
Development of Finger Clubbing Monitor 

And Serum Calcium Detector as an Early 

Indicator of Cardio-Pulmonary Diseases 

 

  Thesis submitted for the Degree of Doctor of  

                Philosophy (Science) 

                   To 

                Jadavpur University 

      By 

                    Kaustav Sen 

     Under the Joined Supervision of 

                 Prof. Jayoti Das 

               & 

          Dr. Syed Minhaz Hossain 

 

 

                                              

                                      Department of Physics, 

                                        Jadavpur University 

                                       Kolkata 700032, India 





 

 i

 

 

 

 

 

 

         Dedicated   

              To  

       My Parents 
 

 

 

 

 

 

 

 

 

 

 



 

ii  

 

 



 

 iii

                                   List of Publications 

 

                                   Journal 

 

1. Kaustav Sen, Tanusree Sarkar, Deeparati Basu, Syed Minhaz Hossain & Jayoti 

Das. “Calmodulin Functionalized Porous Silicon Based Electrical Calcium Detector 

and its Comparison with Optical Detector”. Silicon. (2022) (Accepted for 

Publication).  DOI: 10.1007/s12633-022-02265-7 (Impact factor: 2.94) 

 

 

 

2. Kaustav Sen, Deeparati Basu, Syed Minhaz Hossain & Jayoti Das. “Calcium 

selective optical sensor based on calmodulin functionalized porous silicon”. 

Applied Physics: A 127, no. 10 (2021): 1-8. DOI: 

https://doi.org/10.1007/s00339-021-04869-z  (Impact factor: 2.98) 

 

 

 

3. Deeparati Basu, Kaustav Sen, Syed Minhaz Hossain & Jayoti Das. 

“Influence of pore diameter on physical and sensing properties of free-

standing Chitosan-Silica Nanocomposite membrane”. Jourbal of Porous 

Materials 28, no. 5 (2021): 1595-1607. DOI: https://doi.org/10.1007/s10934-

021-01079-z (Impact factor: 2.52) 

 

 

4. Deeparati Basu, Tanusree Sarkar, Kaustav Sen, Syed Minhaz Hossain & Jayoti 

Das.” Multi-Parametric optical glucose sensor based on surface 

functionalized nano-porous silicon”. IEEE Sensors Journal 18, no. 24 (2018): 

9940-9947. DOI: 10.1109/JSEN.2018.2872846 (Impact factor: 4.32) 

 

 

5. Kaustav Sen, Deeparati Basu, Syed Minhaz Hossain & Jayoti Das. “Effect of 

Etching time on Optical response of Calmodulin functionalized Porous 

silicon Calcium Detector”, Journal of Nano-Particle Research (2022) (In 

course of publication). 

 

 

6. Kaustav Sen, Deeparati Basu, Syed Minhaz Hossain & Jayoti Das. “Etching 

time dependence of electrical response od calmodulin functionalized porous 

silicon based calcium detector”. (2022) (Communicated to Material 

Research Express IOP).  

https://link.springer.com/article/10.1007/s00339-021-04869-z#auth-Syed_Minhaz-Hossain
https://link.springer.com/article/10.1007/s00339-021-04869-z#auth-Jayoti-Das
https://link.springer.com/article/10.1007/s00339-021-04869-z#auth-Jayoti-Das
javascript:;
https://link.springer.com/article/10.1007/s00339-021-04869-z#auth-Deeparati-Basu
https://link.springer.com/article/10.1007/s00339-021-04869-z#auth-Syed_Minhaz-Hossain
https://link.springer.com/article/10.1007/s00339-021-04869-z#auth-Jayoti-Das
https://doi.org/10.1007/s00339-021-04869-z
https://link.springer.com/article/10.1007/s00339-021-04869-z#auth-Syed_Minhaz-Hossain
https://link.springer.com/article/10.1007/s00339-021-04869-z#auth-Jayoti-Das
https://doi.org/10.1007/s10934-021-01079-z
https://doi.org/10.1007/s10934-021-01079-z
https://link.springer.com/article/10.1007/s00339-021-04869-z#auth-Syed_Minhaz-Hossain
https://link.springer.com/article/10.1007/s00339-021-04869-z#auth-Jayoti-Das
https://link.springer.com/article/10.1007/s00339-021-04869-z#auth-Jayoti-Das
https://doi.org/10.1109/JSEN.2018.2872846
javascript:;
https://link.springer.com/article/10.1007/s00339-021-04869-z#auth-Deeparati-Basu
https://link.springer.com/article/10.1007/s00339-021-04869-z#auth-Syed_Minhaz-Hossain
https://link.springer.com/article/10.1007/s00339-021-04869-z#auth-Jayoti-Das
javascript:;
https://link.springer.com/article/10.1007/s00339-021-04869-z#auth-Deeparati-Basu
https://link.springer.com/article/10.1007/s00339-021-04869-z#auth-Syed_Minhaz-Hossain
https://link.springer.com/article/10.1007/s00339-021-04869-z#auth-Jayoti-Das


 

iv  

 

 

 

 

                                                           

 

                               Conference 

 

 
1. Kaustav Sen, Arnesh Sen, Deeparati Basu, Syed Minhaz Hossain & Jayoti 

Das. “Automated technique based on image processing foe accurate diagnosis 

of finger clubbing”.  In 2018 IEEE SENSORS Conference, 2018, pp. 1-4, 

DOI: 10.1109/ICSENS.2018.8589695. 

 

 

2. Kaustav Sen, Arnesh Sen, Deeparati Basu, Syed Minhaz Hossain & Jayoti 

Das. “Automated detection of profile axis angle of human finger for 

quantitative digital clubbing diagnosis”.  In 2019 10th International 

Conference on Computing, Communication and Networking Technologies 

(ICCCNT). pp. 1-4. IEEE, 2019.  

DOI: 10.1109/ICCCNT45670.2019.8944519. 

 

 

3. Arnesh Sen, Kaustav Sen, Jayoti Das “Ultrasonic blind stick for completely 

blind people to avoid any kind of obstracle”. In 2018 IEEE SENSORS 

Conference, 2018, DOI: 10.1109/ICSENS.2018.8589680. 

 

 

4. Arnesh Sen, Kaustav Sen, Jayoti Das, “In-house early detection of flat foot 

and high ankle foot using image processing”. In 2019 10th International 

Conference on Computing, Communication and Networking Technologies 

(ICCCNT). IEEE, 2019. DOI: 10.1109/ICCCNT45670.2019.8944911. 

 

 

5. Deeparati Basu, Kaustav Sen, Syed Minhaz Hossain & Jayoti Das.” 

Instrumentation and development of grating coupler sensor for cost-effective 

and precision measurement of biomolecule”. In 2019 10th International 

Conference on Computing, Communication and Networking Technologies 

(ICCCNT). IEEE, 2019. DOI: 10.1109/ICCCNT45670.2019.8944788. 

https://link.springer.com/article/10.1007/s00339-021-04869-z#auth-Syed_Minhaz-Hossain
https://link.springer.com/article/10.1007/s00339-021-04869-z#auth-Jayoti-Das
https://link.springer.com/article/10.1007/s00339-021-04869-z#auth-Jayoti-Das
https://doi.org/10.1109/ICSENS.2018.8589695
https://link.springer.com/article/10.1007/s00339-021-04869-z#auth-Syed_Minhaz-Hossain
https://link.springer.com/article/10.1007/s00339-021-04869-z#auth-Jayoti-Das
https://link.springer.com/article/10.1007/s00339-021-04869-z#auth-Jayoti-Das
https://doi.org/10.1109/ICCCNT45670.2019.8944519
https://link.springer.com/article/10.1007/s00339-021-04869-z#auth-Jayoti-Das
https://doi.org/10.1109/ICSENS.2018.8589680
https://link.springer.com/article/10.1007/s00339-021-04869-z#auth-Jayoti-Das
https://doi.org/10.1109/ICCCNT45670.2019.8944911
https://link.springer.com/article/10.1007/s00339-021-04869-z#auth-Syed_Minhaz-Hossain
https://link.springer.com/article/10.1007/s00339-021-04869-z#auth-Jayoti-Das
https://doi.org/10.1109/ICCCNT45670.2019.8944788


 

 v

 

 

 

 

 

 

 

 

 

 

 

 



 

vi  

                                                       Preface 

Finger Clubbing is an important early clinical symptom indicating several 

sever health disorders, mostly related to cardio-pulmonary malfunctioning in human 

beings. Finger clubbing is identified as the deformation of the human finger into a 

bulbous tip appearance. This key clinical symptom is associated to several 

underlying health disorders including lung cancer. In this work the phalangeal depth 

ratio and the profile axis angle of the finger is monitored by the development of an 

automated instrument that undertakes and analyses the above mentioned parameters 

for quantitative and precise detection of finger clubbing by employing techniques of 

image processing and laser-photo-detector method. As the presence of finger 

clubbing in one is strongly associated with lung cancer, hence a more conclusive 

approach towards its diagnosis can be achieved by monitoring the serum calcium 

level. Since lung cancer is almost invariably associated with a drastic increase in 

serum calcium levels, a condition called “hyper-calcemia”, in this work a calmodulin 

surface-functionalized, porous silicon based calcium detecting biosensor has been 

developed. 

Biosensors by definition is a device used to detect chemical compounds by 

using specific biochemical reactions mediated by isolated organelles, whole cells, 

tissues, enzymes or immune systems, usually by optical, electrical or thermal 

signals.In modern times a vast field of nanotechnology is ventured for fabrication of 

biosensing structures that includes nano-porous surfaces, porous membrane 

structures, composite and surface functionalized nanostructures that can act as high 

precision, accurate, sensitive and largely biocompatible biosensors.  

Porous silicon, a nano-structured material is used in this work owing to its 

significantly high surface area for absorption, easily modulable porosity and high 

biocompatibility severs as perfect material for bio-sensing application. Calmodulin 

being a common protein in all eukaryotic cells acts as effective calcium binders due 

to its high affinity towards calcium ions. Porous silicon with its many-fold increase 

in surface area for absorption, surface-functionalized with calmodulin, acting as 

active calcium binder provides the perfect platform for calcium detector fabricated in 

this work.  



 

 vii

Electrical response like the variation of current with varying voltage and 

variation of capacitance with varying frequency of input voltage, together with the 

optical parameter response like reflection peak intensity loss, scattering loss and 

absorption loss of the fabricated detector platform are analysed with calcium ion 

incubation at biologically relevant concentration, in order to establish the selectivity 

of the detector towards calcium ion. The detector displays high affinity towards 

calcium ion by exhibiting discriminative response for calcium in presence of other 

mono and bi-valent interfering ions at biologically relevant concentrations. Later, the  

optimization of the detector platform, to enhance its response as a calcium detector is 

performed by studying the change in the electrical and optical response of the 

detector by modulating the preparation etching parameter of the porous silicon 

substrate like etching time of preparation. The observations were conducted for both 

nano and macro porous silicon samples prepared under varying etching time. The 

optimized detecting platform provides a precise, sensitive, robust, cost-effective and 

level-free, multi-parametric approach towards calcium detection that may find use in 

scientific studies, food, drug and chemical industries and most importantly in 

medical and pharmaceutical industry as an effective clinical diagnosis tool. This 

study thus provides a two stage early diagnosis for any person with underlying 

cardio-pulmonary disorders like lung cancer, so that through this early screening 

process effective medical help can be sought at a very preliminary stage that can 

ensure better prognosis for such patients. 
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Chapter 1:Literature Review and Scope of Work 1 

Chapter 1: Literature Review and Scope of 

Work 

Cardio-Pulmonary diseases have become one of the most common forms of 

medical conditions for humans all over the world. Owing to the fact of elevated 

carbon and toxic gas emissions in the environment, stressful life style, healthy air, 

food and water being increasingly scanty in supply, diseases such as ischaemic heart 

disease, bronchiectasis, cyanotic congenital heart disease, idiopathic pulmonary 

fibrosis, cirrhosis of liver, chronic obstructive lung disease and lung cancer are 

becoming increasingly common. In fact, several of these cardio-pulmonary 

conditions top the WHO ranking of the most common causes of deaths around the 

globe [1]. But, it has been proven that early detection of such diseases decreases its 

fatality rate significantly. As a matter of fact, early detection of these diseases plays a 

key role in their treatment and facilitates better prognosis. 

The investigation undertaken here is to device a detector for quantitative 

detection of such cardio-pulmonary health conditions, most importantly lung cancer, 

at a rudimentary stage hence to expedite treatment and significantly decrease the 

mortality rate of such disease. Finger clubbing is a common clinical symptom for 

early manifestation of many cardio-pulmonary conditions including lung cancer [1-

7]. Presence of finger clubbing provides a substantial early precursor of the presence 

of many underlying health disorder, most commonly in the case of lung cancer [7], 

though not confirmatory. Thus to confirm, serum calcium level in blood is another 

parameter undertaken in the investigation. Lung cancer is almost inevitably 

associated with an elevated level of serum calcium, a condition called “hyper-

calcemia” [8]. Association of hypercalcemia with lung cancer is most common; in 

fact it is the most prevalent metabolic anomaly accompanying malignancies [8-

12].Thus in reference to the study a finger clubbing detector is devised for 

quantitative detection of finger clubbing and a serum calcium detector is fabricated 

using Calmodulin functionalized porous silicon. 
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1.1 AN UNDERSTANDING OF FINGER CLUBBING 

Finger clubbing is a clinical condition characterized by the drumstick or 

bulbous appearance of fingers [13]. It is actually a distortion of the general shape of 

the finger that now takes a bulging appearance, resembling a drumstick or a bird’s 

beak.It causes the structural change in the appearance of the finger which results in 

the increase in antero-posterior and lateral diameter of the nails [1].Finger clubbing 

was first diagnosed, in the 5th century B.C by Hippocrates as a sign of underlying 

disorder [1-2,13-15].Since then finger clubbing has been associated with a numerous 

diseases.  

1.1.1FINGER CLUBBING CAUSES 

Finger clubbing is caused due to unfragmanted platelets precursor in the 

pulmonary circulation which accumulates in peripheral vasculature, releasing platelet 

derived growth factor resulting in digital clubbing [3].This condition generally stems 

from the lack of oxygen carrying capacity of the blood [3]. Thus finger clubbing is a 

common symptom associated with numerous cardio-pulmonary diseases namely lung 

cancer, bronchiectasis, cyanotic congenital heart disease, idiopathic pulmonary 

fibrosis, cirrhosis of liver, cystic fibrosis, mesothelioma, inflammatory bowel disease 

and hepatic cirrhosis [1-7]. Moreover the association of finger clubbing has also been 

confirmed with intrathoracic tumours and Crohn’s disease [14].  

Finger clubbing generally occurs in steps [1,16]. 

❖ Initially the nail bed softens, giving it a spongy appearance. 

❖ Second step results in the loss of lovi-bond angle that is the angle between the 

nail plate and the proximal nail fold. The lovi-bond angle increases from its 

normal measure of nearly 1700 to greater values [2, 3, 5-7, 14, 17-18]. 

❖ Eventually, the depth of distal phalanx increases, thus disruption of distal and 

inter phalangeal depth ratio occurs [1] 

❖ Finally the nail appears shinny [1]. 
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1.1.2FINGER CLUBBING MONITORING TECHNIQUES 

Numerous techniques both qualitative and the more accurate, quantitative are 

known for monitoring finger clubbing. Here we discuss the universally accepted 

standard techniques, both qualitative and quantitative. 

1.1.2.1 QUALITAIVE TECHNIQUES 

This technique of monitoring of finger clubbing in patients includes visual 

techniques that helps to detect only the presence of the disease or symptom but 

provides little or no information about the degree or measure of the symptom. This 

technique though effective in monitoring the advance stage of the symptom, often 

fails when the symptom is its initial stage. 

❖ Schamroth’s Window Test: Named after Dr.Schamroth of South Africa this test 

provides a qualitative detection of finger clubbing. Carried out by placing the 

dorsal surface of the terminal ends of the phalanges together of left and right 

hand correspondingly [1]. For a normal finger a diamond shaped window is 

created when dorsal surfaces of the terminal end of the phalanges of similar 

fingers are touched as shown in figure1.1. Any obliteration of this diamond 

shaped window indicates the presence of finger clubbing in an individual. 

             

                         Fig 1.1 Schamroth’s window test [1] 

Visual method: This method does not involve any technique but is totally dependent 

of visual interpretation of a human finger. If by observing the terminal end of the 

phalange appears bulging, or a resemblance is observed to a drumstick or a bird’s 

beak, the finger is stated to be clubbed [1]. 

1.1.2.2 QUANTITAIVE TECHNIQUES 

This technique undertakes different parameters of the phalange to measure 

quantitatively the degree of finger clubbing for a particular patient. Distal phalangeal 
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depth (DPD) and inter phalangeal depth (IPD) ratio together with the lovi-bond angle 

measure provides important parameters for quantitative diagnosis of finger clubbing 

[2, 5, 7, 13, 19-26]. 

❖ Shadow Diagram Technique: In this method the shadow of the human finger is 

projected upon a screen to obtain the outline of the finger from where the lovi-

bond angle of the finger is calculated as the degree of finger clubbing [26]. This 

process is an effective way to quantify finger clubbing by considering lovi-bong 

angle, which is an important parameter for finger clubbing determination. This 

technique is manual and may be subjected to error. Repetitive measurement is 

required in this method to obtain accuracy. 

❖ Vernier-Calliper Method: This method includes measurement of Distal 

phalangeal depth and inter phalangeal depth ratio using a vernier calliper and 

computation of their ratio to provide a quantitative manifestation of finger 

clubbing in an individual [16, 22]. This technique is an effective way of 

determination of advance stage of finger clubbing. This technique though useful, 

requires human intervention and not automated. 

❖ Digital photographic method: In this method the digital image of the finger is 

manually analysed using computer software for the determination of lovi-bond 

angle of a finger in order to determine the presence of finger clubbing [13]. This 

method undertakes a single parameter for determination of finger clubbing and 

involves manual intervention hence is not automated. 

❖ Ultrasound imaging technique: This method involves the analysis of ultrasound 

image of a finger and the measurement of soft tissue depth under nail with naked 

eye [21]. This method also undertakes the DPD-IPD ratio parameter for 

determination of finger clubbing [21]. This method introduces a new parameter 

for finger clubbing analysis, which is the soft tissue depth measurement. Though 

effective in early diagnosis in finger clubbing, this method involves heavy 

machinery and is expensive relative to the other above mentioned methods. 

Moreover, the image analysis is manual and may be subjected to errors. 

Repetitive measurement is required to obtain an errorfree diagnosis.  
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1.1.3 BENIFITS OF DETECTION OF FINGER CLUBBING 

Finger clubbing is an early precursor to numerous underlying disorders, mostly 

cardio-pulmonary [1-7]. Association of finger clubbing in case of lung cancer is most 

common [7]. As such finger clubbing provides a vital, early symptom of such 

underlying diseases, thus enabling early diagnosis and better prognosis for such 

patients. Though the presence of finger clubbing in a patient is not a confirmatory 

symptom but since its presence is almost inevitable for any cardio-pulmonary 

malfunctions, diagnosis of finger clubbing provides a key role in investigation of 

such serious health conditions thus triggering further and more confirmatory tests for 

diagnosis of cardio-pulmonary diseases and most importantly lung cancer so that 

early management can be enabled and the disease can be dealt with at a rudimentary 

stage and better prognosis can be warranted. 

         Since our key focus is on early detection of cardio-pulmonary health conditions 

mainly lung cancer, in this work we further ventured into the topic for a more 

confirmatory parameter for the detection of lung cancer. As discussed earlier, serum 

calcium level in humans acts as an excellent confirmatory detecting parameter for 

lung cancer [8-12]. In-fact “hypercalcemia”, a state of elevated serum calcium level 

is considered as the most common symptom of lung cancer [8-12]. Hence in this 

work a calmodulin (CaM) surface-functionalized, porous silicon (PSi) based 

biosensor is designed for serum calcium detection. This detector can act as an 

excellent marker for the elevated calcium level in human serum and hence facilitate 

early confirmatory detection of lung cancer. 

1.2 BIOSENSORS 

Biosensors by definition are devices used to detect chemical compounds by using 

specific biochemical reactions mediated by isolated organelles, whole cells, tissues, 

enzymes or immune-systems, usually by optical, electrical or thermal signals [27]. In 

plain words, a sensor capable of qualitative or quantitative detection of biological 

analytes or contains any biological element can be termed as a biosensor. In-fact 

human beings themselves are full with biosensors. Eyes as optical sensors, skin as 

temperature and pressure sensor, tongue and nose as chemical sensors and ears as 

acoustic sensors [27]. In fact tropic movements in plants are excellent examples of 

bio sensing capability of living beings [27]. 
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The human race was introduced to the world of biosensor by Lenad C. Clark, who 

first invented glucose sensor in 1962 by detecting glucose with amperometric 

enzyme electrode [28]. Since then biosensors has been the field of interest for many 

scientific studies. Development of calcium biosensor by the use of calcium sensor 

dyes was first introduced in 1987 by W. Melzer and M F Schneider [29, 30]. Later 

Calmodulin (CaM) based indicator method for calcium sensing was introduced in 

1997 by A. Miyawaki [31]. Since then several methods of calcium detection has been 

introduced, be it chromatography technique [32], electrochemical technique [33,34], 

potentiometric technique [35-37] and spectroscopic techniques [38-41]. In-fact 

different new approaches have been introduced in bio-sensing methods and materials 

in order to increase the accuracy and sensitivity of biosensors appreciably. In modern 

times a vast field of nanotechnology is ventured for fabrication of biosensing 

structures that includes nano-porous surfaces, porous membrane structures, 

composite and surface functionalized nanostructures that can act as high precision, 

accurate, sensitive and largely biocompatible biosensors [42]. Thus now a days, 

biosensor includes a huge interdisciplinary field of research that merges different 

branches of science including physics, chemistry, biology, electronics, 

nanotechnology and pharmaceutical providing a huge horizon of scientific studies. 

 

1.2.1 STRUCTURE OF BIOSENSOR 

Since a biosensor is programmed to detect qualitatively as well as 

quantitatively a biological analyte, we firstly need to state what these analytes could 

possibly be. Any biological or bio-chemical substance can act as an analyte for a 

biosensor. These substances can include simple elements to complex bio-chemical 

compounds. Since one of the major applications of biosensors is in the field of 

human health diagnostics, simple elements and compounds like calcium, sodium, 

potassium, glucose, uric-acid, etc which requires constant monitoring can act as 

analytes for biosensors. Again complex compounds like an entire cell of a living 

microorganism like bacteria, virus, other pathogens, DNA, RNA, antigens can act as 

analytes for biosensors.  

 Thus to design a biosensor for health monitoring, a biomarker or a marker 

anlyte that is a parameter for specific ailment is selected and their biological relevant 

range is studied. For the interaction of these specific analyte with the biosensor, 

https://physoc.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Schneider%2C+M+F
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specific chemical compound that have affinity towards the marker analyte termed as 

bio-receptor is selected and implanted upon the surface of the biosensor using 

different techniques, the most easy and popular among them being  the surface-

functionalization technique [43]. These implanted compounds acts as specific 

attachment sites for the biomarker intended to be analysed by the biosensor. As in the 

case for antigen-antibody interaction, the antibody is capable to get selectively attach 

to the antigen in a complex bio-chemical compound by means of weak forces like 

hydrogen-bond, Vander Waal force or by means of hydrophobic and electrostatic 

interaction [43]. Similarly the targeted biomarkers are able to get attached to the 

biosensor surface by the help of biomarker-bioreceptor interaction, in spite of the 

presence of other interfering molecules. The sensing technique of the biosensor is 

then carried out by the help of transducers. Transducer helps in converting energy 

from one form to the other. The material of the biosensor that ranges from thin films, 

to composite structures to membranes to porous structures to almost anything is 

selected according to the requirement of the biomarker that need to be sensed by the 

biosensor. These problem specific materials chosen as the base of the biosensor act 

as transducers since all the properties of the biosensor, be it optical, electrical or 

mechanical are controlled by this material. Any change in these properties of the 

biosensor after the introduction, implantation and immobilization of the analyte 

molecule indicates the change in transducer signal that may be further processed for 

better accuracy of the biosensor. A block structure of a typical biosensor in its 

sequence is represented in fig 1.2. 

 

Fig 1.2 Schematic Block Structure of Biosensor. 
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1.2.2 CALSSIFICATION OF BIOSENSORS 

It is possible to classify biosensors in various different ways depending upon 

parameters like bio-receptors, transducers, biosensor material and technology and 

based upon detection system, as shown in the classification scheme depicted in fig 

1.3. 

1.2.3 Classification Based on Bio-receptor 

As we know bio-receptors plays a vital role in biosensor designing, thus biosensors 

are mainly classified on basis of bio-receptors which includes catalytic and non-

catalytic biosensors [43]. In a catalytic biosensor, the analyte interacts with the bio-

receptor to produce biochemical reaction products [44]. Examples of catalytic 

biosensors include enzyme, whole cell, microorganisms and tissue. In case of non-

catalytic biosensor the analyte gets irreversibly attached to the receptor, without 

formation of any interaction product. This type of biosensor includes antibodies, 

nucleic acids and cell receptors [44]. 

1.2.3.1 Enzyme Based Biosensor 

Enzyme based biosensors are one of the most common category of biosensors. Being 

common biocatalysts, enzymes are known to increase biological reaction rate under 

specific ambient conditions. Enzyme based biosensors work under the principle of 

catalytic reaction and binding of target analyte to the sensor surface for detection 

[45]. Enzyme based biosensors employs various mechanisms for detection of target 

analyte, like metabolises of the analyte by the enzyme, thus estimation of the enzyme 

concentration to give a direct measurement of the catalytic transformation caused by 

the enzyme upon the targeted analyte. Analyte based activation or inhibition of the 

enzyme, to measure the analyte concentration, which is directly related to the 

decrease in product formation of the enzymatic reaction serves as another mechanism 

for enzyme based biosensors [45]. Lastly, measurement of enzyme characteristics 

due to a specific analyte is yet another mechanism employed for enzyme based bio-

sensing action [46-49]. Glucose and urea biosensors are the most common form of 

enzyme-biosensors known till date. In recent times, C.A Cordeiro developed enzyme 

base glucose biosensor for real time glucose monitoring of the brain [50]. D.A 

Uygun developed nanoparticle based potentiometric urea biosensors that acts upon 
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analyte-enzyme interaction for the sensing of urea [51]. Lately, with the emergence 

of  
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nanotechnology, nanoparticle integrated with enzymes has become a hugely popular 

in the field of biosensors, where recently enzyme used as receptor material has 

become hugely popular [52]. 

1.2.3.2Antibody Based Biosensor 

Antibody based biosensors work on the principle of antigen-antibody reaction for 

detection of target analyte [52]. The antibody embedded in biosensor contains 

signature ‘Y’ shaped immunoglobulins that acts as receptor molecule for antigen-

antibody reaction. These types of antibody-based biosensors are called immuno-

sensors [52]. Immuno-sensors are further divided in labeled and label-free category. 

In case of labeled immunosensorsa antigen-antibody specific label is introduced and 

the antigen-antibody complex is sensitively calibrated through measurement of the 

label [53]. In case of label-free immunosensors the physical changes brought about 

by the development of the antigen-antibody complex is directly measured for 

biosensing purpose [54]. 

1.2.3.3 Aptamer Based Biosensor 

Aptamer based biosensors consists of  single stranded molecules of RNA and DNA 

as receptor molecule which are highly flexible and can get folded into 2-D and 3-D 

structures and get selectively binded to target molecules. Aptamer based biosensors 

exhibit excellent binding capabilities due to its reduced special blocking and larger 

surface density [55-57]. A great advantage of   aptamer based biosensors is that 

unlike enzymes or antibodies they can be synthesized chemically and modified 

according to target analytes and detection conditions [58]. 

1.2.3.4 Whole Cell Based Biosensor 

 Whole cell biosensors include microbes like bacteria, viruses, fungi, protozoas and 

algae as the receptor element in their construction. These single whole cell organisms 

contains potential bio-recognition element like antibodies and are self-replicating 

hence whole cell based biosensors do not require any extraction and purification of 

the detection element [59, 60]. The whole cell that act as recognition elements in 

whole cell based biosensors reacts with wide range of target analytes and produces 

significant electrochemical response for the transducers to process [61]. Whole cell 

based biosensors exhibits extremely high sensitivity and selectivity hence finds 
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immense use in the fields of pharmacology, drug analysis and screening, organic 

contaminants monitoring, food industry, pesticides, etc [62].  

1.2.3.5 Nanoparticle Based Biosensor 

• With the advancement of nanotechnology in recent years, nano-

membranes and nano-particles have gained a lot of importance in the field 

of biosensors. Presently a wide variety of nano-membranes are employed 

as bioreceptors in biosensors [63]. Since nano-membranes in many 

applications act both as bioreceptor and transducer like in the case of 

cerium oxide base nano-membranes that shows biomimetic catalytic 

activity for bioreception [64]. Due to presence of immensely interesting 

properties in many nano-structured materials like graphene, carbon nano 

tubes and noble metal nano-particles, they can be and are effectively 

employed as transducers in biosensing.  

1.2.4 Attachment techniques of Bio-Receptors on biosensors 

Appropriate attachment or immobilization technique plays an important role in the 

designing of the biosensor. As there are chances of the bio-receptor element to get 

deteriorated and become inactive, appropriate choice of the immobilization technique 

helps immensely in proper working of the biosensor. One must be careful that the 

bio-molecule to be recognized should retain its biological activity, function and 

structure during the working of the biosensor. Two most popular immobilization 

techniques involved in case of enzyme biosensors are physical or reversible and 

chemical or irreversible techniques. Suitable attachment technique is mainly 

dependent on the bio-analyte characteristics, bio-receptor chosen, the transducer 

employed and the physical-chemical environment of working [65, 66]. 

In physical or reversible technique the enzymes are attached to sensor surface by 

weak interacting forces and does not includes formation of chemical bonds. Physical 

attachment techniques includes physical absorption method, where the bio-receptor 

molecule is immobilized on the free surface of the biosensor by weak interactive 

forces like hydrogen bonding, electrostatic bond, van der waals forces or ionic 

bonding. Besides being an economic process, physical absorption method is the most 

simple and easy way of attachment and does not includes generation of matrix or 

modification of the biological element. In spite of the stated advantages, the 
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drawbacks of this method includes susceptibility of the method to varying physical 

and chemical conditions like temperature, pH and due to the presence of weaker 

forces of attachment this method do not exhibits good storage or operational stability 

[65-69]. Another physical or reversible technique includes physical entrapment 

process. In this process 3D matrix is used for the physical entrapment of the 

recognition element by covalent or non-covalent bonds. The receptor gets attached in 

the 3D network of inorganic and organic molecules. Porous ceramic materials and 

activated carbon are generally used as inorganic materials in the matrix where as 

photopolymer, polydimethylsiloxane, acetate phthalate, modified polypropylene, 

gelatin, cellulose, acetate phthalate etc are used as organic molecules. Popularly used 

techniques in physical entrapment process includes electro-polymerization, sol-gel 

technique and microencapsulation [65-69].  

  Chemical or irreversible attachment technique involves strong attachment of the 

recognition element to the transducer surface of the biosensor by covalent bond 

formation. Based on the type of covalent bond produced, chemical or irreversible 

attachment techniques are of two types: direct covalent binding and cross-linked 

covalent binding [65-69]. Direct covalent binding the most employed method of 

binding of the recognition element to the inner transducer matrix or the surface of the 

transducer. Here the functional polymer is synthesized and attached strongly to the 

transducer by covalent bonds. The advantage of this method lies in the fact that 

environmental changes has little to no effect on the attached molecule, there is little 

to no chance of the biorecognition element to get leached as the method involves 

strong bond formation. The disadvantage of the method is due to stable formation of 

the recognition element-transducer matrix, it becomes non-reusable [65-69]. In cross-

linkage covalent bond method the bioreceptor element is attached to the analyte by 

the help of cross-linked covalent bonds which is brought about by multi-functional 

reagents that helps to link the 3D cross linked enzyme molecules to the transducer 

surface. The advantage of the process is it increase the catalytic activity of the 

enzymes, provides stronger attachment and shorter response time of the biosensor. 

Disadvantage of the process is, due to the formation of cross-linked covalent bonds 

between protein molecules there is a partial denaturation of the protein molecules 

limits the application of the process [65-69].The different binding techniques are 

illustrated in fig 1.4. 
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1.2.5 Classification Based on Transducer 

Biosensors are broadly classified in terms of the transducers used for bio-

sensing, namely they are electrochemical, optical, thermal, gravimetric and 

electronic, as shown in fig 1. 3. 

1.2.5.1 Electrochemical Biosensors 

Electrochemical based biosensors are one of the most popular and widely 

used biosensors that work on the principle of electrochemical properties of 

the transducer and analyte. In electrochemical based biosensors, the 

electrochemical reaction that occurs between the analyte and bio-receptor 

on the transducer surface produces detectable electrochemical signals in 

form of current, voltage, impedance or capacitance are analysed for 

detectable biosensing activity[70-72]. Electrochemical based biosensors are 

largely preferred owing to its high selectivity and sensitivity. Based on the 

electrochemical signal produced the electrochemical biosensors are further 

classified as Conductometric, voltametric, Potentiometric, impedimetric and 

amperometric biosensors. The different class of electrochemical based 

biosensors is illustrated in fig 1.5. [70]. 

❖ Conductometric Biosensors: Conductometric biosensors are largely 

used in detection of changes produced due to metabolic processes in 

biological systems. Conductometric sensors are sensitive to the 

change in conductance produced between two electrodes, brought 
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about by the electrochemical reaction between the analyte and the 

bio-receptor molecule [70, 73, 74]. 

❖ Voltametric Biosensors: Voltametric biosensors are highly 

sensitive biosensors and are capable of simultaneous, multiple 

analyte detection. These biosensors works on the principle of 

analyte detection by detecting the change in current with controlled 

alteration of the potential difference applied [70, 73]. 

❖ Potentiometric Biosensors: Potentiometric biosensors employ ion-

selective electrodes or ion selective field effect transistors for the 

biosensing activity. In these biosensors the change accumulated due 

to the analyte-bioreceptor electrochemical reaction in the working 

or active electrode is compared to that of the control or reference 

electrode and the biochemical reaction is then transformed into 

potential signals for sensing [70-73, 75, 76]. 

❖ Impedimetric Biosensors: Impedimetric biosensors make use of a 

small alternative excitation signal at the electrolyte-electrode 

interface to measure electrical impedance produced. AC voltage of 

minimal amplitude is applied at the sensor electrode to measure the 

in or out of phase current response with variation of frequency by 

the use of an impedance analyser [70, 73, 77]. 

❖ Amperometric Biosensors: Amperometric biosensors takes 

quantitative measurement of the current produced at the working of 

active electrode in comparison to the reference or control electrode, 

due to electrochemical reduction or oxidation of the active species 

present in the working electrode when a constant potential is 

applied across it. Generally amperometric biosensors employ two or 

three electrode arrangement [70-73, 75]. Amperiometric biosensors 

are advantageous to potentiometric biosensors as they provides 

linear, sensitive and fast response, at the same time substantial 

interference from other active substance resulting in reduced 

selectivity is a common disadvantage of the process [70, 78, 79]. 
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Fig.1.5. Schematic diagram of (a) Voltametric (b) 

Potentiometric and (c) impedimetric biosensors. [70] 

 

1.2.5.2. Optical Biosensors 

            Optical based biosensors works under the principle of generation of optical 

signals, proportional to the analyte concentration by the use of optical transducer 

system. Optical biosensors are further subdivided as label-free and label-based 

systems. In a label-free optical biosensor the analyte-transducer interaction produces 

the required optical signal which is sensed by the biosensor, where as label-based 

methods uses luminescence, fluorescence or calorimetric methods for the generation 

of the optical signal. Optical based biosensors use enzymes, whole cell, tissues 

aptamers and antibodies as bio-recognition or bio-receipting element. In an optical 

biosensor the bio-receptor produces changes in reflection, refraction, absorption, 

transmission, frequency, phase and/or polarization of light in order to produce 

detectable sensing signals. Different optical principle, based on the optical properties 

of the transducing element is employed for the designing of an optical biosensor, 

they includes chemiluminescence, refractive index, fluorescence, evanescent wave 

(EW) fluorescence, surfaced-enhanced Raman scattering, optical waveguide 

interferometry and surface Plasmon resonance (SPR) [66, 70, 80-82]. Schematic 

depictions of different optical biosensors are shown in fig1.6 [70]. 
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❖ Chemiluminescence-based Biosensors: Chemiluminescence based optical 

biosensors works on the principle of generation of light waves due to 

chemical reaction. Due to the mere simplicity of the detection method 

chemiluminescence biosensors have gained relevance in recent years. Again, 

this method provides economic instrumentation, provides wide range of 

calibration, have low detection limit which makes this method a popular 

choice as far as optical based biosensors are concerned. Moreover, 

introduction of this method in nonomaterials has provided substantial 

betterment to its sensitivity and has opened various new application fields 

[83]. Z. He developed grapheme oxide based chemiluminescence optical 

sensor, capable of precise DNA sensing [84]. 

❖ SPR based Biosensors: SPR is a phenomenon that is caused when polarized 

light waves, incident at a certain angle (called resonance angle) fall on the 

metal surface, at the interface of two media having different refractive 

indices. This incident radiation produces plasmons, which are electron charge 

density waves. This phenomena causes the decrease in intensity of reflected 

light from the metal surface in comparison to the incident radiation, the 

decrease being proportional to the mass of substance on the metal surface [85, 

86]. SPR based biosensors works on the principle of detection of changed 

refractive index caused by surface plasmon resonance due to interaction of 

molecule to the metal surface. In fact SPR sensors detection technique 

depends on the variation of refractive index caused due to the analyte-

bioreceptor interaction on the transducer surface. Instead of metal surface 

metal based nano-particle (NP) such as gold or silver NPs can also be 

employed for development of SPR based biosensors. The only difference is 

that a new phenomenon called local surface plasmon resonance (LSPR) is 

observed in case of NPs, the difference being that in case of LSPRs is the 

plasma oscillation is governed by total internal reflection principle at the NP 

surface instead of metal surface as observed in SPRs [82, 85, 86]. This 

method is a label freer method of optical sensing. SPR based biosensors find 

immense use in disease diagnosis, food monitoring and environmental 

monitoring. S.N Hosseini developed silver nano-columns based biosensor for 

endotoxin detection that uses LSPR technique for detection [87]. 
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❖ Fluorescence-based biosensors: This is labeled method of optical biosensing 

and requires labeled agents for the detection of the analyte. Different 

fluorescent dyes like fluorescent proteins are used in the process. Three 

approaches of fluorescence base biosensors are utilized; they are Fluorescent 

quenching, fluorescent enhancement and fluorescence resonance energy 

transfer(FRET). Out of the above mentioned process, FRET as prevailed as 

the most widely used due to its higher sensitivity in compared to the other 

processes. FRET based biosensors includes non-radiative transfer of energy 

from donor to acceptor molecule, both being in ground state, through 

multipole long range interaction. FRET based sensors are capable of 

detecting changes in angstroms to nanometer range. Due to this high sensing 

quality, FRET biosensors finds use in clinical diagnosis such as aptameter 

analysis and cancer therapy [71, 88].  

❖ Optical-Fibre based Biosensor: Optical biosensors based biosensors is an 

emerging alternative to traditional optical biosensing methods. Optical fibre 

base biosensors works on the principle of evanescent field sensing technique. 

Tapered optical fibres are used for the process. When light is passed through 

an optical fibre, evanescent waves are produced at the fibre-sample interface 

due to the phenomena of total internal reflection. With distance from the 

interface; the evanescent wave shows an exponential decay. This wave is 

used to produce fluorescence near the sensing surface [89]. Transducing 

process employed by these tapered optical fibre involves analysis of the 

variation in SPRs, refractive index, fluorescence and absorption [90, 91]. 

 

Fig.1.6. Schematic diagrams of (a)chemiluminescence (b)surface 

Plasmon resonance biosensor. [70] 
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1.2.5.3 Electronic Biosensors 

    Electronic based biosensors uses silicon nano wires based field-effect-

transistors (FET) biosensors or porous silicon surface based biosensors for 

analyte sensing. Porous silicon surface based electronic biosensors uses the 

alteration of electrical or optical signals caused due to analyte-biorecptor 

reaction on the porous surface for transducer action [92, 93]. FET based 

electronic biosensors works under the principle of FET conductivity action. 

FETs are three terminal devices, consisting of drain, source and gate 

terminals, where the current flowing through source and drain terminal can 

be manipulated by the potential at the gate terminal or in other words by the 

electric filed produced between the gate and the channel [94-96]. FETs 

based biosensors are capable of direct translation of the analyte-FET surface 

interaction that is the attachment of the analyte to the bio-receptor changes 

the channel width of FET which in turn alters the drain current [96]. Ion-

based FETs and Metal-oxide FETs are most commonly used FET based 

electronic biosensors. The chemical changes due to analyte-bioreceptor 

interaction is analyzed by FET based sensors by the use of their high input 

impedance. High sensitivity and high spatial resolution are some advantages 

of this method of biosensing, however limitation of this method lies in in-

vitro applications [97, 98]. Pictorial description of an electronic based 

sensor is shown in fig 1.7. 

 

Fig.1.7. Schematic diagram of electronic biosensor, nano-wire based 

FET biosensor [70]. 
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1.2.5.4 Acoustic  Biosensors 

Acoustic biosensors measure the change in the acoustic wave’s physical 

properties that is highly dependent on the amount of analyte absorbed by the 

acoustic transducer [99]. Acoustic biosensors use piezoelectric materials as 

transducers due to their ability of producing and transmitting frequency 

dependent acoustic waves. Since the optimum resonance frequency, for 

wave propagation is highly dependent on the physical properties of the 

piezoelectric transducer crystal, like its dimension, any variation in its mass 

due to surface absorption of analyte leads to measurable changes in the 

resonance frequency of the crystal [100, 101]. Acoustic wave biosensors are 

broadly divided into surface acoustic wave (SAW) transducer and bulk 

acoustic wave (BAW) transducer. In a SAW transducer acoustic waves are 

transmitted on a single surface of the crystal, from one location to another, 

whereas in BAW devices acoustic waves are transmitted from on surface to 

another crystal surface [102, 103]. The SAW device mechamism is depicted 

in fig 1.8. 

 

Fig.1.8. Surface acoustic wave based biosensors [70]. 

1.2.5.5. Thermal Biosensors 

Thermal based biosensors works on the principle of measurement of heat energy 

absorbed (endothermic) or released (exothermic) during biological reactions. due to 

the biochemical reaction, the change in temperature (ΔT) calibrated by the thermal 

biosensor is proportional to the change in enthalpy (ΔH), the total number of 

molecules produced (ηp) and inversely proportional to the specific heat capacity (Cp). 
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Thus the temperature change can be calculated according to the equation ΔT= - 

(ηpΔH)/ Cp [104-108]. As the heat released or absorbed is proportional to the extent 

of biochemical reaction or the dynamics of structure of biomolecules in dissolved 

state, calorimetric based biosensors works on this principle [107, 109]. The 

drawbacks of calorimetric based biosensors like lack of specific temperature 

measurement and long experimental procedures are overcome in enzyme-thermistor 

based biosensors [106]. A thermal biosensor is configured such that a thermistor or 

thermopile that acts as a thermal transducer to be attached across an immobilized 

enzyme column. The catalytic reaction of the analyte-biorecpector within the enzyme 

column generates measurable thermal signals, sensed by the thermal transducer. This 

thermal signal is processed for sensing and gives a direct measurement of the 

substrate concentration. Generally enzymatic catalysis shows an energy change of 

the range of 10-200 kJ/mol, which is sufficient for substrate concentration analysis at 

biological relevant levels for many metabolites [70, 105-109]. Thermisitors and 

thermopiles are the most common thermal transducers used in thermal biosensors. 

Thermistor use the principle of variation in electrical resistance with temperature for 

temperature sensing, whereas thermopile consist of series of thermocouple junctions 

of metal semiconductor and substrate semiconductor components, where the 

temperature difference of two junctions are measured for temperature sensing [107, 

108]. 

 

1.2.5.6. Gravimetric Biosensors 

Gravimetric biosensors make use of the piezoelectric properties of quartz crystals for 

measurement of signals generated due to small alteration in mass caused by binding 

of the analyte to the receptor molecule on the sensor surface. The piezoelectric quartz 

crystal vibrates at certain resonance frequency dependent on its mass and the applied 

current [110, 111]. Most commonly found gravimetric biosensors are piezoelectric 

biosensors, Quartz Crystal Microbalance (QCM) and Magnetoelastic based 

Biosensors (MES). Piezoelectric based gravimetric biosensors works under the 

principle of wave production at specific frequency of alternating current applied on 

the crystal. The change in this frequency due to absorption of the absorption or 

desorption of the analyte to the bioreceptor on the transducer surface causes change 

of this frequency that acts as the necessary signal for biosensing [112]. In QCM 
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based biosensor the change in resonance frequency due to attachment of analyte to 

the biorecognition element on the quartz crystal surface, that is sandwiched between 

electrodes gives the necessary signal for biosensing [113]. MES based biosensors 

consist of film like ferromagnetic amorphous ribbons that posses high tensile 

strength. MES based biosensors works under the principle of magnetostriction, 

where applied magnetic field caused mechanical deformation. On application of time 

varying magnetic field magnetoeleastic vibrations are produced that in turn produces 

longitudinal vibrations. Thus the longitudinal vibrations produce magnetic flux 

within the magneto-elastic element that provides detectable signals for the biosensor 

functioning. Use of MES have become frequent in recent years due to certain 

advantages it provides like being wireless and passive and is useful in determination 

of force, pressure, strain and stress. Moreover MES is an ideal choice for biomedical 

applications owing to the stated advantages and due to its long lifetime, cost 

effectiveness and wireless fabrication [114].The pictorial depiction of common 

gravimetric biosensors is shown in fig 1.9. 

 

Fig.1.9. Schematic diagram of quartz crystal based biosensor working under 

garvitometric sensing technique [70]. 

          Since Biosensors classification based on technology has already being 

included and discussed in biosensors classification based on transducers, no separate 

portion of the chapter is devoted to it. 

1.2.6. Development of Nanotechnology 

         Due to the increase in demand of improved sensitivity, noise reduction and 

overall development in sensor technology, new approaches are ventured that lead to 



 

22 Chapter 1:Literature Review and Scope of Work 

altogether a new way of development of sensors with application of various new 

technologies like the development of nanotechnology. With the development of 

nanotechnology, its applications has been found in almost all field of basic and 

applied science like physics, chemistry, bioscience, bioinformatics, biotechnology, 

electronics, aerospace, healthcare, medical science, food processing and engineering 

and in environmental studies. The application of nanotechnology in biosensing 

application has been impactful. It leads to new avenues and approaches in the 

development of biosensors with improved sensitivity and increased bandwidth of its 

application. As nanotechnology includes manipulation of materials at its molecular 

or atomic level that largely affects various characteristics of the nanomaterial has 

lead to new approaches in nanomaterial based biosensor development. As the 

physical, chemical, optical, electrical and biological characteristics of a nanomaterial 

is largely dependent on its dimensionality, nanomaterials are classified based upon 

their nano-range dimensions. This classification includes 0D materials where the 

measureable dimensions of the material arenano-sized, such as nano-particles or 

quantum dots. For 1D materials one dimention is nano-sized while the other being 

larger, examples are nano-rods, nano-wires, nano-tubes excreta. For 2D nano-

materials, two dimensions are or nano order while the the other dimension is of 

larger size like nano-sheets, nano-films, nano-walls, nano-prisms. 3D nanomaterials 

are those that are bulk nanomaterials like nano-balls, nano-cones, nano-pillars, 

multilayered nano-structures [115, 116]. Various techniques are employed for 

nanomaterial fabrications which are grossly categorized into top-down approach and 

bottom-up approach. In top-down includes restructuring of bulk materials into nano 

scale structures, while in bottom up approach molecular or atomic assembling is 

done to obtain nano sized materials. Famous top-down approaches includes chemical 

etching, ion milling, lithography and laser ablation, while most employed bottom-up 

technique includes chemical and physical vapor deposition, molecular beam epitaxy 

and several other bio-chemical processes like protein-polymer nanocomposites, 

supra-molecular complexes [115, 116]. Schematic descriptions of different 

nonomaterial are shown in fig1.10. 
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Fig 1.10 Nanomaterial Classification according to Dimension. 

1.2.7. Nano-biosensors 

Nanomaterial based biosensors are broadly categorized as nanobiosensors. Over the 

years research on nanomaterials lead to the development of nano-particles, nano-

wires, nano-rods, nano-tubes and nano-composites. Owing to the different 

advantages presented by these nano-structures and easily modulable size and 

structure, use of nanomaterials have drastically improved the sensitivity and 

performance of biosensors. The basic advantages of nanobiosensors over other 

conventional biosensors includes the ability to reach and monitor different physical 

and chemical processes at areas difficult to reach, ability to detect and traces 

biochemicals liberated in minute amounts by cellular organelles that provides them 

an edge in medical and clinical diagnosis, Ability to interact and detect traces of 

ultra-low dimension harmful substances and dimensional analysis of microscopic 

particle in industrial and environmental studies [117].  

Nanoparicle based biosensors are one of the most widely used nanomaterials in 

biosensing applications. Due to their nano shape and size their physical and chemical 

properties are hugely affected by their binding to target analytes, owing to which 

they find immense biomedical applications like clinical diagnosis, clinical imaging 

and drug delivery [118]. Nanoparticle base biosensors includes various transitional 

metal-oxides, metas and noble metals such as ZnO, SnO, TiO2, MnO, Palladium 

(Pd), Iron (Fe), Copper (Cu), Cobalt (Co), Gold (Au), Platinum (Pt) and  Silver (Ag). 
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Nanoparticle based biosensors shows tremendous advantage due to their easy 

fabrication procedures, biocompatibility, chemical stability and excellent optical, 

electrical, electronic, chemical, mechanical and magnetic properties [70, 119-121]. 

    Quantum dots based biosensors falls under the category of 0-D nanobiosensors. 

They are mainly inorganic nano-crystals that exhibit excellent optical properties like 

broad excitation, size-modulable spectra for emission, and appreciably high 

photochemical stability [122]. Quantum dots based biosensors has find immense use 

in the development of optical based biosensors as they are capable of precise 

detection of organic compounds, biomolecules like amino acids, carbohydrates, 

enzymes and neurotransmitters that find application in pharmaceutical analysis 

[123]. The most effective application of quantum dots based biosensors lies in the 

field of multiplexed optical analysis, as quantum dots based biosensors shows 

excellent sensitivity, high selectivity, quick detection time, miniaturized dimension 

and wavelength emission that is largely size-dependent [124]. 

Nano-wire or nano-tunnels based biosensors works under the principle of ion 

selective FET operation that includes influence of external charge on the carriers of 

the semiconductor that results in the sensitivity of the transducer [125]. Nano wire 

and tunnel based biosensors are employed for the fabrication of electrical and optical 

based biosensors that exhibits high reproducibility. In fact nano wire based 

biosensors provides the fabrication of biosensors with high sensitivity, selectivity and 

robust structure, capable of monitoring bioanalytes. Since the flow of current in such 

1-D structure is through paths extremely close to the surface, nano-wire based 

biosensors are extremely sensitive to analyte attachment to the surface [126]. As the 

diameter of the nano-wires are comparable to the bio-analytes the combined effect of 

molecular attachment to the wire surface and the adjustable conductivity of the 

sensor provides generation of label-free detectable electrical signals for sensing 

[127]. 

      Nano-rod based biosensors are mainly made of graphene, zinc, iron oxide, gold, 

manganese or from combination of the mentioned materials [128, 129]. Simple 

application of nano-rod based biosensors uses the principle of simple electrochemical 

modifiers to provide for a specific process. The most common applications for nano-

rod based biosensors include detection and sensing of bio-molecules like glucose, 

nucleic acids and hydrogen peroxide [130]. 
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Carbon-nano-tube (CNT) base biosensors are one of the most widely used sensors 

for biosensing applications. It consists of one, two or multi concentric layered hollow 

tube composed of graphite layers with fullerenes hemispheres as caps. CNTs exhibits 

excellent characteristics that servers as reason for its wide application in the field of 

biosensing, they are high electrical and thermal conductivity, great mechanical 

properties, huge chemical stability, huge surface to volume ratio and exhibits unique 

structural properties [131-133]. Together with biosensing applications CNTs also 

find use in tissue engineering, diagnosis, cell tracking and drug delivery [70]. Since 

CNTs posses’ large surface area any molecular attachment to its surface hugely 

affects its noble electron transport property, thus influencing its electronic 

conductance, this play the key principle for CNT based biosensing. CNT based 

biosensors find immense use in glucose sensing, together with it they are employed 

also in sensing of neurotransmitters, amino acids, albumin, immunoglobulin, C-

reactive protein, cancer biomarkers, DNA, microorganisms and other biomolecules 

[134-138]. Thus CNT based biosensors finds immense application in the field of 

healthcare monitoring, food monitoring industry, chemical industries and in 

environmental studies [70].  

Dendrimer based biosensors consist of 3-D macromolecules that have its dimension 

in nano range. They may be star-shaped, hyper-branched and mono-dispersed. Since 

the dendrimers have high density of functional groups at its surface, this structure 

provides large surface area that facilitates analyte attachment. A typical structure of a 

dendrimer consists of the external surface with functional group, the Dendron in the 

interior and the core [139, 140]. Dendrimer based biosensors exhibits high 

selectivity, sensitivity and reproducibility hence finds application in biosensing, drug 

delivery and medical diagnosis [141-143].  

1.2.8 Porous-Silicon as Biosensor 

         Discovery of Porous Silicon (PSi) dates back to 1956 [144], where PSi 

was accidentally discovered during electrochemical polishing of Silicon in Bell’s 

laboratories in USA. Vastly neglected over the years, PSi gained a significant 

amount of interest on the discovery of photoluminescence exhibited by it in visible 

light range upon excitation by UV spectrum, in the year 1990 [145]. This discovery 

gained a lot of scientific interest as silicon materials did no exhibit this property due 

to its indirect band gap. Since then Porous silicon (PSi) has emerged with manifold 
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application in microelectronics [146]. Unlike crystalline silicon, the direct and wider 

band-gap of PSi due to is quantum-confinement effect have rendered PSi as an ideal 

candidate for sensing application [146]. The phenomena of photoluminescence 

exhibited by PSi have found wide range use in optical sensor applications [147-149]. 

The exceptionally high surface area of PSi makes it a perfect material for absorption 

and interaction of bio-molecules [150-152].Its easily adjustable surface morphology 

and porosity makes PSi a popular choice for bio- sensors [151, 153-157]. With the 

help of its high loading capacity, PSi finds wide-spread use in arena of chemical 

sensors, bio-sensors, ionic-sensors, to name a few [158-160].   Due to its 

biocompatibility and high absorption capacity, PSi finds use as bio-vehicles for 

highly targeted drug delivery [161,162]. 

PSi has been broadly categorized into three categories, namely microporous of 

pore size ≤ 2nm, mesoporous of pore size ranging from 2-50nm and macroporous of 

pore size > 50nm [163]. Since any structure with size < 100nm is termed 

nanostructured, PSi with pore size ranging from 1-100nm is termed as 

nanoporousPSi. Moreover, the porosity, pore size, structure and morphology of PSi 

are dependent on the factors like anodization condition, electrolytic composition, 

wafer resistivity and dopant type, and can be easily modulated by changing any one 

or more of these mentioned factors [164,165]. Due to these mentioned properties of 

PSiit finds tremendous application as a traducing material in the field of gas, vapour 

and humidity sensing [166-170], chemical sensing [171] and biosensing [172, 173]. 

In this work the etectro-chemical etching method of preparation of PSi on bulk 

silicon substrate is discussed together with different physical, chemical, electrical, 

optical and structural properties of the prepared macro and nanoPSi is presented. 

Later the chapter various application of PSiahas been discussed in different fields of 

science. 

              Porous silicon (PSi) has lately emerged with manifold application in 

microelectronics [174]. Unlike crystalline silicon, the direct and wider band-gap of 

PSi due to is quantum-confinement effect have rendered PSi as an ideal candidate for 

sensing application [174]. The phenomena of photoluminescence exhibited by PSi 

have found wide range use in optical sensor applications [175-177]. The 

exceptionally high surface area of PSi makes it a perfect material for absorption and 

interaction of bio-molecules [178-180].Its easily adjustable surface morphology and 
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porosity makes PSi a popular choice for bio- sensors [179, 181-185]. With the help 

of its high loading capacity, PSi finds wide-spread use in arena of chemical sensors, 

bio-sensors, ionic-sensors, to name a few [186-188]. Due to its biocompatibility and 

high absorption capacity, PSi finds use as bio-vehicles for highly targeted drug 

delivery [189, 190]. In recent years, PSi based ionic sensors have gained importance 

with wide applications in clinical diagnosis, food industry and in scientific 

laboratories. 

     Since the surface morphology of porous silicon can easily be altered by altering 

the etching conditions during its preparation, The electrical and optical properties of 

PSi, that are largely dependent on its surface morphology can also be altered, which 

renders PSi as an ideal electronic, electrical and optical transducer for sensing 

application. H. A. Hadi showed that the electrical properties of PSi can be 

substantially altered by altering the etching time and current density during formation 

of PSi, which showed decrease in build in voltage with increasing in etching time 

and current density [174]. S. J. Kim showed the tremendous absorption capability of 

PSi by using it as an alcohol gas sensor, capable of sensing alcohol at extremely low 

concentration of 0-0.5% at room temperature [178]. PSi finds application in organic 

analyte sensitivity as shown by F. A. Harraz, who established organic analyte sensor 

based on PSi and studied the capacitive property of the same with front and back Ag 

contacts [186]. E. A. Kabba established extended gate field effect transistors 

(EGFET) based on PSi that is capable of sensing sodium, potassium, calcium and 

manganese ions at from temperature within concentration range of 10-4 to 1M by the 

use of altered current-voltage sensitivity of PSi based EGFET that works as a 

transducer for the process [188]. G. N. Tovar established meso-porous based PSi 

particles for effectiveantigen delivery to targeted molecule where the PSi particles 

are used as carriers [189]. 

1.2.9 Porous-Silicon properties 

         Porous silicon (PSi), a product of electrochemical etching of bulk silicon 

exhibits a lot of exciting properties, due to its natural nano-structure, unlike its bulk 

counterpart. Domination of quantum effects in nano-structured materials with 

reduction in size of bulk materials to nano-range brings about numerous new 

properties in materials which are otherwise not exhibited in their bulk state. In case 

of PSi, it was reported in 1970 that the silicon in PSi can be thermally oxidized to 
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silicon dioxide and be used as a dielectric [191-195]. Similarly on the report of 

luminescence property of PSi in visible range, in the year 1990 [196], made the 

scientific world indulge in exploring various structural properties of PSi [197, 198], 

studying the mechanism of light emission and optical properties [199, 200], together 

with the study of other properties for possible optoelectronic and various more 

applications [201, 202]. It is due to these favourable properties of PSi, it finds 

tremendous application as multilayer structure in photonic crystals [203], light 

emitting structures [202], bio and chemical sensors [204-209], targeted systems for 

drug delivery [210], micro-engineering [211], signal processing [212] and many 

more. The Structural morphology of PSi can be easily modulated by bringing small 

changes in annodization conditions [164, 165], this adds widely to the acceptability 

of PSi as a sensing and taransducing material. In this work the structural, electrical 

and optical properties of PSi have been emphasized upon. Table 1.1 gives a 

comparative study of certain properties of bulk and porous silicon. 

 

Table 1.1: Comparative study of Bulk Silicon and PSi. [213] 

 PROPERTIES BULK  

SILICON 

POROUS  

SILICON 

 

 

     STRUCTURAL 

            Density            2.33g/cm3       0.12-1.9 g/cm3 

            Porosity  -           20-95% 

    Surface to Volume  

              Ratio 

            1m2/cm3         500m2/cm3 

     Lattice Structure            Diamond           Diamond 

 

     MECHANICAL 

    Young’s Modulus            160 GPa          1-100 GPa 

           Hardness           11.5 GPa 0.2-10 GPa/0.05-1 

GPa 

       Yield strength              7 GPa  - 

 

 

         EMISSIVE 

     PL Wavelength         1000-2000nm         400-1300nm 

      PL Efficiency                10-6      0.01-0.23-Films 

 0.01-0.6- 

Suspensions 

      EL Efficiency                10-8            0.01-0.1 

 

 

      ELECTRICAL 

        Resistivity         10-2- 103 Ωm        103-1012Ωm 

    Electron Mobility        1305 cm2/Vs      0.1-30 cm2/Vs 

      Hole Mobility         480 cm2/Vs         2-6 cm2/Vs 

 Dielectric Constant               11.5                2-8 
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OPTICAL 

        Band-gap              1.1eV            1.1-3.2eV 

   Infrared Refractive  

            Index 

               3.5             1.1-3.0 

        Reflectivity 

     (500-1000nm) 

           10-35%             0.1-10% 

 

 

BIOCHEMICAL 

 

 

Biodegradability  

- Hours 

(Nanoparticles) 

Days  

(Microparticles) 

 Months (Implants) 

 

1.2.10 Optical Properties of porous Silicon 

PSi predominantly exhibits two optical properties, photoluminescence on 

external excitation and optical reflectivity [191]. Photoluminescence (PL) is one of 

the widely used optical characterization methods use for optical property 

investigation of PSi. Photo creation of electron and hole pair is manifested upon 

incident light excitation on a material surface. The excess carriers created, 

recombines, often radiatively and this emitted light is termed as PL. Many important 

properties like electronic band structure, nature of defects and impurity enters and 

electron-photon coupling can be derived from the study of PL [214]. 

Unlike crystalline Silicon (Si) that emits extremely weak PL in infrared region 

due to its small and indirect bang gap, electrochemically etched PSi exhibits very 

efficient PL emission in the visible region, as shown in fig 1.11. 

 

 

Fig 1.11. PL emited by PSi of different porosity upon ultra-violet 

excitation. 
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As stated earlier that with approach towards nano scale dimension of particle size, 

new properties are manifested in materials that are otherwise not present in their bulk 

state. Quantum confinement (QC) effect is one such effect exhibited by PSi samples 

[215]. EL emission of PSi can be explained by this QC effect observed in PSi. The 

EL emitted can be explained by the recombination of quantum confined carriers in 

the crystalline Si structure present in PSi [214] that rendered PSi to have direct band-

gap, unlike its bulk counterpart.  But later, studies conducted on hydrogenated silicon 

compounds like silicon hydride complexes and siloxene derivatives found in 

oxidized PSi structures gives further incites in explanation of PL and its peak shifts 

[216, 217]. Moreover other optical properties like Cathodoluminescence and 

electroluminescence is explained thoroughly by the above mentioned models. 

PSi And other Si based nanostructures has reported efficient exhibition of PL from 

infra-red to visible light region and into near ultra-violet region. This broad spectrum 

is attributed to distinct luminescence of different origin [214]. The most attention 

received by far is that of the ‘S-Band’ luminescence, that has been tuned effectively 

over the entire visible range starting from deep red to blue. This band has gained a lot 

of significance due to its technological applications and as it can be easily electrically 

excited [214]. The ‘F-Band’ luminescence has been the subject of recent study due to 

its blue-green PL emission. This PL emission is generally observed in oxidized 

structures and arises due to contamination of defects in Silicon oxides [214].  Infra-

red emission of PL is observed for materials annealed under high vacuum conditions 

and can be attributed to dangling bonds seen is PSi [214]. Ultraviolet PL emission is 

also observed upon soft X-ray excitation. It is present with the blue-green ‘F-Band’ 

emission and observed in oxidised samples due to the presence of defective oxide 

states [214]. Different origin of PL bands together with their peak wavelength is 

shown in table 1.2. 
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Table 1.2: Luminescence bands for PSi. 

SPECTRAL 

RANGE 

PEAK 

WAVELENTH 

(nm) 

LUMINESCENCE 

BAND 

PL CL EL 

Near IR 1100-1500        IR band Present Nil Nil 

Blur-Red 400-800         S-Band Present Present Present 

Blue-Green  ~470         F-Band Present Present Nil 

      UV  ~350       UV-Band Present Present Nil 

 

One of the most attractive property of PSi is that it can emit as well as reflect light in 

visible range. In-fact refractive is an important property of PSi that controls the 

transmission and reflection of waves incident upon the PSi-air interface. 

Bruggeman’sapproachis the most accepted approximation for the calculation of 

refractive index of PSi which is given by the use of the following formula [191].  

(1 − 𝑃)
(𝐸𝑆𝑖+ 𝐸𝑃𝑆𝑖)

(𝐸𝑆𝑖+2𝐸𝑃𝑆𝑖)
 + (𝑃)

(𝐸𝑎𝑖𝑟+𝐸𝑃𝑆𝑖)

(𝐸𝑎𝑖𝑟+2𝐸𝑃𝑆𝑖)
 = 0 

Where, P= Porosity of PSi 

ESi= Dilelectric constant Of Si 

EPSi= Dilectric constant Of PSi and  

Eair= Dilecetric constant of air. 

In-fact Optical reflective spectrum of PSi shows Febry-Perot fringe pattern [191], 

where the interference finge pattern is highly dependent upon the nnodization current 

density of PSi fabrication [191]. 9-12 fringe of wavelengths ranging from 500-

1000nm are obtained for PSi samples of Thickness of approximate 3000nm [191]. A 

patter of decreasing finge numbers is also reported with increasing annodization 

current density, with almost no fringe visible above current density of 600mA/cm2 

[191]. 
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1.2.11 Electrical Properties of Porous Silicon 

PSi being an inherently disordered solids, consists of several defective states. 

Its disorders are not only limited to compositional or structural impurities and defects 

but is predominated by numerous defective states and surface dangling bonds, 

created during its fabrication [218]. These dangling bond full surface of PSi plays a 

major role in charge transport mechanism in PSi. 

The charge transport mechanism of inherently defective solids like PSi is 

dominated by several mechanisms, like hopping, Poole- Frenkel (P-F) and Trap-

Assisted-Tunnelling (TAT) [218]. For dielectric materials like PSi, different 

mechanism for conduction can dominate at different applied electric field range and 

at different temperatures. In-fact, all the mechanisms for conductions can occur 

simultaneously.  At lower voltage range (up-to 1.5V), the I Vs V characteristic of PSi 

is observed to be linear, which can be attributed to the process of hopping of carriers, 

thermally excited between discrete isolated defect states, giving an ohmic conduction 

region at low filed range [218]. Observations on electrical property of PSi suggests 

that the conductance of PSi is proportional to exponent of V0.5, which is suggestive 

of P-F conduction that basically is the electric field induced, thermal excitation of 

carriers from traps, which is played by numerous defective states present in PSi 

[218]. In higher electric filed region, TAT mechanism predominates the conduction 

of PSi, which involves two-step trap assisted tunnelling mechanism for conduction of 

carriers [218]. So the high density of defect states, numerous dangling bonds on PSi 

surfaces provides hopping sites for charge carriers and thus controls the conduction 

mechanism of PSi [218]. 

 

1.3 CALCIUM SENSOR 

Mineral ions in suitable concentration is essential for proper maintenance of 

life functioning. Calcium ion among them plays a very vital role. Calcium ion 

is the second most abundant ion and plays an essential role in cellular 

signalling process [211-222]. Moreover calcium regulates numerous cellular 

processes like skeletal and cardiac muscle excitation, blood coagulation and 

neurotransmission [223-224]. As stated previously, utility of calcium in the 

human body and abnormal calcium ion concentration in serum is a clear 
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indicator of numerous diseases. Increase in serum calcium level or hyper-

calcemia, primarily indicates hyperthyroidism, hyperparathyroidism but mostly 

is found in case of malignancies [8]. Association of hyper-calcemia with lung 

cancer is quiet common; in fact it is the most prevalent metabolic anomaly 

accompanying malignancies [8-12]. As stated earlier, the history of calcium 

sensor dates back to 1987, when W. Melzer and M F Schneider detected by the 

use of calcium sensor dyes [29, 30]. Later calcium sensor was developed by 

A. Miyawaki by the use of calmodulin (CaM), a calcium binding enzyme [31]. 

Since then various calcium detecting techniques were developed like the 

chromatography technique [32], electrochemical technique [33,34], 

potentiometric technique [35-37] and spectroscopic techniques [38-41] to name 

a few. Chromatographic technique includes high performance liquid 

chromatography for detection of mineral ion in water [31]. A. H. Ismail 

developed a calcium sensor that works on the principle of altered electrical 

impedance in supersaturated serum due to aggregation of mineral ions [34]. 

Rafiq Ahmad developed a highly conducting solution-gated FET sensor that 

employs CaM for effective calcium sensing [35]. The conductivity of the FET 

sensor shows remarkable change in conductivity on introduction of calcium 

ions of different concentration. This solution-gated FET calcium sensor shows 

an excellent example of potentiometric calcium sensor. Y. C Torres developeda 

lipophilic photoacid polymer that is capable of active photon exchange with 

calcium ion when illuminated with photons of wavelength 470nm [41]. 

       Ionic calcium sensing using any transducer naturally requires a calcium 

receptor as required in case of any analyte for the analyte to be immobilized on 

the transducer surface. Calsequestrin [219], oligosaccharides [220], Ethylene-

diamine-tetra-acetic acid (EDTA) [164], cholesteric liquid crystalline polymer 

with benzoic acid metal binding site and calmodulin (CaM) [35,222, 226, 228] 

are calcium receipting materials, commonly used for calcium binding to 

transducers. Out of them CaM is often preferred due to some evident 

advantages of CaM protein that makes it a popular choice as calcium binder in 

case of fabrication of calcium biosensors. CaM is prototypical calcium sensing 

protein [225-228]. Present in all eukaryotic cells, CaM regulates essential 

cellular processes [225, 226]. Having the capability of calcium detection in 

https://physoc.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Schneider%2C+M+F
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biologically relevant concentration range, CaM also shows additional 

discrimination towards calcium ions [225-227]. Thus CaM surface 

functionalized porous silicon structure is effective in calcium binding. 

 

1.4 SCOPE OF WORK 

Finger clubbing being an early symptom for numerous cardio-pulmonary 

disorders most importantly in case of lung cancer, it requires precise 

monitoring. The techniques for detection of finger clubbing as discussed in 

section 1.1.2, are mostly qualitative and some quantitative. As we know, 

qualitative analysis of phenomena is liable to be erroneous and may be largely 

prejudiced. Moreover the quantitative techniques discussed for the diagnosis of 

finger clubbing employs a single parameter for its analysis and in many cases 

expensive. Single parameter analysis of a phenomenon consists of drawbacks 

like incapability for detection of minor changes, compromised sensitivity and 

lack of precision. Inclusion of multiple parameters for diagnosis of finger 

clubbing enhances considerably the performance, sensitivity and the overall 

reliability of the technique. 

   Finger clubbing is not a confirmatory diagnosis parameter for cardio-

pulmonary disease hence to build a more confirmatory approach in diagnosis, 

serum calcium detection is required, and as it is a confirmative indication of 

several cardio-pulmonary disorders including small cell lung carcinoma, as 

discussed earlier. Calcium detector techniques discussed in section 1.3 employs 

complex and expensive instrumentation, requires complex and time consuming 

fabrication procedures and also most of them depend on single parametric 

response. As discussed previously single parametric response for a sensor 

holds certain disadvantages as far as its precision, sensitivity and linearity is 

concerned. These drawbacks can be done away with when multi-parametric 

approach is undertaken, hence a considerable reliability and efficient 

performance can be achieved with multi-parametric detection technique. 

    Electrical and optical based detection system together is quiet an 

unprecedented approach towards the development of detection systems. Simple 

electrical parameters like current versus voltage and capacitance versus 
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frequency together with optical parameters like reflectance, absorption and 

scattering loss are simple, cost effective and multi-parametric approach 

towards the development of detectors. Together with this, Image processing 

based optical detection system is another field in detection system that is not 

quiet ventured before. The image of the reflected spot form the incubated 

sensor surface posses several spectral information that can be easily deciphered 

by the use of simple software and such information can be utilised for effective 

detection of optical parameters essential in the sensing process. Thus software 

based image processing optical sensors together with the analysis of electrical 

parameters is capable of contributing hugely towards the development and 

designing of reliable, efficient, simple and cost-effective biosensors. 

   Section 1.2.2 discussed the classification and types of biosensors used, 

among them nano-structured and nanopores based biosensors possess certain 

advantaged that makes them a great choice in the fabrication of biosensors. 

Their absorption capability owing to their tremendously large surface-area to 

volume ratio provides enough surfaces for biomolecule absorption and 

interaction. Certain nano-structured material like carbon and silicon exhibits 

great biocompatibility. Moreover their quick response time together with other 

interesting physical, chemical, electrical and optical properties makes them a 

natural choice for their use in biosensing filed in comparison to other 

biosensing materials. 

 

1.5 OBJECTIVE OF THESIS 

As per the discussion in section 1.4 the objective of the thesis is listed as 

follows: 

❖ Designing and development of quantitative and automated finger 

clubbing monitor capable of precise detection of finger clubbing, that 

utilizes image processing technique and laser-motor technique, 

developed in this pretext using MATLAB GUI environment.   

❖ Fabrication and characterization of sensing platform for calcium 

detection, capable of detecting calcium in biologically relevant 

concentration. 
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❖ Verification of the selectivity of the fabricated detector platform 

towards calcium in presence of other commonly interfering ions by the 

use of optical and electrical parameters. 

❖ Optimization of the calcium detecting platform by modulation of 

fabrication parameters. 

 

1.6 THESIS OUTLINE 

This work involves a gradual progression towards the development of finger 

clubbing monitor and the calcium detector that helps in early, precise and conclusive 

detection of cardio-pulmonary disease, mainly lung cancer. To start with, a 

substantial review of the existing finger clubbing monitor and a quiet a detailed 

discussion on biosensors and biosensing materials is provided in chapter 1, with 

emphasis on calcium sensor. In the following chapters the objectives discussed in 

section 1.5 is gradually and systematically developed. 

Chapter 2 contains the designing and development of automated and 

quantitative finger clubbing monitor. The monitor uses finger clubbing technique and 

laser-motor technique for quantitative measurement of profile axis angle and DPD-

IPD ratio for accurate detection of finger clubbing. 

Chapter 3 consist of the development and fabrication of porous-silicon (PSi) 

based calmodulin (CaM) surface functionalized calcium detecting platform and their 

extensive physical characterization. 

Chapter 4 is used to discuss the sensing parameters of the developed calcium 

detector and extensively examine its selectivity towards calcium in presence of other 

interfering monovalent and divalent ions. Alteration of optical and electrical 

parameters is studied to determine the selectivity of the detector surface. 

Chapter 5 deals with the optimization of the prepared detector surface for 

better response. The fabrication condition of the PSi based calcium detector, namely 

the etching time of preparation of PSi is altered to study the change in characteristic 

electrical and optical response of the detector surface. 

Chapter 6 finally concludes the study and presents any further future scope of 

work on this topic. 
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Chapter 2: Design and Development of 

Multi-parametric Finger 

Clubbing Monitor 

Digital clubbing is an important clinical symptom. Characterized by the 

bulbous appearance of the finger tips, digital clubbing is often associated to a number 

of cardio-pulmonary disorders namely lung cancer, chronic obstructive pulmonary 

disorder, cyanotic congenital heart disease, idiopathic pulmonary fibrosis and 

numerous other medical conditions [1-3]. Caused due to platelet derived growth 

factors and vascular endothelial growth factors, diagnosis of digital clubbing plays 

predominant role in early detection of many cardio-pulmonary conditions [1-3]. 

Qualitative tests provides insufficiently for the conclusive diagnosis of digital 

clubbing. Profile axis angle determination of human finger can be treated as an 

effective indicator for quantitative measurement of digital clubbing. This work 

proposes the development of an automated instrument; designer for precise 

measurement of profile axis angle and the Distal Phalangeal Depth (DPD), Inter 

Phalangeal Depth (IPD) ratio of human fingers for quantitative and cost effective 

diagnosis of digital clubbing.  

 

2.1A BRIEF INTRODUCTION 

Finger clubbing is a clinical condition characterized by the drumstick or 

bulbous appearance of fingers. It causes the structural change in the appearance of 

the finger which results in the increase in antero-posterior and lateral diameter of the 

nails [1]. Finger clubbing was first diagnosed, many centuries ago by Hippocrates as 

a sign of underlying disorder [1-5]. Since then finger clubbing has been associated 

with a number of diseases namely lung cancer, bronchiectasis, cyanotic congenital 

heart disease, idiopathic pulmonary fibrosis, cirrhosis of liver, cystic fibrosis, 

mesothelioma, inflammatory bowel disease and hepatic cirrhosis [1,3,6-9]. Hence 

finger clubbing is very common in cardiopulmonary disorders [10]. Moreover the 

association of finger clubbing has also been confirmed with intra-thoracic tumors and 

Crohn’s disease [4]. Finger clubbing is caused due to unfragmanted platelets 
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precursor in the pulmonary circulation which accumulates in peripheral vasculature, 

releasing platelet derived growth factor resulting in digital clubbing [6]. Finger 

clubbing occurs in steps [1,11]. Initially the nail bed softens, giving it a spongy 

appearance. Second steps results in the increase of lovi-bond angle, which is the 

angle between the nail plate and the proximal nail fold. The lovi-bond angle 

increases from its normal measure of nearly 1700 to greater values, indicating first 

order finger clubbing [2,4,6,8-10,12-13]. Eventually, the depth of distal phalanx 

increases compared to depth of inter phalanx, thus disruption of distal and inter 

phalange depth ratio occurs, indicating second order finger clubbing [1]. Finally the 

nail appears shinny [1]. Qualitative method for detection of finger clubbing includes 

Schamroth’s window test [1,6,9,14], and visual methods. Distal phalange depth 

(DPD) and inter phalange depth (IPD) ratio together with the lovi-bond angle 

measure provides important parameters for quantitative diagnosis of finger clubbing 

[2,6,8,10-21]. This work presents the design and development of an automated 

instrument based on software development in MATLAB programing environment 

that endorses image processing technique and laser-photo-detector technique. This 

technique developed here is capable of explicit measurement of profile axis angle 

and DPD-IPD ratio of adult human finger, effective in automated and quantified 

diagnosis of digital clubbing.  

 

2.2 INSTRUMENT DESIGN 

      Two techniques, namely image processing technique and laser-photo-

detector technique are undertaken for the development of the multi-parametric finger 

clubbing monitor. Both the techniques utilizes MATLAB programming environment 

for the development of software capable of precise and accurate detection of finger 

clubbing in human adults. 

❖ Instrument for Image Acquisition 

For the purpose of image acquisition a double walled box is constructed 

(fig.2.1 a), with the inner-wall translucent white and the outer wall 

opaque provided with two holes. The first bigger hole serves the 

purpose of finger insertion and the second small hole for camera 

mounting. The outer dimension of the box is 14cm X 10cm X 12 cm. 
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Between the walls of the box LEDs are fitted to facilitate silhouette 

image of the finger. The camera is at right angle to the finger. Distance 

of the finger insertion hole from the translucent white screen is 2.5cm, 

whereas the distance of the camera from the finger insertion hole is 

8.5cm. The image is obtained up to the inter phalange of the finger, that 

both the distal phalange and the inter phalange are in view. Image of the 

designed instrument and the image obtained with it are shown in fig 2.1 

a and b respectively. 

 

 

Fig 2.1 (a) Image being captured by the developed instrument. (b) 

The image obtained by the monitor. 

❖ Instrument for Laser-Photo-Detector Technique 

The instrument is designed for quantitative determination of profile axis 

angle of an adult human finger for accurate diagnosis of finger 

clubbing. The design of the instrument is represented in form of block 

diagram in figure 2.1. The instrument works on the principle of laser 

photo detection and obliteration technique for determination of finger 

profile axis angle. Consisting of an ‘N’ shaped laser-photo-detector 

arrangement, the instrument consists of bi-motor system to bring about 

horizontal and vertical movement of the ‘N’ shaped arrangement. The 

‘n’ shaped arrangement is designed to slide vertically and horizontally 

about a bench, upon which the diagnosing finger is rested. The measure 

of vertical and horizontal movement of the laser-photo-detector 

arrangement is used to determine the finger contour over the nail plate 

and the proximal nail fold for the determination of the finger profile 

axis angle which is the angle between the nail plate and the proximal 
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nail fold. Similar technique is utilized for determination of DPD-IPD 

ratio [18, 19]. The vertical-horizontal simultaneous movement of the 

laser-photo-detector arrangement about the finger resting platform is 

brought about for the determination of the finger depth ratio. This entire 

system is computer interfaced by an interfacing microprocessor. The 

schematic block diagram of the instrument is shown in fig2.2. The data 

thus obtained is supplied to the developed program for precise and 

quantified calculation of finger profile axis angle. 

 

 

 

Fig 2.2.The schematic block diagram of the instrument developed. 

 

2.3 MECHANISM OF DETECTION 

As stated before, the detection of the finger clubbing is carried out by two 

techniques, the image processing technique and the laser-photo-detector technique. 

The results of both the techniques are used for accurate determination of profile axis 

angle and the DPD-IPD ratio of human finger, the two important markers of finger 

clubbing. 

❖ Mechanism of Detection using Image Processing Technique 

For the determination of profile axis angle using image processing, 

Software has been developed in MATLAB to compute the lovi-bond 

angle of adult human finger. The software is designed on image 
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processing technique. The software binaries the image and detect four 

points on the finger image, two points on the nail plate (P1, P2) 

(fig.2.3) and the other two on the proximal nail fold (P3,P4) 

(fig.2.3).The software developed for the purpose, treats a binary image 

to be a matrix of rows and columns consisting of values corresponding 

to the pixel intensity at the given point on the image. Thus, in the case 

of binary image the matrix consists of 0 and1.The software developed, 

chooses the above mentioned points on the image for a particular 

column value for which the corresponding row value displays a 

transition from 0 to 1.This is essentially a point upon the finger. The 

first column value for point P1 is so chosen that the point P1 lies on the 

edge on the nail plate, as shown in fig.2.3 The column value for 

obtaining P2 is chosen as close to P1 as possible (fig.2.3).The column 

value to obtain P3 is chosen so that the pointP3 lies at the edge of the 

proximal nail fold, as shown infig.2.3 and the point P4 is obtained as 

close to P3 as possible (fig.2.3). This is done for better accuracy. Next 

the software is programmed to compute the angle between the two 

linesL1, L2 (fig. 2.3), formed by joining the points P1, P2 and points 

P3, P4 respectively. This angle thus obtained is the lovi-bond angle for 

the finger [18, 19]. 

 

Fig.2.3.Image depicting lines L1 between points (P1,P2) and L2 between points  

(P3, P4) 

 In order to determine DPD-IPD ratio, the software developed is so programmed that 

it firstly rotates the image obtained to a vertical image. Secondly it binaries the image 

so the image matrix consists of only 0 and 1.The software is then programmed to 
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count the number of 0 in each row of the image matrix. By this process the width of 

the finger thatcorrespondstothenumberof0inaparticularrowiscalculated.This process 

is continuous for the entire length of the finger image (the image is obtained up to the 

interphalange of the finger. So both the distal phalange and the interphalange are in 

view).The characteristic of the width profile is monitored by the software to compute 

the tendency of DPD-IPD ratio, which serves as an ideal marker for finger clubbing 

detection. The binarised image and the image matrix is shown in fig 2.4 (a) and (b) 

respectively. 

                                                

Fig.2.4.(a) Binary image of the finger. (b) Image matrix of the finger. 

 

❖ Mechanism of Detection using Laser-Photo-Detector Technique 

For the determination of profile axis angle using laser and photo-

detector arrangement, the diagnosing finger is placed upon the resting 

bench. The bench is so placed that it lies within the cavity of the ‘N’ 

shaped arrangement, such that the laser lies on one side of the resting 

bench and the photo-detector lies on the other. The system is 

programmed to bring about the vertical movement of the ‘N’ shaped 

laser-photo-detector arrangement in the region of the nail plate, from a 

fixed home position. Next the program measures the vertical distance 

moved by the ‘N’ shaped arrangement, before the laser photons falling 

upon the photo-detector, is just obliterated by the nail plate. The 

arrangement is moved to another point of the nail plate and the vertical 

distance measurement routine is repeated. This determines the nail-
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plate contour. The same routine is repeated for two points upon the 

proximal nail fold to obtain the proximal nail fold contour. The 

contours thus obtained are next tallied with the algorithm developed for 

different finger shapes and the profile axis angle for the finger is 

accurately determined by the program. 

        For the determination of the DPD-IPD ratio, the finger is placed on 

the resting bench, between the laser and photo-detector exactly same as 

before. In this case, the system is programed to bring about vertical 

displacement of the ‘N’ shaped laser-photo-detector arrangement and 

the programed is designed to measure the vertical distance moved by 

the ‘N’ shaped arrangement with the laser beam, which were falling 

upon the photo-detector is obliterated by the finger placed on the 

resting bench. This effectively gives the finger width at that particular 

point. The software designed in this work is programed to follow this 

routine starting from the finger-tip to the proximal nail fold, at various 

points and determine the finger width profile as we move from the 

finger-tip towards the nail fold to determine the DPD-IPD ratio, thus 

providing a perfect marker for the diagnosis of finger clubbing. The 

image of the developed instrument is depicted in fig 2.5 (a) and (b). 

 

Fig.2.(a) The overview of the instrument developed. (b) Enlarged 

view of laser-photo-detector arrangement while diagnosing. 
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2.4 REAL TIME APPLICATION OF THE INSTRUMENTS 

The instruments developed in this work are used upon patients of 

cardio-pulmonary and chest department of a local hospital. The ability 

of the instruments for precise measurement of profile axis angle and 

DPD-IPD ratio of finger is tested and the result obtained is tabulated in 

table 2.1. 

TABLE 2.1. Output of Instruments for the determination oflovi-

bondangleand width profile. 
 INSTRUMENT 

OUTPUT-

IMAGE 

PROCESSING 
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TECHNIQUE 
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2.5 CONCLUSION AND FUTURE SCOPE 

      It is well established from the above data that digital clubbing finds 

association in numerous cardio pulmonary conditions. Almost all the patients, 

complaining or diagnosed with any chest or heart related disorder have moderate to 

severe digital clubbing. The effectiveness of the instruments developed is also 

revealed by the above data. The measure of the profile axis angle and DPD-IPD 

ratio, determined by the instruments in order to diagnose finger clubbing is found to 

be quiet accurate and give a clear quantitative idea of the degree of finger clubbing 

present in a patient. 

Evidently, the early detection of any cardio-pulmonary condition plays an 

important role in the prognosis of any such disorders. Importantly, in case of lung 

cancer, early detection of the disease plays a vital role in reduction of the death risks. 

Thus the instruments developed in this work is effective in early, quantified, 

automated, accurate, non-invasive and cost-effective diagnosis of finger clubbing 

that may lead to early treatment for all the mentioned medical conditions, including 

lung cancer. Since earlier methods employed for the detection of finger clubbing 

were mostly qualitative and not automated, the instruments developed in this work 

has a distinct advantage over the other previously applied methods. Installation of the 

device in hospitals and medical clinics will lead to an advantageous and early 

detection of digital clubbing inpatients. 

The instruments developed in this work, determines finger clubbing by only the 

determination of profile axis angle and DPD-IPD ratio, the accuracy of the 

instrument can be increased by quantified determination of other parameters like 

Crug’s angle which can add quiet significantly toward the accuracy of the 

instruments. Moreover, since finger clubbing is not a conclusive parameter for the 

diagnosis of serious cardio-pulmonary malfunctioning, there is farther room for 

investigation into the topic in search of more conclusive parameters like serum 

calcium detection for early and undeniable diagnosis of cardio-pulmonary disorders 

to enable early management and better prognosis in the following chapters. 
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Chapter 3: Porous Silicon: Synthesis and 

Characterization 

Due to some tremendously interesting properties of Porous silicon (PSi), it has 

gained huge application in the field of micro-electronics [1]. Due to the quantum-

confinement exhibited by PSi that results in its wide and direct band-gap, PSi has 

find use as an ideal candidate for applications as sensors [1]. Due to porous nature, 

PSi provides huge surface area for bio- molecular interaction and absorption [2-4]. 

Moreover PSi exhibits the phenomena of photoluminescence that provides 

application in the field of optical sensors [5-7]. The surface morphology of PSi is 

easily adjustable, that makes it an ideal choice for bio-sensing applications [6, 8-12]. 

Being a bio-compatible material, PSi finds application as bio-vehicle for high 

targeted delivery of drugs [13-14]. Due to its high loading capacity, PSi has gained 

huge importance as bio-sensors, chemical-sensors and ionic-sensors [15-17]. 

Application of PSi Based ionic sensors has gained a lot of importance lately that 

finds use in food industry, scientific laboratories and most importantly in clinical 

diagnosis. Moreover, the surface morphology, namely pore size, porosity and pore 

structure of PSi is highly dependent on fabrication condition such as electrolytic 

composition and concentration, wafer resistivity, current density, dopant type and 

electro-chemical etching time [18,19]. Porous silicon based calcium detectors has 

gained prominence in recent years. 

 

3.1 POROUS SILICON FABRICATION PROCESS 

Various techniques are in use for the fabrication of PSi. The First and the most 

widely used technique among them being the anodic etching technique also known 

as electro-chemical etching technique [20]. Except electro-chemical etching, many 

other techniques were formulated over the years for the fabrication of PSi, they are: 

Stain etching, where the solution of Hydrofluoric (HF) acid and concentrated 

Nitric acid caused the formation of PSi by the appearance of stain on Si wafer 

surface [20]. Photoetching is yet another method for the preparation of PSi, where 

Silicon wafer immersed in HF solution is illuminated by coherent source of light like 
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He-Ne laser leading to the formation of mesoporous Silicon [20]. Fabrication of PSi 

is also observed to be possible by spraying solar cell surface by HF solution resulting 

in slow dissolution of Si atom by low velocity HF, the process later established as 

vapour etching technique [20]. Spark erosion is another physical technique for PSi 

fabrication, not involving dissolution of Si atoms in any chemical. In this method the 

Si Surface is exposed to spark tip and the surface is eroded for hours for pore 

formation on the surface [20]. Laser-induced plasma erosion is yet another physical 

method introduced for PSi formation that involves air optical breakdown plasma to 

be targeted upon a silicon surface for porosification [20]. Ion implantation method of 

PSi fabrication involves high-dose, low energy silver ions into mono-crystalline 

Siliocn for Pore formation [20].  

In this work Electrochemical etching method has been applied for effective 

fabrication of PSi and has been discussed in details in this chapter. 

 

3.1.1. Electrochemical Etching Process of Fabrication of Porous Silicon. 

Nano and macro PSi has been fabricated in this work, the fabrication process 

can be sub-divided into two major steps, namely wafer cleaning and electro-chemical 

etching. The steps are elaborated here. 

3.1.1.1 Cleaning of Silicon Wafers. 

 Si wafers, that are single end acid polished, consisting of <100> orientation 

and P-type (Boron doped) are cut into dimensions of 1.5×1.5 cm are chosen 

for the fabrication process. The resistivities of the wafers are as follows: 

1-10Ωcm for nano samples and 10-20Ωcm for macro samples. 

The wafers are dipped in acetone solution and heated to 420C for 10min. 

The heated wafer in acetone solution are then sonicated in ultrasonic cleaner 

for 10min. The sonicated wafers are then dipped in methanol for 3min, after 

which they are thoroughly rinsed with deionized (DI) water, multiple times. 

This steps cleanses the wafer of any grease or oil particle present on its 

surface. Next a solution of 30% GR grade of hydrogen per oxide (H2O2) and 

98% GR grade of sulphuric acid (H2SO4) are prepared in the ratio 1:1 and 

the wafers are dipped in the solution for about 30min or rather till the 
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vigorous agitation reaction stops. The wafers are again rinsed thoroughly in 

running DI water, multiple times. This steps cleanses the wafer of any 

heavy metal particle present upon the wafer surface. Lastly a solution of 

20ml DI water and 5ml HF is prepared and the wafers are dipped into it for 

2min, which cleanses the wafer of nascent oxides present on the wafer 

surface. The wafers are finally washed multiple times with DI water and are 

made ready for back metallic contact, which is done by vapour deposition of 

Aluminium on the unpolished wafer surface. This metal deposition 

established the Ohmic contact required during anodic etching of the Si 

wafer for PSi fabrication. 

3.1.1.2 Electro-Chemical Etching method for PSi Fabrication. 

Three types of Cell configuration are available for electro-chemical etching 

of Si for effective PSi formation. They are namely lateral cell, single cell 

and double cell [20]. In lateral cell configuration the Si wafer, acting as 

anode and platinum or any other HF resistant material like graphite, acting 

as cathode are held laterally to each other in the electrolytic bath. The cell 

configuration, though simple poses certain disadvantages like non-uniform 

porosity being the major among them. In Double cell configuration the 

electrolytic bath consists of two half cells one containing the cathode and 

the other consisting of the anode, while the Si wafer is held in between the 

electrodes and the electric current passes through the Si wafer. Uniform 

porosity being one of the major advantage of this arrangement while 

complex setup is the major disadvantage accounting for not so frequent use 

of the arrangement for PSi fabrication. The single cell arrangement consist 

of vertical arrangement of the cathode and the anode. The Si wafer acting as 

anode has one side sealed to the electrolyte causing PSi formation on single 

surface. This method is the most common method employed for 

porosification of Si wafers [20]. This method provides acceptable 

uniformity in porosity of the PSi and its simple arrangement adds to its 

acceptability for the most frequent method employed for PSi fabrication 

[20]. In this work the single cell arrangement has been used for effective 

PSi fabrication. 
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       Fig 3.1 schematically depicts the single cell configuration structure of 

the etching chamber or the electrolytic bath where the PSi is fabricated. The 

chamber is basically made of acid resistant materials like Teflon. Si wafer 

acts as anode, which is further provided with a copper plate contact to 

facilitate uniform porosity. Graphite is used as cathode. The wafer is so 

placed that only a single surface of it is exposed to the electrolyte, upon 

which porosification is done. The diameter of the graphite cathode is nearly 

equal to the exposed diameter of the wafer to facilitate uniform current 

density. 

 

Fig 3.1. Schematic diagram of the Electro-Chemical Etching Cell. 

Boron doped silicon wafers (P-type)<100>of both resistivities (1-10Ωcm 

and 10-20Ωcm) were laser cut into dimension 1.5×1.5cm. The wafers were 

acid polished, washed multiple times with DI water and completely dried at 

room temperature. Metal (Aluminum) is deposed on the lower surface of the 

wafers by vapour deposition technique, to facilitate ohmic contact during 

elcrochemical etching. The cleaning and metal contact were done according 

to steps mentioned previously. After metal deposition, the wafers were 

rinsed multiple times with absolute ethanol and completely dried at room 

temperature and prepared for elctrochemical etching process. 

The electrochemical etching process is carried out in an acid resistant bath 

with graphite rode and silicon wafer acting as cathode and anode 

respectively, as describe above. Rinsed and dried silicon wafers of 
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resistivity 1-10Ωcm were used for the preparation of nano-PSi. For the 

preparation of nano-PSi, the electrolyte solution consist of ethanol (>99.9%) 

and HF (48%) mixed in the ratio of 1:1. The etching was carried out under 

ambient environmental conditions, at room temperature. Current density of 

15mA/cm2 is maintained throughout the process. For the macro-PSi sample 

preparation, wafers of resistivity 10-20Ωcm was taken and the electrolyte 

solution of DMF (99.8%) and HF (48%) in the ratio 3:1 or 1:1 (as required) 

was prepared. Again, ambient environmental conditions were maintained 

during the etching process. Constant current density of 15mA/cm2 was 

maintained. The prepared PSi samples were rinsed multiple times in 

absolute ethanol and DI water, dried completely at room temperature and 

heat treated for stabilization of the PSi structure. The picture of the 

electrochemical bath and the prepared PSi are shown in fig 3.2 and 3.3 

respectively. 

 

 

Fig 3.2. Photograph of the electrochemical bath used for PSi fabrication 
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Fig 3.3. Photograph of fabricated macro and nano-PSi 

3.2 MECHANISM OF PSi FORMATION 

The silicon atom dissolution in the anodic etching mechanism can be 

controlled by current or the voltage of the cell [20]. Generally the process involves 

liberation of H2 bubbles that generally gates attached to the surface of the Si wafer 

that prevents the electro-active species to have any action on the surface. This makes 

the addition of surfactants like methanol, ethanol or DMF absolutely necessary as 

these surfactants allows electrolyte to penetrate into the pores by minimization of H2 

bubble liberation. 

 The removal of silicon atom from the wafer surface is a charge transfer 

mechanism that can take place in two regimes, namely tetravalent regime that leads 

to electro-polishing and the divalent regime that leads to porosification. The divalent 

regime is depicted in fig 3.4.  
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Fig 3.4. Divalent regime of dissolution of Si atom in HF based electrolyte [59]. 

A silicon sample surface, immersed in HF based electrolyte is generally 

passivated by Si-H bonds [20]. And since the Si-F bond is much stronger than Si-H 

bond, any surface silicon atom attached to F is immediately removed from the 

surface and the surface is again passivated by H atom [20]. A hole, within the silicon 

material, travelling to the interface of the silicon and HF based electrolyte onsets the 

dissolution of the surface atom. Since Si-H bond are unpolarised due to close 

electronegativity values for Si and H, the HF 2¯ion present in the HF based 

electrolyte is not able to attack the Si-H bonds on the wafer surface. The presence of 

a hole makes HF 2¯ ion attack the Si-H bond and replace it with Si-F bond. The Si-F 

bond being highly polarised due to huge electronegativity difference of Si and F, 

another HF 2¯ ion attacks the Si atom and releases a H2 molecule. The polarization 

effect of the Si-H bond lowers significantly the electron density of the Si back bond 

and causes the dissolution of the loosely bounded Si atom by the HF based 

electrolyte. On removal of Si atom form a flat wafer surface introduces a small 

micro-rough area in otherwise smooth wafer surface. This micro-rough area changes 

the electric field distribution on the surface and increases the probability of the 

presence of hole in this rough area leading to more dissolution of Si atom in this area 

in comparison to other smooth areas, leading to pore formation.  The chemical 

equation depicting the PSi formation is shown below. 

Si + 4H F 2
− + h+→ Si F6

2− + 2HF + H2 + e – [20] 

3.3 CHARACTERIAZATION 

The structural and morphological analysis of the sample prepared were done in 

this work using XRD (Bruker, D8 AdvanceDiffractometer), FE-SEM (FEI, 

INSPECT F50). Both nano and macro PSi samples were prepared in this work and a 
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short discussion on the comparison of the morphological difference between the two 

structures is done. 

3.3.1 XRD 

To perform the XRD, the 2Ɵ value of the sample is varied from angle of 200 to 

800 for nano PSi samples and from 450 to 800 for macro PSi samples. Step-size of 

0.020 together with a scan-speed of 0.1s is used for the experiment. Source used for 

XRD is CuKα (λ=1.5418Å), while the experiment was performed maintaining 

generating parameters of 40KV and 40mA.  

For nano-PSi and macro-PSi sample, the characteristic peak, at angle ~69.90 is 

observed as can be seen in fig 3.5 nad 3.6 respectively, which is characteristics of P-

type Si material of <100> orientation [21]. On further analysis of the XRD graphs of 

nano and macro-PSi samples a more drastic and higher peak is observed for macro 

samples in comparison to the nano samples. Thus more crystalline characteristics in 

the case of macro-PSi samples relative to nano-PSi samples can be inferred from this 

observation. Moreover a prominent amphorous hump is observed in the XRD graph 

of nano-PSi sample at an angle around 270 owing to nano hillock like structures 

(later revealed by the FESEM image). Such humps are not observed in the XRD data 

of macro-PSi samples.  

 

Fig 3.5. X-Ray diffracion patter for nano-PSi sample 
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Fig 3.6. X-Ray diffracion patter for macro-PSi sample 

3.3.2 FESEM 

The cross-sectional and top view FESEM of both nano and macro PSi samples 

were carried out, for different etching time (as per requirement), keeping the current 

density of each sample constant.A striking difference in morphology of nano and 

macro PSi samples was observed with varying etching time, which is discussed later 

in this work. In this chapter the basic morphological difference of macro and nano-

PSi samples are concentrated upon. 

Fig 3.7 shows the top view and cross-sectional FESEM images of both nano and 

macro PSi samples. 

For the top surface view of the prepared nano-PSi samples, as observed from the 

FESEM images in fig 3.7 (a), “hillock-like” nano structures can be clearly seen. The 

top surface morphology for macro-PSi samples are observed to be much different 

from that of nano-PSisamples, as can be seen in fig 3.7 (c). The porous structure of 

the macro-PSi samples is seen to be increased many-folds and much more prominent 

in comparison to nano-PSi, with well-formed pores and definite edges being clearly 

visible in the case of macro-PSi. Many-fold increase in the porous structure is 

evident in macro-PSi samples in comparison to nano-PSi samples, as observed from 

fig 3.7. 
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   The comparison of cross-sectional FESEM images of nano and macro-PSi shows 

striking difference. The layer thickness for macro sample is observed to be much 

more than that for nano samples, prepared under same fabrication parameters and 

same etching time. The layer thickness for nano sample is in the range of 11-12µm, 

whereas that for macro samples are observed to be in the range of 15-16µm, as 

shown in fig 3.7 (b) and (d) respectively. Moreover, in case of macro PSi samples 

well form pour tunnels are distinctly visible in the cross-sectional FESEM image 

while no such well-formed structures are visible in case of nano-PSi samples. 

 

 

 

Fig 3.7. (a) FESEM Top View Image of Nano-PSi of etching time 30min. (b) 

cross-sectional view of Nano-PSi of etching time 30min. (c) FESEM Top View 

Image of Macro-PSi of etching time 30min. (d) Cross-sectional view of Macro-

PSi of etching time 30min. 
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3.4 APPLICATIONS OF POROUS SILICON 

PSi has gained immense scientific attention on discovery of photo-

luminescence, as previously discussed. Since then PSi has found profound and 

diverse applications in the field of optics and optoelectronics, Electronics as well as 

in the field of medicine and diagnostics [20]. Even though previously optical 

applications of PSi has predominated its area of research and applications, but in 

later years the material has also found applications in areas of diagnostics, medicine, 

cosmetics and nutrition [20]. In-fact, instead of the conventional chip based structure 

of PSi, independent structures like PSipowders has been put into applications [20]. 

This section deals with certain prominent applications of PSi and PSi based 

structures. 

As said before, unlike bulk silicon, which have indirect bang-gap, quantum 

confinement effect of PSi makes possible radiative transition that finds use of PSi in 

the fabrication of light emitting devices, working throughout infra-red, visible and 

ultra-violet spectrum. In-fact success has been achieved in fabrication of integrated 

PSi LEDs [20]. PSi also finds use in fabrication of optical wave-guides with low 

porosity and high-porosity layers. In such structures the low porosity layer traps the 

light owing to its higher refractive index in comparison to low refractive index of 

high porosity layer [20]. Depending upon the variation of porosities of different 

layers multiple propagation modes can be made possible in such PSi based 

structures. 

Some major electronic application of PSi involves its use as gan-sensing 

material, anti-refection coating in solar cells, it finds use as component in lithium-ion 

batteries and as a gettering agent [20]. Owing to its huge surface area for absorption, 

PSi provides a great material for gas sensing. In-fact PSi has been use to sense more 

than fifty chemical species, by alteration of its electrical and optical properties. Due 

to its tuneable refractive-index, PSi is used as anti-reflection coatings in solar cells. 

PSi acts as anode in lithium-ion batteries and together with providing more capacity 

in comparison to other conventional anodes, it provides mechanical stability by 

accommodating the stress due to expansion and contraction. Again due to its huge 
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surface area, PSi is used for the removal of impurities from active regions of 

electronic devices. 

Wafer based PSI as well as PSi based independent materials finds use in 

medical and diagnostics applications of PSi [20]. Due to its immensely high loading 

capacity and biocompatibility, PSi finds use in the field of biosensors for the sensing 

of multiple enzymes, proteins and antibodies [20]. Its tuneable porosity, loading 

capacity and biocompatibility makes it a natural choice as a delivery agent in 

effective drug delivery [20]. Moreover desirable properties of PSi as natural 

biodegradable materials find use in the field of tissue engineering [20]. 

 

3.6. CONCLUSION 

            PSi synthesis process and formation mechanism has been elaborated on and 

the process of electro-chemical etching, used in this work for effective fabrication of 

PSi has been discussed. Next the characterization of the sample is carried out using 

XRD and FESEM for obtaining both top view and cross-sectional images of the both 

nano and macro-PSi samples. Later, owing to some interesting properties exhibited 

by PSi, some important applications of PSi and PSi based structures have been 

discussed. 

      On analysis of the XRD data, it was found that a more crystalline nature of the 

remanent skeleton silicon structure of macro-PSi sample is present which is depicted 

by its sharper peaks in comparison to nano PSi samples, thatin spite of being 

basically crystalline, shows an amorphous hump in its XRD values. The FESEM 

images reveal a striking difference in the morphology of nano and macro-PSi 

samples. Hillocks like nano structures are clearly visible in nano PSi top view 

FESEM image, while well-formed pores can be seen in FESEM image of macro PSi. 

In cross-sectional view well-formed porous channels in macro samples are in sharp 

contrast to the cross-sectional view of nanoPSi. 

    This chapter establishes PSi as a great sensing material. Its huge loading capacity, 

biocompatibility, exhibition of wide band of photoluminescence, together with other 

interesting optical and electrical properties makes it a natural choice for fabrication 

of huge variety of sensors, including great biosensing abilities. Moreover easily 
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tuneable porosity, pore size and hence the loading capacity of PSi making sensing 

mechanism by it flexible as a sensing and transducing material.   
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Chapter 4: Calmodulin Surface-

Functionalized Porous Silicon 

based Calcium Detector 

Mineral ions in suitable concentration is essential for proper maintenance of 

life functioning. Calcium ion among them plays a very vital role. Calcium ion is the 

second most abundant ion and plays an essential role in cellular signaling process [1-

4]. Moreover calcium regulates numerous cellular processes like skeletal and cardiac 

muscle excitation, blood coagulation and neurotransmission [5-6]. Abnormal calcium 

ion concentration in human serum is a clear indicator of numerous diseases. Increase 

in serum calcium level or hyper-calcemia, primarily indicates hyperthyroidism, 

hyperparathyroidism but mostly is found in case of malignancies [7]. Association of 

hyper-calcemia with lung cancer is quiet common; in fact it is the most prevalent 

metabolic anomaly accompanying malignancies [7-11]. In that case detection of 

calcium becomes vital for better prognosis of patients. Calcium detection techniques 

developed so far are chromatography technique [12], electrochemical technique 

[13,14], potentiometric technique [15-17] and spectroscopic techniques [18-21]. 

These processes though effective are costly and require complex instrumentations. 

Calmodulin is prototypical calcium sensing protein [22-25]. Present in all 

eukaryotic cells, calmodulin regulates essential cellular processes [22,23]. Having 

the capability of calcium detection in biologically relevant concentration range, 

calmodulin also shows additional discrimination towards calcium ions [22-24]. Thus 

calmodulin surface functionalized porous silicon structure is effective in calcium 

binding. 

As discussed previously, Porous silicon (PSi), being a promising new material 

has unique properties which find use in microelectronics [26]. Since the structure is 

porous, it provides huge surface area to volume ratio effective for absorption [27-29]. 

Due to quantum confinement effect exhibited by porous silicon, its direct and wide 

band gap finds huge utility as a sensor material [26]. Moreover the porosity and the 

pore size of PSi can easily be manipulated together with its easy and cheap process 
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of fabrication [28,30-34]. Furthermore the large surface area of PSi provides huge 

area of interaction for bio-molecules [35]. 

This chapterdeals with the fabrication of macro porous silicon structure by 

electrochemical etching process [24,26-27]. Calmodulin protein is surface 

functionalized upon it by physisorption method [24]. Porous silicon facilitates huge 

increase in surface area for calcium absorption while calmodulin provides effective 

calcium binding sites. Besides being robust, the detector shows effective changes in 

optical parameters for calcium ions. The sensor thus fabricated was applied to 

different and composite cation solutions of physiologically relevant concentrations 

and several optical parameters such as reflectance, scattering loss, absorption loss 

and electrical parameters like current change with changing voltage, capacitance 

versus input voltage frequency were measured. The detector was found to exhibit 

significant change in the mentioned optical parameters for calcium ion, while 

remaining diminished responsive or unresponsive for other di-valent and mono-

valent cations. Later a comparative study of the optical and electrical responses of is 

conducted, that may facilitate multi-parametric approach, providing enhanced 

sensitivity for any future work in this field. 

 

4.1 SAMPLE PREPARATION 

4.1.1 Materials Used 

Silicon wafer (P-Type, <100>,  resistivity(10-20Ωcm), Hydrofluoric acid (HF, 

48%),  sulphuric acid (H2SO4, 98%), Ethanol (C2H5OH, 99.9%), Calmodulin 

(CaM) Bovine (Lyophilized powder, ≥98%),  2-Amino-2 (Hydroxymethyl)-1,3-

Propanediol (Tris buffered saline (TBS)), Calcium Chloride (CaCl2, 99.9%), 

Magnesium Chloride (MgCl2, 99.9%),  Sodium Chloride (NaCl, 99.5%), Manganese 

Chloride (MnCl2, 99.9%), Potassiun Chloride (KCl, 99%), Ultrapure water ( 

deionized (DI) water  ~18MΩcm resistivity) (Milipore Co.). The silicon wafer was 

obtained from Macwin. The chemicals were obtained from Sigma-Aldrich. India. 

Distilled water was also used. 
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4.1.2 Fabrication of Surface-Functionalized Detecting Platform 

As discussed in the previous chapter, porous silicon (PSi) structure was 

fabricated upon single crystalline P-type <100> silicon wafers of resistivity 10-

20Ωcm. The wafers are cut into the dimension of 1.5×1.5 cm2, ohmic contact was 

then established with aluminium on the dorsal surface. Electrochemical etching of 

these silicon wafers is performed in any HF resistant cell such as Teflon with 

graphite acting as cathode and the silicon wafer itself as anode. Electrolyte of 48% 

HF and >99% N, N Dimethyl formamide (DMF) in the ratio 1:1 is used. A constant 

current density of 15mA/cm2 is used for 20 minutes to perform the etching process. 

The PSi sample thus prepared is washed multiple times with deionized water and 

dried at room temperature. The prepared PSi is then subjected to heat treatment, for 

thermal stabilization of the structure, by annealing in a furnace at 4500C for 45 to 50 

seconds. A detailed process analysis, together with the photograph and schematic 

representation of the etching cell has been discussed in the previous chapter. 

Preparation of calmodulin (CaM) solution is performed by diluting in Tris-

buffered saline (TBS) solution. CaM solution of 1mg in 1ml of TBS solution was 

prepared by use of magnetic stirring at 1900 rpm for 10 minutes. The pH of the CaM 

solution is maintained at 7.6. This solution is drop casted upon the PSi detector 

surface. CaM immobilization on the sensor surface is done by physisorption method. 

The sensor is incubated at 4oC for 18 hours for complete CaM absorption by the PSi 

structure. Image of drop-casted CaM solution upon PSi detector surface is shown in 

figure 4.1. The sensor is then rinsed with deionized water to remove excess CaM 

from its surface; it is then dried at room temperature. The schematic representation of 

the fabrication and surface functionalization process is depicted in figure 4.2. 

0.1mM solution of Ca2+, Mg2+, Mn2+, Na+ and K+ ions were prepared in 0.05M 

TBS solution by magnetic stirring at 1900 rpm for 10 minutes. The pH was 

maintained at 7.6. 

                            

Fig 4.1. Photograph of PSi surface (a) after CaM dropcasting. (b) After 

incubation for 20hrs. 
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Fig 4.2. Schematic diagram of the fabrication steps of CaM-Functionalized 

PSi 

Calcium detecting platform. 

 

4.2 STRUCTURAL CHARACTERIAZATION 

The structural characterization of the CaM surface-functionalized PSi based 

calcium detector sample is done by performing XRD study, FESEM imaging and 

FTIR spectroscopy, to establish successful attachment of CaM on PSi surface.  

 

4.2.1 XRD. 

To perform the structural investigation of the sensor prepared detector 

platfoerm, XRD (Bruker D8 Advance Diffractometer) was performed of the sensor 

by varying 2Ɵ value for the sample within an angle limit of 100 to 850, using a step 

size of 0.020 and at a scan speed of 0.1s. Source of CuKα (λ=1.5418Å) is used for 
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XRD and the generating parameters of 40KV and 40mA were used. As shown in Fig 

4.3, the peaks were found at ~69.9o, characteristic of silicon samples, as discussed in 

details in the preceding chapter. As for macro-PSi samples, a very sharp peak is 

observed which proves that after porosification, the skeleton silicon structure retaine 

the crystalline nature.  

 

 

Fig 4.3. X-Ray Diffraction pattern for macro PSi. 

 

4.2.2 FESEM 

The morphology of the sample prepared was investigated by FESEM (FEI 

INSPECT F50). Figure 4.4 (a) focuses on the pore diameter range of the macro-PSi 

sample prepared and the diameters were found to be within the range of 0.89-

1.11µm. The overall morphology of the macro PSi sample prepared shows well 

defined pore formation within remnant skeleton silicon structure. A cross-section 

FESEM imaging of the sample shown in figure 4.4 (b) shows the cross-sectional 

view of the prepared PSi layer to be around 13.10µm. Figure 4.4 (c) shows the PSi 

surface before and after CaM surface-functionalization and absorption. Clustered 

CaM molecules can be seen attached to the macro PSi sensor surface.  
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Fig 4.4. (a) The focused FESEM image showing pore diameter of the 

macro- PSi sample. (b) Cross-sectional FESEM image of prepared macro-PSi. 

(c) Macro-PSi sample surface, berore and after CaM absorption. 
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4.2.3 FTIR Spectroscopy 

The FTIR spectra of the CaM surface functionalized PSi surface is shown in 

figure 4.5. Since CaM consists of amide I and amide II regions [36], sample shows 

absorption due to amide, depicted in peak centered at 1644cm-1 [36-38]. Absorption 

peak at 1465cm-1 is due to C-H bending of the alkane group present in CaM 

molecule [37]. In side PSi structure, numerous Si-O bridges are formed, owing to the 

stretching of oxygen atom within the bridge structure peak is observed at 1056 cm-1 

[39]. A peak shift to 1060 cm-1 is possible with increase in oxygen content [39]. 

Moreover, the absorption band of range between 800-1260 cm-1 depicts different 

peaks due to SiO2 and peaks due to residual organic groups [40]

Fig 4.5. FTIR spectra of CaM functionalized macro PSi sample. 

 

4.3 OPTICAL DATA ACQUISITION SETUP 

The optical data is obtained from an optical breadboard arrangement as shown 

in figure 4.6. White light (commercially available) together with a variable power 

supply has been used as the source. The power supply to the light source is varied to 

a fixed intensity which is maintained throughout the experiment. Convex lens 

arrangement has been used to maintain a spot size of approximately 0.4cm2. The 

sensor is mounted on a holder at an angle of 300 to the incident beam, while the 

reflected beam from the sensor is obtained on a screen. A commercially available 
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standard webcam is employed to obtain the image of the reflected spot. Image 

processing software is then used on the acquired image to measure the different 

optical parameters namely reflected intensity, scattering loss and absorption loss. 

 

 

Fig 4.6. Schematic diagram of optical data acquisition setup. 

 

4.4 OBTAINING AND PROCESSING OPTICAL DATA 

      The CaM surface functionalized detector is mounted on the holder, white 

light is made to fall on the detector surface and image of the reflected spot is 

obtained, without any ionic solution incubation. This reading is treated as the basal or 

control reading for the experiment. The sensor is then incubated in turn in Calcium 

(Ca2+), magnesium(Mg2+), manganese(Mn2+), sodium(Na+), potassium(K+) and 

composite ionic solutions (the composite ionic solution consisting of 0.1mM solution 

of Ca2+, Mg2+,Mn2+,Na+ and K+ ions mixed together in 0.05M TBS solution) and the 

reflected ray image form the detector for different ionic solutions were processed by 

the image processing software to calculate the change in the optical parameters. The 

data acquisition is done in ambient conditions. 

      The ionic solution incubation of the detector platform is done by drop 

casting 40µL of the respective ionic solution on the s detector surface. The ionic 
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solution is left for absorption on the detector platform for 30min after which the 

excess ionic solution is washed thoroughly using de-ionized water. The detector 

platform is then dried at ambient temperature for one hour and the completely dried 

sensor is mounted on the optical data acquisition arrangement for optical data 

recording. After every ionic solution incubation and data recording, the detector is 

rinsed with calcium chelating solution to remove calcium which is attached (if any in 

the case of other ionic solution incubation) to the detector surface, after which it is 

again washed with de-ionized water and dried at room temperature. The detector is 

then reused for the next reading. 

The images of the reflected beam for different ionic solution incubation of the 

detector surface are processed by a software developed under MATLAB image 

processing environment to obtain the image intensity distribution matrix (IIDM). 

Change in the central peak intensity of the IIDM of the ionic solution incubated 

detector with respect to the control reading gives the change in specular reflectance. 

The mathematical expression for response due to change in specular reflectance is 

given by the following equations: 

                   S1= ((Io – Iw) / Io) × 100 %   ...................................(1) 

 Here, I0>Iw. 

                   I0 = Central peak intensity without ion incubation. 

Iw = Central peak intensity with ion incubation. 

The full wave with at half maxima (FWHM) of the surface plots of IIDM is 

used to obtain the change in diffused reflectance which is attributed due to scattering 

of the reflected beam from the detector surface. Change in FWHM of the ionic 

solution incubated detector with respect to the control reading gives the scattering 

response. The mathematical expression for the same is given by the following 

equation: 

                  S2 = ((Dw- Do) / Do) × 100 % ……………………..(2) 

                  Here, Dw> D0. 

                  D0 = FWHM value without ion incubation. 

Dw = FWHM value with ion incubation. 
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The change in integral reflectance is obtained from the decrease in the volume 

of the 3D Gaussian model curve, obtained from IIDMs. The decrease in the volume 

under the curve, signifying the decrease in integral reflectance is due to the ion 

absorption by the detector surface. The mathematical expression for which is given 

by the following equation:  

                       S3 = ((Ao- Aw) / Ao) × 100 % ………………………….(3) 

                       Here, Ao  >Aw 

                      Ao = Volume of the curve without ion incubation. 

                      Aw = Volume of the curve with ion incubation. 

Thus the total response of the detector is given by: 

                 S= S1×S2×S3……………………………………………….(4) 

 

4.5 OPTICAL RESPONSE 

As mentioned previously, the detector surface was incubated with different bi-

valent and mono-valent ionic solutions. White incident beam was made to fall upon 

the sensor surface and multiple optical parameters like specular reflectance, 

scattering loss and absorption loss were investigated. The detailed analysis of the 

reflected beam shows significant fall in reflected peak intensity for Ca2+ incubated 

detector surface, which is closely mimicked by the result for composite salt 

incubated detector surface, as evident from the difference of IIDMs values for 

incubated and non-incubated samples as shown in fig 4.7(a-b), whereas, negligible 

change is visible for the same when the detector is investigated with other ionic 

solutions as evident for fig.4.7 (c-f). The evident fall in intensity patterns as shown in 

Fig. 4.7 (a), as obtained from the 2-D Gaussian model of the IIDMs, the fall in peak 

intensity of the reflected beam for Ca2+ incubated detector surface is clearly 

manifested. The blue line representing non-incubated sample whiles the red one 

representing the incubated sample. Fig. 4.7 (c-f) also shows insignificant change in 

peak intensity of reflected beam when the detector is tested with other ionic solution. 
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Fig 4.7. 2D Gaussian plots of IIDMs for (a) Ca2+, (b) composite ionic 

solution, (c) Mg2+, (d) Mn2+, (e) K+ and (f) Na+ 

 

A significant rise in the beam scattering or FWHM is observed in case of detector 

incubated with Ca2+ ionic solution, in comparison with other ionic solution 

incubation. Fig.4.8(a), (b) and (c) represent the 3-D Gaussian of the IIDMs. 
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Fig.4.8(a) represents a significant decrease in peak intensity for the detector 

incubated with Ca2+ ion. The shaded curve representing the detector output without 

ion incubation, while the solid one representing the output with ion incubation. 

Fig.4.8 (b) shows the increase in FWHM value, hence scattering for the detector with 

Ca2+ ion incubation, in comparison to the sensor’s FWHM value when incubated 

with Mg2+ ion is depicted in Fig.4.8 (c). For Fig.4.8 (b) and (c) the solid curve 

represents the sensor output without ion incubation and the shaded one represents the 

output with ion incubation. As mentioned, the detector shows an appreciable amount 

of increase in scattering for Ca2+ ion incubation while showing almost negligible 

change for the same in case of Mg2+ ion and other bi-valent or mono valent ion 

incubation. 

 

 

Fig 4.8. (a) 3D Gaussian plots of Reflected beam intensity pattern before and 

after Calcium absorption, 3D Gaussian plot of beam scattering due to (b) 

Calcium ion absorption and (c) Magnesium ion absorption. 
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The increase in incident beam absorption is calculated from the decrease in the 

integrated reflectance value which is the volume under the 3-D Gaussians. The 

decrease in integrated reflectance was found to be significant in case of Ca2+, 

whereas, almost no change is observed for other ions. The response of the detector 

for composite ion incubation closely mimics the observation as seen for the Ca2+ ion 

incubation. 

 

4.6 DISCUSSION ON  OPTICAL RESPONSE 

The response parameters namely S1, S2, S3 are plotted individually along with the 

overall response of the detector towards individual ions, are shown in Fig 4.9(a), to 

depict the response of the detector for calcium ions in comparison with other ions. 

The overall response of the detector, which is the product of the individual responses, 

is shown in Fig 4.9(b). The plot shows significant selectivity of the detecting 

platform towards calcium ion in comparison with other mono-valent and bi-valent 

ions. 

   Effects such as absorption, specular and diffused reflectance affect the intensity 

and divergence of a reflected beam for a surface. For a composite detector surface 

the effective reflectance depends upon the contribution of individual reflectance of 

different components as shown in Bruggeman’s approach [41]. Since the macro 

porous silicon detector surface is surface functionalized by CaM, we expect a relative 

increase in refractive index of the detector surface owing to the fact that the 

previously air filled pores of the macro porous silicon is now filled with CaM. 

Further, with calcium ion absorption the effective refractive index of the detector 

surface is expected to increase even more thus an increase in specular reflectance 

value is expected. This trend is valid for smooth reflecting surfaces. 

         In this work a decline in the specular reflectance value and an increase in 

diffused reflectance is noted. This is attributed to roughness of the detector surface. 

Porous silicon has in build surface roughness [28], which further increases with CaM 

surface functionalization. Moreover, selective calcium attachment to the detector 

surface increases the surface roughness even more and since for a rough surface, 

specular reflectance value decreases for any incident angle [28,42,43], a  decrement 
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is observed in the specular reflectance which is due to multiple reflection, effect of 

shadowing or obscuring due to the roughness of surface [28, 43]. As divergence 

increases in the reflected beam with increase in surface roughness, scattering 

increases, thus increasing the diffuse reflectance value, which in turn increases the 

diffusion loss. Absorption loss is also observed to increase due to multiple reflections 

on a rough detector surface. 

 

 

 

Fig 4.9. Calibrated histogram plot depicting (a) individual response for the 

ions and (b) the overall response 
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4.7 ELECTRICAL DATA ACQUISITION SETUP AND PROCESSING 

For the calibration of the electrical parameters of the fabricated detector 

sample. Ohmic contacts are established on the sample surface.For the establishment 

of ohmic contact on the detector surface, Silver-nitrite paste is applied on the 

detector surface, dried for 12 hrs at room temperature and then heat treated at 450oC 

for 45-50 seconds for stabilization of the PSi structure as well as for the stabilization 

of the ohmic contact established. Electrical continuity is cheeked multiple times over 

the ohmic contacts to ensure error free connection. 

The electrical properties, namely conductive and capacitive property of the 

detector are performed using an electrical parameter analyzer (kethiley) and a 

capacitive parameter analyzer under air- ambient condition. Two ohmic contacts 

were established upon the detector surface and the electrical parameter data were 

collected using a data acquisition system. The sensitivity of the detector is tested by 

monitoring the change in current (I) of the detector surface against increasing voltage 

(V) applied across the detector surface. The voltage was applied across the 

established ohmic contacts while the detector surface is incubated with respective 

cationic solution. The frequency (f) versus capacitance (C) data of the detector is 

monitored by applying voltage of varying frequency across the detector surface and 

respective capacitive readings were monitored, while the detector surface is 

incubated with respective cationic solutions. Both the electrical parameters were 

measured using ionic solutions of concentrations mentioned previously that is 

biologically relevant. The detector surface is also tested with the mixture ionic 

solution and the results were tallied accordingly. The fabricated detector with 

established ohmic contacts is shown in fig 4.10 and the electrical data acquiring 

arrangement is depicted in fig 4.11. 

 

Fig 4.10. Schematic representation of the fabricated detecting platform. 
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Fig 4.11. Schematic representaion of the electrical parameter analysing 

setup. 

The electrical response of the detector developed in this work is that of the I-V 

response and the C-F response of the detector for different cations. Mathematically 

the I-V response of the detector is obtained by using the following formula: 

Ri= (Ii– Iwi) / (Iwi ) ×100%…………………………………………….(5) 

For the C-F response of the detector: 

Rc= (Ci– Cwi) / (Cwi) ×100%…………………………………………….(6) 

Where, Ii= Current value at 5V with ion incubation, 

            Iwi= Current value at 5V without ion incubation. 

            Ci= Capacitance value at min frequency with ion incubation, 

Cwi= Capacitance value at min frequency without ion incubation. 

4.8 ELECTRICAL CHARACTERIZATION 

The electrical response of the detector is tested with and without Ca2+ ion 

incubation of the detecting platform. The current (I) response of the detecting 

platform is calibrated by simultaneous variation of the applied voltage (V) across it, 

within a fixed voltage range. As shown in fig 4.12 (a), the detector’s current response 

is seen to be almost exponential, when the platform is incubated with Ca2+ ion, in the 

voltage range of 2.5-5V, clearly visible by the red line in the graph, in comparison to 

the response for the detector without ion incubation, depicted by the black line in the 
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same graph.The detector’s selectivity towards Ca2+ ion is further tested by the current 

versus voltage characteristics of the detector for other bi-valent and mono-valent 

cations such as Mg2+, Mn2+, Na+ and K+ ions (those which are commonly present in 

human body).  Fig 4.12 (a) shows no drastic current change of the detector for other 

ions. For the mixture ion solution, the detector’s response closely mimics its 

response in the case of Ca2+  ion, as shown by the turquoise line in fig 4.12 (a). 

The change in capacitance value for changing input voltage frequency is 

calibrated for the detector. As shown in fig 4.12 (b), the detector shows high 

capacitive response for Ca2+ ion incubation at low input voltage frequency, in 

comparisons to other ions. The Capacitance value however diminishes with increase 

in voltage frequency. For the mixture salt incubation the capacitance response of the 

detector closely mimics the response for Ca2+ ion, once again demonstrating the high 

selectivity of the detector towards Ca2+ ion among all the other ions under 

consideration. 
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Fig 4.12. (a) Current (I) Vs Voltage (V) response of the sensing platform 

for different ion incubation and (b) Capacitance Vs Input voltage frequency 

response of the sensor for different ion incubation. 

 

4.9 DISCUSSION ON ELECTRICAL RESPONSE 

As discussed in the previous chapter, in disordered solids like PSi surface 

states and dangling bonds are inherently created during its fabrication [44]. As such 

the carrier transport can be explained through several mechanism such as hopping, 

Poole-Frenkle (P-F) and Trap-Assisted-Tunnelling (TAT) and in many cases all the 

mechanism attributes towards charge transport in such solids [44]. As stated in the 

previous chapter that conduction mechanism in PSi at lower field range (upto 1.5V) 

occurs due to hopping of thermally excited carriers between isolated defect states 

give an ohmic region in the conduction curve of PSi [44], this is exactly what is 

observed in fig 4.12 (a). As in higher electric field region P-F mechanism is 

dominant that suggest conductance of PSi to be proportional to V0.5 that occurs due 

to induced electric field that thermally excites carriers from their trap states that now 

takes part in conduction mechanism [44]. Moreover in higher electric field region, 

two level TAT mechanism predominatesfor carrier conduction [44]. Thus the 
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substantial increment in the current is attributed to the binding of the Ca2+ ion to 

CaM functionalized PSi detecting platform. Due to the binding affinity of CaM 

towards Ca2+ ion, Ca2+ ion gets attached to the detecting platform, which creates 

numerous more carriers to get trapped in the defect states of the PSi structure and on 

application of electric field these carriers conducts following the above mentioned 

mechanism, causing resistance to decrease drastically resulting in the exponential 

rise in the current value as shown in fig 4.12 (a). As extra carriers due to other ions 

are not being able to attach to the PSi based detector platform, the current value for 

other ions remains low unlike the case for Ca2+ [45] 

The change in capacitance value in lower frequency range (10-105 Hz) can be 

attributed to differential polarization effect [46, 47]. In lower frequency range of the 

input voltage the space-charge polarization and orientational polarization results in 

the change of dielectric constant, characteristics for nano-structured materials that 

leads to the change in the capacitance value [47, 48]. A nano-structured material like 

PSi possess a large number of interfaces and numerous defects within these 

interfaces. On application of external electric field, the change in the positive and 

negative space charge region that occurs through these defects produces dipole 

moment. The developed dipole moment is termed as space-charge polarization. The 

rotation of these dipole on application of external electric field results in orientaional 

polarization, effecting the dielectric constant of the material, hence the capacitance 

value gets effected [46, 49]. In frequencies greater than 105, the dipoles are unable to 

orient themselves as rapidly as the externally applied electric field changes, resulting 

in the nullification of the orientational polarization effect. At higher frequency only 

space charge polarization effect is present, which too saturates at even higher 

frequencies that explains the behaviour of the frequency versus capacitance graph in 

higher input voltage frequency range. 

 

4.10 COMPARATIVE STUDY OF OPTICAL AND ELECTRICAL 

RESPONSE 

In the Optical calcium detector the fall in reflection peak intensity, absorption 

loss and the scattering loss of the detector platform were under taken as parameters 

to study the response of the detector platform.  The detector showed appreciable 

response and selectivity towards calcium ion. In the mentioned optical detector the 



 

Chapter 4:Calmodulin Surface-Functionalized Porous Silicon based Calcium Detector 97 

optical response, namely reflection peak intensity fall, scattering loss and absorption 

loss of the detecting platform was found to be 8.49%, 13.09% and 2.16% for calcium 

ion, 8.65%, 17.88% and 3.60% for mixture ion solution, 1.25%, 2.49% and 0.10% 

for Magnesium, 0%, 0.80% and 0.26% for Manganese, 1.40%, 2.25% and 0.13% for 

Potassium and 0.76%, 0.32% and 0.07% for sodium respectively. 

The electrical response of the detector is obtained by calibrating the change in 

the I Vs V response of the detector as well as the C Vs F change of the detecting 

platform. The I-V response of the detector is found to be 303.84% for calcium ion, 

253.84% for mixture ion solution, 7.69% for magnesium, 100% for manganese, 

69.3% for potassium and 42.3% for sodium. The C Vs F response of the detector 

shows a response of 178% for calcium ion, 175% for mixture ion solution, 37.5% for 

magnesium, 115% for manganese, 92.55% for potassium and 95% for sodium. Thus 

both the electrical response is observed to be highest for calcium ion and mixture ion 

solution in comparison to all the other ions. It is clearly visible from the response 

obtained from the electrical and optical parameters that the detector developed in this 

work shows appreciable discrimination towards calcium ion, that is more evidently 

established when the electrical and optical calcium detecting platform is tested with 

mixture ion solution and the response being consistent with the response of the 

electrical and optical detector for calcium ion only, as depicted in fig 4.13. Both the 

electrical and optical parameter response of the detector shows highest response for 

calcium ion and for mixture ion solution, showing evidence of the selectivity of the 

detector towards calcium ion. 

Comparing the optical response with the electrical response of detector 

developed here, the electrical response of the detector surface is found to be more 

profound and appreciably consistent with the response of the optical detector, as 

clearly visible in fig 4.13 .The electrical detector developed shows considerably 

selective towards calcium ion as in the case of the previously developed optical 

detector. Though, in comparison the selectivity of optical detector towards calcium is 

better to that for electrical detector as data reveals, both the detectors shows 

discriminatory response towards Ca2+ ion, at biologically relevant concentration. 

This may find use in the designing of multi-parametric calcium sensor with better 

selectivity and sensitivity. 
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Fig 4.13. Individual Electrical response and Optical response of the CaM 

functionalized PSi Calcium detector. 

 

4.11 TRANSIENT RESPONSE AND RESPONE TIME OF THE DETECTOR 

The transient response of the prepared detector surface was observed in order to 

measure the response time of the CaM surface-functionalized PSi detector. 0.01mM 

calcium salt dissolved in 0.5M solvent (TBS) is used for the measurement. The 

transient response is shown in fig 4.14. 

 

                     Fig 4.14. Transient response of the PSi based detector. 
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The peak intensity fall of the reflected beam was observed with time for obtaining 

the transient response data. Specular reflectance value for CaM surface-

functionalized sample surface, without calcium incubation is treated as base-line 

value. On spraying the detector surface with calcium ion solution, a sharp rise in the 

reflected beam intensity is observed which is due to the lensing effect produced by 

the water layer upon the recently ion solution sprayed sample surface, as can be 

observed at time = 0sec in fig 4.14. As drying mechanism sets in, there is again a 

drastic decreaseobserved in reflected beam intensity at time = 44s and finally the 

value saturates at around 60s. This indicates complete drying of the detector surface. 

The saturated value is less than the baseline value for the detector platform, as 

observed in previous optical data analysis. As response time by definition is the time 

required by the detector surface to reach 90% of its steady state value. The response 

time of the detector platform fabricated in this work is approximately found to be 

54s.   

4.12 REPRODUCTIBILITY OF THE DETECTOR 

The reproducibility of the detector has been observed for 3 detectors prepared 

under same etching conditions. All the detectors were surface functionalized 

with 20µl of 1:1 CaM-TBS solution and incubated at 40C for 20hours. Exactly 

same concentration of calcium ion solution that is, 0.01mM calcium salt 

dissolved in 0.5M solvent (TBS) is prepared and 60µl of the same is sprayed 

over the detector surface.  

                    

                     Fig 4.15. Reproducibility study of the developed detector. 
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The decrease in specular reflected light intensity is used as the determining 

parameter for observing the reproducibility of the detectors under 

consideration. Fig 4.15 shows the response of all the detectors, towards 

calcium ion, observed while keeping all the fabrication and incubation 

parameters unaltered. The fabricated detectors shows appreciable 

reproducibility with response for three detectors of unaltered detection 

conditions to be within the range of 0.84%.  

 

4.13 CONCLUSION 

In this chapter the fabrication of CaM surface-functionalized PSi based calcium 

detector is discussed. Observations have been made from the structural 

characterization of the prepared detector. The optical and electrical response of 

the detector towards calcium ion at a biologically relevant concentration has 

been shown. Moreover as the response of the detector has been tested for other 

mono-valent and di-valent cations (commonly present during clinical analysis). 

The selectivity of the detector towards calcium ion has been considerably 

established. 

Multiple optical parameters investigated show significant changes in specular 

reflectance, scattering loss and absorption loss for the detector platform in case 

of calcium ion incubation. The two electrical parameters taken under 

consideration for the detection of calcium ion shows appreciable response 

towards calcium ion in comparison to other ions with which the detector is 

tested in turn. The comparative study establishes that both the responses of the 

detector surface, namely the overall optical and the electrical response exhibits 

high level of consistency with each other.  

           Thus the detector shows remarkable selectivity towards calcium. 

Moreover the detector exhibits improved response due to multi-parametric 

approach and is capable of detecting calcium in biologically relevant 

concentrations. In addition, the detector is cost-effective, robust and exhibits 

high affinity towards calcium, providing an effective sensor capable of calcium 

sensing in water, food as well as in biological/clinical samples. In-fact one of 

the major application of the detector can be in the field of clinical diagnosis of 
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serum calcium. Since serum calcium level is an eminent marker for a lot of 

health conditions such as lung cancer, the detector may provide early detection 

and better prognosis for numerous health conditions and play a key role in 

early treatment of such diseases. 
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Chapter 5: Effect of Etching time on 

Detector Response 

In the previous chapter calmodilin (CaM) surface-functionalized, Porous 

silicon (PSi) based calcium detector has been fabricated. The optical and electrical 

response of the detector have been studied and the selectivity of the detector is 

establish by the comparison of the detectors response towards calcium ions among 

other bi-valent and mono-valent cations. As sated before, CaM becomes a great 

choice as a surface-functionalization material owing to its high affinity towards 

calcium ion [1-4]. Having said that, CaM is a common protein in eukaryotic cell 

whichis an effective calcium binder [1-4]. So, surface-functionalization of CaM on 

PSi based detector surface makes it effectively calcium selective. Moreover, as 

discussed in lengths earlier, many attractive properties of PSi makes it a natural 

choice as biosensing material. Namely, The phenomena of photoluminescence 

exhibited by PSi, unlike crystalline silicon, due to its indirect band-gap, owing to 

quantum-confinement effect [5], found wide range use in optical sensor applications 

[6-8].The exceptionally high surface area of PSi makes it a perfect material for 

absorption and interaction of bio-molecules [9-11].With the help of its high loading 

capacity, PSi finds wide-spread use in arena of chemical sensors, bio-sensors, ionic-

sensors, to name a few [12-14]. Due to its biocompatibility and high absorption 

capacity, PSi finds use as bio-vehicles for highly targeted drug delivery [15, 16]. One 

of the major advantage of PSi as a sensing material is its easily adjustable surface 

morphology and porosity, which makes PSi a popular choice for bio- sensors [10, 17-

22]. This property of PSi adds immensely towards its applicational dynamicity as a 

sensing material. 

 As the porosity, pore size, structure and morphology of PSi are dependent on 

the factors like anodization condition, electrolytic composition, wafer resistivity and 

dopant type [23, 24]. In this work, the electrochemical etching time is altered to 

study the change in optical and electrical response of nano and macro PSi based 

calcium detectors. Three nano-porous and two macro-porous PSi samples were 

fabricated with altered etching times while all the other anodization and fabrication 

conditions like current density, electrolytic composition, concentration of CaM 
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surface fictionalization and the physical environmental conditions were kept 

unaltered.  Both the optical and electrical response data of the calcium detectors were 

obtained for equal calcium concentration incubations in unaltered physical 

conditions, for all the samples. The observations show noticeable change in the 

detector response data for the samples for varying etching time, in case of both nano 

and macro porous samples. Optical data, like reflected light intensity, scattering and 

absorption loss and electrical data like current versus voltage response were taken 

under consideration to mark the change observed in various samples. The changes 

observed were evident, even for calcium concentration within the physiologically 

relevant range. Thus this study provides significant incite in fabrication of PSi based 

calcium sensors or any other ionic, chemical and bio sensors for the optimization of 

fabrication condition in order to achieve enhanced sensitivity and response, which 

may find application in clinical diagnosis, food and drug industry and in scientific 

studies. 

 

5.1 FABRICATION OF NANO AND MACRO POROUS SILICON 

The fabrication of nano and macro PSi requires wafers of different resistivities 

and different electrolytes. Though, the fabrication process basically remains almost 

the same, as discussed in the previous chapter for macro-PSi preparation. The 

discussion on the fabrication process is repeated here in order to mark distinctly the 

difference in the preparation process of macro and nano PSi samples. 

5.1.1 Chemicals Required 

Hydrofluoric acid (HF, 48%), N, N-Dimethylformamide (DMF) 

(HCON(CH3)2, 99.8%), Silicon wafer (P-Type,<100>, resistivities 10-20Ωcm and 1-

10Ωcm), Ethanol (C2H5OH, 99.9%), Sulphuric acid (H2SO4, 98%), 2-Amino-2 

(Hydroxymethyl)-1,3-Propanediol (Tris buffered saline (TBS)), Calcium Chloride 

(CaCl2, 99.9%),  Calmodulin (CaM) Bovine (Lyophilized powder, ≥98%), Distill 

water, Ultrapure water (deionized (DI) water  ~18MΩcm resistivity) (Milipore Co.). 

The silicon wafer was obtained from Macwin India. The chemicals were obtained 

from Sigma-Aldrich. 
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5.1.2 Fabrication of CaM Surface-Functionalized Nano and Macro PSi with 

Varying Etching Time 

Boron doped silicon wafers (P-type) <100> of both resistivities (1-10Ωcm and 

10-20Ωcm) were laser cut into dimension 1.5×1.5cm. The wafers were acid polished, 

washed multiple times with DI water and completely dried at room temperature. 

Metal (Aluminum) is deposied on the back surface of the wafers by vapour 

deposition technique, to establish ohmic contact during elcrochemical etching. After 

metal deposition, the wafers were annealed at 7500C for 45sec. The wafers were  

then rinsed multiple times with absolute ethanol and completely dried at room 

temperature and prepared for elctrochemical etching process. 

The electrochemical etching process is carried out in an acid resistant bath with 

graphite rod and silicon wafer acting as cathode and anode respectively. Rinsed and 

dried silicon wafers of resistivity 1-10Ωcm were used for the preparation of nano-

PSi. For the preparation of nano-PSi, the electrolyte solution consist of ethanol 

(>99.9%) and HF (48%) mixed in the ratio of 1:1. The etching was carried out under 

ambient environmental conditions, at room temperature. Current density of 

15mA/cm2 is maintained throughout the process, while the etching time was varied 

to be kept at 10min, 20min and 30min for the three different nano-PSi samples. 

 For the macro-PSi sample preparation, wafers of resistivity 10-20Ωcm was 

taken and the electrolyte solution of  Di-methyl Formamide (DMF) (99.8%) and HF 

(48%) in the ratio 1:1 was prepared. Again, ambient environmental conditions were 

maintained same during the etching process. Constant current density of 15mA/cm2 

was maintained, while etching time was varied and maintained at 10min and 30min 

for the two macro-PSi samples prepared. The prepared PSi samples were rinsed 

multiple times in absolute ethanol and DI water, dried completely at room 

temperature and heat treated (4500C for 15 sec) for stabilization of the PSi structure. 

As already discussed, for the preparation of CaM solution, CaM is diluted in 

Trizma-Base (TBS) solution in 1:1 ratio, this is done by dissolution of CaM in TBS 

by the process of magnetic stirring at 1500rpm for 10min. The pH of the solution 

prepared is maintained at 7.1. Finally, all the calcium detector surfaces (all the nano 

and macro PSi of varying etching times) are prepared by drop-casting CaM solution 

upon the PSi surfaces. This is done by the help of spin-coater. 20µl of CaM solution 

is measured by a micro-pipette and drop casted upon the PSi substrate while the PSi 
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is rotated by a spin-coater at 900rpm. This ensures uniform distribution of the CaM 

solution upon the PSi surface. This process is repeated for both the nano and macro-

PSi samples. The detectors are then incubated at 4oC for 18-20 hours for complete 

physisoption of the CaM solution by the PSi surface.60µL of the calcium solution 

(preparation discussed in previous chapter) is drop-casted upon the CaM 

functionalized PSi surfaces. 30 min incubation time was provided for all the 

detectors, under ambient pressure and temperature conditions for complete 

attachment of the calcium ions. The detectors were then completely dried at room 

temperature and prepared for acquisition of optical and electrical data. Table 5.1 

depicts a tabular representation of difference in fabrication conditions for macro and 

nano PSi samples. 

 

TABLE 5.1: Fabrication conditions for the preparation of nano and 

macro-PSi samples. 

 Dopping Resistivity Electrolyte Photo-

luminescence 

 

NANO-PSi 

 

Boron dopped 

(P-Type) 

 

1-10Ωcm 

 

1:1=HF:Ethanol 

Bright 

luminescence 

observed 

 

MACRO-PSi 

 

Boron dopped 

(P-Type) 

 

10-20Ωcm 

 

1:1=HF:DMF 

Faint 

luminescence 

observed 

 

5.2 STRUCTIONAL CHARACTERIZATION OF NANO AND MACRO PSi 

WITH CHANGING ETCHING TIME 

The Sample prepared in this work have been structurally investigated by 

performing X-Ray diffraction (XRD) spectroscopy (Bruker D8 Advance 

Diffractometer) and the surface morphological investigation of the samples were 

done  by Field Emission Scanning Electron Microscope (FESEM) (FEI INSPECT 

F50). Both the cross-sectional and top surface images of the samples were obtained 
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from FESEM. To perform the XRD, the 2Ɵ value of the sample is varied from angle 

of 200 to 800, for nano-PSi samples and 450 to 800 in case of macro-PSi Step-size of 

0.020 together with a scan-speed of 0.1s are used for the experiment. Source used for 

XRD is CuKα (λ=1.5418Å), while the experiment was performed maintaining 

generating parameters of 40KV and 40mA. 

5.2.1 XRD of Nano and Macro PSi with Varying Etching Time 

As per the observations and discussions made before, for nano-PSi and macro-

PSi sample, the characteristic peak of silicon sample, at angle ~69.90 is observed as 

can be seen in fig 5.1 and fig 5.2. On further analysis of the XRD graphs of nano and 

macro-PSi samples a more drastic and higher peak is observed for macro samples in 

comparison to the nano samples. Thus more crystalline characteristics in the case of 

macro-PSi samples relative to nano-PSi samples can be inferred from this 

observation. In-fact a prominent amorphous hump is observed in the XRD graph of 

nano-PSi sample at an angle around 270 owing to nano hillock like structures (later 

revealed by the FESEM image) [25]. Such humps are not observed in the XRD data 

of macro-PSi samples. No change in XRD pattern is observed with changing etching 

time for both nano and macro PSi samples as stated in fig 5.1 and 5.2. This is owing 

to the fact that the basic crystalline nature of PSi is not affected with changing 

etching time of sample preparation.  

 

Fig 5.1. X-Ray diffracion patter for Nano-PSi sample (no change is noticable 

with varying etching time). 
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Fig 5.2. X-Ray diffracion patter for Macro-PSi sample (no change is noticable 

with varying etching time). 

5.2.2 FESEM 

The cross-sectional FESEM images of the nano-PSi samples are shown in fig 5.3. 

The porous layer thickness is observed to be hugely affected by the electro-chemical 

etching time of preparation of the samples. The layer thickness is observed to be in 

150-190nm range for PSi samples prepared under etching time of 10min in fig 5.3(a), 

which increases to around 8-9µm range on increasing etching time to 20min in fig 

5.3(b). The layer thickness gets maximum for etching time of 30min in case of nano-

PSi to be in the range of 11-12µm as depicted in fig 5.3(c) 

         For the top surface view of the prepared nano-PSi samples, as observed from 

the FESEM images in fig 5.4, “hillock-like” nano structures can be clearly seen. It is 

observed that the nano structure density and size both increase on increasing the 

etching time for nano-PSi preparation from 10min to 20min and is maximum for 

etching time of 30min. For nano-PSi samples prepared under etching time of 10min, 

the hillock like nano structure size is observed to be in the range of ~6-10nm in fig 

5.4(a). When etching time of preparation of nano-PSi sample is increased to 20min 

the structure size is observed to have increase to ~11-14nm range in fig 5.4(b). On 

further increment of etching time to 30min, the structure size further increasesd to 

~16-20nm range in fig 5.4(c). 
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Fig 5.3. Cross-sectional FESEM image of nano-PSi with etching time (a) 10min, 

(b)  20min, (c) 30min. 
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Fig 5.4. FESEM image of nano-PSi with etching time (a) 10min, (b) 20min, (c) 

30min.  

            The cross-sectional FESEM image for macro-PSi samples are shown in fig 

5.5. In the case of macro-PSi samples a similar observation of increasing porous 

layer thickness with increasing etching time is manifested. The layer thickness being 

in the range of 2-3µm for sample prepared under etching time of 10min, as in fig 

5.5(a) which increases to a layer thickness of 15-16µm range on increasing the 

etching time to 30min, shown in fig 5.5(b). 

In the case of macro-PSi, pore diameter is observed to have increased on increasing 

the etching time from 10min to 30min. For macro-PSi sample of etching time 10min 

the pores are visibly smaller, lesser in number and in their formative stage while the 

pore diameter is of range ~0.5-1.0µm as shown in fig 5.6(b). Where as well formed 

pores, with increased pore density are seen in macro-PSi sample with 30min etching 

time, the pore diameters is increased to the range of ~1.0-1.5µm as in fig 5.6(a). 

 

Fig 5.5. Cross-sectional FESEM image of macro-PSi of etching time (a) 10min 

and (b) 30min. 
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Fig 5.6. FESEM image of macro-PSi of etching time (a) 30min and (b) 10min. 

 

The top surface morphology for macro-PSi samples are observed to be much 

different from that of nano-PSi samples, as can be seen in fig 5.6. The porous 

structure of the macro-PSi samples is seen to be increased many-folds and much 

more prominent in comparison to nano-PSi, with well-formed pores and definite 

edges being clearly visible in the case of macro-PSi. Many-fold increase in the 

porous structure is evident in macro-PSi samples in comparison to nano-PSi samples, 

as observed from fig 5.4 and 5.6. The top surface FESEM images of both nano and 

macro-PSi samples show a distinct difference in porous structure distribution and 

density with varying etching time. The top surface view of nano-PSi samples shows 

distributed “hillock like” structure formation while well formed pores with distinct 

edges with the pores size and structure much more prominent is observed in macro-

PSi samples in comparison to nano-PSi. A tabular representation of the observed 

difference in the FESEM images of nano and macro-PSi samples with varying 

etching time is depicted in table 5.2. 

TABLE 5.2: Structural Morphology of Nano and Macro-PSi with Varying 

Etching Time 

 NANO-PSi MACRO-PSi 

Etching time (min) 10 20 30       10       30 

Layer Thickness 150-190nm 8-9µm 11-12µm 2-3µm 15-16µm 

Nano-Structure size ~6-10nm ~11-14nm ~16-20nm 15-16µm ~1-1.5µm 
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5.3 OPTICAL CHARACTERIZATION OF NANO AND MACRO PSi WITH 

CHANGING ETCHING TIME 

The CaM surface-functionalized nano and macro PSi- sensor surfaces, prepared 

under different etching time, were uniformly incubated using calcium ionic solution 

of biologically relevant concentration. The optical parameter analysing setup 

discussed in detail in the previous chapter is used for the optical data acquisition 

here. White light beam through the lensing arrangement is made to fall upon the 

sensor surface and multiple optical parameters, namely specular reflectance, 

scattering and absorption loss were monitored. The analysis of the reflected beam for 

the samples shows a significant dependence of optical response upon the etching 

time. On analysis of the intensity distribution matrix, fall in reflected beam intensity 

is observed for all the nano-PSi samples. The fall in peak intensity of the reflected 

beam is seen to be most prominent for nano-PSi sample of etching time 30 min, in 

comparison to sample prepared under 10min and 20min etching time, as shown in 

the 2-D Gaussian plots in fig 5.7.Though the fall in peak intensity for nano-PSi 

sample of etching time 20 min is more than  the fall in intensity of nano-PSi sample 

of etching time 10min, the maximum fall in peak intensity is observed for nano-PSi 

prepared under 30min etching time. The fall in reflected beam peak intensity for 

macro-PSi samples are observed to be much more in comparison to all the nano-PSi 

samples. The fall in peak intensity is increased for macro-PSi samples for increasing 

etching time from 10min to 30min, as shown clearly in the 2-D Gaussian plots of fig 

5.7. 

To analyse the reflected beam scattering after calcium incubation, the 3-D Gaussian 

of the intensity distribution matrix is plotted for sensor surfaces prepared under 

varying etching time. In case of nano-PSi samples maximum scattering is observed 

for PSi sample prepared under etching time of 30min, as shown in fig 5.8(a). For 

macro-PSi samples, though the scattering is much more in comparison to nano-PSi 

samples, the maximum scattering is observed for macro-PSi sample prepared under 

30min etching time, as clearly depicted in fig 5.8(b).The solid curve represents 

scattering for sensor surface without calcium incubation and the shaded one for 

sensor surface with calcium incubation. Thus, here too an increase in reflection beam 

scattering with increase in etching time is observed for both nano and macro-PSi 
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samples. The third optical parameter, i.e. absorption loss is obtained from the 

decrease in the area under the 3-D Gaussian curve. For nano-PSi samples the 

maximum decrease in 3-D Gaussian curve, namely the maximum absorption loss is 

observed for sample with etching time of 30min. similarly for macro-PSi samples the 

maximum absorption loss is observed for samples with etching time of 30min. Thus, 

in case of absorption loss the trend of increasing absorption loss with increasing 

etching time is maintained for both nano and macro-PSi samples.  

 

 

Fig 5.7. 2-D Gaussian plots of intensity distribution matrix for Nano-PSi with 

(a)10min etching time, Nano-PSi with (b)20min etching time, Nano-PSi with 

(c)30min etching time, Macro-PSi with (d)10min etching time and Macro-PSi 

with (e) 30min etching time. 
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Fig 5.8. 3-D Gaussian plots for beam scattering after calcium absorption for (a) 

nano-PSi of 30min etching time and (b) macro-PSi of 30min etching time. 

 

 

            As discussed in the previous chapter, the quantitative optical responses of the 

prepared detector surfaces were obtained by the following method. The specular 

reflectance change (Rs) is obtained from the drop in peak reflected beam intensity 

from the detector surface when incubated in calcium solution, with respect to the 

control. The diffused reflectance (Rd), which is the measure of the scattering of the 

reflected beam from the detector surface, is calculated from the change obtained in 

FWHM value of the reflected beam, with and without calcium solution incubation. 

The decrement in the volume under the 3-D Gaussian curve of the reflected beam 

intensity distribution matrix, for calcium solution incubated detector surface when 

compared to the control, gives the data for integral reflectance (Ra). The Ra is the 

measure of the effective absorption of the reflected beam by the detector surface. The 

mathematical expressions of the optical parameters are given as follows: 

Rs= ((Io – Iw) / Io) × 100%.....................................(1) 

Io = Central peak intensity without calcium solution incubation. 

Iw = Central peak intensity with calcium solution incubation. 

Rd = ((Dw- Do) / Do) × 100%.................................(2) 

Do = FWHM value without calcium solution incubation. 

Dw = FWHM value with calcium solution incubation 

. 
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Ra = ((Ao- Aw) / Ao) × 100%.................................(3) 

Ao = Volume without calcium solution incubation. 

Aw = Volume with calcium solution incubation. 

The average optical response (R) of the detector surfaces is given by: 

R= (Rs+Rd+ Ra) / 3..................................................(4) 

Thetabular representation of the variation of optical parameters with varying etching 

time is of both nano and macro-PSi samples are shown in table 5.3. 

 

TABLE 5.3: Individual and Overall Change in Optical Parameter Values with 

Varying Etching Time for Nano and Macro-PSi detectors. 

    NANO-PSi DETECTOR MACRO-PSI DETECTOR 

Etching time 

(min) 

10 20 30 10 30 

Peak Intensity 

fall (Rs) (in 

%) 

 

0.56 

 

5.74 

 

8.89 

 

13.11 

 

24.38 

Scattering 

loss (Rd) (in 

%) 

 

0.60 

 

2.90 

 

7.73 

 

19.77 

 

21.96 

Absorption 

loss (Ra) (in 

%) 

 

 

0.66 

 

2.14 

 

5.70 

 

7.48 

 

23.31 

Overall 

Optical 

response (R) 

(in %) 

 

0.60 

 

3.59 

 

7.44 

 

13.45 

 

23.21 

 

5.4  DISCUSSION OF OPTICAL RESPONSE 

           It has been discussed previously that how the intensity of the reflected 

beam from a surface is hugely affected by parameters like specular reflectance, 

diffused reflectance and absorption of incident beam by the surface. As 

explained previously by Bruggeman [26], for a sensor having composite 

surface, the effects of individual reflectance of each component contributes to 

the effective reflectance of the composite reflecting surface.  
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               It has been established in the previous chapter that the detector 

surface developed here has intrinsic surface roughness owing to its porous 

nature. Moreover, with attachment of bio-molecules like CaM together with 

calcium solution incubation, its surface roughness increases as would have 

been the case for any molecular attachment to the porous surface [10,27]. Thus 

a decrease in specular reflectance is evident for the detector surface due to 

phenomena like shadowing and multiple reflections, common for rough 

reflecting surfaces [10,27,28]. This explains the fall in the peak intensity of the 

reflected beam value of the detector surface when solution incubated. The 

increase in diffused reflectance is also due to the fact that divergence and 

scattering of the reflected beam increases with surface roughness of the 

detector surface. In fact, absorption loss is also observed to increase due to the 

phenomenon of multiple reflections on the rough surface. 

In this work, the nano-structure size, pore diameter and layer thickness, hence 

the surface area for absorption of PSi is observed to increases with increase in 

electrochemical etching time. This phenomena is consistent with previously 

established studies performed in this context [29,30]. Increase in porosity 

facilitates greater surface area for absorption and thus the optical response of 

the fabricated composite detecting platform should increase with increase in 

etching time and thus porosity. For nano-PSi samples, it is observed that the 

optical response of the detector surface increases with etching time. Though the 

optical response of the detector increases when etching time is increased, but 

the increase is observed to be non-linear. That is, the rate of increase of optical 

response is much more when etching time is increased from 20min to 30min, in 

comparison to the increase in optical response when the etching time is 

increased form 10min to 20min. The maximum optical response of the detector 

is observed for etching time of 30min. This phenomenon is attributed to the 

fact that though there is an increment in structure size and layer thickness with 

increasing etching time, that facilitates bio-molecule absorption to the detector 

surface, there is also a simultaneous, disproportionate increment in pore 

population in case of nano-PSi layer, with increasing etching time [6,29].This 

phenomena is clearly visible in the FESEM images shown in fig 5.4 and 5.5. 

The images clearly show the increment in layer thickness and structure size of 
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nano-PSi detector surfaces with increase in etching time. This disporotionate 

increase in pore population causes the disportionate increase in the response of 

the calcium detector with increasing etchging time. Thus, increase in porosity, 

the hillock-like structure size together with substantial increment in porous 

layer thickness of the PSi layer in the detector surface must have increased the 

effective bio-molecule attachment capability, due to the fact the surface area of 

absorption increases with increasing structure size and layer thickness, for the 

case of nano-porous silicon. Thus it can be said that the hillock like structure 

size of the nano-PSi detector platform and its layer thickness increases the 

effective surface area for absorption and plays a predominant role for bio-

molecule absorption or attachment, together with the fact that with increasing 

etching time the porosity and surface area of the entire nano-PSi surface 

increases. This increase results in the fall in specular reflectance intensity with 

a simultaneous increase in diffused reflectance from the detector surface which 

is consistent with the optical data observed. 

             As discussed earlier, the porous nature of macro-PSi detector platforms 

are much more vivid in comparison to nano-PSi, due to this many-fold increase 

in the porous structure, the optical response of the macro-PSi detector surface 

is found to be more pronounced in comparison to nano-PSi detector samples. 

This is due to many-fold bigger structure and pore size of macro-PSi samples 

that plays a determining role for molecular attachment to the porous surface of 

the detector. On increasing the etching time for macro-PSi samples from 10min 

to 30min the optical response increases owing to the phenomena of 

simultaneous increase in pore size, porosity and layer thickness of the PSi 

surface with increasing in etching time, that results in decerase in specular 

reflectance and a simultameous increase in diffused reflectance as stated 

before. This phenomenon is consistent with the observations in the FESEM 

images in fig 5.5 and 5.6. Thus, the individual optical responses, namely the 

peak intensity fall, scattering loss and absorption loss of the detectors are found 

to be maximum for macro-PSi detector sample of etching time 30min. Though 

the response of the macro samples are higher than the nano samples owing to 

its manyfold increase in surface roughness, the highest optical response is 

recorder for nano-PSi sample prepared under 30min etching time as depicted in 
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fig 5.9(a). The overall optical response of the macro and nano-PSi detectors are 

shown in fig 5.9(b) which clearly shows the phenomena of higher optical 

response of the detectors fabricated with increased etching time for both nano 

and macrosamples. 

 

Fig 5.9. (a)Individual optical response of nano and macro-PSi samples of 

different etching time. (b)Overall average optical response of nano and 

macro-PSi samples of different etching time. 
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5.5 ELECTRICAL CHARACTERIZATION OF NANO AND MACRO-PSi 

WITH VARYING ETCHING TIME 

The electrical conductivity of the detector surface is tested using Electrometer 

(Kethiley- U3606B). The electrical data were acquired for the detector surfaces 

through the ohmic contacts upon the detector surface and by using a data acquisition 

system. The response of the detectors were measured by monitoring the change in 

the current (Iw) flow through the detector surface when incubated with calcium ionic 

solution in comparison to the current (Io) value of the detector surface without ionic 

incubation, for a steady increase in voltage (V) across the surface. The data 

acquirement was performed under ambient pressure and temperature conditions.  

The I-V characteristics of the macro and nano-PSi detector surfaces were 

studied by incubating all the detector surfaces in calcium ionic solution of exactly 

same concentration which is in biological relevant level. The individual responses for 

the detectors (both nano and macro) are shown in figure 5.10 (a-e) It is observed that 

the rise in current value within a definite voltage range (0-5V) is almost exponential 

when the detector surfaces are incubated with calcium ion solution, in comparison to 

the current response of un-incubated detector surfaces. A drastic rise in current value 

is observed within a voltage range of around 2-2.5 V which continues to rise 

exponentially till the highest range of the applied voltage (5V). 

The electrical response of the PSi based calcium detector shows high 

dependence upon the etching time of PSi fabrication. Though the current response of 

all the nano and macro-PSi detectors shows a near about exponential rise with 

increasing voltage (0-5V) as can be observed in fig 5.11. In case of nano-PSi 

detectors, the range of increase in current value is observed to have increased 

substantially with increasing etching time of PSi fabrication. That is, the maximum 

current value against the maximum voltage (5V) is observed to be relatively 

minimum for nano-PSi sample prepared under etching time of 10min, the maximum 

current value increases when etching time is increased to 20min and is maximum for 

nano detector sample prepared under 30min etching time as clear in fig 5.11. Though 

the current value of the detector surface for macro-PSi samples are much higher in 

comparison to nano-PSi samples, a similar trend is observed in case of macro-PSi 

detector samples too. That is, the trend of the increase in the current value with 

increasing voltage increases substantially with increase in etching time of macro-PSi 
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detector surface preparation. Fig 5.11 shows clearly the increase in current value for 

macro-PSi detector prepared under etching time of 30min is clearly much higher in 

comparison to detector prepared in 10min etching time. 

        

 
Fig 5.10. . I Vs V characteristics of nano and macro-PSi samples. (a) nano-

PSi 10min etching time. (b) nano-PSi 20min etching time. (c) nano-PSi 30min 

etching time. (d) macro-PSi 10min etching time. (e) macro-PSi 30min etching 

time 
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Fig 5.11. Comparative I Vs V characteristics of macro and nano-PSi samples. 

 

5.6  DISCUSSION OF ELECTRICAL RESPONSE 

      As discussed previously that in defective solids like PSi, that bears intrinsic 

defective states and surface dangling bonds [30], multiple mechanism like hopping 

of thermally excited carriers, Poole-Frenkle (P-F) and Trap Assisted Tunnelling 

(TAT) attribute towards the charge transport mechanism [30]. The I-V characteristics 

for PSi based CaM surface-functionalized calcium detector has been discussed and 

established in the previous chapter. 

As far as the electrical response are concerned, the response of the nano-PSi 

detectors developed in this work clearly shows an increment in electrical response 

with increasing etching time for PSi fabrication, visible in fig 5.11. This increment 

can be attributed to the phenomena of increase in porosity and thus the effective 

surface area of the nano-PSi detector surface with increase in etching time that 

facilities better molecular attachment to the detector surface and hence an increase in 

electrical response due to the increase in defective states in the structure of the 

prepared sample is observed with increase in etching time of preparation of the 
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detector surfaces. Moreover, the increase in porous layer thickness with increasing 

etching time as depicted in cross-sectional FESEM images further facilitaties better 

molecular attachment and as trap states in the structure of Psi increases with 

increasing porous layer thickness, that can act as hopping centers and adds to the 

conductivity of the PSi based detector, hence contributes to the increase in electrical 

response of the detectors [30]. 

The absence of hillock like nano-structures, as in the case of nano-PSi and the 

presence of well-defined porous structure with hugely increased pore size with 

definite edges can be seen clearly in the FESEM images of macro-PSi samples. Due 

to this further increase in pore size and thus the effective surface area, in case of 

macro-PSi samples as compared to nano-PSi samples, which enables better 

molecular attachment to the porous surface of the detectors. Thus the effective 

conductivity of the macro-PSi detector surfaces increases and thus the electrical 

response of the macro-PSi detectors are much greater when compared to nano-PSi 

detector samples, evident from fig 5.11.The trend of increasing in electrical response 

with increasing in etching time of fabrication is very much observed in the case of 

macro-PSi samples too. Though the electrical response of macro-PSi detector sample 

prepared under etching time of 10min is higher in comparison to nano-PSi detector 

samples, the electrical response gets even higher when etching time of fabrication of 

macro-PSi sample is increased to 30min.  

 

5.7 REPRODUCIBILITY STUDY OF NANO AND MACRO-PSi WITH 

CHANGINH ETCHING TIME 

The reproducibility of all the detectors have been observed for a set of 5 

detectors, two macro-PSi and three nano-PSi, each set containing three 

detectors each prepared under same etching time, keeping the remaining 

etching parameters unaltered. Thus we get three identical detectors of macro-

PSi prepared with etching time of 30min, 3 identical macro-PSi detectors of 

10min etching time, 3 identical nano-PSi detectors each of 30min, 20min and 

10min fabrication etching time respectively.  All the detectors were surface 

functionalized with 20µl of 1:1 CaM-TBS solution and incubated at 40C for 

20hours. Exactly same concentration of calcium ion solution that is, 0.01mM 
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calcium salt dissolved in 0.5M solvent (TBS) is prepared and 60µl of the same 

is sprayed over each detector surface.  

Fig 5.12. Reproducibility study of the developed macro and nano-Psi 

detectors with varying etching time. 

The decrease in specular reflected light intensity is used as the determining 

parameter for observing the reproducibility of the detectors under consideration. Fig 

5.12 shows the response of all the macro and nano-PSi based detectors, prepared 

under varying etching time, towards calcium ion, observed while keeping all the 

fabrication and incubation parameters unaltered. The three identical macro-PSi 

detectors prepared with etching time of 30min shows reproducibility with a range of 

0.84%. Macro-PSi detector samples of 10min etching time shows reproducibility 

within a range of 3.08%. For the nano-PSi samples, the 30min etching time sample’s 

reproducibility value is within the range of 3.43%, that for sample of 20min etching 

time shows reproducibility in the range of 2.57% and the 10min etching time sample 

shows the same within 0.61% range. Thus form this study it can be said that as far as 

reproducibility of the response is concerned, nano-PSi based detector species, 

prepared under 10min etching time exhibits the best response. 

 

5.8 CONCLUSION 

The study described in this chapter, establishes the dependence of the optical 

and current response of the detector surface upon the etching time of detector 
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fabrication. The optical response for nano-PSi samples shows an optimum value for 

etching time of 30min. The optical response is observed to increase by 2.98% on 

increasing the etching time from 10min to 20min, there after an increase of 3.85% is 

observed when the etching time is further increased to 30min. for macro-PSi 

samples; there is a minimum increase of the optical response by 6.0%, as compared 

to nano-PSi samples. Though the optical response of macro-PSi samples is much 

higher in comparison to nano-PSi samples, a further increase in optical response of 

the macro-PSi detector is observed for an increasing in etching time. The optical 

response for macro-PSi samples is increased by 9.76%, on increasing etching time 

from 10min to 30min. In case of electrical response too, the response of the macro-

PSi detector sample fabricated is found to be much higher in comparison to that of 

nano-PSi samples. A minimum increase in current value of ~0.4 mA is observed in 

the current response of macro-PSi detector sample in comparison to nano-PSi ones. It 

is also established in this study conducted that the electrical response of the detector, 

like that for the optical response, for both macro and nano-PSi based detectors, 

increases with increase in the etching time of detector fabrication. This study 

provides help in the fabrication and designing of CaM surface functionalized PSi 

based calcium detector with increased sensitivity and response that finds use in 

designing of calcium and other ionic or bio-chemical sensors in further scientific 

studies, food and chemical industry and most importantly in medical industry for 

clinical diagnosis.  
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Chapter 6: Conclusion & Future Scope 

6.1 CONCLUSION 

The work presented in this thesis focuses on the development of a smart 

diagnostic system capable of early detection of cardio-pulmonary diseases like lung 

cancer. Since early detection of such diseases plays a predominant role in their 

treatment, this work focuses on quantitative detection of these early symptoms 

ensuring early diagnosis and better prognosis for the patients. 

  One of the earliest clinical symptom of cardio-pulmonary disease like lung 

cancer is finger clubbing. Finger clubbing is manifested by the bulbous appearance 

of the fingers, namely by the disruption of certain finger parameters, namely lovi-

bond angle and DPD-IPD ratio. In this work an automated, multi-parametric 

instrument has been developed for precise, quantitative and non-invasive diagnosis 

of finger clubbing that utilizes image processing and lase-photo-detector techniques 

for reliable diagnosis of finger clubbing. The automated instrument developed, has 

been used for diagnosis of finger clubbing in patients complaining of thoracic 

disorders and has showed reliable results.  

Since diagnosis of finger clubbing does not conclusively verifies the presence 

of cardio-pulmonary disease in a patient, the work presented here now focuses on the 

development of calcium detector, capable of detecting serum calcium at biologically 

relevant concentrations. Since hyprecalcemia is a clinical and quiet conclusive 

symptom of the presence of cardio-pulmonary disorder in an individual, a detecting 

platform based on porous silicon (PSi) has been developed detection of calcium. 

Calmodulin (CaM), an enzyme common to eukaryotic cells has been surface-

functionalized upon the PSi surface for selective detection of calcium detection in 

physiological concentration range. PSi were fabricated by electrochemical etching 

process, surface-functionalized by CaM and thoroughly characterized structurally. 

Then the performance of the calcium detector based on CaM functionalized PSi has 

been tested by various optical and electrical responses. Morphological and structural 

studies reveal effective binding of CaM to PSi surface and the detector structure 

fabricated was found to be highly selective towards calcium ion. When the detector 
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was tested with other mono-valaent and di-valent cations commonly found in human 

blood serum, the most profound optical and electrical response of the detector was 

found to be for calcium ion, thus providing the high level of discrimination of the 

detector surface for calcium ion. Even for composite ionic mixture (containing all the 

ions used for testing in equal concentration), the electrical and optical response of the 

detector was found to be closely mimicking its response for calcium ion, which 

proves effective selectivity of the detector towards calcium. The response time of the 

detector was found to be about 54sec. The detector exhibited appreciable 

reproducibility, with the response of the sensor fluctuating with the limit of 0.84% 

for multiple times its response was tested.  

Later in this work the variation of the morphological, structural, optical and 

electrical response of the sensor is observed with varying one of the etching 

parameters like etching time of PSi fabrication. Together with that the structural 

difference and the electrical and optical response of nano-PSi based and macro-PSi 

based detector are compared. It is observed that the structural morphology as well as 

the electrical and optical response of the detector is highly affected by etching time 

of fabrication. Moreover, striking morphological and structural difference, together 

with difference in electrical and optical response is noted on comparison of nano and 

macro-PSi based detector surfaces. “hillock-like” nano structure is observed on 

structural investigation of nano-PSi detector while well-formed porous structure is 

evident for macro-PSi structure. For both nano and macro smaples the nano-structure 

size, porosity and porous layer thickness are observed to be considerably increased 

with increasing etching time. Though the electrical and optical response of mcaro-

PSi based detector surface is found to be much more profound in comparison to 

nano-PSi based detectors, in both cases the electrical and optical response is seen to 

have improved on increasing the etching time of sample fabrication. As stated in this 

work, that the porosity and surface roughness increase with increasing etching time, 

the loading capacity as well as diffused reflectance increases for the detector surfaces 

with increasing etching time, resulting in increased optical response. Since defect 

states density increases with increasing etching time, an increase in electrical 

response is evident for the detector samples with higher etching time. Many-fold 

increase in surface area for absorption, defective states, and surface roughness in 

macro-PSi samples in comparison to nano-Psi samples results in better electrical and 
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optical response of the macro-PSi based detectors, though the reproducibility of 

nano-PSi based detectors were found to be marginally better that that for macro 

samples. Thus CaM surface-functionalized macro-PSi based calcium detector 

together with its multi-parametric approach, including electrical and optical 

measurement system provides ideal structures for sensitive, selective and cost-

effective calcium detection at biologically relevant concentration range. 

 

6.2 FUTURE SCOPE 

Based on the limitations of the diagnostic system, further work can be done for 

improvement and further development of the system to ensure better performance. 

1. The automated instrument developed in this work undertake two 

parameters, namely lovi-bond angle and DPD-IPD ratio for the diagnosis of 

finger clubbing. More parameters in form of finger clubbing markers like 

Crug’s angle, Shine measurement of nail plate and finger temperature 

measurement, can be incorporated for improved sensitivity of the finger 

clubbing monitor. 

2. The selectivity of the fabricated CaM surface-functionalized PSi based 

calcium detector is tested for different cations commonly found in human 

body. Other than calcium namely Na+, K+, Mn2+, Mg2+ has been used for 

establishing the selectivity of the detector. The detector can be put to test 

for more cations and anions that are commonly found in human serum as 

well as those not so common in human serum but are common in food 

processing and water management fields, to observe its performance and 

selectivity so that the area of application of the fabricated detector can be 

monitored. 

3. In this work, only one etching parameter that is etching time has been 

varied to find the variation of structural, optical and electrical response of 

the detector. Other etching parameters like etching current density and 

electrolytic concentration that are known to affect the structural 

morphology of fabricated PSi can be altered and the change in electrical 

and optical response needs to be investigated for improving the sensitivity 

of the fabricated detector. 
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4. Further investigation is required to monitor the response of the detector 

with varying CaM concentration and amount with which the detector 

surface is functionalized. 

5. Huge scope prevails for the development of calcium sensor from the 

fabricated detector in this work by studying the variation of the detector 

response with varying calcium concentration, calibration of its sensitivity 

and limit of Detection (LOD).  

6. Finally, a portable micro-sized device can be developed from the work 

based on this thesis for real time blood serum calcium level monitoring. 

Thus, an integrated system of finger clubbing monitor and serum calcium 

detector can be developed for multi-parametric diagnostic approach for 

early detection of cardio-pulmonary disease.  
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                                       Annexure I 

         Matlab code for finger clubbing measurement by image processing. 

 

                                      Annexure II    

 Matlab code for finger clubbing measurement by laser-photo-detector arrangement. 

 

                                     Annexure III    

      Matlab code for analysis of instant snapshots for optical analysis. 
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                                                                     Annexure I 

  Matlab code for finger clubbing measurement by image processing. 

% reading the image in matlab 
a=imread('p12.png'); 
i=I(890:1680,1200:2200); 
imshow(i); 
a1=imrotate(i,270); 
% converting the image to its gray form 
%%a2=rgb2gray(a1); 
% setting the threshold to convert the image to its near binary form 
%%b=a2(54:547,135:430); 
a3=a1>130; 
% converting the image to its binary form 
b1=im2bw(a3); 
imshow(b1); 
% finding the width profile of the image length-wise 
c=sum(b1==0,2); 
% finding the row and column value of the one dimentional array 

containing 
% the width profile 
[m,n]=size(c); 
for i=1:(m-1) 
    x=c(i) 
    y=c(i+1) 
 if x>(y+2); 
      d=1 
   break 
    else 
       d=0 ;   
 end 
end 
   if d==1 
    disp('IPD<DPD, The finger may be clubbed') 
   elseif d==0 
       disp('IPD>DPD the finger may not be clubbed') 
   end 

 

%reading the image 
I=imread('p12.jpg'); 
imshow(I); 
i=I(912:1710,1095:2387); 
imshow(i); 
%converting the image to gray scale 
%%i1=rgb2gray(i); 
%%imshow(i1); 
%setting threshold to convert the image t o binary 
i2=i1>120; 
imshow(i2); 
B2=im2bw(i); 
%converting the binary image to its complementary 
BW=~B2; 
imshow(BW); 
%showing the size of the image 
dim=size(BW) 



  

Annexure 141 

%finding the row for the corrosponding column 
col1=55 
row1=min(find(BW(:,col1))) 
col2=75 
row2=min(find(BW(:,col2))) 
col3=165 
row3=min(find(BW(:,col3))) 
col4=175 
row4=min(find(BW(:,col4))) 
%drawing the line on the image 
imshow(B2); 
%%hold on; 
%%line([col1,col2],[row1,row2]); 
%%line([col3,col4],[row3,row4]); 

  

%declaring vector and finding the angle between them 
V1=[col2,row2]-[col1,row1]; 
V2=[col4,row4]-[col3,row3]; 
Angle=acos(dot(V1,V2)/norm(V1)/norm(V2)); 
angle1=atan(Angle); 
g=rad2deg(angle1); 
theta=180-g; 
       %alternative method of finding angle 
%dp=dot(V1,V2); 
%length1=sqrt(sum(V1.^2)); 
%length2=sqrt(sum(V2.^2)); 
%angle=180-acos(dp/(length1*length2))*180/pi 
%declearing equation of the two lines 
syms x y 
m1=(row1-row2)/(col1-col2); 
equ1=((y-row2)/(x-col2)== m1); 
m2=(row3-row4)/(col3-col4); 
equ2=((y-row4)/(x-col4)== m2); 
% solving the equation 
[SolX,SolY]=solve([equ1,equ2])  
refY=((row1-row4)/(col1-col4))*(SolX-col4)+row4 
%choosing out of the two angle equation 
if(refY==SolY) 
   disp('angle is 180') 
else 
    if(refY>SolY) 
        clubangle=theta+(2*g); 
       disp(clubangle) 
    else 
        disp(theta) 
    end 
end 
%showing the image with the lines 
imshow(i) 
hold on 
line([col1,col4],[row1,row4]); 
line([col1,SolX],[row1,SolY]); 
line([SolX,col4],[SolY,row4]); 
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                                                                      Annexure II 

  Matlab code for finger clubbing measurement by laser-photo-

detector arrangement. 

global a dir1 stp1 dir2 stp2 val0 
a=arduino('COM3'); 
 dir1=3; 
 stp1=2; 
 dir2=5; 
 stp2=4; 
 val0=2; 
 a.pinMode(dir1,'output'); 
 a.pinMode(stp1,'output');  
 a.pinMode(dir2,'output'); 
 a.pinMode(stp2,'output'); 

  
 % dir is assigned 1 for counterclockwise rotation of motor 
 %counter is initialized 

  
 %no. of steps rotated by motor 
 for k=1:5 
     a.digitalWrite(dir,1); 
    pause(0.1); 
 c=0; 
    for j=0:500 
     a.digitalWrite(stp,1); 
     pause(0.0001); 
     a.digitalWrite(stp,0); 
     x0=a.analogRead(2) 
     %y0=0 
     if x0>850 
         %y0=1 
         %tic 
   c=c+1; 
     else 
         continue 
     end 
     %if y0==1 && x0<400 
            % disp('i am going mad over this 

program..................') 
            % t=toc 
     end 
 %end 
 disp(c); 
% v=(20.106/3200)*1000 
 %w=t*v 
% disp(w); 
% disp('data accusition complete'); 
disp('data accusition complete'); 
 w(k)=c*0.00634; 
 %disp(w); 
a.digitalWrite(dir,0);  
pause(0.1); 
 for i=0:500 
     a.digitalWrite(stp,1); 
     pause(0.0001); 
     a.digitalWrite(stp,0); 
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 end 
 disp('action complete...'); 
 end 
 disp(w); 
[m,n]=size(w); 
for l=1:(n-1) 
    x=w(l); 
    y=w(l+1); 
 if x>(y+2) 
      d=1; 
   break 
    else 
       d=0 ;   
 end 
end 
   if d==1 
    disp('IPD<DPD, The finger may be clubbed') 
   elseif d==0 
       disp('IPD>DPD the finger may not be clubbed') 
   end 

 

global a dir1 stp1 dir2 stp2 val0 
 a=arduino('COM3'); 
 dir1=3; 
 stp1=2; 
 val0=2; 
 dir2=5; 
 stp2=4; 
 a.pinMode(dir1,'output'); 
 a.pinMode(stp1,'output');  
 a.pinMode(dir2,'output'); 
 a.pinMode(stp2,'output');  
% 1st vertical movement of motor1 to obtain x1 
     a.digitalWrite(dir1,1);  
    c=0; 
     for j=0:150 
     a.digitalWrite(stp1,1); 
     pause(0.0001); 
     a.digitalWrite(stp1,0); 
     x0=a.analogRead(2) 

      
     if x0<600 

          
   c=c+1; 
     else 
         continue 
     end 

      
    end 
 disp(c); 
 x1=c*0.00634 
 disp(x1); 
 a.digitalWrite(dir1,0);  
pause(0.1); 
 for i=0:150 
     a.digitalWrite(stp1,1); 
     pause(0.0001); 
     a.digitalWrite(stp1,0); 
 end 
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 % horizontal short movement of motor 2 
 a.digitalWrite(dir2,1); 
    for j=0:30 
     a.digitalWrite(stp2,1); 
     pause(0.0001); 
     a.digitalWrite(stp2,0); 
 end 
 %vertical 2nd movement of motor 1 to get x2 
 a.digitalWrite(dir1,1); 
    c=0; 
     for j=0:150 
     a.digitalWrite(stp1,1); 
     pause(0.0001); 
     a.digitalWrite(stp1,0); 
     x0=a.analogRead(2) 

      
     if x0<600 

          
   c=c+1; 
     else 
         continue 
     end 

      
    end 
 disp(c); 
 x2=c*0.00634 
 disp(x2); 
 a.digitalWrite(dir1,0);  
pause(0.1); 
 for i=0:150 
     a.digitalWrite(stp1,1); 
     pause(0.0001); 
     a.digitalWrite(stp1,0); 
 end 
 % horizontal long movement of motor 2   
a.digitalWrite(dir2,1);  
 for j=0:200 
     a.digitalWrite(stp2,1); 
     pause(0.0001); 
     a.digitalWrite(stp2,0); 
 end 
 % vertical movement of motor1 to get x3 
 a.digitalWrite(dir1,1); 
    c=0; 
     for j=0:150 
     a.digitalWrite(stp1,1); 
     pause(0.0001); 
     a.digitalWrite(stp1,0); 
     x0=a.analogRead(2) 

      
     if x0<600 

          
   c=c+1; 
     else 
         continue 
     end 

      
    end 
 disp(c); 
 x3=c*0.00634 
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 disp(x3); 
 a.digitalWrite(dir1,0);  
pause(0.1); 
 for i=0:150 
     a.digitalWrite(stp1,1); 
     pause(0.0001); 
     a.digitalWrite(stp1,0); 
 end 
 % horizontal short movement of motor 2 
 a.digitalWrite(dir2,1); 
    for j=0:30 
     a.digitalWrite(stp2,1); 
     pause(0.0001); 
     a.digitalWrite(stp2,0); 
 end 
 %vertical 2nd movement of motor 1 to get x4 
 a.digitalWrite(dir1,1); 
    c=0; 
     for j=0:150 
     a.digitalWrite(stp1,1); 
     pause(0.0001); 
     a.digitalWrite(stp1,0); 
     x0=a.analogRead(2) 

      
     if x0<600 

          
   c=c+1; 
     else 
         continue 
     end 

      
    end 
 disp(c); 
 x4=c*0.00634 
 disp(x4); 
 a.digitalWrite(dir1,0);  
pause(0.1); 
 for i=0:150 
     a.digitalWrite(stp1,1); 
     pause(0.0001); 
     a.digitalWrite(stp1,0); 
 end 
 a.digitalWrite(dir2,0);  
pause(0.1); 
 % back movement of horizontal motor, motor2 
for i=0:260 

     
     a.digitalWrite(stp2,1); 
     pause(0.0001); 
     a.digitalWrite(stp2,0); 
end 
disp('it has come to dis'); 
if ((x1<x2) && (x3>x4)) 
     angle1= (x2-x1)/0.1268; 
     angle2=atan(angle1); 
     thea1=rad2deg(angle2); 
     angle3= (x3-x4)/0.1268; 
     angle4=atan(angle3); 
     thea2=rad2deg(angle4); 
     lovibond=(180-(thea1+thea2)); 
     disp(lovibond); 
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 disp('it is in the first if');  
end 
     if ((x1>x2) && (x3<x4)) 
     angle1= (x1-x2)/0.1268; 
     angle2=atan(angle1); 
     thea1=rad2deg(angle2); 
     angle3= (x4-x3)/0.1268; 
     angle4=atan(angle3); 
     thea2=rad2deg(angle4); 
     lovibond=(180+thea1+thea2); 
     disp(lovibond); 
     disp('it is in the 2nd if');   
     end 
     if ((x1>x2) && (x3>x4)) 
     angle1= (x1-x2)/0.1268; 
     angle2=atan(angle1); 
     thea1=rad2deg(angle2); 
     angle3= (x3-x4)/0.1268; 
     angle4=atan(angle3); 
     thea2=rad2deg(angle4); 
     lovibond=(180+thea1-thea2); 
     disp(lovibond); 
    disp('it is in the 3rd if'); 
     end 
     if ((x1<x2) && (x3<x4)) 
     angle1= (x2-x1)/0.1268; 
     angle2=atan(angle1); 
     thea1=rad2deg(angle2); 
     angle3= (x4-x3)/0.1268; 
     angle4=atan(angle3); 
     thea2=rad2deg(angle4); 
     lovibond=(180-thea1+thea2); 
     disp(lovibond);  
     disp('it is in the 4th if'); 
     end 
     if ((x1==x2) && (x3<x4)) 
     angle3=(x4-x3)/0.1268; 
     angle4=atan(angle3); 
     thea2=rad2deg(angle4); 
     lovibond=(180+thea2); 
     disp(lovibond); 
     disp('it is in the 5th if'); 
     end 
     if ((x1==x2) && (x3>x4)) 
     angle3=(x3-x4)/0.1268; 
     angle4=atan(angle3); 
     thea2=rad2deg(angle4); 
     lovibond=(180-thea2); 
     disp(lovibond); 
    disp('it is in the 6th if'); 
     end 
     if ((x1<x2) && (x3==x4)) 
     angle3=(x2-x1)/0.1268; 
     angle4=atan(angle3); 
     thea2=rad2deg(angle4); 
     lovibond=(180-thea2); 
     disp(lovibond); 
    disp('it is in the 7th if'); 
     end 
     if ((x1>x2) && (x3==x4)) 
     angle3=(x1-x2)/0.1268; 
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     angle4=atan(angle3); 
     thea2=rad2deg(angle4); 
     lovibond=(180+thea2); 
     disp(lovibond); 
     disp('it is in the 8th if'); 
     end 

      
         disp(180); 

         
    disp('program over'); 
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                                                                    Annexure III 

 Matlab code for analysis of instant snapshots for optical analysis. 

 

I=imread('Picture 1623.jpg'); 
%class(I) 
i=rgb2gray(I); 
[x,y]=size(i) 
X=1:x; 
Y=1:y; 
Z=im2double(i); 
figure; h2=surf(Y,X,Z); 
set(h2,'LineStyle','none'); 
colorbar 
colormap winter; 

  
avarage_value=mean(mean(Z)) 

  
mx_val=max(Z(:)) 
c=0; 
for i=1:x 
    for j=1:y 
        if Z(i,j)>=mx_val*0.5; 
            c=c+1; 
        end 
    end 
end 

  
%disp(c) 
%disp(Z) 

             
a=find(Z(:)>=mx_val*(3/4)); 
fwhm1=size(a) 
b=find(Z(:)>=mx_val*0.5); 
fwhm2=size(b) 

  
surfcint=trapz(X,trapz(Y,Z,2)) 
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