrease with the increase of 

relative humidity. It was found that impedance-humidity relationship shows more uniform 

changes in the interval of humidity of 30%-95% with respect to resistance and capacitance 

relationship with humidity that show visible changes in the humidity interval of 30%-80% and 

80%-95% respectively. Humidity dependent impedance of these samples makes it attractive for 

use in impedance hygrometers. The impedance hygrometer may be used in the instruments for 

environmental monitoring of humidity.  

Later organic humidity sensors were connected with the op-amp square wave oscillator. It was 

observed that with the increase of relative humidity, the oscillator's frequency was also increased 

in the range of 4.2–12.0 kHz for 65 μm thick film sample, 4.1–9.0 kHz for 88 μm thick film 

sample, and 4.2–9.0 kHz for 210 μm sample. Effect of film thickness on the oscillator's 

frequency with respect to humidity was also investigated. This organic humidity sensor 

controlled oscillator can be used for short-range and long-range remote sensing.  

4.2.1 Introduction 

During the last decade, organic semiconductors have done a great improvement in its overall 

performance. New materials have been investigated in the field of conjugated polymers, 

oligomers and low molecular weights. These new materials have been thoroughly studied due to 

the low material and fabrication cost and their possible use in the organic semiconductor 

industry. Complexes of poly-N-epoxypropyl carbazole (PEPC) are known to be photosensitive 

organic semiconductors; they have good adhesive properties and are used for the fabrication of 

solar cells and photo capacitors [26-30]. It has a high absorption coefficient over a wide 
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spectrum and a high photo-electromagnetic sensitivity at low intensities of radiation. It is 

possible to deposit thin PEPC films simply, by vacuum sublimation. PEPC is very stable organic 

dye and its purification is simple and economical as the sublimation occurs at relatively low 

temperatures (400–600°C) [31]. 

In the last few years a number of capacitive and resistive humidity sensors were fabricated and 

investigated on the basis of porphyrin and Copper Phthalocyanine [16-18]. These sensors 

showed good capacitive sensitivity at higher humidity and high resistive sensitivity at lower 

humidity. Investigation of the capacitive type humidity sensors fabricated by using cellulose and 

Copper Phthalocyanine (CuPc) showed that the sensor is more sensitive when the humidity is 

above 50% [19]. The sensor fabricated on the basis of cellulose only was less sensitive than 

sensor made by the double layer of cellulose and CuPc [19]. In continuation of our efforts in 

fabrication and investigation of the humidity sensors based on cellulose and PEPC, we report 

herein the fabrication and investigation of the impedance hygrometer base on cellulose and 

PEPC. 

4.2.2 Device Fabrication and Characterization 

Commercially available cellulose with molecular formula (C6H10O5)n and PEPC synthesized in 

the laboratory and were used for the fabrication of humidity sensor. Density of the cellulose was 

1.592 g/cm3. Molecular structure of the cellulose is already shown in Figure 4.1.a and the 

molecular structure of PEPC is shown in Figure 4.6. The 2 wt% of cellulose and 2 wt% of PEPC 

was mixed in benzol. Glass substrates were cleaned for 10 minutes using distilled water in 

ultrasonic cleaner and then dried. The substrates were also plasma cleaned for 5 minutes.   

 

Figure 4.6 Molecular structure of Poly Epoxy Propyle Carbazol (PEPC) 
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Figure 4.7 Cross-sectional view of the fabricated of  PEPC Au/Cellulose/PEPC/Au hygrometer. 

 

                

The gold electrodes on cleaned substrate were deposited, keeping the 50 μm gap between them. 

The thickness of the electrodes was 100 nm where as the gap lengths were 5 mm. Films of 

cellulose and PEPC were deposited by drop casting method with approximate thickness of 65 

μm, 88 μm and 210 µm respectively. The fabricated sensors were kept at room temperature for 

one night to evaporate the moisture from the films. Figure 4.7 shows schematic diagrams of the 

fabricated Au/Cellulose/PEPC/Au sensor. Measurements were carried out in self made humidity 

measurement setups, which were developed in our device testing laboratory. Resistance and 

capacitance of the sensor were measured by using conventional digital instruments. 

The Wien bridge op-amp oscillator circuit was selected to convert the response of humidity to an 

electrical signal for the telemetry system applications. In this circuit, the capacitance C2 (as 

shown in Figure 3.3) was replaced by the organic humidity sensor (Au/Cellulose/PEPC/Au). The 

frequency of the oscillator was determined by the following expression [20]. 

 

1 1 2 2

1

2of R C R C


              (4.3) 

 

The change in frequency was calculated by the digital meters and also seen on the conventional 

oscilloscope.  
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4.2.3 Results and Discussions 

4.2.3.1 Effect of humidity to Electrical Properties  
This section describes that how the humidity affects the resistance, capacitance and impedance of 

the fabricated sensors. Figures 4.8, 4.9 and 4.10 show the relative humidity relationship with the 

capacitance (C), resistance (R) and impedance (Z) for the 65 µm thick hygrometer 

(Au/Cellulose/PEPC/Au) at frequency (f) equal to 100 Hz, 1 kHz and 10 kHz respectively. 

 

 

 

 

 

Figure. 4.8 Capacitance (C), resistance (R) and impedance (Z) with relative humidity (RH %) 

 relationship for the Au/Cellulose/PEPC/Au hygrometer at frequency (f) equal to 100 Hz. 
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Figure. 4.9 Capacitance (C), resistance (R) and impedance (Z) with relative humidity (RH %) 

 relationships for the Au/Cellulose/PEPC/Au hygrometer at frequency (f) equal to 1 kHz. 

 

 

Figure. 4.10 Capacitance (C), resistance (R) and impedance (Z) with relative humidity (RH %) 

 relationships for the Au/Cellulose/PEPC/Au hygrometer at frequency (f) equal to 10 kHz. 
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It is observed that the resistance showed very sharp decrease in the humidity interval of 30% - 

60%, and the capacitance showed large increase in the humidity interval of 65%-95%. The 

change of the hygrometer’s resistance and capacitance in the whole humidity interval was equal 

to 665 and 190 times for f =100 Hz, 1766 and 57 times for f = 1 kHz and 78 and 11 times for f = 

10 kHz, respectively. The impedance of the hygrometer is equal to total impedance of parallely 

connected resistance and capacitance: 
 

 Z = 1 / Y = 1 / (1 / R + j 2 π f C)           (4.4) 

                            

where Y is the admittance. From Figure 4.7, 4.8 and 4.9 it was observed that the calculated value 

of the hygrometer’s impedance decreases with an increase of relative humidity. Impedance-

humidity relationship sharp changes cover wider range of the humidity than the resistive–

humidity or capacitance-humidity relationship. The impedance depends on both resistance and 

capacitance changes (Eq. 4.4), i.e. the impedance-humidity relationship shows gradual changes 

with respect to resistance and capacitance. As impedance is due to the effect of both resistance 

and capacitance, it was observed that the effect of resistance to impedance was dominating with 

respect of capacitance. In the humidity interval of 30%-95% the impedance decreases 346, 166 

and 2 times respectively at frequency of 100 Hz, 1 kHz and 10 kHz. The impedance was also 

measured directly, and it was found that the experimental results matched with the numerical 

values of the impedance. The mechanism for decrease of resistance and increase of capacitance 

is very much similar to the mechanism of Ag/Cellulose/CuPc/Ag sensor which was explained 

earlier in section 4.3.1. Figure 4.11 shows the SEM image of the sample which clearly shows the 

porosity of the material, and it supports our arguments. 

The obtained data shows that with increase of frequency, the sensitivity of the hygrometer was 

decreased. It may be due to the comparability of the relaxation time of the related processes with 

period of applied measuring AC voltage [20]. Due to this reason, this process was also repeated 

for 88µm and 210µm thick samples at 100 Hz, 1 kHz and 10 kHz frequencies. At the end, 

comparison of all the results of impedance was carried out. Figure 4.11, 4.12 and 4.13 shows that 

at 100 Hz the sample exhibits larger impedance response than at 1 kHz and 1 kHz impedance 

response is better than the 10 kHz frequency response. All the three different thicknesses (65, 88 



 
 

76 
 

and 210 µm) show the same behavior as explained earlier. This is because of the fact that at 

lower frequencies the water molecules change its polarity with the applied AC signal. 

 

 

 

Figure.4.11 SEM image of the 210 µm Au/Cellulose/PEPC/Au sample. 

 

 

 

 

Figure 4.12 Humidity-Impedance relationships for the Au/Cellulose/PEPC/Au sample thickness  

  of 65µm at 100Hz, 1 kHz and 10 kHz. 
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Figure 4.13 Humidity-Impedance relationships for the Au/Cellulose/PEPC/Au sample thickness  

  of 88µm at 100 Hz, 1 kHz and10 kHz. 

 

 

 

Figure 4.14 Humidity-Impedance relationships for the Au/Cellulose/PEPC/Au sample thickness  

  of 210µm at 100 Hz, 1 kHz and 10 kHz. 
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It was also observed that there is sharp decrease in the impedance from 40% to 65% humidity 

level in all three samples. This is because of the water molecules. Initially, when water molecules 

just penetrate the surface of sensor, they provide the easy flow of current due to skin effect of the 

organic material and it is known that there are conjugated bonds exist between the PEPC which 

helps in easy flow of current. When water molecules penetrate deeper into the surface of sensor 

they act as dielectric. This shows that the samples are more resistive sensitive to the relative 

humidity interval of 30% to 70% and capacitive sensitive to the humidity interval of 70%-95%.      

The simulation of the impedance-humidity relationship can be easily done by using Eq. (1) and 

for simulation of the capacitance follow the literature [24]. Obtained data shows that resistance 

and capacitance measurements at investigation of their humidity response are complimentary and 

can be replaced by impedance measurement only. The high sensitivity of the Cellulose/PEPC 

double layer system to humidity is due to high sensitivity of cellulose and PEPC to humidity i,e. 

the surface type structure was fabricated by cellulose and PEPC. 

4.2.3.2 Use of the Sensor for Telemetry System Applications 

Figure.4.15 shows frequency-humidity relationships for the oscillator circuit. It is seen that the 

oscillator’s frequency increases with the increase of humidity at 2.45, 1.87 and 1.85 times, 

accordingly for 65, 88 and 210 µm film thickness of the samples. The oscillator's frequency 

increases with humidity, taking into account the equation (4.3) and the resistance-humidity 

relationship of Figure.4.8, 4.9 and 4.10, where the resistance decreases with humidity,  one can 

conclude that the effect of the sensor's resistance is dominating  with respect to capacitance. The 

increase of the oscillators' frequency with humidity depends on two factors: firstly the decrease 

of the sensor's resistance with the increase of humidity, and secondly, the increase of sensor's 

capacitance with the increase of humidity. 
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4.2.4 Conclusion 

It was fabricated and investigated the impedance hygrometer by using cellulose and poly N-

epoxy propyle carbazol (Au/Cellulose/ PEPC/Au). The resistance, capacitance and impedance of 

the hygrometer were evaluated under the effect of humidity in the range of 30%-95%. It was 

observed that the capacitance of the sensor increases and resistance and impedance decreases 

with increase of the relative humidity. It was found that impedance-humidity relationship shows 

more uniform changes in the humidity interval of 30%-95% RH with respect of resistance- and 

capacitance-humidity relationships. Resistance and capacitance show visible changes in the 

humidity interval of 30%-70% RH and 70%-95% RH, respectively. It was observed that 

resistance contribution in the impedance is dominating with respect of the capacitance. It was 

also found that the frequency has reverse effect on the impedance. All the fabricated hygrometer 

samples show good response at lower frequencies and it was also observed that the thin film 

samples show better response than the thicker ones. In the case of Au/Cellulose/PEPC/Au 

hygrometer impedance-humidity measurements were sufficient for the design of humidity meter.  

Humidity dependent impedance of these samples makes it attractive for use in impedance 

hygrometers.  

The fabricated humidity sensors were connected to the Wien bridge op-amp square wave 

oscillator. It was found that with increase of humidity the oscillator’s frequency was increased   

in the range of 4.9-12.00 kHz for 65µm, 4.80-9.0 kHz for 88µm and 4.8-9.0 for 210µm thick 

sample. The change in oscillator’s frequency depends on the sensor’s resistance and capacitance 

properties and oscillator’s circuit elements. This can be concluded that 65µm sample shows the 

best results with respect of oscillator frequency, but it covers the shorter range of humidity from 

35%-85% RH. To cover more humidity range thick samples should be used, as observed the 

88µm sample cover the humidity range from 35%-90% RH and 210µm sample cover 35%-

96%RH. These organic humidity sensors controlled oscillator can be used for short-range and 

long-range telemetry system applications.  
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Chapter 5 

   Light Sensors  

 

In this chapter, the properties of Copper Phthalocyanine (CuPc) based resistive light sensors 

were investigated. Copper Phthalocyanine (CuPc) was deposited as p-type semiconductor by 

thermal sublimation process in a vacuum chamber on an n-type GaAs substrate. After that the 

thin layer of silver was deposited on Copper Phthalocyanine film by thermal sublimation process 

to fabricate Ag/n-GaAs/p-CuPc/Ag photo sensor. The thin film of silver acts as a semitransparent 

medium for the other layers. The cell was connected to voltage-controlled oscillator (VCO) as 

photo-resistor. It was observed that the modulation of the oscillator’s frequency occurs at 

illumination of the cell: as illumination was increased the frequency was also increased. This 

light controlled oscillator can be utilized for the applications of telemetry systems, which can be 

used for the environmental monitoring and measurement of the illumination at different 

locations. 

5.1 Introduction 

As we all know that there is very less energy required for the fabrication of organic devices 

which ultimately reduces its fabrication cost. Due to this reason organic devices become popular 

and attractive for future use. Organic materials find different kinds of applications in sensors 

technology like organic light emitting diodes (OLEDs) and organic solar cells [1-4]. Photo-

electric cells which were fabricated by organic-inorganic structures showed very good response 

[5]. Hybrid organic-inorganic structures was investigated by Chartier et al, for the first time they 

studied the CdSe/poly methyl-thiophene sandwich type structure which showed the reasonably 

good photovoltaic response [6]. Similarly Copper Phthalocyanine and perylentetra–carboxylic 

dianhydride silicon cells were first investigated by Mohammad et al [7]. Au/p-MgPc/n-Si and 

Au/ZnPc/Si hetero-structures showed rectification behavior in both dark and in photo induced 

voltage mode [8, 9]. With the combination of inorganic and organic materials, the optimal 

devices can be fabricated which results into the improved performance of the devices. It is 
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possible to fabricate a photoelectric sensors for which unlike solar cells the power conversion 

efficiency is not very much necessary, but more important parameters are spectral sensitivity, 

linearity of input-output parameters, effect of temperature , humidity etc. 

Copper Phthalocyanine (CuPc) is one of the most intensively investigated organic material [10, 

11]. Copper Phthalocyanine exhibit high absorption of coefficient which covers the spectrum of 

wavelength from 200-1000 nm and it also shows the high photo-electromagnetic sensitivity at 

relatively low intensities of radiation. The thin layer of the Copper Phthalocyanine (CuPc) was 

deposited by sublimation process in a vacuum thermal evaporator. CuPc is deposited on the 

substrate by sublimation process. Sublimation usually occurs at 400–450 oC and the re-

crystallization process usually starts at the normal room temperature of 25oC.  

The gallium arsenide (GaAs) is a photosensitive inorganic material and it is widely used in the 

inorganic industry to fabricate different types of inorganic devices for different kinds of 

applications. Organic-on-inorganic heterostructure of Copper Phthalocyanine and gallium 

arsenide was initially prepared and characterized by karimov et al [10]. The hetero structure of 

Ag/CuPc/n-GaAs/Ag sensor was characterized at normal room temperature of 25oC, when the 

sensor was used in photovoltaic mode. The Tungsten filament lamp was used for the generation 

of illumination in the photo experiments. From the Photo-voltage spectra it can be concluded that 

the sample covers the large wavelengths of light spectrum ranges from 200-1000 nm and it 

covers from ultra violet to visible and near infrared (NIR) spectrum of light [10]. Investigation of 

the electric and photoelectric properties of the sensor in integral mode of operation provides the 

important conclusions about the junction behavior of the sensor. The current voltage 

characteristics of the fabricated photo diode which are temperature dependent have been reported 

earlier by karimov et al [12]. The sensor’s response of frequency of the fabricated photo diode 

(Ag/CuPc/n-GaAs/Ag) has been observed in the temperature interval of 23oC to 74oC, while all 

other parameters are set according to the room conditions [12]. The voltage-current 

characteristics and photo response of the fabricated photo diode were characterized at suitably 

large temperature range of 82 to 350 K [13]. From this literature survey it is concluded that all 

the main parameters like I-V characteristics, junction shunt and series resistance, threshold 

voltage and open circuit voltage and short circuit current of the fabricated photo diode are 

affected by the temperature. By use of the information on I-V curve and on the absorbance of 

light spectrum of Copper Phthalocyanine thin layer, the energy band diagram of the fabricated 
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photo sensor can be developed. The output in the form of voltage and current of the hetero-

structure device depends on the inclination of the light beam, when working in the differential 

mode of operation [14].  Practically in many cases, illumination is calculated by placing the lux 

meter sensor at that spot. When it is required to measure the illumination at some distance or 

there is need to measure the intensity of light of inaccessible place, then there is need to attach a 

transmitter and receiver with the sensor for the transmission of data. Data of the sensor is 

transmitted by wireless communication resources [15]. There are different types of telemetry 

systems are used which have different kinds of industrial, environmental and other special 

purpose uses.  

The output of photovoltaic Sensor was converted into voltage through VCO. The frequency of 

voltage controlled oscillator is modulated by the output voltage of the photo detector, now the 

output of VCO is modulated by our photo detector. At the receiving end the demodulation 

process was carried, and required information was extracted [15]. The complexity of modulation 

and demodulation can be reduced if our sensor directly modulates the frequency of oscillator. In 

this work, it is shown that how organic-inorganic hetero-structure based photo sensor, fabricated 

by CuPc and GaAs can be used for photo intensity measurements and for the modulation of 

oscillator’s frequency. 

5.2 Device Fabrication and Characterization  

To fabricate organic-inorganic hetero-structure sensors, n-type GaAs was used as the inorganic 

semiconductor substrate with CuPc. GaAs has the crystal orientation structure of 100 and it has 

the donor impurities of ND = 2 x 1018 cm-3. The structure of CuPc is shown in Figure 5.1 and it 

act as a p-type organic semiconductor material, the doping of the Copper Phthalocyanine is done 

by the oxidation of the CuPc in the open air because when CuPc is exposed to air it gets oxidized 

and this oxidation process makes it p-type material [16, 17]. There are seven different kinds of 

crystalline structures of CuPc are found in the laboratory which are known as.  ,  , , R, ,   

etc. [17]. Among these seven crystalline structures the  -CuPc structure is a metastable at the 

temperature of 165oC and can be converted thermally or by using some other kind of solution to 

the  -form. The and the   are two often structures of Copper Phthalocyanine which show 

higher stability at elevated temperature. 
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Figure 5.1 Molecular Structure of CuPc. 

 

In this work, the deposited thin layer of CuPc was in α-state and it was deposited by vacuum 

sublimation process for the fabrication of organic-inorganic hetero-structure photo sensor. The 

structure of the  -form of Copper Phthalocyanine is in a monoclinic form of crystal which has 

the specification as P21/a with a = 19.405 Å, b = 4.78 Å, c = 14.626 Å and   = 120.94 Å [17]. 

Copper Phthalocyanine has a band gap of about 1.62 eV and a conductivity of 5 x 10-13  -1 cm-1 

at a temperature of 300 oK [16, 18]. The molecular weight of the CuPc is 576 atomic mass unit 

and it was sublimed at temperature of 400 oC to 450 oC at an air pressure of 10-4 Pascal [11, 19]. 

The GaAs substrate was etched in H2O2 : NH4OH : H2O (1:1:3) solution for 30-40 second and 

then cleaned it in distilled water at 75-85 oC. For the purification of CuPc the sublimation 

process was used in vacuum. Now the substrate is ready for the deposition of thin layer of 

Copper Phthalocyanine and 20-40 nanometer thin layer of CuPc was deposited with the help of 

vacuum sublimation process on GaAs substrates at 400-450 oC and at a pressure of ~10-4 Pascal. 

During this thin film deposition process the substrate’s temperature was kept at a temperature of 

round about ~40 oC. The doping of thin film of CuPc was done using O2 in atmospheric air by 

putting the device in the air for approximately 30 minutes.  

After that the thin layer of silver on Copper Phthalocyanine was deposited by thermal vacuum 

evaporation method using Edwards Auto 306 thermal evaporator and ensures that this thin layer 

of silver passes the 6-10 % of incident light so that photo sensor respond to light accurately and 

covers the larger spectrum of light. In actual, silver is not transparent but when very thin layer of 

silver was deposited then it act as a semitransparent material. Another thick layer of Ag film was 

deposited on the opposite side of gallium arsenide which acts as an ohmic electrode layer; it 
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forms an ohmic contact with the GaAs [13]. From the literature it was found that the silver 

makes ohmic contacts with the Copper Phthalocyanine [10]. The schematic diagram of the cross-

section and top view of the fabricated photo cell is described in Figure 5.2. The active diameter 

of the fabricated sensor is approximately 3.1 centimeter which represents the diameter of the 

Copper Phthalocyanine thin film. The fabricated hetero-structure photo sensor was also gone 

through an ageing process, this ageing process includes the 10-15 times heating of the cell up to 

100 oC and then cooling to 25 oC, and all this experiment took 80-120 hours of time, then this 

ageing process is also done for the extreme conditions of light under the filament lamp 

illumination and the intensity of light was equal to 52 mW/cm2 to stabilize the photo sensor 

attributes. In the process of ageing the cells were short-circuited to replicate the extreme 

conditions of practical utilization. Resistance was measured by Digital HiTester 3256 

multimeter. The multimeter’s output voltage was equal to 2.54 V. The filament lamp was used as 

a light source. The cell was connected to the circuit of voltage-controlled oscillator (VCO) 

instead of the resistor R1. The circuit of a 566 VCO unit is shown in Figure 3.6.  

 

 

 

 

 

 

 

 

 

 

Figure. 5.2 Cross sectional view of organic–inorganic heterojunction sensor fabricated by using 

 n-type GaAs substrate and a thin p-CuPc film: 1-GaAs, 2-CuPc, 3-Ag, 4-Ag (semi-

 transparent), 5 and 6- terminals; (a) Side view (b) Top view. 
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A free-running or center-operating frequency fo can be found from [20]: 

            fo = 2 (V+-Vc)/V
+ R1C1                                                 (5.1) 

where Vc is a control voltage, V+ is voltage of power supply (V+ = 12 V), R1 and C1 are external 

resistance and capacitance. Practically, frequency of the oscillator was measured by conventional 

cathode ray oscilloscope (CRO). The measurements were conducted at room temperature. As we 

have done all these experiments by our laboratory made experimental setup so i,e there is need to 

verify our results, for this purpose we have used the commercially available photo-diode and 

verified our results.  

5.3 Results and Discussion 

5.3.1 Effect of light to the photo-resistance of the sensor 

Figure 5.3 shows dependence of forward bias resistance (RF) of the photo sensor on illumination. 

It was observed that RF decreases by 15.26 times with increase of illumination (G) from 0 (dark 

condition) to 676 foot-candle (fc).  The initial rate of change of resistance with the illumination 

(ΔRF/G) in the forward bias is equal to 0.0038 MΩ/fc, which is a quite large value of resistance.  

Figure 5.4 shows dependence of VCO’s frequency on illumination of the photo sensor. It is seen 

that the frequency increases by 7.5 times as illumination increases from 0 to 676 fc. Figure 5.5 

shows absorbance spectrum of the wavelength for CuPc and GaAs [13, 20]. It was observed that 

in visible spectrum of wavelength both materials show good absorbance. In the IR region the 

absorbance of CuPc is better than the GaAs where as in UV region the absorption of GaAs 

shows better results than CuPc. So the absorption spectrum of the CuPc and GaAs are 

complementary that makes the photo sensor cell sensitive in UV, visible and IR spectrum. This 

fabricated photo sensor potentially can be used in light meters, telemetry system data 

transmission and as a teaching aid in the organic solid state electronics [15, 20, 21]. 

5.3.2 Oscillator Circuit for the Photo sensor 

Figure 3.6 in chapter 3 shows the oscillator circuit for the photo sensor. The 566 IC based 

voltage controlled oscillator was used to convert the photo response of the sensor to electrical 

signals. These signals are generated in the form of varying oscillating frequency. We have started 

our experiment from dark conditions (0 lux) and gradually change the intensity of light up to 

676fc. The illumination lamp was used to increase the intensity of light.  
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Figure 5.3 Dependence of forward biase resistance (Rf)  of the Ag/CuPc/n-GaAs/Ag cell on  

 illumination. 

 

 

 

 

Figure 5.4 Frequency dependence of a 566 VCO unit on illumination of the Ag/CuPc/n- 

 GaAs/Ag cell. 
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Figure 5.5 Absorbance-wavelength relationships for CuPc and GaAs (in arbitrary units). 

 

The spectrum of light was maintained by focusing the light on the surface of the sensor at a fixed 

point. The frequency of oscillator changes from 12.2 kHz to 17 kHz when the intensity of light 

changes from 0 to 676 fc. This light controlled oscillator can be used for short-range and long-

range telemetry systems applications.  

5.4 Conclusion 

The photosensitive Ag/p-CuPc/n-GaAs/Ag cell was fabricated. The cell as photo-resistor was 

connected to voltage-controlled oscillator (VCO). It was observed the modulation of the 

oscillator’s frequency at illumination of the cell: as illumination was increased from 0 to 676 fc, 

the frequency was also increased from 2.12 kHz to 17 kHz as well. This light controlled 

oscillator can be used for short-range and long-range telemetry systems at environmental 

monitoring and as a teaching aid as well. 
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Chapter 6 

Temperature Sensors  

 

A thin film of p-type organic semiconductor material, Copper Phthalocyanine (CuPc), was 

deposited by vacuum thermal evaporation on an n-type GaAs single-crystal semiconductor 

substrate. After that thin film of silver (Ag) was deposited on CuPc film by thermal evaporation 

to fabricate Ag/n-GaAs/p-CuPc/Ag cell. The resistance of the cell decreases with the increase of 

temperature. As discussed earlier in chapter 5, it also changes the resistance by light. So it can be 

defined as a multifunctional sensor which can be used to measure different physical parameters. 

This is one of the main advantages of organic sensors that they can be used for the 

multifunctional testing. On the other side, an inorganic semiconductor does not show this kind of 

behavior. Later the cell was connected to voltage-controlled oscillator (VCO) as temperature 

sensitive resistor. It was observed the modulation of the oscillator’s frequency by changing the 

cell’s temperature: as temperature was increased, the increase of frequency was also observed. 

This temperature controlled oscillator can be used for short-range and long-range telemetry 

systems at environmental monitoring and assessment of the temperature profile. Simulations of 

the process verify the experimental results of the multifunctional sensor and the micrographic 

structure of the sensor explain the surface morphology of the sensor. 

6.1 Introduction 

The most prominent property of organic semiconductor is that the organic materials are very low 

cost and easily available; besides of these properties, the organic device fabrication process is 

also very economical. Due to these reasons, the researchers start focusing on the use of organic 

materials in the electronic industry and also found their applications in sensors technology, light 

emitting diodes and organic solar cells [1-4]. Organic-inorganic structures are very popular due 

to their ease in fabrication and improved performance [5]. Chartier et al. investigated the hybrid 

organic-inorganic CdSe/poly (3–methyl-thiophene) junctions that exhibited a photovoltaic 

behavior [6]. Similarly Mohammad et al. investigated CuPc and perylentetra–carboxylic 
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dianhydride silicon cells [7]. Heterostructure devices such as Au/p-MgPc/n-Si and Au/ZnPc/Si 

have shown rectification properties in dark, as well as in photo-induced voltage mode [8, 9]. 

From this literature survey it was concluded that the combination of organic and inorganic 

heterostructure results into the improved performance of the device. There is a need to make the 

combination of two technologies organic and inorganic. Inorganic semiconductors have been 

studied well and similarly some of organic ones also. It ultimately results into the increase of 

cell’s efficiency. This combination is more fruitful when fabricating photoelectric sensors for 

which unlike solar cells the power conversion efficiency does not play an important role, but 

more important parameters are spectral sensitivity, linearity of input-output characteristics, effect 

of temperature, humidity etc. 

Copper Phthalocyanine considered one of the well-studied organic photosensitive materials for 

the fabrication of organic devices [10, 11]. CuPc shows the wide range of absorption coefficient 

from 200-1000 nm of the spectrum. CuPc can be deposited by the vacuum sublimation process 

by the use of thermal evaporator. Purification of Copper Phthalocyanine is also very simple and 

economical because of the sublimation process occurs at relatively low temperatures (400–450 
oC). Re-crystallization of CuPc from the organic solution is also very simple and it usually starts 

at room temperature.  

The second important material of the fabricated temperature sensor is an inorganic material 

gallium arsenide (GaAs). It has the energy gap of 1.4 eV which makes it suitable for the 

application of electronic devices including lasers and solar cells. The combination of organic and 

inorganic structures of copper Phthalocyanine and gallium arsenide were fabricated before and 

the initial results were reported in the literature [10]. Characteristics of organic-on-inorganic 

Ag/CuPc/n-GaAs/Ag sensors were calculated at room temperature in photovoltaic mode of 

operation. Because of the combination of CuPc and GaAs it shows the wide spectral coverage 

ranges from 200-1000 nm which includes UV to visible and NIR spectrum of wavelength [10]. 

Study of the electric and photoelectric properties of organic cells in integral mode of operation 

gives the aspect of the cell about its junction properties. Investigation of temperature dependent 

current-voltage characteristics of organic-inorganic heterojunction diodes have been reported in 

the literature [12]. The frequency response of the Ag/CuPc/n-GaAs/Ag sensor was calculated 

from 23-74 oC [12]. Sensor’s I-V properties and photoelectric response were investigated at a 

large temperature range of 82 to 350 K [13]. It was observed that the sensor parameters like 
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rectification ratio, threshold voltage, junction shunt and series resistances, open-circuit voltage 

and short-circuit current are temperature dependent. By using the information of I-V 

characteristics and absorption spectral data of copper Phthalocyanine film, one can draw the 

energy band diagram of the cell. The differential response of the Ag/p-CuPc/n-GaAs/Ag sensor 

was already discussed in chapter 5 in which it showed very good response to light and its output 

was dependent of the position of the light beam [14]. 

For measurement of the temperature very wide metallic resistance temperature detectors (RTDs) 

and semiconductor thermistors are used [15]. These devices can only measure temperature. As 

Ag/p-CuPc/n-GaAs/Ag cells are sensitive to light it was reasonable to investigate temperature 

sensitivity of the cells that would be practically important for fabrication of multi-functional 

sensors for measurement of the illumination and temperature as well.  Practically in many cases, 

the temperature is measured by temperature sensors at the spot. In some specific cases, there is 

need to measure the temperature by means of short-range or long-range telemetry systems, where 

the sensor with transmitter is placed at one place and receiver is placed at a distance from the 

transmitter. Information is transferred by wireless communication means [15]. Sensor’s 

temperature response was converted into voltage that applied to voltage-controlled oscillator 

(VCO). The frequency of VCO is modulated by the voltage applied from the sensor. In the 

receiver, the frequency modulated (FM) signal was demodulated by the receiver and processed 

accordingly [15]. The frequency modulation process can be simplified if the sensor directly 

modulates the frequency of oscillator. In this chapter organic-inorganic temperature sensor 

(based on CuPc and GaAs cell) was described and was observed the temperature control of the 

oscillator’s frequency.                          

There are a number of researchers working on the applications of metal Phthalocyanine in 

electronic industry and fabricated the metal Phthalocyanine based solar cells with the 

combination of different inorganic materials. T. Tsuzuki et al. investigated p-n heterojunction 

devices using thin films of titanyl Phthalocyanine and a perylene pigment [10] and H. Yonehara 

determined photoelectrical properties of double-layer organic solar cells using C60 and 

oxotitanium Phthalocyanine [5, 11]. To fabricate any kind of sensor it is important to know that 

how its parameters are affected by the temperature variations occurred in its surroundings. In this 

study the research was done on the rectification properties, the working conduction mechanism, 
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junction parameters and photovoltaic properties of organic-inorganic Ag/p-CuPc/n-GaAs/Ag 

sensor prepared by thermal vacuum evaporation method for the temperature range of 30-70 oC.  

6.2 Device Fabrication and Characterization 

To fabricate organic-inorganic heterostructure based temperature sensor, the inorganic material 

gallium arsenide was used with the organic material Copper Phthalocyanine. The n-type GaAs 

with a (100) crystal orientation and donor impurities of ND = 2 x 1018 cm-3 was used. Figure 6.1 

shows the molecular structure of the CuPc [16, 17]. There are minimum seven crystalline 

polymorph states of CuPc can be found: ,  ,  , R,  ,   etc. [17]. The  -CuPc form is a 

metastable one at T = 165 oC and can be changed with temperature or with solution to the  -

form. The   and the   forms are the most frequently usable forms of Copper Phthalocyanine. 

The fabrication of CuPc films were in α- form because thermal sublimation process was used to 

deposit thin films.  It has a band gap of about 1.6 eV and a conductivity of 5 x 10-13  -1 cm-1 at 

T = 300 K [16, 18]. The molecular weight of the CuPc molecule is 576 a.m.u. Sublimation 

temperatures varies from 400 oC at a pressure of 10-4 Pa to 580 oC at 10-4 Pa [11, 19]. Figure 6.2 

shows the SEM images of the CuPc film.  

GaAs substrates were etched in H2O2 : NH4OH : H2O (1:1:3) solution for 30 second. After that it 

was washed in ultrasonic bath cleaner with distilled water at 70-80 oC and then dried it in spirit’s 

vapors. Thin film of CuPc with thickness of 20-40 nm, were thermally sublimed onto GaAs 

substrates at 400 - 450 oC at ~10-4 Pa. The substrate’s temperature in this process was held at ~40 
oC. To make CuPc p-type organic semiconductor it usually put into the air for approximately 30 

minute to get it doped by the O2 in atmosphere. 

 

 

 

 

 

 

 

Figure 6.1 Molecular structure of CuPc 
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Figure 6.2 SEM image of the Copper Phthalocyanine film.  

 

The semitransparent Ag thin film having 6-10 % transmission of incident light was deposited on 

the CuPc film by thermal vacuum evaporator. On the GaAs substrate side, another Ag thin film 

was deposited to form an ohmic electrode. Earlier investigations showed that the Ag forms 

ohmic contacts with CuPc and GaAs [10]. Figure 6.3 show cross-sectional view and top view of 

the fabricated cell. The active diameter of the cell, i.e. diameter of the CuPc film, was about 3 

cm. The fabricated Ag/CuPc/n-GaAs/Ag cell was passed through an ageing process. In this 

process it is heated 10-15 times up to 100 oC and cooled to 25 oC. In this procedure the cells 

were short-circuited to make the ageing as close to the extreme situations as possible for their 

realistic operation. Resistance was measured by Digital HiTester 3256 multimeter. The 

multimeter output voltage was equal to 2.54 V. The cell was connected to the circuit of voltage-

controlled oscillator (VCO) instead of the resistor R1. The circuit of a 566 VCO unit is shown in 

Figure 3.4.  

A free-running or center-operating frequency fo can be found from [20]: 

                                    fo = 2 (V+-Vc) / V
+ R1C1                                               (6.1) 

where Vc is a control voltage, V+ is voltage of power supply (V+ = 12 V  ), R1 and C1 are external 

resistance and capacitance. Experimentally, the frequency was estimated by conventional 

cathode ray oscilloscope (CRO). All the experimental procedure was followed at room 

temperature and the experimental setup was verified by commercially available inorganic 

thermistors. 
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Figure 6.3 Cross sectional view of organic–inorganic heterojunction sensor fabricated by 

using n-type GaAs substrate and a thin p-CuPc film: 1-GaAs, 2-CuPc, 3-Ag, 4-Ag (semi-

transparent), 5 and 6- terminals; (a) Side view (b) Top view. 

 

6.3 Results and Discussion 

Figure 6.4 shows dependence of forward bias resistance (RF) of the Ag/CuPc/n-GaAs/Ag cell on 

temperature. It was observed that RF decreases by 5.15 times with increase of temperature from 

40 oC to 70 oC respectively.  The temperature coefficient of resistance (TCR) can be calculated 

as [15, 20]: 

                             TCR = dR 100 % /Ro dT = - 4.17 %/ oC                      (6.2) 

where Ro is the cell’s resistance at T = 40 oC. The obtained TCR of the cell is comparable with 

the values of TCR of the thermistors [15]. The resistance-temperature relationship shown in 

Figure 6.5 can be simulated by the following expressions that are used for the thermistors [15]. 

                          ln ρ = Ao + A1 / θ + A2 / θ2 + ….+ An / θn                            (6.3) 

where ρ is the specific resistance of the material, A1, A2 , An are material constants,  θ is the 

absolute temperature, or by  

                          ln (R / Ro) = β (1 / θ – 1 / θo )                                                  (6.4)       

where R is the resistance of temperature sensor at temperature θ, Ro is the resistance of 

temperature sensor at reference  temperature θo, β is a material constant that ranges from 3000 to 

5000 oK,  θ and θo are  absolute temperatures in oK. 
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 The investigations of the temperature sensitivity of the cell is important for fabrication of 

multifunctional sensors, for example, temperature and light sensors on the base of the same 

heterojunction as Ag/CuPc/n-GaAs/Ag cell is photosensitive in photovoltaic and 

photoconduction modes of operations [12, 13]. Actually temperature sensitive cell should have 

opaque lid, whereas light sensitive device should be covered by transparent lid in multifunctional 

probe unit. As is known the sensors that show sensitivity, for example, into two parameters have 

the dual sensitivity errors [15]. 

The effect of temperature at the measurement of the light can be minimized, for example, by the 

use of Wheatstone bridge: in two arms of the bridge two cells, one with opaque lid and another 

with transparent lid can be connected respectively.  This approach is widely used in engineering 

measurements and can compensate the effect of temperature to the light sensitive cell [15]. When 

the temperature is measured the cell with opaque lid connected to the Wheatstone bridge can be 

used only. 

 

 

Figure 6.4 Dependence of forward bias resistance (RF) of the Ag/CuPc/n-GaAs/Ag cell on 

temperature. Experimental (     ) and simulated results (- - -). 
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6.3.1 Junction Resistance ( shR ) 

Junction resistance shR  was obtained from maximum junction resistance, whereas sR  is equal to 

the minimum junction resistance at forward bias. It was found that the magnitude of both 

resistors decreases with temperature. This may happen due to the increase in the density of free 

charge carriers in the cell, either due to the bond breakage or due to the de-trapping mechanism. 

The magnitude of both resistors decreases more sharply above 50 oC. This behavior may be due 

to change of transport mechanism from band transport to thermally assisted hopping transport in 

organic semiconductors as observed for pentacene and other acenes [22, 23]. At low 

temperatures (below approximately 220 oK), band transport mechanism becomes responsible for 

the charge carrier transport. At these temperatures, the vibrational energy is much lower than the 

intermolecular bonding energy and phonon scattering was also very low; thus high mobility was 

exhibited. At high temperatures, phonon scattering becomes so high that the contribution of the 

band mechanism to the transport of charges becomes too small. At these temperatures, hopping 

begins to contribute to charge carrier transport. Site to site hopping of carriers becomes easier as 

the temperature rises.   

 

6.3.2 Energy Band Diagram of the Fabricated Cell 

To make the energy band diagram of the fabricated Ag/p-CuPc/n-GaAs/Ag cell, there is a need 

to have the absorption spectra data of the copper Phthalocyanine film and the temperature 

resistance relationship of the cell. The absorption spectra of CuPc can be taken by depositing the 

CuPc on glass substrate by thermal vacuum evaporation method and then pass through it the 

white light of the spectrometer. Figure 5.5 show the absorption spectra of the CuPc layer. 

Maxima in the spectra correspond to the energy levels of 1.5 eV. Taking into account this data 

and using figures 6.4 and including the concept related to heterojunction properties [24-26], an 

energy-band diagram of the p-CuPc/n-GaAs heterojunction (figure 6.5) was developed. In figure 

6.5 CE  and VE  represents the difference of energies between the conduction band and the 

valence band respectively and illustrate the discontinuities in the conduction and valance bands 

[19]. The bineV  and bipeV  are built-in potential barriers seen by electrons and holes respectively. 

Mobility of the majority charge carriers of GaAs [24] and CuPc [23] are equal to 8500 cm2 / V 
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sec and 10-3 cm2 / V sec respectively. The charge carrier mobility of CuPc is much less than the 

GaAs, the reason behind this is the presence of localized states in the Copper Phthalocyanine 

which even reduces its mobility lower than 1 cm2 / V sec [16, 18]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5: Energy-band diagram of the p-CuPc/n-GaAs heterojunction. 
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6.3.3 Oscillator Circuit for the Temperature Sensor 

Figure 6.6 shows dependence of VCO’s frequency on temperature of the Ag/CuPc/n-GaAs/Ag 

cell. It was observed that the frequency increases by 5.2 times as temperature increases from 40 
oC to 70 oC. The experimental results can be simulated by use of Eq. 6.1 and Eq. 6.4. (Or Eq. 

6.3) as shown in Figure 6.6. The fabricated cell of Ag/p-CuPc/n-GaAs/Ag showed the 

repeatability and stability after several years of its fabrication. In average the cells forward bias 

resistance variations are in the interval of ±5% only. 

6.3.4 Comparison of the Experimental and Simulated Results 

In this study, the simulation of resistance of the cell and oscillating frequency of the VCO was 

made. The Eq. 6.4 was used for the simulation of resistance and it was noticed that the simulated 

results are very much comparable with the actual experimental results. The error between the 

experimental and simulated results was not more than 3%. Initially both the results are same but 

 

Figure 6.6 Dependence of frequency of a 566 VCO unit on temperature of the Ag/CuPc/n-

GaAs/Ag cell. Experimental (      ) and simulated results (- - -). 
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as we move on to higher temperatures the difference start increasing but this difference was in 

the acceptable tolerance level. 

After that, the simulation of Oscillator’s frequency was done by using Eq. 6.1. For this purpose 

the simulated values of resistance were put into the Eq.6.1 which results into the simulation of 

frequency. We noticed in Figure 6.7 that the both the experimental and simulated results are in 

good comparison and both the simulations, enforce our experimental results. 

6.4 Conclusion 

Organic-inorganic heterojunction sensors were fabricated by depositing CuPc on n-type GaAs 

substrate. The organic layer of CuPc was grown on n-type GaAs wafers by thermal vacuum 

evaporation method at 400-450 °C and 10-4 Pa. It was observed that the grown organic films 

were uniformly spread over the substrates with good adhesiveness.  

The   Ag/n-GaAs/p-CuPc/Ag cell was fabricated. The cell as temperature sensor was connected 

to voltage-controlled oscillator (VCO). It was observed the modulation of the oscillator’s 

frequency at increase of the cell’s temperature: the frequency increases by 5.2 times as 

temperature increases from 40 oC to 70 oC. The Ag/n-GaAs/p-CuPc/Ag cell can be used for the 

fabrication of multifunctional sensors, which can detect temperature as well as light. This 

temperature controlled oscillator can be used for short-range and long-range telemetry systems at 

environmental monitoring and assessment of the temperature profile. It can also be used as a 

teaching aid as well. The circuit was used for simulation, and it was found that the experimental 

results are in good agreement with the calculated results.  
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Chapter 7 

Displacement Sensors  

 

In this chapter two types of displacement sensors were discussed. The first one was fabricated by 

multiwalled carbon nanotubes and the second was fabricated by organic field effect transistor. 

7.1 Displacement Sensors based on multiwalled carbon nanotubes 

In this section 7.1 of the chapter the multiwalled carbon nanotubes (MWNTs) based flexible 

surface type displacement sensor were investigated. Multiwalled carbon nanotubes were 

deposited on adhesive plastic substrate between the two aluminum electrodes Al/MWNTs/Al, 

and then it was placed in a plastic casing so that the external environmental risks can be 

minimized. The diameter of multiwalled carbon nanotubes varied between 10-30 nm. The 

nominal thickness of the MWNTs layers in the samples were ~300 and ~430 μm. The inter-

electrodes distance (length) and width of the surface type samples were in the range of 4-6 mm 

and 3-4 mm respectively. DC resistance of the samples was decreased by 2.5-3 times with 

increase of the displacement in the range from 0 to 800 μm. The sensors were connected to op-

amp voltage-controlled oscillator. It was observed that with increase of displacement, the 

oscillator’s frequency was also increased. The displacement sensor controlled oscillator can be 

used for short-range and long-range telemetry applications. 

7.1.1 Introduction 

Investigation of physical properties of organic semiconductors under different physical 

parameters is very promising field for development of the various types of sensors. There is great 

number of reports on investigations of organic semiconductors as humidity, temperature, 

infrared, visible and ultra violet radiation, and different types of gases such as ammonia sensitive 

materials have been reported [1-8].  
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Displacement transducers are generally used with resistive, capacitive, eddy-current, linear 

variable differential transformer, optical instruments and photoelectric sensors [9, 10]. The 

displacement range of these transducers usually varies from microns to centimeters. Some of the 

transducers are contacting type as linear variable differential transformer (LVDT), multiple 

resistor, resistance potentiometers and some are non-contacting, as capacitive, eddy-current, 

photoelectric [10]. 

A cantilever-type displacement sensor based on diffused silicon strain gauges fabricated from 

two different kinds of alloys [11]. The relationship between resistance and displacement of a 

magneto-resistor under the effect of magnetic field was studied by Ferris et al [12]. Later a new 

“3D Sensor” has been fabricated that can simultaneously calculate the displacements and the 

components of a force in three orthogonal directions. It consists of four or eight strain gauges 

which are connected to the four arms of a single cross-shaped force calculating cantilever spring 

[13].  

As is known pressure transducers are generally used with resistance, capacitance, inductance, 

piezoelectric sensors and with devices such as diaphragm and bellows [9, 10]. There are a lot of 

resistances strain gauges have been fabricated and characterized on the basis of low molecular 

organic materials tetra-cyanoquino dimethane (TCNQ) [5]. Some of the organic semiconductor 

materials like poly-N-Epoxypropyl carbazole (PEPC) show the very good response of resistance 

and strain [6]. 

Carbon nanotubes (CNTs) are also very appealing because they have very unique electronic and 

mechanical characteristics. Electronically, CNTs can be metallic, semiconducting or small-gap 

semiconducting (SGS) depending on the orientation of the graphene lattice with respect to the 

axis of the tube [14]. On the base of CNTs, it was fabricated and investigated different kinds of 

sensors. For example, humidity sensors based on SWNTs [15-18], double-walled carbon 

nanotubes (DWNTs) [19], and multi-walled carbon nanotubes (MWNTs) were studied [20]. 

Due to very attractive electromechanical behavior of the CNTs, it found its applications in the 

area of piezoresistor sensors like strain gauges, pressure sensors, and accelerometers [15, 21-25]. 

The piezoresistance of CNTs on deformable thin-film silicon nitride membranes were  studied 

and it was observed that the gauge factor (ΔR/Rε) are of up to 400 and 850 for the 

semiconducting and small gap semiconducting (SGS) tubes respectively whereas the maximum 

value of gauge factor in silicon is 200 [15]. The small band-gap semiconducting (or quasi 
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metallic) nanotubes were also studied and it was observe that they show the piezoresistive gauge 

factors from 600 to 1000  under axial strains that is much better than the metallic nanotubes [21]. 

The fabrication of SWNT thin-film transistors on plastic substrates was reported in the literature 

earlier [22]. It was reported that the resistance of the SWNTs thin film decreases by 38.2% and 

47.1% with increase of the bending of the elastic substrate and thin films containing 14 and 16 

SWNTs layers that are, in order of magnitude higher than silicon. It was exhibited that the 

piezoresistive effect in the pristine CNT films has the gauge factor under 500 microstrain was 65 

at room temperature [23]. The gauge factor changes with the temperature. The mechanical 

deformation and conductivity relationship for free-standing membranes of SWNTs has been 

studied and it was observed that the nanotubes gauge factor of piezoresistivity is 2.3-2.5 times 

larger than the Si substrate [24]. The nano electromechanical piezoresistance transducers based 

on SWNTs were investigated and it was observed that SWNTs show nonlinear piezoresistive 

gauge factors of up to 1500 while the exerting strain was equal to 1% [25]. 

In some specific cases, there is need to measure displacement by means of short-range or long-

range telemetry systems, where the sensor with transmitter is placed at one place and receiver is 

placed at a distance from the transmitter. Response of sensor, which was converted to voltage, is 

in turn applied to voltage controlled oscillator (VCO). The frequency of VCO was modulated by 

the voltage applied from sensor. In the receiver, the frequency modulated (FM) signal is 

demodulated by the receiver and processed accordingly [26]. The frequency modulation process 

can be simplified if the sensor directly modulates the frequency of oscillator. Fabrication of the 

displacement transducer and investigation of squeezing effect to the MWNTs layer would be 

useful from practical point of view and for deepening of the knowledge about the physical 

properties of the MWNTs. In section 7.1, we have designed, fabricated and characterized the 

surface type flexible displacement sensor based on MWNTs. Afterwards it was connected with 

the voltage controlled oscillator (VCO) circuit to find that how it affects to the oscillating 

frequency of the oscillator. Later the changed frequency of oscillator can be used for the 

telemetry system applications directly (Without modulation) or indirectly (with modulation). 
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7.1.2 Device Fabrication and Characterization 

CNT was purchased from the Sun Nanotech Co Ltd., China and was deposited on the adhesive 

elastic polymer tape with the thickness of 35 μm, with built-in Al foil electrodes and later it was 

enclosed by the same kind of tap which act as an elastic casing for the sensor. Figure 7.1 shows 

schematic side view of the fabricated sensor. The diameter of multiwalled carbon nanotubes 

(MWNTs) varied between 10-30 nm. The basic structure of MWNT is shown in Figure 7.2. The 

approximate thickness of the CNTs layers was ~ 300-430 μm. The inter-electrode distance 

(length between electrodes) and width of the surface-type samples layers was in the range of 4-6 

mm and 3-4 mm respectively. DC resistance of the samples was measured by using ESCORT 

ELC-132A meter. We measure the displacement with the help of micrometer gauge. 

Figure 7.3 show the transducer for the investigation of displacement effect on the sensor. The 

transducer consists of the following elements: (1) metallic support, (2) displacement sensitive 

sensor, (3) thin plastic film of thickness 0.01 mm, (4) elastic rubber of height 7 mm and diameter 

of 6 mm, (5) metallic disc with the thickness of 0.5 mm and diameter of 6 mm, and at (6) 

micrometer is located. The displacement was measured by micrometer. The displacement can be 

increased or decreased by moving the micrometer down and up respectively in the vertical 

direction. The range of the displacement depends on the heights of the elastic rubber and its 

elastic properties as shown in Figure 7.3. 

For frequency modulation the voltage controlled oscillator was used, made on the bases of 

silicon integrated circuit technology. The sensor’s resistance depends on displacement and any 

kind of oscillator based on resistive and capacitive elements can be used for frequency 

modulation. We have selected VCO as shown in Figure. 3.4 of chapter 3, it is one of the simplest 

IC based (566) voltage controlled oscillator, and replaced the resistance (R1) by MWNTs based 

displacement sensor [26]. 
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Figure 7.1 Schematic diagram of the fabricated Al/MWNT/Al surface-type displacement sensor. 

 

 

Figure 7.2 Basic structures of singlewalled and multiwalled carbon nanotubes. 

 

A free-running or center-operating frequency fo can be found from the equation 

fo = 2 (V+-Vc)/V
+ R1C1                                    (7.1) 

Where Vc is a control voltage, V+ is voltage of power supply (V+ = 12 V), R1 and C1 are external 

resistance and capacitance. The resistance R1 was replaced by the CNT based displacement 

sensor. Experimentally, the frequency was estimated by conventional cathode ray oscilloscope 

(CRO). The measurements were conducted at room temperature. 
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Figure 7.3 Transducer for the investigation of the Al/MWNT/Al Sensor at the effect of  

  displacement : (1) metallic support, (2) Displacement Sensitive Sensor, (3) thin 

plasticfilm, (4) elastic rubber, (5) metallic disc and at (6) micrometer. 

 

7.1.3 Results and Discussion 

7.1.3.1 Effect of displacement on the resistance of the sensor   

Figure 7.4 shows resistance-displacement relationship for the two Al/MWNTs/Al sensors. The 

DC resistance of the sensors was decreased by 2.5-3 times as the displacement was increased 

from 0 to 800 µm. The effect of displacement to the sensors resistances was more for thicker 

MWNTs layers (~430 μm sample) and less for thinner layers (~300 μm sample). The sensor 

resistance (R) is calculated as [27]: 

    d d
R

A A




      (7.2) 

 



 
 

112 
 

Where d is the length or inter-electrode distance, A is the cross-section of the aluminum foil 

electrode or MWNT layer and ρ is the resistivity (
1


 ), where σ is conductivity of the 

MWNT layer. 

 

 

 

Figure 7.4 Electric circuit of the voltage controlled oscillator with built-in Al/MWNTs/Al flexible 

surface type displacement sensor (R1). 

 

The change in the resistance of the sample can be occurred due to the increase of the 

conductivity of the MWNTs layer under the effect of displacement and the conductivity altered 

due to the densification of the MWNTs under the effect of displacement. The mechanism of 

conductivity in MWNTs samples can be considered as transitions between spatially separated 

sites or particles that can be attributed to the Percolation Theory [28, 29]. The effective 

conductivity (σ) of the MWNTs samples with the help of Percolation Theory can be measured 

as: 

    
1

LZ
       (7.3) 

Where L is defined as the characteristic length, which depends on the number of sites, or 

particles, Z is the resistance of the path with the lowest average resistance. The MWNT layer 

which is between metallic electrodes will be squeezed by increasing displacement; it may cause 
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firstly the decrease of L and secondly reduces Z. As a result, the conductivity increases and the 

resistance of the sample decrease with increase of displacement, as is calculated in Figure. 7.4.  

On the other hand under the affect of displacement, the cross-section of the CNTs layer 

decreases, that definitely will increase the resistance of the samples according to equation 7.2. It 

was observed during the experiment that the resistance of the sample decreases with the increase 

of displacement, it is consider due to the intrinsic properties of the material and i.e. conductivity 

of the sample is altered more than the geometrical parameters of the sensor. It can be presumed 

that the conductivity increases not because of densification of the samples but also due to 

increase of the intrinsic conductivity of the each nano particle as well. 

7.1.3.2 Oscillator Circuit for the displacement sensor   

Figure 7.5 shows frequency-displacement relationship for the oscillator circuit. It was found that 

with increase of displacement, the oscillator frequency was also increased in the range of 22−156 

kHz for 430 µm sample and 42-122 kHz for 300 µm thick samples. 

Figure 7.6 shows relative-resistance displacement and relative-frequency displacement 

relationships for 430 µm thick displacement sensors. It is observed correlation of the resistance 

and frequency behavior at the effect of displacement.  

By use of Eq. 7.1, it can be shown that the relative frequency is reciprocal to relative 

resistance: 

                               f/fo = Ro/R                                          (7.4) 

Where fo and Ro are initial oscillator frequency and displacement sensor resistance, and f and R 

are accordingly under the effect of displacement. The relative experimental and simulated 

results, for 300 µm sample, by using Eq. 7.1 are plotted in Figure 7.7 and are observed in good 

agreement and the sensor also showed the good repeatability. 

The basic structure of the fabricated sensor is very similar to the flexible sensors cited by many 

researchers in the literature [22]. In spite of the plastic casing was also used to protect the film of 

MWNTs because MWNT is very sensitive to humidity and it changes it resistance with the 

change of humidity in the surrounding [14-20]. Due to these kinds of precautions the effect of 

humidity can be ignored to the electric properties of the sensors. This flexible displacement 

sensitive sensor can be used for short-range and long-range remote sensing applications at 

environmental monitoring and assessment and it has applications in industry as well. 
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Figure 7.5 Frequency response of Voltage controlled oscillator for the two Al/MWNT/Al displacement  

       sensors. 

 

 

 

 

Figure 7.6 Relative resistance and frequency relationship for the Al/MWNT/Al displacement  

 sensor. 
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7.1.3.3 Comparison of Experimental and Simulated Results 

Simulation of the frequency was done by using Eq. 7.1. It was observed that the experimental 

and simulated results are in a good agreement. 

7.1.3.4 Junction Resistance 

Figure 7.4 shows the changes occurred in the junction resistance jR  as a function of sensor’s 

displacement. The sensors maximum resistance is represented by shR  whereas the sensors 

minimum resistance is denoted by sR . Figure 7.5 shows the changes occurred in the frequency 

which occurred due to the changes occurred in the shR  and sR  value of the resistance with the 

effect of displacement. It is sure that the resistance of the sensor decreases with the displacement. 

It can be related with the phenomena that by increasing the displacement increases the number of 

density of the free carriers available in the device, either because of bond breakage or due to de-

trapping mechanism. 

 

 

 

Figure 7.7 The comparison of experimental and simulated results of frequency with 

displacement for 300 µm Al/MWNTs/Al sample. 
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7.1.4 Conclusion 

The properties of multiwalled CNTs Al/MWNTs/Al based flexible displacement sensors were 

investigated. It was found that the DC resistance of the sensors decreases as the displacement 

increases. The sensors were used for modulation of the frequency of voltage controlled 

oscillator. It was observed that with increase of the displacement, the oscillator frequency was 

also increased. The displacement sensor controlled oscillator can be used for short-range and 

long-range telemetry systems for data transmission. 

7.2 Displacement Sensors based on Organic Field Effect Transistors 

In Section 7.2, the Organic Field Effect Transistor (OFET) based displacement sensors were 

investigated. The fabrication of OFET started by depositing the thin film of Copper 

Phthalocyanine and Aluminium (Al) in a sequence by vacuum thermal evaporator on glass 

substrate with pre-deposited Silver (Ag) as source and drain electrodes. It was studied that how 

the OFET changes its characteristic with the change of displacement. It was observed that the 

drain-source resistance of the OFET decreases 8 times with the increase of the displacement in 

the range from 0 to 550 μm. The sensor was then connected to square wave oscillator. It was 

found that with the increase of displacement, the oscillator’s frequency was also increased in the 

range of 3.3−11.0 kHz. This Displacement Sensitive Field Effect Transistor (DSFET) controlled 

oscillator can be used for short-range and long-range telemetry systems in the environmental 

monitoring and assessment. Moreover it has industrial applications too. 

7.2.1 Introduction 

As known, transducers are widely used for the modulation of frequency of Voltage-Controlled 

Oscillators (VCO) in short-range as well as long-range telemetry systems for data transmission 

[10]. Displacement transducers are mostly used with resistive, capacitive, eddy-current, linear 

variable differential transformer, optical instruments and photoelectric sensors [9, 30]. Different 

sensors have different level of sensitivity for displacement which varies from microns to 

centimeters. Some of the transducers are contacting type e.g. Linear Variable Differential 

Transformer (LVDT), multiple resistor, resistance potentiometers and some are noncontacting 

e.g. capacitive, eddy-current, photoelectric [30]. 
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In the last decade, the Organic Semiconductor devices were intensively investigated due to their 

potential low cost of fabrication, for the development of the various types of sensors. A lot of 

research on the investigation of organic semiconductor materials as humidity, temperature, 

infrared, visible and ultra violet radiation and different types of gases such as ammonia sensitive 

materials have been reported [5, 8, 31-33].  

Some of the Organic Field Effect Transistors (OFETs) show sensitivity not only to applied 

voltage but also to the electric field of the molecules. Lot of researchers worked on it and 

recently, Bartic et al. designed such kind of organic field effect transistor that can detect 

charged/uncharged chemical species in aqueous media via field effect [34]. In ion-sensitive field 

effect transistor (ISFET), the gate oxide was covered by Si3N4 or Al2O3 to improve stability and 

Nernstian behavior [35].  

There are various resistive type linear and angular displacements sensors were fabricated and 

studied on the basis of organic semiconductor materials like Tetra-Cyanoquino Dimethane 

(TCNQ) ion-radical salt crystals [6]. Copper Phthalocyanine (CuPc) is a well-studied and 

investigated organic semiconductor material. On the bases of CuPc a number of devices have 

been fabricated [33, 36]. Fabricating the CuPc based FET as a displacement sensor for the study 

of squeezing effect would be useful for the understanding of physical characteristics of the 

organic semiconductor films. For telemetry system the resistive displacement sensors can be 

used as a built-in external resistor of the oscillator. A series of experiments were performed to 

fabricate OFET based sensors, it would be reasonable to investigate the source-drain resistance-

displacement relationship. In this work, having the structure of Metal-Semiconductor Field 

Effect Transistor (MESFET), the displacement sensitive OFET with CuPc and Al (Schottky 

junction between CuPc-Al) are reported. This OFET can be used for the control of oscillator’s 

frequency in the telemetry system applications. 

7.2.2 Device Fabrication and Characterization 

The Copper Phthalocyanine (CuPc) was purchased from Sigma Aldrich and used it without 

following an additional purification process. Figure 7.8 shows the molecular structure of CuPc. 

Figure 7.9 shows the X-ray diffraction pattern of the CuPc film [37]. The analysis spot is 

approximately several millimeters in diameter.  It showed a sharp peak at 7.48. 
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The scanning electron micrographs showed that no particular crystal orientations exist in the 

CuPc films as shown in Figure 7.10 [38]. Band gap of CuPc is 1.6–2.0 eV and conductivity is 

1.210-8–510-13 ( cm)-1 at T = 300 K [1, 2, 14]. The sublimation temperature of CuPc varies 

from 400 °C to 450 °C at a pressure of 10-4 Pa [39]. 

First of all silver electrodes of 50nm was deposited on the glass substrate. Then the thin film of 

CuPc was deposited, which was thermally sublimed on glass substrate with the sublimation 

temperature of 400 - 450 °C at ~10-4 Pa using vacuum thermal evaporator with diffusion 

pumping system. The deposition rate was 0.1-0.2 nms-1. The length and width of the silver 

electrodes which acted as source and drain electrodes were equal to 25 mm and 20 mm 

respectively, the interspacing distance between these electrodes was equal to 30 μm. 

The temperature of the substrate in this process was held at ~40 °C. The thickness of the CuPc 

film was measured by Edwards FTM5 Film Thickness Monitor. At the end a 20 nm of Al layer 

was deposited on CuPc film. Previous study of the copper phthalocyanine showed that it forms 

ohmic contacts with Ag and show Schottky type rectifying behavior with Al [39]. Usually, the 

copper Phthalocyanine films show p-type conductivity in normal circumstances [39].  

Figure 7.11 shows cross-sectional view of the fabricated DSFET: source and drain terminals 

connected with Ag films and gate terminal with Al film. On the Al film an elastic rubber film 

was placed on thin plastic film, upon which a squeezing disk was placed. Geometrical length and 

width of the CuPc channel were 20 mm and 30 μm. The thickness of the CuPc films was 40 nm. 

In this study, five DSFETs were fabricated. Figure 7.12 shows the transducer for the 

investigation of OFET with the effect of displacement. The transducer consists of the following 

elements: (1) metallic support, (2) DSFET, (3) thin plastic film of thickness of 0.01 mm, (4) 

elastic rubber of height 7 mm and diameter of 6 mm, (5) metallic disc of thickness of 0.5 mm 

and diameter of 6 mm and (6) micrometer. The displacement was calculated by micrometer 

gauge. The two headed arrow in Figure 7.12 shows the motion of micrometer in two way 

direction which indicates the increase and decrease of the displacement. The displacement can be 

decreased by moving down the micrometer in vertical direction and vice versa. The range of 

displacement depends upon the height of the elastic rubber and its elastic properties. The 

measurement of drain-source DC resistance, drain current, drain and gate voltages were 

measured by FLUKE 87 digital Multimeters at room temperature and at normal atmospheric 

pressure. 
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Figure 7.8 Molecular structure of CuPc 

 

 

 

 

Figure 7.9 X-Ray diffraction pattern of CuPc film. 
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Figure 7.10 Scanning electron micrographs of CuPc film. 

 

 

For the calculation of resistance, the multimeter’s open circuit terminal voltage was calculated to 

be 2.77 V. 

For frequency modulation, usually the voltage controlled oscillators (VCO), made on the base of 

IC technology, were used [26]. Simplest IC based 566 voltage controlled oscillator circuit was 

selected, as shown in Figure 3.4 [26], and replaced the resistance (R1) by DSFET. 

 A free-running or center-operating frequency fo can be found from: 

fo = 2 (V+-Vc)/V
+ R1C1                                  (7.5) 

where Vc is a control voltage, V+ is voltage of power supply (V+ = 12 V), R1 and C1 are the 

external resistance and capacitance respectively. Experimentally, the frequency was estimated by 

conventional Cathode Ray Oscilloscope (CRO). This experiment was conducted at room 

temperature. The experimental errors of the resistance, frequency and displacement were ±2%, 

±3% and ±5% respectively. 
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Figure 7.11 Cross-sectional view of the displacement sensitive organic FET. 
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Figure 7.12 Transducer for the investigation of the OFET at the effect of displacement: (1) 

 metallic support, (2) DSFET, (3) thin plastic film, (4) elastic rubber, (5) metallic disc and 

(6) micrometer 

7.2.3 Results and Discussion 

7.2.3.1 Effect of displacement on the resistance of the sensor   

Figure 7.13 shows the resistance-displacement relationship for the DSFET. It was observed that 

the drain-source resistance of this DSFET was quasi-linear and was decreased 8 times with the 

increase of the displacement in the range from 0 to 550 μm while gate-source voltage (VGS) was 

equal to 0V. 

In Figure 7.13 the decrease of resistance-displacement relationship of the CuPc based DSFETs 

may be due to the change of geometrical parameters and intrinsic properties of the sample. When 

the thickness (d) of the film was decreased by squeezing the disk, it increases the conductivity 

(σ) of the CuPc film due to the decrease of the distances between the CuPc molecules (Eq.7.5) 

and increase of the concentration of the charges. It was conclude from the experimental results 

that the second process is dominating in these fabricated sensors.  
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Figure 7.13 The drain-source resistance (R) and displacement (D) relationship for the DSFET 

and frequency-displacement relationship for the oscillator circuit. 

 

 

In multi-crystalline thin films with disordered system, mostly a hopping mechanism of 

conduction was observed [2, 31], which is due to phonon assisted hopping of carriers from one 

localized state to another. It is known that the mobility increases with temperature, but it also 

follow the actual contribution from scattering phenomena. It is also possible that the mobility 

may increases, decreases or be independent of temperature in different organic semiconductors 

[2, 31]. Generally a value of mobility is found to be around 1 cm2V-1s-1 which is consider as a 

boundary between band transport and hopping mechanism [2, 14, 31].  

Ioffe and Regel have shown that at mobilitiy lower than 1 cm2V-1s-1,  the mean free path of 

carriers calculated from band transport approach is less than the inter atomic distances in 

semiconductors that would be incorrect from the point of view of laws of Physics [40]. 

The Tunneling Effect actually is the most universal phenomenon, which contribute mostly at 

very low temperature where as the band and hopping mechanism have less contribution at low 

temperature. It is believed that in tunneling mechanism mobility shows temperature independent 

behavior and it depicts very low values (µ << 1 cm2V-1s-1). 
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It is considered that hopping mechanism is found to be responsible for the conductivity of CuPc. 

Hopping mechanism usually occurred due to thermally assisted hopping transitions between 

spatially separated sites of molecules which can be attributed to the Percolation theory [28]. The 

average conductivity (σ) of organic materials can be calculated with the help of percolation 

theory as: 

1

LZ
         (7.6) 

where L is the characteristic length, depending on the concentration of the sites, Z is the 

resistance of the path with the lowest average resistance. By increasing the displacement, the 

CuPc film will be squeezed between silver and glass film of the substrate and aluminum film of 

the gate as shown in Figure 7.11 which results into the decrease of L and secondly, reduce the Z 

value of the sensor. In the consequence, the conductivity increases and the resistance of the 

sample decrease, as shown in Figure 7.13.  

The DSFET’s drain-source resistance (Rds) can be calculated as [26]: 

ds

d d
R

A A




            (7.7) 

or                                 ds
ds

d

V
R

I
  (7.8) 

where Vds and Id are the drain-source voltage and drain current, respectively, d is the effective 

length (inter-electrode distance) and A is the effective cross-sectional area of the current flow and 

ρ is the resistivity (
1


 , where σ is conductivity). 

By substituting Eq.7.6 into Eq.7.7 and using linear function given in Eq.7.9, the relative change 

of resistance at the displacement can be represented as Eq. 7.10 [41]. 

 

                        Y = Kx + b     (7.9) 

 

                       R/Ro= K D + 1    
 (7.10) 

 

where R and Ro are resistances of the sample at the range of displacement from 0 to 550 µm, and 

D = x  is displacement, K is resistance displacement factor and  b taken as 1. 
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Figure.7.14 shows the drain-source relative resistance ( oR R ) with displacement relationships 

for the DSFET. From the experimental results shown in Figure 7.13, the average displacement 

factor K = -1.310-3 μm-1 was determined for the transistor fabricated from thick CuPc film. 

Experimental and simulated (by using Eq. 7.10) results are plotted in Figure7.14 and are found to 

be matched with each other. 

Figure 7.15 presents the simplified schematic diagram of OFET. This figure explains that how 

the FET will response when the displacement effect is applied to DSFET, (1) is showing the 

depletion region at normal condition (2) is showing under the effect of displacement, (3and 4) 

shows the Ich and Ij where Ich and Ij are the channel current and the junction current respectively, 

the sum of these currents are equal to drain-source current. From figure7.15 we can conclude that 

when we will increase the displacement then it will result into the decrement of the length and 

width of depletion region, because of the decrement in the depletion region both the channel 

current Ich (that flows from source to drain) and the junction current Ij (that flows from source to 

drain through gate) increases. It could also become one of the reasons for the increase of 

concentration of charges under the effect of displacement in DSFET. In fact with the effect of 

displacement and squeezing the drain current increases which could be due to decrease of the 

depletion region. From these phenomena, it can be assumed that the modulation of channel 

conduction also occurred due to the effect of displacement and squeezing. Now the displacement 

and squeezing phenomena will be discussed under the laws of physics at microscopic level, with 

the increase in displacement the concentration and probably mobility of charges increases in the 

channel this is due to the influence of electric field that is present in the depletion region which 

results in drift of holes to bottom of the channel to direction opposite of the gate. It will result 

into the decrease of the depletion region as exhibited in the Figure 7.15. 

In the investigated DSFETs, the displacement of the micrometer directly affects the gate of the 

OFET that makes it suitable for the daily life applications. The sensors’ resistance showed 

repeatability (hysteresis) of ±5%.  The structure and properties of organic semiconductor thin 

films depend not only on the molecular structure or concentration of impurities but also on the 

technology of deposition as well [2, 31, 42]. Therefore, there is still a room for the further 

improvement of properties of displacement sensitive FET. In future, the work can be done on the 

improvement of the physical parameters of DSFET. 
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Figure 7.14 The drain-source relative resistance (R/Ro) – displacement (D) relationships for the  

  DSFET: experimental (solid lines) and simulated (dashed line) respectively. 

7.2.3.2 Oscillator Circuit for the displacement sensor   

Figure 7.13 shows frequency-displacement relationship for the oscillator circuit. It was found 

that with increase of displacement, the oscillator’s frequencies were also increased in the range 

of 3.3−11.0 kHz, i.e. 3.3 times. The frequency displacement graph as shown in Figure 7.13, 

shows slightly non-linear behavior. It can be linearized by use of non-linear operational amplifier 

[43]. Fabricated DSFET controlled oscillator can be used for short-range and long-range remote 

systems for environmental monitoring and assessment and has the applications in electronic 

industry as well. 
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Figure 7.15 Simplified schematic diagram of OFET showing the effect of displacement to 
source-drain current of DSFET: depletion region at normal condition (1) and at the displacement 
(2), space charge (3 and 4), Ich and Ij are the channel current and the junction current, 
respectively. 

7.2.4 Comparison of the Experimental and Simulated Results 

Figure 7.14 shows the comparison of the experimental and simulated results. The simulation was 

made by using the Eq. 7.10. From the Figure 7.14, it is clear that the experimental and simulated 

results are in a good agreement. 

7.2.5 Conclusion 

In this section, the Copper Phthalocyanine based displacement sensitive organic field effect 

transistor was studied. It was observed that the drain current increases and accordingly source-

drain DC resistance of the OFET decreases by 8 times with the change in displacement from 0 to 

550 μm. The relative resistance-displacement relationship was simulated by exponential 

function. The response of DSFET can be explained with the decrease of length and width of the 

depletion region due to the effect of the displacement on CuPc film that causes an increase in the 

concentration of charge carriers. When the sensors were connected to op-amp square wave 

oscillator, it was found that with the increase of displacement, the oscillator’s frequencies were 

also increased in the range of 3.3−11.0 kHz. So at the end, it was concluded that the DSFET is 

better than the MWNTs based displacement sensor. 

 

++ +

‐ ‐
‐

‐

Ij 

Ich 

1 2 3 4 p‐CuPc 

Drain 
(Ag) 

Source     
(Ag) 

Gate  
(Al) 

Squeeze 



 
 

128 
 

References 

[1] F. Gutman, L. E. Lyons, “Organic semiconductors”, Part A, Krieger Robert E 

Publishing Company, Malabar, Florida, USA, (1981). 

[2] F. Gutman, H. Keyzer, L. E. Lyons, R. B. Somoano, “Organic semiconductors”, Part 

B, Krieger Robert E. Publishing Company, Malabar, Florida, USA, (1983). 

[3] C. M. Petty, M. R. Bryce, D. Bloor, “An introduction to molecular electronics”, E. 

Arnold, St. Edmundsbury Press Limited, London, 1995. 

[4] T. Mikayama, H. Matsuoka, K. Uehara, A. Sugimoto, K. Mizuno, N. Inoue, Trans. 

IEE of Japan, Vol. 118, pp. 1435, (1998). 

[5] Kh. S. Karimov, “Electric properties of tetracyanoquino dimethane ion-radical salts 

crystals under hydrostatic pressure”, PhD Thesis, A F Ioffe Physical Technical 

institute, St.-Petersburg, Russia, (1982). 

[6] Kh. S. Karimov, “Electric properties of organic materials at deformation”, DSc 

Thesis, Department of Heat Physics, Academy of Sciences, Tashkent, Uzbekistan, 

(1994). 

[7] Kh. S. Karimov, Kh. M. Akhmedov, A. A. Dzhuraev, M. N. Khan, S. M. Abrarov, M. 

I. Fiodorov, Eurasian Chem. Tech. J., Vol. 3-4, pp. 251, (2000). 

[8] M. I. Fiodorov, “Gas sensor”, Patent # 2124719, Moscow, Russia, (1999). 

[9] C. D. Simpson, “Industrial Electronics”, Prentice Hall, Inc., New Jersey, U.S.A., 

(1996). 

[10] J. W. Dally, W. F. Riley, K. G. McConnell, “Instrumentation for Engineering 

Measurements”, 2nd ed., John Willey & Sons, Inc., New York, U.S.A., 1993. 

[11] M. Ai, M. Shimazoe, K. Soeno, M. Nishihara, A. Yasukawa, Y. Kanda, Sens. 

Actuators, Vol. 2 (1981-1982), pp. 297-307. 

[12] G. Dennler, C. Lungenschmied, and Niyazi Serdar Sariciftci, R. Schwodiauer, S. 

Bauer, H. Reiss. “Unusual electromechanical effects in organic semiconductor 

Schottky contacts between piezoelectricity and electrostriction”. Applied Physics 

Letters, Vol-87(16), pp.163501, (2005). 

[13] K. Kristiansen, P. McGuiggan, G. Carver, C. Meinhart, J. Israelachvili, Langmuir, 

Vol-24, pp.1541-1549, (2008). 



 
 

129 
 

[14] Kh. Akhmedov, “Synthesis, properties and application of carbazolile containing polymers”, 

Thesis of D. Sc., Academy of Sciences, Dushanbe, Tajikistan, (1998). 

[15] R. J. Grow, Q. Wang, J. Cao, D. Wang, and H. Dai, Applied Physics Letters, Vol. 86, 

pp.093104 (2005). 

[16] C. Cantalini, L. Valentini, I. Armentano, L. Lozzi, J. M. Kenny, S. Santucci, Sensors and 

Actuators B, Vol-95, pp.195-202, (2003). 

[17] Pil Sun Na, Hyojin Kim, Applied Physics Letters, Vol-87, pp.093101 (2005). 

[18] M. Rinkio, M. Y. Zavodchikova, P. Torma, A. Johansson, Phys. Stat. Sol. (b), vol. 245, 

No.10, pp.2315-2318, (2008). 

[19] D. Tang , L. Ci , W. Zhou , S. Xie, Carbon, Vol.44, pp. 2155-2159, (2006).  

[20] O. K. Varghese, P. D. Kichambre, D. Gong, K. G. Ong, E. C. Dickey, C. A. Grimes, Sensors 

and Actuators B, Vol-81, pp.32-41, (2001). 

[21] J. Cao, Q. Wang and H. Dai, Phys. Rev. Letters, Vol-90, No.15, pp.1-4, (2003). 

[22] W. Xue, and T. Cui, Proceedings of 14th International Conference on Solid State Sensors, 

Actuators, and Microsystems, Lyon, France, June 10-14, pp.1047- 1050, (2007). 

[23] L. Yong, W. Waulu, L. Kejun, H. Chenguo, H. H. Zhi, and F. Oing, Chinese Science Bulletin, 

Vol-48, No.2, pp.125-127, (2003). 

[24] P. Regoliosi, A. Reale, A. Dicarlo, S. Orlanducci, M. L. Terranova, P. Lugli,  Proceedings of 

4th IEEE Conference on Nanotechnology, pp.149-151, (2004). 

[25] C. Stampfer, T. Helbling, A. Junger, and C. Hierold, Proceedings of 14th International 

Conference on Solid State Sensors, Actuators, and Microsystems, Lyon, France, June, 10-14, 

pp.1565-156, (2007). 

[26] R. L. Boylestad, L. Nashelsky, “Electronic Devices and Circuit Theory”, 9th Ed., Prentice-

Hall Inc., New Jersey, (2006). 

[27] M. A. Omar, “Elementary Solid State Physics: Principles and Applications”, Pearson 

Education (Singapore) Pte. Ltd. (2002). 

[28] C. J. Brabec, V. Dyakonov, J. Parisi, N. S. Sariciftci, Organic Photovoltaics. Concepts and 

Realization, Springer-Verlag, Berlin, Heidelberg, (2003). 

[29] H. Bottger, V. V. Bryksin, Hopping Conductions in Solids, Akademie Verlag, Berlin, (1985). 

[30] Umesh Sinha. Electrical & Electronics Measurement and Instrumentation. Satya 

Prakashan, New Delhi, (1992). 

[31] J. Reboun, A. Hamacek, “Organic Materials for Humidity Sensors” 31st International 

Spring Seminar on Electronics Technology, pp-473-477, (2008). 



 
 

130 
 

[32] Soyoun. Jung, Ji. Taeksoo, Vijay. K. Varandan, “Temperature Sensor using Thermal 

Transport Properties in sub-threshold regime of an Organic Thin Film Transistor” 

Applied Physics Letters, Vol.90, pp-062105-3, (2007). 

[33] Zhu. Xiandong et al, “Synthesis, Structures, Near-IR and Visible Luminescence of 

Lanthanide Organic framework with flexible Macrocyclic Polyamine Ligands”, ACS 

Publications, pp.1897-1901, (2008). 

[34] C. Bartic, A. Campitelli, S. Borghs, Appl. Phy. Lett., Vol-82, pp.475, (2003). 

[35] A. Oprea, U. Weimar, E. Simon, M. Fleischer, H.-P. Frerichs, Ch. Wilbertz, M. 

Lehmann, Sensors and Actuators B, Vol-118, pp.249, (2006). 

[36] M. Burgmair, M. Zimmer, I. Eisele, Sensors and   Actuators B, Vol-93, pp.271, 

(2003). 

[37] Z. G. Ji, K. W. Wong, P. K. Tse, R. W. M. Kwok, W. M. Lau, “Copper 

Phthalocyanine film grown by vacuum deposition under magnatic field” Thin solid 

Films, Vol-402, pp.79, (2002). 

[38] Kh. S. Karimov, S. Bellingeri, Y. Abe, In book: Processing by Centrifugation, Edited 

by L. L. Regel and W. R. Wilcox, (Kluwer Academic/Plenum Publishers, New York, 

p. 99, (2001). 

[39] M. I. Fedorov, D.Sc. thesis, “Investigation of organic-inorganic semiconductors 

heterojunctions”, State Technical University, Vologda, Russia, (2004). 

[40] N. F. Mott, E. A. Davis, Electronic Processes in Non-crystalline Materials, Oxford: 

Clarendon Press, pp.96-123, (1971). 

[41] A. Croft, R. Davison, M. Hargreaves, “Engineering Mathematics. A Modern 

Foundation for Electronic, Electrical and Control Engineers”. Addison-Wesley 

Publishing Company, Great Britain, (1993).  

[42] W. Brutting. Physics of Organic Semiconductors. WILEY-VCH Verlag GmbH & Co. 

KGaA, Weinheim, Germany, (2005). 

[43] R. G. Irvine, Operational Amplifiers Characteristics and Applications, Third Edition, 

Prentice Hall, Englewood Cliffs, NJ, (1994). 



 
 

131 
 

Chapter 8 

Summary & Future Work 

 

8.1 Summary 

The nature of bonding in organic semiconductors is different from their inorganic counterpart but 

organic semiconductors have processing advantages, flexibility, variety of material selection, and 

low cost large area applications. In spite of great development in the organic semiconductor 

industry during last decade, still there is a lot of improvement required to be done. We don’t 

have any concrete theory regarding the electronic transport mechanism in the organic 

semiconductor. Especially when designing sensors one should be very correct and sure about the 

response of the sensor because sensors are usually operated in the variable environmental 

conditions. Thus, a reliable electrical behavior of the sensor cannot be predicted in a temperature 

variant environment. In addition, technical aspects connected to the manufacture of organic 

semiconductor devices can also be further improved. In the section given below the summary of 

our research work is presented. 

1. Resistive and capacitive type humidity sensors based on different types of organic 

semiconductor materials were fabricated and characterized. Summary of the devices 

fabrication and characterization is given below.  

Impedance hygrometers were fabricated using cellulose and Copper Phthalocyanine 

(Ag/Cellulose/CuPc/Ag). The resistances and capacitances of the samples were evaluated 

under the effect of humidity. It was observed that the capacitance of the sensor increases 

and resistance and impedance decreases with increase in the relative humidity. It was 

found that impedance-humidity relationship showed more uniform changes in the interval 

of 31%-98% RH than the resistance- and capacitance-humidity relationship. Capacitance 

and resistance showed dependence on humidity in the interval of 31%-80% RH and 80%-

98% RH respectively. Humidity dependent impedance of the sample makes it attractive 
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for use in impedance hygrometers. The impedance hygrometer can be used in the 

instruments for environmental monitoring of humidity.  

2. Later the cellulose and poly N-epoxy propyle carbazol (Au/Cellulose/ PEPC/Au) based 

impedance hygrometers were fabricated and investigated. The resistance, capacitance and 

impedance of the hygrometer were evaluated under the effect of humidity in the range of 

30%-95%. It was observed that the capacitance of the sensor increases and resistance and 

impedance decreases with increase in relative humidity. It was found that impedance-

humidity relationship shows more gradual changes in the interval of humidity of 30%-

95% RH with respect of resistance- and capacitance-humidity relationship that shows 

visible changes in the humidity interval of 30%-70% RH and 70%-95% RH respectively. 

It was observed that resistance contribution in the impedance is dominant with respect of 

the capacitance. It was also observed that frequency has inverse relationship with the 

impedance. Hygrometer samples show good response at lower frequencies and it was 

also observed that the thin film samples show better response than the thicker ones. 

3. The photosensitive Ag/p-CuPc/n-GaAs/Ag cell was fabricated. The cell acting as a 

photo-resistor was connected to voltage-controlled oscillator (VCO). The modulation of 

the oscillator’s frequency due to the illumination of the cell was analyzed. As 

illumination was increased from “0” to 676 fc, the frequency was increased from 2.12 

kHz to 17 kHz. This light controlled oscillator can be used for short-range and long-range 

telemetry systems at environmental monitoring and assessment of the illumination level 

and as a teaching aid as well.  

4. The Ag/n-GaAs/p-CuPc/Ag cell was fabricated. The cell as a temperature sensor was 

connected to a voltage-controlled oscillator (VCO). It was observed the modulation of the 

oscillator’s frequency at increase of the cell’s temperature: the frequency increases by 5.2 

times as temperature increases from 40 oC to 70 oC. The Ag/n-GaAs/p-CuPc/Ag cell can 

be used for fabrication of multifunctional sensors as the cell is photosensitive as well. 

This temperature controlled oscillator can be used for short-range and long-range 

telemetry systems at environmental monitoring and assessment of the temperature 

profile. The frequency of the circuit was also simulated, and it was observed that the 

experimental results matched with the simulation results. The experimental results also 
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suggested that the fabricated heterojunction sensor can be used as intensity meters in 

NIR-UV range. 

5. The properties of multiwalled CNT Al/MWNT/Al based flexible displacement sensors 

were investigated. It was found that the DC resistance of the sensors was decreased as the 

displacement was increased. The sensors were used for modulation of the frequency of 

voltage controlled oscillator. It was observed that with increase of the displacement, the 

oscillator frequency also increased. The displacement controlled oscillator can be used 

for short-range and long-range telemetry systems data transmission. 

6. The CuPc based displacement sensitive organic FETs were also fabricated. It was found 

that the drain current increases and accordingly source-drain DC resistance decreases by 

8 times when the displacement alters from 0 to 550 μm. The relative resistance-

displacement relationship was simulated by exponential function. The response of 

displacement sensitive FET can be associated with the decrease of length and width of 

the depletion region, because of the change of displacement on CuPc film that result in an 

increase of the concentration of charge carriers. When the sensors were connected to op-

amp square wave oscillator, it was found that with the increase of the displacement, the 

oscillator’s frequencies were also increased in the range of 3.3−11.0 kHz. 

 

8.2 Future Work 

In the future it is planned to develop multifunctional sensors based on new organic materials, for 

the detection of other physical phenomena. There is room for improvement in the fabrication 

process of the sensors. Various techniques can be applied to improve the performance of the 

sensors. The performance of the organic semiconductor sensors can be improved by using 

different material interfaces for example organic on organic, organic on metal or organic on 

insulator. Multi-junction or sandwich type structure can also be used to improve the performance 

of the sensors. Optimization of molecular structure of the organic material is another important 

task for improving the performance of organic sensors.  

Both CuPc and PEPC are extensively studied organic semiconductor materials and detailed 

information about their electronic structure and material properties is available in the literature. 

Similarly CNT is also a well studied material and its use with the other organic materials is also 
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an ongoing research topic. A further comprehensive study is required to determine not only to 

model their interface with the other organic materials but also to understand the charge injection 

and transport phenomena in these organic semiconductor materials.  

In future it is planned to find new circuits in which organic sensors can be used. It will be 

interesting to study frequency response, effect of thickness and the other physical parameters on 

the electrical properties of the sensor. Besides above mentioned parameters the electrical 

properties can also be easily changed by arranging the molecular structure and the crystalline 

quality of the organic semiconductor materials.  

 


