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ABSTRACT


There is a significant interest in concept of diagnosis approaches for Hydrogen exponent (Pondus Hydrogenii or pH) value that can be analyzed by a wide variety of sensors and biosensors. Detecting ion concentrations by semiconductor devices has stimulated a developing field in semiconductor-based ion sensors. Many semiconductor materials have been tested for their suitability as ion sensors; especially there is an emerging interest in the use of wide band gap semiconductors as sensitive chemical sensors. Group III-nitrides with wurtzite crystal structure are chemically stable semiconductors with high internal spontaneous and piezoelectric polarization, which make them highly suitable materials to create very sensitive but robust sensors for the detection of ions and polar liquids. Aluminum Gallium Nitride/Gallium Nitride (AlGaN/GaN) high-electron-mobility transistors (HEMTs) have been extremely useful for gas and liquid sensor due to primarily three reasons: 1) a high electron sheet carrier concentration channel induced by piezoelectric polarization of the strained AlGaN layer, 2) the carrier concentration which is strongly depends on the ambient 3) an opportunity of on-chip co-integration with signal processing and communication circuit. In addition, sensors fabricated from these wide band-gap semiconductors could be readily integrated with solar blind UV detectors or high temperature, high power electronics with wireless communication circuits on the same chip to provide high speed transmission of the data. For these reasons, GaN-based HEMT structures are versatile structures to be used for a variety of sensing applications. In this research we have investigated the feasibility of AlGaN /GaN HEMT strucure for pH sensing by fabricating an AlGaN/GaN HEMT structure pH sensor and investigate pH-sensing characteristics of the fabricated sensor. We have investigated the basic transistor characteristics and liquid-phase sensing capability of open-gate devices with bare undoped-AlGaN surfaces in aqueous solutions. The results  show the typical current-voltage (I-V) characteristics of HEMTs with good gate controllability in aqueous solution. The potential of the AlGaN surface at the open-gate area is effectively controlled via aqueous solution by Silver/Silver Chloride (Ag/AgCl) reference gate electrode. The open-gate undoped AlGaN/GaN HEMT structure is capable of stable operation in aqueous electrolytes and exhibit linear sensitivity, and high sensitivity of 1.9 mA/pH or 3.88 mA/mm/pH at drain-source voltage, VDS = 5 V is obtained. The Nerstian’s like characteristics is not observed since the occurrence of large leakage current. Suppression of leakage current should improve the sensing performance. The fabricated open-gate undoped-AlGaN/GaN structure is shown to be suitable for pH sensing application.




ABSTRAK


	Terdapat satu elemen penting dalam konsep pendekatan diagnosis nilai pertumbuhan Hidrogen (pH) yang boleh dianalisis menggunakan pelbagai jenis penderia dan biopenderia. Pengesanan kepekatan ion oleh peranti semikonduktor telah merangsang pembangunan dalam bidang ion penderia berasaskan semikonduktor. Banyak bahan-bahan semikonduktor telah diuji kesesuaiannya sebagai penderia ion terutamanya penggunaan dalam semikonduktor jurang jalur lebar sebagai penderia sensitif kimia. Kumpulan III-nitrit berstruktur kristal Wurtzite, adalah semikonduktor yang stabil secara kimia dengan spontan dalaman yang tinggi dan  kekutuban piezoelektrik, membuatkan ia bahan yang paling sesuai untuk mencipta penderia yang sangat sensitif tetapi lasak untuk mengesan ion-ion dan cecair kutub. Aluminium Galium Nitrat/Galium Nitrat(AlGaN/GaN) mobiliti tinggi elektron transistor (HEMT) yang banyak digunakan untuk penderia gas dan cecair disebabkan oleh tiga sebab asas iaitu 1) saluran kepekatan tinggi helaian elektron pembawa diaruh oleh kekutuban piezoelectric oleh terikan lapisan AlGaN, 2) kepekatan pembawa sangat bergantung kepada persekitaran, 3) terdapat peluang penyepaduan dalam cip bagi pemprosesan isyarat dan litar komunikasi. Selain itu, penderia yang difabrikasi menggunakan semikonduktor jurang jalur lebar boleh disepadukan dengan pengesan suria tak peka UV atau suhu tinggi, elektronik berkuasa tinggi dengan litar komunikasi wayarles dalam satu cip yang sama untuk penghantaran data berkelajuan tinggi. Oleh itu, struktur HEMT berasaskan GaN adalah struktur serbaguna yang boleh digunakan untuk pelbagai aplikasi penderia. Dalam projek ini, kami telah mengkaji kesesuaian struktur HEMT berasaskan GaN untuk penderiaan pH dengan memfabrikasi struktur penderia pH HEMT AlGaN/GaN. Kami telah mengkaji ciri-ciri asas transistor dan kebolehan penderiaan cecair-fasa peranti get-buka  dengan permukaan AlGaN tanpa dop dalam larutan berair. Keputusan menunjukkan ciri-ciri arus-voltan (IV) HEMT berfungsi dengan baik dalam larutan. Keupayaan voltan untuk permukaan AlGaN di kawasan get buka dikawal baik melalui larutan oleh get elektrod rujukan Perak/Perak Klorida (Ag / AgCl). Struktur get terbuka AlGaN / GaN tanpa dop HEMT mampu beroperasi di kawasan elektrolit berair, mempamerkan kepekaan linar  dan sensitiviti yang tinggi iaitu 1.9 mA / pH atau 3.88 mA/mm/pH pada voltan salir-punca, VDS = 5 V diperolehi. Ciri-ciri Nerstian tidak diperolehi sejak berlakunya kebocoran arus. Penindasan kebocoran arus harus meningkatkan prestasi penginderaan. Struktur get buka AlGaN/GaN tanpa dop yang difabrikasi menunjukkan pH yang berpadanan untuk aplikasi penginderaan.
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1.1. [bookmark: _Toc250894299][bookmark: _Toc248491745][bookmark: _Toc245369160][bookmark: _Toc251757531][bookmark: _Toc255860135][bookmark: _Toc266097154][bookmark: _Toc266879932][bookmark: _Toc267088952][bookmark: _Toc268349914][bookmark: _Toc268515362]Research Background

Recently, there is strong and increasing interest in developing selective, cost effective chemical sensors and biosensors [1].  It was reported that the global sensor market grew at an average annual rate of 4.5% between 2000 and 2008 and is expected to reach USD $61.4 billion by 2010. Chemical sensor market represents the largest segment; around USD $11.5 billion of value in various applications such chemical detection in gas-phase as well as liquid-phase [1], [2].  Many chemical and biological processes depend on pH value with a wide applications ranging from medicine, biotechnology and environmental monitoring like controlling the level of pollution in drinking water, drug industries to defence and security purposes including anti-bioterrorism and biological warfare-agents [3] - [11].  Such demands for an advanced pH sensing technology have led to increase attention on development of chip-base ion sensor.  
In the field of pH sensors, the most prominent and most extensively studied devices are ion selective field effect transistors (ISFETs), which were introduced by Bergveld in 1970 [12].  An ISFET is one of the basic structural elements of a new generation of chemical sensors and biosensors.  It drew attention as a novel chemical sensor achieving compactness, low cost, high input and low output impedances compare to conventional pH-glass electrodes.  ISFETs are field effect transistors which have the same structure with a MOSFET but the gate metal contact has been replaced with electrolyte solution and a reference electrode.  The device function is based on the fact that at the interface of the gate and the solution an electric potential difference (depends on the composition of the solution like ion concentration the in solution) occur and ISFET measures the ion concentration by measuring this potential [3].  ISFET’s have been developed to measure pH and a variety of other ions like Na+, depend on the sensitive membrane layer which goes on top of gate insulator [13] [14].  
In term of material for pH sensor, silicon is still widely used due to its low cost, reproducible and controllable electronic response[15].  However, inherent drawbacks are still remain which handicap the wider application of ISFET sensors, for instance, long time drift, hysteresis, high temperature dependency and effects of light on the sensor response and also these sensors are not suited for operation in harsh environments, for instance, high temperature, high pressure, and corrosive ambient [16] [18].  Wide band-gap III-nitride compound semiconductors such as gallium nitride (GaN) are an alternative option to replace silicon in these applications because of their chemical resistance, high temperature/high power capability, high electron saturation velocity, and simple integration with existing GaN-based UV light emitting diode, UV detectors, and wireless communication chips.  GaN hetero-structures which also known as high-electron-mobility-transistor (HEMT) structures are excellent candidates for sensor and piezoelectric related applications, due to high electron sheet carrier concentration induced by piezoelectric polarization of the strained aluminium gallium nitride(AlGaN) layer and large spontaneous polarization in wurtzite III-nitrides [19] -[23].  Up to this date, there are some reports on GaN-based chemical sensors [19] - [22][24] which proves that this material can be used to distinguish liquids with different polarities and also to quantitatively distinguish pH level over a broad range [22].  In this case, the changes on surface of sensing device will result in the changes of the drain-source current.  


1.2. [bookmark: _Toc251757532][bookmark: _Toc255860136][bookmark: _Toc266097155][bookmark: _Toc266879933][bookmark: _Toc267088953][bookmark: _Toc268349915][bookmark: _Toc268515363]Research motivation

There is increasing demands for fast, accurate, small size, environment friendly, low cost, long lasting, and stable pH sensor.  Available glass electrodes which are used for pH sensing have the advantage of a high linearity, a good ion selectivity and stable condition; but they also have the disadvantages due to their structures which have restricted their uses, hence they have been replaced with Si-ISFETs which have smaller size and low cost.  However, Si-ISFETs also have limitations such as slow response and high drift (Drift is the temporal shift of the output voltage under constant conditions like temperature, pH value and concentration of the buffer solution) [23], [25].  Although ISFETs with Si3N4 and Al2O3 layer which act as ion sensitive membrane, have lessen such problems there are still some drawbacks which limit the use of Si-ISFETs, for instance, their sensitivity can also be affected by light and they are not suitable for use at high temperature [23] [25].  Silicon-based sensors can easily get damage by exposure to solutions containing ions [30]which result in a short life time of the ISFETs.  In addition, such Si-based sensors need ion-sensitive membranes to be coated over their surfaces.  Therefore, special precautions must also be taken when applying those bio-membranes over the surface so that they retain their enzymatic activity.  
[bookmark: _Toc250894301][bookmark: _Toc248491747][bookmark: _Toc245369162]To overcome such problems, GaN-based sensor is a promising candidate.  In this study, an investigation on AlGaN/GaN-based sensor has been carried out in order to characterize the sensing properties and provide a breakthrough for application in a so-called intelligent quantum (IQ) chip [26], [27].  An IQ chip is a III-V semiconductor chip with size of millimeter square where nanometer scale quantum processors and memories are integrated on chip with capabilities of wireless communication, wireless power supply and various sensing functions, as illustrated in Figure 1.1.  
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1.3. [bookmark: _Toc266097156][bookmark: _Toc266879934][bookmark: _Toc267088954][bookmark: _Toc268349916][bookmark: _Toc268515364][bookmark: _Toc251757533][bookmark: _Toc255860137]Objective
 
The objective of this research is to design, fabricate and characterize an undoped AlGaN/GaN HEMT sensor having open-gate structure for pH sensing application.  In order to achieve this objective, the following research scopes have been set.
  

1.4. [bookmark: _Toc266879935][bookmark: _Toc267088955][bookmark: _Toc268349917][bookmark: _Toc268515365][bookmark: _Toc266097157]Scopes of research

The scopes set for this research are as follows:
1. Understand the GaN-based pH sensor sensing mechanism.
2. Determine a suitable material structure for pH sensor based on the proposed material structure presented in the literatures.
3. Design an open-gate structured pH sensor and perform the drawing for masks using AutoCAD software.
4. Fabricate of an open-gate structured device on undoped AlGaN/GaN HEMT substrate for pH sensing application using standard processes for GaN-based material. 
5. Design a suitable measurement setup to evaluate the sensing response.
6. Measure a fabricated device and analyze the results of sensing responses.


1.5. [bookmark: _Toc250894303][bookmark: _Toc248491749][bookmark: _Toc251757534][bookmark: _Toc255860138][bookmark: _Toc266097158][bookmark: _Toc266879936][bookmark: _Toc267088956][bookmark: _Toc268349918][bookmark: _Toc268515366]Report Outline
 
This report is organized into 6 chapters.  After this introduction, in chapter 2, a brief definition of pH and a brief review on history of pH sensor are presented as well as a brief overview on GaN materials.  In this chapter, the sensing mechanism of AlGaN/GaN HEMT pH sensors is also reviewed. In chapter 3, the design and fabrication processes for fabricating pH sensor are explained in detail.  In specific, the structure’s design and fabrication processes for mesa isolation and ohmic contact formation are described. In chapter 4, the details on measurement setup for evaluation of the fabricated sensor are presented.  Namely, the parameters of measurements, measurement setups and the type of test solutions are described. In chapter 5, the measurement results are presented and discussed in details.  Specifically, the sensing responses of fabricated sensor upon immersion in aqueous solution and polar liquids are discussed. Finally, chapter 6 concludes the contribution of present work and present some suggestions for future works.  

63
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In this chapter, a brief history on the previous pH sensor is presented.  The properties of GaN and AlGaN material structures and their advantages for pH sensor are also described.  


[bookmark: _Toc268349921][bookmark: _Toc268515369]2.1. pH definition

Determination of pH is one of the most common chemical measurement parameters.  pH is a measure of the relative amount of hydrogen and hydroxide ions in an aqueous solution [28].  Many important information of a solution can be known from an accurate measurement of pH, including the acidity of a solution and also the possible reaction in the solution.  When acids and bases dissolved in water, they alter the relative amounts of H+ and OH- in a solution.  Acids increase the hydrogen ion concentration, and because the total number of the product [H+][OH-] must remain constant, acids decrease the hydroxide ion concentration.  Bases have the opposite effect.  They increase hydroxide ion concentration and decrease hydrogen ion concentration.  At 25 degrees Celsius, considered the standard temperature, the pH value of a neutral solution is 7.0.  Solutions with a pH value below 7.0 are considered acidic, whereas solutions with pH value above 7.0 are alkaline.  Many chemical processes and properties, such as the speed of a reaction and the solubility of a compound depend greatly on the pH of a solution.  For many applications ranging from industrial operations to biological processes, it is important to have an accurate and precise measurement of pH. 
 

[bookmark: _Toc250894307][bookmark: _Toc248491753][bookmark: _Toc251757538][bookmark: _Toc255860142][bookmark: _Toc266879940][bookmark: _Toc267088960][bookmark: _Toc268349922][bookmark: _Toc268515370]2.2. Importance of pH sensing in daily life

Many of nature's processes are highly dependent on pH.  This is also the case for the chemical reactions which take place in industry or in a laboratory.  In 1909, the founder of the modern pH concept, Sorensen, proved that pH is essential for many enzymatic processes [29].  There are many examples where pH plays a very important role such as; (i) Biochemistry: the pH of blood is normally controlled within a few tenths of a pH unit by body chemistry.  If blood pH changes as much as half a pH unit, serious illness will result.  Proper skin pH is essential for a healthy complexion.  The pH of one's stomach directly affects the digestive process [30].  (ii) Agronomy: The pH of soil regulates the availability of nutrients for plant growth, as well as the activity of soil bacteria.  In alkaline soils ( pH 8 and above ) the amount of nitrogen, phosphorus, iron and other nutrients become so low that special treatment is necessary to insure proper growth [30].  (iii) Food Science: The efficient production of food products depends upon careful pH control.  For instance the proper curd size, uniformity, and structure of cottage cheese are directly related to the pH at cutting time.  Yeast can ferment and leaven dough only within certain pH limits.  Jelly will not gel properly unless the pH is in the 3.5 region [30].  (iv) Chemical Research and Engineering: Accurate pH measurement is necessary to the study many chemical processes.  Researchers need to know the pH at which a chemical reaction proceeds in order to understand the reaction [30].  (v) Environmental Research and Pollution Control: The pH of a river or lake is important in maintaining a proper ecological balance.  The pH of the water directly affects the physiological functions and nutrient utilization by plant and animal life [30].  


[bookmark: _Toc268349923][bookmark: _Toc268515371][bookmark: _Toc250894308][bookmark: _Toc248491754][bookmark: _Toc251757539][bookmark: _Toc255860143][bookmark: _Toc266879941][bookmark: _Toc267088961]2.3. Brief theory of pH 

pH is mathematically defined as the negative logarithm of hydrogen ion activity (Equation 2.1) [28].  In any collection of water molecules a very small number of water molecules will dissociate to form hydrogen (H+) and hydroxide (OH-) ions.  At 25 °C only less than 2×10-7 % of the water molecules dissociate, It is awkward to use this small numbers and that’s why pH it is defined as the negative logarithm of these numbers.  In terms of molar concentrations, water at 25 °C contains 1×10-7 moles per litter of hydrogen ions and the same concentration of hydroxide ions.  In most cases, the activity of hydrogen ions in solution can be approximated by the molar concentration of hydrogen ions ([H+]) in a solution (Equation 2.2).  
[bookmark: _Toc250541537][bookmark: _Toc250346064][bookmark: _Toc249714422][bookmark: _Toc248581004][bookmark: _Toc248160512][bookmark: _Toc251627416]	pH = -log aH+	(2.1)

[bookmark: _Toc250541538][bookmark: _Toc250346065][bookmark: _Toc249714423][bookmark: _Toc248581005][bookmark: _Toc248160513][bookmark: _Toc251627417]	pH ≈ -log [H+]	(2.2)

Using Equation 2.2, it can be calculated that a pH of 4 corresponds to a hydrogen ion concentration of 10-4 molar.  Reference point for pH is the concentration of hydrogen ions in water at 25 °C.  At any temperature, water dissociates into hydrogen ions and hydroxide ions as shown in the following equilibrium reaction.  

[bookmark: _Toc250541539][bookmark: _Toc250346066][bookmark: _Toc249714424][bookmark: _Toc248581006][bookmark: _Toc248160514][bookmark: _Toc251627418]	H2O ↔ H+ + OH-	(2.3)

The rate of the equilibrium reaction above is described by equilibrium constant KW, in any aqueous solution, the concentration of hydrogen ions multiplied by the concentration of hydroxide ions is constant.  This constant varies with temperature but is equal to 1.01×10-14 at 25 °C.  This constant is determined using Equation 2.4, where the brackets signify molar concentrations and Kw is the dissociation constant for water.  The value of Kw depends on temperature.  For example, at 35 °C, Kw = 1.47×10-14.
  
[bookmark: _Toc250541540][bookmark: _Toc250346067][bookmark: _Toc249714425][bookmark: _Toc248581007][bookmark: _Toc248160515][bookmark: _Toc251627419]	KW = [H+][OH-]	(2.4)

pH of a solution varies with temperature, for example, given the enthalpy of a reaction and the temperature at which the reaction occurs, the value of KW for the reaction can be determined using the Van’t Hoff equation (Equation 2.5).  For more detail refer to Appendix A.  

		(2.5)


In Equation 2.5, K(T1) is the equilibrium constant at absolute temperature T1 and K(T2) is the equilibrium constant at absolute temperature T2.  ΔHo is the standard enthalpy change and R is the gas constant.  
From calculated KW values, the actual pH of water can be calculated at different temperatures.  The pH of water at temperatures of 0 °C, 25 °C, and 100 °C are shown in Table 2.1.  
[bookmark: _Toc251718230][bookmark: _Toc251757429][bookmark: _Toc255860251][bookmark: _Toc266879210][bookmark: _Toc266880029][bookmark: _Toc267089997][bookmark: _Toc268515504]Table 2.1: pH of water at different temperatures
	Temperature
	Kw
	pH

	0 °C
	0.114×10-14
	7.46

	25 °C
	1. 01×10-14
	7

	100 °C
	4.9 × 10-14
	6.15




The term neutral is often used in discussions about acids, bases, and pH.  A neutral solution is one in which the hydrogen ion concentration exactly equals the hydroxide ion concentration.  At 25 °C, a neutral solution has pH 7.00.  At 35 °C, a neutral solution has pH 6.92. 

 
[bookmark: _Toc250894309][bookmark: _Toc248491755][bookmark: _Toc245369166][bookmark: _Toc251757540][bookmark: _Toc255860144][bookmark: _Toc266879942][bookmark: _Toc267088962][bookmark: _Toc268349924][bookmark: _Toc268515372]2.4. First pH sensors

For thousands of years people have known that vinegar, lemon juice and many other foods taste sour.  However, it was not until a few hundred years ago that it was discovered these things taste sour because they are all acids.  The term acid, in fact, comes from the Latin term "acere", which means "sour" [31].  In the sixteenth century, alchemist Leonard Thurneysser discovered that the colour of violet sap changed with the addition of either sulfurous or sulfuric acids [32].  This early indicator was widely used through the subsequent centuries to detect acids.  
In the seventeenth century, the Irish chemist Robert Boyle first labelled substances as either acids or bases (he called bases alkalis) according to the following characteristics [31]: Acids: taste sour, are corrosive to metals, change litmus (a dye extracted from lichens) red, and become less acidic when mixed with bases.  Bases: feel slippery, change litmus blue, and become less basic when mixed with acids.  The first reasonable definition of acids and bases would not be proposed until almost 200 years later [31].  In 1875, Thomson recognized that glass is a solid electrolyte in which alkali metal ion can carry current [32].  In 1880, the Swedish scientist Arrhenius proposed that water can dissolve many compounds by separating them into their individual ions [31].  Arrhenius suggested that acids are compounds that contain hydrogen and can dissolve in water to release hydrogen ions into solution.  For example, hydrochloric acid (HCl) dissolves in water as follows:


[bookmark: _Toc250541542][bookmark: _Toc250346069][bookmark: _Toc249714427][bookmark: _Toc248581009][bookmark: _Toc248160517][bookmark: _Toc251627421]		(2.6)

Arrhenius defined bases as substances that dissolve in water to release hydroxide ions (OH-) into solution.  For example, a typical base according to the Arrhenius definition is sodium hydroxide (NaOH):
 
[bookmark: _Toc250541543][bookmark: _Toc250346070][bookmark: _Toc249714428][bookmark: _Toc248581010][bookmark: _Toc248160518][bookmark: _Toc251627422]		(2.7)

The Arrhenius definition of acids and bases explains a number of things.  Arrhenius's theory explains similar properties of acids (and, conversely, bases): because of all acids release H+ into solution (and all bases release OH-).  The Arrhenius definition also explains Boyle's observation that acids and bases counteract each other.  This idea, that a base can make an acid weaker, and vice versa, is called neutralization.  
Neutralization: when acid and base mix together, acids release H+ into solution and bases release OH- ,then H+ ion combine with OH- ion to make the molecule H2O, or plain water: 
[bookmark: _Toc250541544][bookmark: _Toc250346071][bookmark: _Toc249714429][bookmark: _Toc248581011][bookmark: _Toc248160519][bookmark: _Toc251627423]		(2.8)

The neutralization reaction of an acid with a base will always produce water and a salt, as shown below: 
[bookmark: _Toc250541545][bookmark: _Toc250346072][bookmark: _Toc249714430][bookmark: _Toc248581012][bookmark: _Toc248160520][bookmark: _Toc251627424]		(2.9)
[bookmark: _Toc250541546][bookmark: _Toc250346073][bookmark: _Toc249714431][bookmark: _Toc248581013][bookmark: _Toc248160521][bookmark: _Toc251627425]		(2.10)
[bookmark: _Toc250541547][bookmark: _Toc250346074][bookmark: _Toc249714432][bookmark: _Toc248581014][bookmark: _Toc248160522][bookmark: _Toc251627426]		(2.11)

Though Arrhenius helped explain the fundamentals of acid/base chemistry, unfortunately his theories have limits.  With Arrhenius's introduction of ionic theory in the 1880s, the first theories concerning disassociation of acids and bases were developed.  Bronsted, further refined these initial theories, he postulated that acids and bases are substances capable of either donating or accepting hydrogen ions.  
In 1889, Walter Nernst published the law that bears his name, the Nernst equation [32]:
[bookmark: _Toc250541548][bookmark: _Toc250346075][bookmark: _Toc249714433][bookmark: _Toc248581015][bookmark: _Toc248160523][bookmark: _Toc251627427]	E = E0 + (RT/nF) log [H+]	(2.12)

Where
1. E = galvanic potential of the electrode in equilibrium with the solution
1. E0 = standard potential of the electrode at pH 7
1. R = gas constant
1. T = temperature in degree Kelvin
1. n = charge number of the ion
1. F = Faraday's constant
1. H+ = hydrogen ion activity


This is the basis for the quantitative determination of hydrogen ion concentration or pH.  By 1904, Hans Friedenthal had successfully established the first scale for classifying acids by determining the dissociation constants for weak acids, according to conductivity and correlating colour changes corresponding to different hydrogen ion concentrations using 14 indicating dyes [32].  Litmus paper is the most recognized member of chemical indicators.  Very little information is available about the beginnings of litmus.  There is some data that suggest that litmus paper was developed by J.L.Gay-Lussac, a French chemist during the early 1800s [33].  Some of the common laboratory pH indicators are tabulated in appendix B.  
Max Cremer first applied glass as a semi-permeable membrane in electrochemical determinations in 1906.  Three years later; Haber and Klemensiewicz realized the relevance of the Nernst Equation and began to deliberately use the glass electrode to record titration curves.  The hydrogen ion concentrations from Friedenthal's calculations were small and awkward to operate.  Thus, Lauritz Sorensen at 1909 suggested using the negative logarithm of these numbers, which he dubbed the "hydrogen exponent" or "pondus Hydrogennii".  This led to the development of the term pH and the creation of the modern pH scale.  In 1909, pH was defined as the negative base 10 logarithm of the hydrogen ion concentration.  However, as most chemical and biological reactions are governed by the hydrogen ion activity, the definition was quickly changed to negative base 10 logarithm of the hydrogen ion activity.  As a matter of fact, the first potentiometric methods used resulted in measurements of ion activity.  
Completed glass electrodes did not become available until the 1920s, and commercial manufacture began in the 1930s.  The Beckman G pH meter was the first commercial instrument to take use extensive electronic components in a chemical instrument.  Glass electrodes were used in the Beckman Model G because they were impervious to most chemical interferences.  The Beckman pH-meter, was a revolution in pH measurement.  The original Beckman Model G was a walnut box 12 inches wide by 8 inches deep by 9 inches high, weighing approximately 15 pounds and equipped with a leather carrying handle.  The sample was placed in a small beaker attached to a door that swung out from a porcelain compartment set into the front of the instrument, as shown in Figure 2.1 and Figure 2.2.  The glass and reference electrodes were normally fastened to the door, but could be removed for washing, remote measurement, and sample changes as necessary.  [34].  
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[bookmark: _Toc250345008][bookmark: _Toc251718143][bookmark: _Toc255860267][bookmark: _Toc266879211][bookmark: _Toc266880030][bookmark: _Toc267090079][bookmark: _Toc268350179][bookmark: _Toc268515442]Figure 2.1: pH meter Beckman Model G, general view with the open electrode compartment [34].
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[bookmark: _Toc250345009][bookmark: _Toc251718144][bookmark: _Toc255860268][bookmark: _Toc266879212][bookmark: _Toc266880031][bookmark: _Toc267090080][bookmark: _Toc268350180][bookmark: _Toc268515443]Figure 2.2: pH meter Beckman Model G top view with the controls and read-out [34].

The glass electrode is still the most common method for pH measurement, though separate glass and reference electrodes have been replaced by the glass combination electrode.  Glass electrodes work by creating a voltage which can be measured to calculate pH.  A glass electrode consists of a glass membrane that is placed in a sample.  There is a buffer of known pH inside the electrode.  Depending on the pH of the sample solution, hydrogen ions will naturally migrate across the glass membrane to the area of lower concentration (the solution with higher pH).  As protons migrate across the membrane, a voltage builds up that can be measured. 

 
[bookmark: _Toc250894310][bookmark: _Toc248491756][bookmark: _Toc245369167][bookmark: _Toc251757541][bookmark: _Toc255860145][bookmark: _Toc266879943][bookmark: _Toc267088963][bookmark: _Toc268349925][bookmark: _Toc268515373]2.5. First on chip pH sensors

In 1970 Bergveld exploited the first possibilities of on chip technology for development of ion sensors and introduced the Ion Sensitive Field Effect Transistor (ISFET) for the first time [12].  Figure 2.3 shows one of the original designs of the first ISFET [35].  ISFETs are field effect transistors which have the same structure with a metal oxide field effect transistor (MOSFET) but the gate metal contact is replaced with electrolyte solution and a reference electrode.  Figure 2.4 shows the schematic diagram of MOSFET and ISFET.  

[bookmark: _Toc241632438][bookmark: _Toc250345011][bookmark: _Toc251718145][bookmark: _Toc255860269][bookmark: _Toc266879213][bookmark: _Toc266880032][bookmark: _Toc267090081][bookmark: _Toc268350181][bookmark: _Toc268515444]Figure 2.3: Original design of silicon needles, with place for integrated buffer amplifiers [35][36].
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                          (a)                                      (b)                                              (c)
[bookmark: _Toc250345013][bookmark: _Toc251718146][bookmark: _Toc255860270][bookmark: _Toc266879214][bookmark: _Toc266880033][bookmark: _Toc267090082][bookmark: _Toc268350182][bookmark: _Toc268515445]Figure 2.4: (a) Schematic diagram of a MOSFET; (b) schematic diagram of an ISFET;       (c) schematic electrical diagram for both, MOSFET and ISFET [37].

ISFET drew attention as a novel chemical sensor achieving compactness, low cost, high input and low output impedances compare to conventional pH-glass electrodes.  After introduction of ISFET by Bergveld (1970) many groups try to fabricate and optimize ISFET for different applications [3].  ISFET’s can be use to analyze a wide variety of environmental and biological ions; it just needs to be functionalized with a sensing membrane to be able to selectively detect a target analyte as it has been specialized as CHEMFETs, EnzymeFETs (ENFETs), ImmunoFETs (IMFETs), BioFETs [3].  For instance, the surface of the gate of the FET device can be modified with sensing molecules like antibody or antigen, and has the potential for serving as a highly efficient immunological sensor with the required specificity and sensitivity [38].  When antigen or antibody in the test solution reacts with the sensing molecules on the surface, any change in the charge state or surface potential leads to modulations of the conductance channel of the FET device thus the concentration of the test molecules can be extracted by the conductance or current measurement of the device[3], [38].  Glucose sensors and urea sensors are among the best-known biosensors for widespread clinical applications.  [39] - [41].


[bookmark: _Toc250894312][bookmark: _Toc248491758][bookmark: _Toc251757543][bookmark: _Toc255860147][bookmark: _Toc266879944][bookmark: _Toc267088964][bookmark: _Toc268349926][bookmark: _Toc268515374]2.6. Improvement trend for semiconductor –based pH sensors
 
The first dielectric used in a ISFET gate area is SiO2 [12], [36], but it has very limited practical use because of its unstable response, high drift, high hysteresis and slow response [16][18], [36][42].  SiO2 gate ISFET is found unsatisfactory and upgrading trend to optimize the ISFET followed by using Si3N4 [43], [44], Al2O3 [45] -[47], and Ta2O5 [48].  These materials have improved the sensitivity of the sensor but many of the drawbacks for Si-based pH sensors are still remained.  Other improvements have also been proposed in order to improve the sensitivity such as using the sensor in the constant low temperature (most available commercial ISFETs recommend users to use device in 23-26 °C to have good response) or using a light shield [16] [18] [49] [50].  Although silicon based devices remain dominating due to their low cost, reproducible and controllable electronic behaviours, a number of inherent drawbacks are remain which handicap the wider application of Si-ISFET sensors for instance high temperature dependency and light effects on the sensor response [17][49] [50].  More over silicon technology has been pushed to its limits and couldn’t provide the need for faster, online measurement needs.  This has motivated researches on new materials as an alternative to Si as a base material for ion sensors.  
On the other hand, wide band-gap compound semiconductors are very good alternative options to replace silicon because of many advantages, for example, high chemical stability and the ability for on chip co-integration with wireless network communication [51], [52].  A rapidly increasing number of publications in III-nitride based researches have been observed in the past decade, as shown in Figure 2.5 [53].  

[image: ]
[bookmark: _Toc250297129][bookmark: _Toc250903026][bookmark: _Toc251718156][bookmark: _Toc255860280][bookmark: _Toc266879215][bookmark: _Toc266880034][bookmark: _Toc267090083][bookmark: _Toc268350183][bookmark: _Toc268515446]Figure 2.5: Publications in group III Nitride based research [53].

In addition, the III-V materials like gallium nitride (GaN) based materials have advantages over Si because of being chemically inert and environment friendly which made them better choice to be used as pH sensor.  GaN materials are dominant in optoelectronics and also in radio frequency and power electronics and they could provide better alternatives in high-speed mobile communications.  GaN materials are classified as wide band gap materials and they become intrinsic at much higher temperatures than other common semiconductors such as Si and Ge.  This allows them to operate at higher temperatures [54] and requires less cooling.  Consequently, the cost involved in cooling and the complex device design to use compatible different material for different application can be lowered. 

 
[bookmark: _Toc248491764][bookmark: _Toc250317665][bookmark: _Toc250929072][bookmark: _Toc251757554][bookmark: _Toc255860158][bookmark: _Toc266879947][bookmark: _Toc267088967][bookmark: _Toc268349927][bookmark: _Toc268515375]2.7. Physical properties of GaN materials and applications

Among all the III-nitrides, gallium nitride (GaN) is considerably the most intensely studied.  GaN is a direct wide band gap semiconductor compared to the more widely known Si as well as GaAs and SiC [55].  Some electrical properties of GaN in comparison to other materials are summarized in Table 2.2.  




[bookmark: _Toc249713034][bookmark: _Toc250893779][bookmark: _Toc251718232][bookmark: _Toc251757431][bookmark: _Toc255860253][bookmark: _Toc266879217][bookmark: _Toc266880036][bookmark: _Toc267089998][bookmark: _Toc268515505]Table 2.2: List the electronic properties of GaN compared to other semiconductor materials [56].

	properties
	Si
	GaAs
	6H-SiC
	GaN
	Diamond

	Bandgap energy(eV)
	1.12
	1.43
	3.03
	3.45
	5.45

	Dielectric constant
	11.9
	13.1
	9.66
	9
	5.5

	Electric breakdown field(KV/cm)
	300
	400
	2500
	2000
	10000

	Electron mobility(cm2/Vs)
	1500
	8500
	500
	1250
	2200

	Hole mobility(cm2/Vs)
	600
	400
	101
	850
	850

	Thermal conductivity(W/cmK)
	1.5
	0.46
	4.9
	1.3
	22

	Saturated electron drift velocity(cm/s)
	1
	1
	2
	2.1
	2.7




The major GaN's features are high breakdown voltage, high saturation and peak carrier velocity, good thermal conductivity, low dielectric constant, high melting point, direct bandgap, superior radiation hardness and chemical stability.  Therefore GaN material systems has a very wide range of electronic and optoelectronic application examples of which are depicted in Figure 2.6 [55], [57].  
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[bookmark: _Toc250297130][bookmark: _Toc250903027][bookmark: _Toc251718157][bookmark: _Toc255860281][bookmark: _Toc266879218][bookmark: _Toc266880037][bookmark: _Toc267090085][bookmark: _Toc268350184][bookmark: _Toc268515447]Figure 2.6: Example of application for GaN

The first GaN material was produced by passing ammonia over hot gallium by Jusa and Hahn, in 1938.  Small needles and platelets of GaN were synthesized from this process.  After three decades, large area of GaN was grown by hydride vapor phase epitaxy (HVPE) directly on sapphire by Maruska and Tietjen in 1969 [58].  
The III nitride materials got serious attention in late 80s.  In the early research, metal organic precursors containing In or Al with electronic grade purity were not available, also the plasma sources for nitrogen radicals were not compatible with MBE systems.  As a result substantial defect concentration and high n-type background was unavoidable in the growth of GaN films.  Films having relatively small background electron concentration or p-type doping could not be achieved even until recently.  Also, substrate material with reasonably good thermal and lattice matches to the nitrides were not available.  Yoshida et al. (1983) employed an AlN intermediate layer and demonstrated that the properties of the overlaying GaN was improved [59].  Later this idea was developed further by Akasaki et al. (1989) and Nakamura (1991) with a thin AlN nucleation layer [60] or GaN nucleation layer [61] grown at low temperatures (500~ 750 °C) prior to the growth of high temperature bulk GaN.  
Consequently a suitable choice of substrate becomes crucial.  Most often, the lattice constant mismatch has been the primary criterion for determining the suitability of a material as a substrate for GaN epitaxy, however other properties are also important, such as crystal structure, thermal expansion coefficient, chemical, and electrical properties, composition, reactivity, and surface finish, Also, the substrate should be unaffected by the growth chemistries (such as NH3 or H2) at high growth temperatures (in excess of 1000 ◦C in some cases).  All these problems resulted in late coming of technological spin-offs, only after some of these problems were addressed with reasonable success.  
The substrate employed determines the crystal orientation, polarity, poly type, the surface morphology, strain, and the defect concentration of the GaN film, ultimately determining the optimal device performance.  Appropriate surface preparation such as nitridation [62], epitaxial lateral overgrowth [63], deposition of a low-temperature AIN or GaN buffer layer, multiple intervening low-temperature buffer layers [64], and other techniques [65] have been employed for this purpose.  
            Sapphire (Al2O3), SiC and Si are the most popular substrate materials used currently [66] - [68].  Sapphire substrates offer large area availability, good quality, high temperature stability, good insulating and good mechanical properties at low costs.  The main disadvantage of sapphire is its poor thermal conductivity and its large lattice mismatch to GaN which causes high defect density (see Table 2.3).  SiC provides smaller lattice mismatch to GaN (only 3.5 %) and higher thermal conductivity contrary to sapphire.  This makes this substrate suitable for use in high power and high temperature applications.  On the other side SiC substrates suffer from high cost, mediate quality and small area wafer availability (3 inches) [69] -[71].  The lattice constant between nitride layers and substrates are shown in Table 2.3.  Although Si has not been considered as a main substrate for III-Nitrides due to its large lattice mismatch with GaN, the significant quality improvement of GaN grown on Si is recently reported [62], [72].
  









[bookmark: _Toc249713035][bookmark: _Toc250893780][bookmark: _Toc251718233][bookmark: _Toc251757432][bookmark: _Toc255860254][bookmark: _Toc266879219][bookmark: _Toc266880038][bookmark: _Toc267089999][bookmark: _Toc268515506]Table 2.3: Material properties of III-Nitrides, other semiconductor materials and sapphire [73], [74].

	Material
	GaN
	AlN
	InN
	6H-SiC
	Si
	Sapphire

	Symmetry
	Wurtzite
	Wurtzite
	Wurtzite
	Wurtzite
	Diamond
	Hexagonal

	Native Substrate
	N0
	No
	No
	Yes
	Yes
	-

	a (Å)
	3.189
	3.112
	3.548
	3.081
	5.431
	4.758

	c (Å)
	5.185
	4.982
	5.76
	15.117
	-
	12.99

	Lattice Mismatch with GaN (%)
	0
	2.48
	-10.12
	3.51
	-16.96
	13.9

	αa (10-6 . K-1)
	5.59
	4.2
	5.7
	4.2
	3.9
	6.7

	αc (10-6 . K-1)
	3.17
	5.3
	3.7
	4.86
	8.5
	-

	Thermal Conductivity at 300K (W/cmK)
	1.3
	2.0
	8.8
	4.9
	1.3
	0.3

	Melting point TM ◦C
	2500
	3000
	1100
	2830
	1412
	2040




The (0 0 0 1) sapphire is the most commonly used substrate for the growth of GaN, as this orientation is generally the most favourable for growing smooth films.  However, interest in GaN epitaxial layers with other orientations is also increasing to eliminate the polarization effects as such effects can be deleterious for some optoelectronic applications, like in which piezoelectric effects in quantum wells can cause a spatial separation of electrons and holes, thereby decreasing the recombination efficiency [75].  
The choice of substrates can be determined by the targeted application.  For example for high power devices, SiC will be the best candidate because of its good thermal conductivity.  
GaN layers for device applications are grown by various methods: MBE (molecular beam epitaxy), MOCVD (metal-organic chemical vapor deposition) or HVPE (hydride vapor phase epitaxy), giving a varying degree of surface roughness and the quality of epilayers.

  
[bookmark: _Toc248491765][bookmark: _Toc250317666][bookmark: _Toc250929073][bookmark: _Toc251757555][bookmark: _Toc255860159][bookmark: _Toc266879948][bookmark: _Toc267088968][bookmark: _Toc268349928][bookmark: _Toc268515376]2.8. Crystal structure of nitrides

Gallium nitride (as other III nitrides like InN, AlN) is normally found in a wurtzite structure.  Although the rock-salt or zinc-blende structures are possible depending on growth conditions and the type of substrates, the wurtzite form is thermodynamically stable in room temperature.  The rock-salt structure is a structure transformed from wurtzite at high external pressure.  The zinc-blende structure is metastable and maybe stabilized by epitaxial growth on Si, GaAs, MgO and 3H-SiC.  
[bookmark: _Toc250297132][bookmark: _Toc250903029][bookmark: _Toc251718158][bookmark: _Toc255860282]The group III nitrides lack an inversion plane perpendicular to the c-axis.  So, the crystals surfaces have either a group III element (i.e. Al, Ga, or In) polarity or a N-polarity, as shown in Figure 2.7 [76], [77].  
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[bookmark: _Toc250297133][bookmark: _Toc250903030][bookmark: _Toc251718159][bookmark: _Toc255860283][bookmark: _Toc266879220][bookmark: _Toc266880039][bookmark: _Toc267090086][bookmark: _Toc268350185][bookmark: _Toc268515448]Figure 2.7: Atomic arrangement in Ga-face and N-face GaN [77].

[bookmark: _Toc249713036][bookmark: _Toc250893781]The wurtzite lattice is characterized by two parameters: the edge length of the basal hexagon (a) and the height of the hexagonal lattice cell (c).  The growth surfaces of GaN grown on c-plane sapphire substrates are depicted in Figure 2.7.  The growth surface is terminated by either Ga atoms or N atoms depending on the growth conditions.  In MOVPE growth, the GaN surface is normally terminated by Ga atoms.  In contrast, GaN grown with MBE can have either Ga-face or N-face controlling with nucleation layer or growth conditions [78].  


[bookmark: _Toc248491766][bookmark: _Toc250317667][bookmark: _Toc250929074][bookmark: _Toc251757556][bookmark: _Toc255860160][bookmark: _Toc266879949][bookmark: _Toc267088969][bookmark: _Toc268349929][bookmark: _Toc268515377]2.9. Electronic properties of nitrides

One of the most important features of III-V materials is that they can form heterostructures [79], [80].  The semiconductor heterostructures are the material structures which consist of two or more semiconductor materials.  The interface between such materials is called heterointerface or heterojunction.  A heterojunction is formed between two semiconductors with different energy band-gaps, permittivity, work functions, and electron affinity.  AlGaAs/GaAs, InGaAs/InP and AlGaN/GaN heterostructure transistors are a few examples of such heterostructure material system among the III-V based heterostructures that have been successfully commercialized.  
In semiconductor heterostructures, it is the transition or interface between different semiconductors that plays an essential role in any device action.  Heterostructures allow formation of high density two dimensional electron gas, (2DEG).  Heterostructure technology allows simultaneous improvements in the carrier density and the carrier mobility [81].  Two unique features of the heterostructure transistor technology are: (i) high electron mobility which allows high speed transfer of electronic signals and high-frequency hence high speed communication applications and (ii) high electron density which allows high current capabilities.  
Most of the GaN-based device applications incorporate one or more heterostructures.  A widely explored GaN-based heterostructure is the AlGaN/GaN heterostructure.  One of the most important applications of heterostructure technology is in the High Electron Mobility Transistors (HEMTs) [82].  
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The AlGaN/GaN heterostructure is created when the AlGaN barrier (doped or undoped) is grown on a relatively thick GaN layer.  A schematic band diagram of an AlGaN/GaN heterostructure is shown in Figure 2.8.  The energy band diagram of the two semiconductors prior to the formation of a junction is shown in Figure 2.8 (a) When wide band AlxGa1-xN and narrow band GaN are brought into contact, thermal equilibrium requires alignment of their respective Fermi levels (EF).  This induces conduction (Ec) and valence (Ev) band bending in both the AlGaN and GaN layers and can cause the GaN conduction band at the interface to drop below EF and form a potential well and a 2-dimensional electron gas (2DEG) at the heterointerface [83] as shown in Figure 2.8 (b). 
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Since the Fermi level can be viewed as an electrochemical potential for electrons, majority electrons will accumulate in the narrow gap material just below the heterointerface to fill the quasi triangular potential well between EC and EF.  Because of such quantum mechanical confinement in a very narrow dimension, they form a high density of electron gas in two dimensions.  Electrons can move freely within the plane of the heterointerface, while the motion in the direction perpendicular to the heterointerface is restricted to a well-defined space region by energy, momentum, and wave function quantization.  
In contrast to the conventional III-V semiconductors where a doped layer is necessary to create a 2DEG, the situation in the AlGaN/GaN is different, Spontaneous and piezoelectric polarization in AlGaN/GaN heterostructures modifies the band diagram at the heterostructure interface and creates a 2DEG even without any intentional doping.  
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Importance of GaN lies in the fact that GaN is in the most cases starting material for heterostructure epitaxy.  Polarity of GaN is given by used substrates, nucleation layer and also on the growth method.  Polarity plays an important role by growth of heterostructures in the formation of defects and influencing the performance of final devices [84].  
Polarization charge in AlGaN/GaN heterostructure arises from two sources: piezoelectric effect by strained AlGaN and the difference in spontaneous polarization between AlGaN and GaN.  Piezoelectric constants and spontaneous polarization increase from GaN to AlN, so the total polarization of AlGaN layer is larger than of GaN buffer layer and therefore a positive polarization charge is present at lower AlGaN/GaN interface, for Ga-face structure [85], see Figure 2.9.  
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Spontaneous polarization (PSP) refers to the built-in polarization field caused by the lack of inversion symmetry of the crystal and the characteristics of the ionic bonds.  Due to the displacement of electron charge clouds towards one of the atoms, a net positive charge is present on one face of the crystal and a net negative charge on the other face.  In III-Nitrides, asymmetry of inversion is present only along the c-axis.  Hence, PSP is parallel to this direction and c-plane nitrides are therefore called polar nitride materials.  In contrast, m-plane (1100) and a-plane (1120) nitride materials are nonpolar materials as they have inversion symmetry and equal numbers of Ga and N atoms are present in the planes.  PSP is defined as a vector pointing from a metal cation toward a nitrogen atom.  Thus, its direction depends on the growth face.  In GaN system, the spontaneous polarization is negative meaning that the spontaneous polarization is pointing toward substrate for Ga(Al)-face, and toward surface for N-face (see Figure 2.9) [85] - [87].  


[bookmark: _Toc248491769][bookmark: _Toc250317671][bookmark: _Toc250929078][bookmark: _Toc251757560][bookmark: _Toc255860164][bookmark: _Toc266879953][bookmark: _Toc267088973][bookmark: _Toc268349933][bookmark: _Toc268515381]2.11.2. Piezoelectric polarizations

The nature of piezoelectric polarization (PPE) is attributed to the strain caused by pseudomorphical growth between two lattice mismatched layers while spontaneous polarization is an inherent characteristic associated with crystal structures.  When a layer is grown on a lattice mismatched substrate or layer, the top layer tries to fit its in-plane lattice constant to the lattice constant of the layer underneath, This is called pseudomorphical growth.  During this process, strain and stress will be developed in the top layer.  The piezoelectric coefficients of III nitrides (PPE) are almost an order of magnitude larger than in many of traditional III-V semiconductors.  Figure 2.10 depicts the compressive strain in InN and tensile strain in AlN when they are pseudomorphically grown on relaxed GaN.  
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However, pseudomorphical growth is only possible as long as the layer can accommodate the stress from the lattice mismatch.  As the thickness of deposited layer increases, the stress in the layer also increases, Therefore the layer will try to reduce the accumulated stress energy and finally grow with its original lattice constant.  This process is termed relaxation.  The relaxation may occur by the generation of dislocations, by delamination, cracking or a combination of them.  When the layer is relaxed,  becomes zero.  
The effects of spontaneous and piezoelectric polarization in nitrides are large enough to produce 2DEG even without intentional doping of AlGaN layer.  The maximum sheet carrier concentration for such undoped structures is limited to about 2×1013 cm-2 due to strain relaxation of the top layer.  Very high electron density as well as high drift mobility up to 2000 cm2V-1s-1 at 300K and 18000 cm2V-1s-1 at 77K is reached in the 2DEG channel, such high mobilities are ascribed to the fact that the transport of 2DEG is not affected by ionized impurity scattering since no doping is employed [89] - [92].  
Since GaN is assumed to be relaxed on sapphire substrates, only spontaneous polarization is present in GaN while the total polarization field in AlGaN is the sum of  and  At the interface between AlGaN and GaN, the disparity of the polarization field produces net charges given by:
		 (2.13)



[bookmark: _Toc248160537][bookmark: _Toc248581029][bookmark: _Toc249714444][bookmark: _Toc250346083][bookmark: _Toc250913332][bookmark: _Toc251627445]                	(2.14)
The polarization induced sheet charge in this case is positive (), and free electrons, therefore, tend to compensate it to form 2DEG at GaN interface with a sheet carrier concentration (ns), which is expected to be [93], 

		(2.15)

where  is piezoelectric polarization,  is the dielectric constant,  is the AlGaN layer thickness,  is the Schottky barrier of the gate contact on AlGaN,  is the Fermi level and  is the conduction band discontinuity between AlGaN and GaN.  
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The thickness of AlGaN should be optimized to ensure the maximum 2DEG density and pseudomorphic growth.  The Al composition x along with the AlGaN barrier thickness are important in determining the characteristics of AlGaN/GaN heterostructures.  The choice of Al percentage influences the amount of polarization charges, the 2DEG mobility, the depth of the quantum well as well as where sheet charges are confined, this has to be considered for the design of layers for device applications.  As shown in Figure 2.11, the sheet carrier concentration induced by the piezoelectric polarization is a strong function of Al concentration [94].  A higher Al composition is beneficial to the induction of larger amounts of polarization charges due to the increased spontaneous and piezoelectric polarization field.  Besides, the enhancement of the conduction band offset as a consequence of high x helps that the 2DEG is confined in a way that carriers do not interact with other scattering centers in the bulk material.  However, a high value of x causes difficulties in growing thick and good quality AlGaN layers since its lattice mismatch with GaN increases correspondingly.  Large lattice mismatch leads to faster relaxation of the AlGaN layer bringing with its defects as for example layer cracks.  These cracks limit the lateral transport capabilities of the 2DEG and degrade its mobility [95] - [100].  
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A HEMT device is quite similar to the other GaN transistors (MESFETs, MISFETs) in device operation, but quite different in device physics.  A HEMT consists of highest sheet carrier concentration among III-V material system, high saturation velocity, high breakdown voltage, and thermal stability.  
The HEMT, also called as modulation doped field effect transistor (MODFET), has become the dominant high-frequency device.  HEMT is a three terminal device (see Figure 2.12), which operation principle is based on those of the MESFET.  The current between drain and source is controlled by the space charge, which is changing by applying the voltage to the gate contact.  The current between drain (D) and source (S) is flowing through the two dimensional conducting channel, created by electrons (2DEG).  The existence and the quality of 2DEG have a significant consequence on the electronic transport along the interface as well as to properties of final devices.  The quality of the channel is depending on used substrate, growing method, and level of doping of used carrier supply layer.  The flow of electrons through the channel is controlled by the gate (G).  The conductivity of this two dimensional channel is given by [101]: 
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Where q is the electron charge, nS is the sheet carrier concentration of free electrons and µ is the mobility of the electrons.  It means that the channel conductivity is a function of the carrier concentration and the carrier mobility in electric field.  The product  is therefore crucial parameter of 2DEG.  Schematic draw of HEMT on AlGaN/GaN heterostructure with 2DEG is shown in Figure 2.12.  Source and drain contacts are placed directly on AlGaN layer.  
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[bookmark: _Toc250297143][bookmark: _Toc250903037][bookmark: _Toc251718164][bookmark: _Toc255860288][bookmark: _Toc266879225][bookmark: _Toc266880044][bookmark: _Toc267090091][bookmark: _Toc268350190][bookmark: _Toc268515453]Figure 2.12: Schematic draw of AlGaN/GaN HEMT device.

Band scheme of the HEMT device, with triangular potential well is displayed in Figure 2.13 (a).  Applying a positive voltage to the drain, current transport along 2DEG will start, because of potential drop between source and drain.  The magnitude of the current is controlled by the applied voltage to gate contact VG.  Increasing gate voltage into the negative values forces the space charge below the gate to spread towards two dimensional channels with electrons.  After reaching the channel this starts to deplete under the gate region and so affects the drain current, until the channel is pinched-off see Figure 2.13 (b).  
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By gate voltages above pinch-off electrons flow between source and drain electrodes.  With increasing the drain bias, the drain-source current increases linearly up to certain value.  After this value the current through the channel starts to saturate.  The maximal saturation value IDSS depends on the concentration of 2DEG.  With increasing 2DEG concentration IDSS increases, correspond to the amount of particles able to transfer the charge in the channel [102].  The dependence of the drain-source current (IDS) on applied voltage (VDS) is depicted in Figure 2.14.  
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The basic geometrical parameters of the HEMT are the gate length  and the gate width  (see Figure 2.12).  Other characteristic dimensions are the thickness of active layer, respective distance of the gate contact from conductive channel d and the gate to source and the gate to drain terminal spacing,  and  respectively (Figure 2.12).  Dimension  is critical in determining the maximal frequency limits for the device.  The drain current flowing through the device is directly proportional to the gate width  [103].  Therefore for low-noise, low current application relatively small-gate-width devices are utilized, in contrast to large-gate-width devices used rather in power applications.  
The DC behaviour of HEMTs is characterized by output characteristics .  The  is typically depicted proportional to channel width , so is given in [mA/mm].  Typical  output curves of the HEMT device on AlGaN/GaN are shown in Figure 2.14.  
Dotted parabola in Figure 2.14 represents saturation voltage.  It is the drain-source voltage at which the drain current saturates, for given .  This parabola separates output curves to linear and saturation region.  The saturated drain current for  corresponds to .

  
[bookmark: _Toc250317676][bookmark: _Toc250929083][bookmark: _Toc251757563][bookmark: _Toc255860167][bookmark: _Toc266879955][bookmark: _Toc267088975][bookmark: _Toc268349935][bookmark: _Toc268515383]2.13. AlGaN/GaN heterostructure for ion sensing

From the study presented, it is inferred that HEMTs are suitable for certain applications beyond conventional electronics.  It is clear that typical life time of an unrecessed HEMT device is more than 200 hours even when operating in stressed conditions [104].  AlGaN/GaN high electron mobility transistors (HEMTs) have been extremely useful for gas and liquid sensor for the following major reasons: 1) they consist of a high electron sheet carrier concentration channel induced by both piezoelectric polarization of the strained AlGaN layer and the difference in spontaneous polarization between AlGaN and GaN layers.  2) The electron carrier concentration in 2DEG strongly depends on the ambient [23], [105] - [110].  3) they are chemically inert and bio-friendly , 4) they have High chemical stability [111] and 5) they have large signal to noise ratio [112].  In addition, sensors fabricated from these wide band-gap semiconductors could be readily integrated with solar blind UV detectors or high temperature, high power electronics on the same chip.  For these reasons, nitrides HEMTs are versatile devices that may be used for a variety of sensing applications.  
There are positive counter charges at the AlGaN surface layer induced by the 2DEG.  Without any surface passivation, the sheet carrier concentration of the polarization-induced 2DEGs confined at interfaces of AlGaN/GaN HEMT and is sensitive to any manipulation of surface charge; any slight changes in the ambient of the AlGaN/GaN HEMT affect the surface charges of the AlGaN/GaN HEMT.  These changes in the surface charge are transduced into a change in the concentration of the 2DEG in the AlGaN/GaN HEMTs and this will result in current modulation; hence the changes at the interface can be recorded as change in current through the conduction channel.  So the physical entity which can interact with the heterostructure to produce detectable signals is the charge over the heterostructure surface or a potential applied on the heterostructure surface.  Based on this principle, appropriately functionalized AlGaN/GaN HEMTs have been demonstrated to be used as hydrogen ion sensor.  
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First pH measurements with GaN based structures were reported in 2003 by Steinhoff et al. (2003) [22] and followed by Bayer et al. (2005) [113].  In recent years GaN based sensors were used for measuring cell action potential [114], [115] or to detect proteins [105], [116].  Also gateless AlGaN/GaN HEMT structures exhibit large changes in source–drain current upon exposing the gate region to various block co-polymer and polar liquid solutions, The polar nature of some of polymer chains lead to a change of surface charges in gate region of the HEMT, producing a change in surface potential at the semiconductor/liquid interface [116] - [118].  
First reports [22], [113] suggested using oxide on the gate and referenced the pH sensitivity of open-gate AlGaN/GaN heterostructure transistors to presence of the native oxide on the AlGaN surface.  The pH response of metal oxide surfaces is generally thought to arise from adsorption of hydroxyl groups producing a pH-dependent surface change.  Later on new structures suggest exposing the gate to the electrolyte without using an oxide on gate area which implemented in [105], [115] - [127].  Some of the different GaN material structures for pH sensors which have been used in literature are illustrated in Figure 2.15.  
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As can be seen in Figure 2.15 there are different material structures proposed for GaN based pH sensor in literature, the comparison of the pH response of these structures is given in Table 2.4.  Summary of realized 2DEG based sensor structures and devices reported up to date is shown in appendix D from [128].
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	Structure
	Year
	pH/mV
	Nernestian Ideal Respond

	a
	2003
	56.o
	58.7

	b
	2003
	56.6
	58.7

	c
	2003
	57.3
	58.7

	d
	2006
	57.5
	58.9

	e
	2008
	57.5
	58.9
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The difference of spontaneous and piezoelectric polarization within AlGaN/GaN heterostructure leads to a two-dimensional accumulation of electrons close to the interface; the model in this project is based on the possibility to manipulate the carrier density within this two-dimensional electron gas (2DEG) by changing the surface ion concentration.  The device function is based on the fact that at the interface between the gate and the solution an electric potential difference, depends on the composition of the solution occur and sensor measures ion concentration by measuring this potential.  For this project the material structure proposed as shown in Figure 2.16.  Material structure is discussed in chapter 3.  
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In chapter 2, a brief introduction on GaN and AlGaN material structures is presented, especially the heterostructure, which has been used in this project.  This chapter is going to explain the process of design and fabrication of the AlGaN/GaN heterostructure pH sensor.  
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The layer structure of gallium nitride material used in this study is determined based on the basic considerations of its unique physical properties and the early proposed sensing mechanism reported by other groups.  Figure 3.1 shows a schematic of material and device structure which has been used for studying the sensing response.  The AlGaN/GaN samples are grown by metal organic chemical vapour deposition (MOCVD) on 430-µm-thick c-plane sapphire substrates.  The epitaxial layer structures consist of a 30-nm-thick GaN buffer layer, a 2-µm-thick undoped GaN layer and 25-nm-thick undoped-AlGaN barrier layer with an Al composition of 25%.  
The growth of the group III-nitrides on electrically insulating sapphire substrates allows the application of simple planar device structures [129].  Furthermore, the thermal expansion coefficient of the sapphire substrate is close to those of aluminium oxide or aluminium nitride ceramics which frequently used as packaging materials for high temperature sensors [130].  As a result, the complicated packaging technologies for high temperature sensors can be simplified.  GaN buffer is necessary to achieve a uniform Ga face polarity of the III-nitride epilayer across the entire substrate and also improves the structural quality of the following GaN layer [131].
Undoped structure has been used because of its expected advantages compared with doped structures which are lower gate leakage current, lower pinch-off voltage and less noise due to the no donor existence in AlGaN layer.  These are the reasons why many groups prefer non-modulation doped nitride HEMT structures [86], [132].  
Hall effect measurement at room temperature has been performed to identify the sheet carrier concentration and mobility of undoped-AlGaN/GaN HEMT structure.  For this measurement, four Indium (In) ohmic contacts are formed on the corners of the sample.  The sheet carrier concentration and mobility of the sample are measured to be around 6.61×1012 cm-2 and 1860 cm2/Vsec, respectively.  As discussed in chapter 2, due to the polarization in the nitride heterostructure, a 2DEG layer with a high electron density can be formed at the AlGaN/GaN heterointerface. 
The structure used for ion sensing is a gateless or open-gate structure where the metallic gate contact is not embedded directly on the device but is placed separately so that electrolyte solution can be filled between the sensing surface and metal gate.  This metallic gate contact is called a reference electrode in the following text.  Figure 3.2 (a) and Figure 3.2 (b) shows a schematic of conventional AlGaN/GaN HEMT device and a gateless AlGaN/GaN HEMT device used in this study, respectively. 
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[bookmark: _Toc266879235][bookmark: _Toc266880054][bookmark: _Toc267090099][bookmark: _Toc268350198][bookmark: _Toc268515461]Figure 3.2: (a) Schematic of a conventional AlGaN/GaN HEMT device and (b) schematic of a gateless AlGaN/GaN HEMT device.
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3.2. Fabrication of gateless HEMT device


Figure 3.3 summarizes some major fabrication processes.  As shown in Figure 3.3, the fabrication process starts with cutting and cleaning the wafer and continues to mesa patterning, ohmic formation, device insulation, sensing area opening and finally wire bonding.  


3.3. Cleaning and surface preparation


It has been proved in many literatures that the cleanliness and proper treatment of the semiconductor surface prior to any actual process such as thin film deposition play significant roles in the electrical performance of the contacts [133], [134].  The cleaning process basically is needed to remove residues or contaminants.  Several methods to remove the residues or contaminants have been reported [135] [136], where basically those methods are selected based on the cost effectiveness, the residues or contaminant types and the subsequent processes [133].  
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Residual contaminants on the surfaces due to inefficient cleaning methods can affect many properties of electrodeposited layers such as: adhesion, electrical properties of the film, film-substrate interface and surface morphology of the film [137] - [141].  For AlGaN/GaN based devices, there are some reports that show surface plays a key role in Schottky gate formation, control of carrier concentration in 2DEG layer, properties of passivation layers, creation of parasitic gate capacitance, optimization of breakdown voltage, compensation of polarization charge [142] -[144], reduction in current collapse [145], reduction of mesa current leakage between neighbouring devices [146] and lowering the density of surface states [147].  
As explained above, the surface plays a key role in determining the device performance.  Since the device which is going to be fabricated is a bare open-gate area without any passivation layer, control of two dimensional electron gas, hence the sensing response is expected to be strongly relied on the prepared surface profile.  In this study, the cleaning of the sample is done based on the developed procedure which is summarized as follows: 

1. Dipping in NH4OH:H2O (1:2) solution for 15 s.
2. Dipping in HF: H2O (1:5) for 15 s.
3. Dipping in heated HCl: HNO3 (3:1) (Aqua Regia (AR)) solution for 120 s. 
4. Rinsing the sample with DI water.
5. Drying the sample with N2 blow.


This above treatment basically is used for new wafers in order to remove the oxide layer and other contaminants from the surface.  Beside this treatment, the treatment known as organic treatment is also applied throughout the processes in order to remove any contaminants from the wafer surface.  The steps of organic treatment are summarized as follows:
1. Immersing the sample in ethanol for 5 minutes.
2. Immersing the sample in acetone for 5 minutes. 
3. Immersing the sample in ethanol for 5 minutes.
4. Rinsing the sample with DI water. 
5. Drying the sample with nitrogen blower.

Steps 1 to 4 are done in ultrasonic bath.  


[bookmark: _Toc268349946][bookmark: _Toc268515394]3.3.1. Size of sample area and design of alignment mark

The size of effective sample area is 4 mm × 4 mm.  Therefore, the wafer has been cut to 6 mm x 6 mm so that first patterning process can be done easily without any misalignment problem.  Figure 3.4 shows the shape and dimension of the alignment marks for accurate alignment purpose during photolithography process.  This design of the alignment marks is same for all masking patterns of different layers (mesa mask, ohmic mask and sensing area mask).  The drawing of the mask patterns is done using commercial AutoCAD software.  Then, the mask is patterned on the Cr-coated glass substrate. 
 
[image: sample.jpg]
[bookmark: _Toc266097359][bookmark: _Toc266879237][bookmark: _Toc266880056][bookmark: _Toc267090101][bookmark: _Toc268350200][bookmark: _Toc268515463]Figure 3.4: Size of sample area and pattern of alignment marks

Later in this chapter, the design of pattern for each layer (mesa isolation, ohmic formation and opening of sensing surface) will be shown in detail.  


[bookmark: _Toc249694860][bookmark: _Toc250298697][bookmark: _Toc250929136][bookmark: _Toc251001973][bookmark: _Toc251757570][bookmark: _Toc255860174][bookmark: _Toc266097192][bookmark: _Toc266879966][bookmark: _Toc267088986][bookmark: _Toc268349947][bookmark: _Toc268515395]3.4. Mesa Isolation

Mesa isolation is a process of isolating the active device electrically from its neighbour so that current can be confined in that device only or to avoid a leakage of current to the other area.  In this process the epitaxial layers of unused area are etched out, typically by etching out those epitaxial layers down to an insulating layer or to the substrate by using reactive ion etching process.  In this study, the epitaxial layers are etched out around 150 nm from the surface.  Details of this dry etching process are described in the following paragraph.  Figure 3.5 shows the design layout of mesa pattern.  Details of the dimensions are shown in table 3.1.  Figure 3.6 shows the actual mesa pattern on Cr-coated glass mask.  The black-coloured area shows the Cr-coated area while white-coloured areas show the opening area.  


[image: mesa-3.jpg]
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[bookmark: _Toc266879238][bookmark: _Toc266880057][bookmark: _Toc267090102][bookmark: _Toc268350201][bookmark: _Toc268515464][bookmark: _Toc266097360]Figure 3.5: (a) single mesa pattern and (b) layout of mesa pattern for one sample 

[bookmark: _Toc266879239][bookmark: _Toc266880058][bookmark: _Toc267090001]
[bookmark: _Toc266097361][bookmark: _Toc266879240][bookmark: _Toc266880059][bookmark: _Toc267090103][bookmark: _Toc268350202][bookmark: _Toc268515465]Figure 3.6: Mesa pattern on Cr-coated glass substrate

[bookmark: _Toc268515508]Table 3.1: Dimensions of various mesa patterns

	Device number (refer to Fig 3.5(b)
	A(µm)
	B(µm)

	1
	314
	500

	2
	314
	600

	3
	334
	500

	4
	324
	500

	5
	314
	700

	6
	314
	800

	7
	334
	800

	8
	344
	800

	9
	344
	500

	10
	324
	800

	11
	324
	700

	12
	334
	700

	13
	334
	600

	14
	324
	600

	15
	344
	600

	16
	344
	700




Figure 3.7 shows the steps of mesa isolation process.  As illustrated in Figure 3.7, the mesa patterning process starts with a deposition of SiO2 thin layer (Figure 3.7 (b)), followed by photolithography (Figure 3.7 (c) and Figure 3.7 (d)), wet chemical etching of unused SiO2 layer (Figure 3.7 (e) and Figure 3.7 (f)) where the remaining layer will act as a mask for subsequent dry etching process (Figure 3.7 (g)).  Finally, the SiO2 mask layer is etched out from the sample by wet etching (Figure 3.7 (h)).  Figure 3.7 (h) and Figure 3.7 (i) show the completed mesa structure.  The details of each step are described in the following sections (section 3.4.1. to section 3.4.4.). 
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[bookmark: _Toc268350203][bookmark: _Toc268515466][bookmark: OLE_LINK1][bookmark: OLE_LINK3]Figure 3.7: Step of mesa isolation process 


[bookmark: _Toc249694862][bookmark: _Toc250298699][bookmark: _Toc250929138][bookmark: _Toc251001975][bookmark: _Toc251757572][bookmark: _Toc255860176][bookmark: _Toc266097193][bookmark: _Toc266879967][bookmark: _Toc267088987][bookmark: _Toc268349948][bookmark: _Toc268515396]3.4.1. SiO2 deposition

In this study, a mesa patterning or an etching of unused GaN epitaxial layers is done using dry etching process or commonly known as reactive ion etching process since GaN is a very hard material.  For this etching process, commonly SiO2 layer is used as the mask.  SiO2 layer deposition on the sample is performed by plasma enhanced chemical vapour deposition (PECVD) with the recipe shown in Table 3.2.  The thickness of deposited SiO2 layer is measured using NanoCalc Thin Film Reflectometry System and is confirmed to be around 104 nm.  Based on the dry etching conditions or parameters, the optimum thickness of SiO2 film deposited on the sample should be around 100nm.  If the thickness is much less than 100 nm, it is not enough to still remain on the sample until end of reactive ion etching process.  If the thickness of SiO2 film is too thick or more than 150 nm, removal of SiO2 layer by wet etching process will take longer time where the etch solution (BHF) might affect and remove the photoresist and lead to a damage on the pattern.  

[bookmark: _Toc250893789][bookmark: _Toc251718235][bookmark: _Toc251757434][bookmark: _Toc255860256][bookmark: _Toc266879242][bookmark: _Toc266880061][bookmark: _Toc267090002][bookmark: _Toc268515509]Table 3.2: PECVD recipe for SiO2 layer deposition with deposition rate of 64 nm/min (IMRE process manual). 

	Feature
	rate

	SiH4
	100 sccm

	N2O
	30 sccm

	N2
	600 sccm

	Pressure
	800 mTorr

	RF Power
	60 W

	Temperature
	300oC




After SiO2 layer is deposited on the sample, photolithography process is used for the next patterning process so that the needed SiO2 layer remains on the sample and unwanted part can be etched out.  


[bookmark: _Toc245369176][bookmark: _Toc248491793][bookmark: _Toc250929089][bookmark: _Toc251757574][bookmark: _Toc255860178][bookmark: _Toc266097194][bookmark: _Toc266879968][bookmark: _Toc267088988][bookmark: _Toc268349949][bookmark: _Toc268515397][bookmark: _Toc249694863][bookmark: _Toc250298700][bookmark: _Toc250929139][bookmark: _Toc251001976]3.4.2. Photolithography

Lithography is the process of defining the regions or patterns on the wafer where material is to be deposited or removed, or where dopants are to be introduced.  Photolithography or optical Lithography refers to a lithographic process that uses visible or ultraviolet light to form patterns on the substrate covered by light sensitive polymer, called a photoresist.  In this study, photolithography process is applied in three different stages throughout the fabrication processes; (i) mesa patterning (ii) ohmic patterning and (iii) opening of sensing area.  The general sequence for a typical optical lithography process is shown in Figure 3.8.  

[bookmark: _Toc250903041][bookmark: _Toc251718169][bookmark: _Toc255860293][bookmark: _Toc266097363][bookmark: _Toc266879243][bookmark: _Toc266880062][bookmark: _Toc267090105][bookmark: _Toc268350204][bookmark: _Toc268515467]Figure 3.8: Photolithography process overview

 Lithography process starts with coating the sample with photoresist (positive type SPR6810 photoresist) by spin-coater.  The surface of the sample should be clean and free from any kind of moister and contaminants.  In order to minimize moisture effects on photoresist adhesion, primer is used prior to resist coating.  Spin coating can produce a constant thickness of photoresist across the sample.  Only a drop of primer is dispensed onto a wafer and then the wafer is spun at 500 rpm for 3 sec and followed by 5000 rpm for 30 sec.  After that, photoresist is dispensed onto a wafer and the wafer is spun again in sequence at 500 rpm for 3 s and 5000 rpm for 30 s to produce a uniform thin layer (Figure 3.9 (a)).
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[bookmark: _Toc250201471][bookmark: _Toc250903077][bookmark: _Toc251718182][bookmark: _Toc255860306][bookmark: _Toc266097364][bookmark: _Toc266879244][bookmark: _Toc266880063][bookmark: _Toc267090106][bookmark: _Toc268350205][bookmark: _Toc268515468]Figure 3.9: Photolithography process

Then the sample is soft-baked at 90 °C for 5 minutes using a convection oven (Figure 3.9 (b)).  Soft bake step is employed in order to reduce the residual solvent level in the photoresist.  After that, the sample is ready to be aligned and exposed by the Karl Suss mask aligner (Figure 3.9 (c)).  Since mesa is the first layer, the sample needs to be aligned so that the pattern is centred in the middle of the sample.  For the next layers (ohmic contact patterning and opening of sensing area) the pattern will be aligned according to the alignment marks created in this process.  Basically, alignment marks are used for accurate alignment of multi layered patterns (Figure 3.9 (d)).  After the sample is correctly aligned, the photoresist is exposed for 8 sec.  
After exposing the resist, a development is carried out to remove the unnecessary resist so that desired pattern can be produced (Figure 3.9 (e)).  Since positive type resist is used, the exposed resist to UV light will be dissolved.  For this developing process, the sample is immersed in developer for 45s, then rinsed with DI water for 1min and then dried with nitrogen blow.  Next, the sample needs to be hard-baked by convection oven at 90°C for 5 minutes (Figure 3.9 (f)).  Hard-bake process is used to stabilize and harden the developed photoresist prior to next processing steps.  This hard-bake or post-bake process is done in order to remove any remaining traces of the coating solvent, developer or water absorbed during development.  Before the hard bake process, the pattern has to be checked using the optical microscope in order to re-confirm the accuracy and precision of the alignment.  The lithography process finishes with the post-bake process.  


[bookmark: _Toc249694864][bookmark: _Toc250298701][bookmark: _Toc250929140][bookmark: _Toc251001977][bookmark: _Toc251757586][bookmark: _Toc255860190][bookmark: _Toc266097195][bookmark: _Toc266879969][bookmark: _Toc267088989][bookmark: _Toc268349950][bookmark: _Toc268515398]3.4.3. Wet etching of SiO2

After the pattern is produced on the SiO2 covered sample, a wet etching of SiO2 layer is done in order to remove the unwanted SiO2.  The remained SiO2 layer will act as a mask for the etching of the AlGaN during dry etching process.  For wet etching of SiO2 layer, a buffered hydrofluoric (BHF) solution is used where this BHF solution is prepared by a mixture of NH4F, HF and DI water with the ratio of 1:10:100.  
The etching time is important and it depends on the thickness of SiO2 layer.  For the sample with 100-nm-thick of SiO2 layer, the etching time is around 3.5 min.  If the sample is immersed in BHF solution longer than the needed time, the photoresist will start to peel off.  Therefore, a dummy sample which is put together during the SiO2 deposition is used to determine the exact etching time.  The SiO2 layer is assumed to be totally etched out if there is no sticking of BHF solution on the surface.  In other word, the surface is hydrophilic when it covered with SiO2, but it will change to hydrophobic when the SiO2 is totally removed.  Figure 3.10 shows a hydrophilic and hydrophobic surface.  
 (
BHF
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(a)                                                             (b)
[bookmark: _Toc250903079][bookmark: _Toc251718184][bookmark: _Toc255860308][bookmark: _Toc266097365][bookmark: _Toc266879245][bookmark: _Toc266880064][bookmark: _Toc267090107][bookmark: _Toc268350206][bookmark: _Toc268515469]Figure 3.10: wafer surface (a) SiO2 covered sample (hydrophilic surface) and (b) sample with no SiO2 layer (hydrophobic surface).

After this wet etching of SiO2 layer is completed, the unwanted epitaxial layer will be etched out by the next process which is dry etching process.  This dry etching will be done using reactive ion etching (RIE) since GaN materials is a hard material.  


[bookmark: _Toc250929120][bookmark: _Toc251757587][bookmark: _Toc255860191][bookmark: _Toc266097196][bookmark: _Toc266879970][bookmark: _Toc267088990][bookmark: _Toc268349951][bookmark: _Toc268515399][bookmark: _Toc249694865][bookmark: _Toc250298702][bookmark: _Toc250929141][bookmark: _Toc251001978]3.4.4. Dry Etching

Etching refers to a process by which material is removed from the wafer; either from the substrate itself or from any film or layer of material deposited on the wafer.  Before etching is done, the part which is not going to be etched out must be masked or covered.  This masking process is described in the previous section (section3.4.3).  Control of etching parameters are very important for the development of reproducible semiconductor devices [148].  This is especially critical to yield smooth surface morphology and low damage in order to control the threshold voltage uniformity and leakage current [149][150].  Dry etching of GaN has been extensively investigated using numerous plasma-based machines and sources.  [151] - [154].  
In this study, mesa isolation is formed by using an inductively coupled plasma (ICP) - assisted reactive ion beam etching system for 30 s.  The recipe for this process is shown in Table 3.3.  After the RIE process the SiO2 layer is removed from the sample using BHF etchant as explained in section 3.4.3.  The etch depth measurement is done using both a NanoCalc Thin Film Reflectometry System and an optical surface profiler.  The data obtained by both equipments is believed to be accurate since those equipments are suitable for measurement of thickness in nm scale.  


[bookmark: _Toc250893790][bookmark: _Toc251718238][bookmark: _Toc251757437][bookmark: _Toc255860259][bookmark: _Toc266879246][bookmark: _Toc266880065][bookmark: _Toc267090003][bookmark: _Toc268515510]Table 3.3: Dry etching recipe for mesa isolation (IMRE equipment manual)

	Gas type
	BCl3 /Cl2

	Gas flow (sccm)
	20/10

	Pressure (mTorr)
	5

	Temperature (deg C)
	6

	Power of RIE (W)
	200

	Power of ICP (W)
	500

	Time (s)
	30

	DC bias (V)
	219

	Etched depth
	152 nm 


[bookmark: _Toc249694866][bookmark: _Toc250298703]

Following the process above, the sample has been etched for about 152 nm which is enough for isolating neighbour devices in the sample.  Figure 3.11 shows the etch depth measurement using optical surface profiler and Figure 3.12 shows the sample after mesa patterning.  
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[bookmark: _Toc250903081][bookmark: _Toc251718189][bookmark: _Toc255860313][bookmark: _Toc266097367][bookmark: _Toc266879248][bookmark: _Toc266880067][bookmark: _Toc267090109][bookmark: _Toc268350208][bookmark: _Toc268515471]Figure 3.12: Mesa pattern (a) photo; top view and (b) Schematic cross-sectional view


[bookmark: _Toc249694868][bookmark: _Toc250298705][bookmark: _Toc250929142][bookmark: _Toc251001979][bookmark: _Toc251757597][bookmark: _Toc255860201][bookmark: _Toc266097197][bookmark: _Toc266879971][bookmark: _Toc267088991][bookmark: _Toc268349952][bookmark: _Toc268515400]3.5. Ohmic contacts

Ohmic contacts with low resistance are essential and necessary in order to ease the flow of current.  Hence, the maximum sensitivity of sensing response can be realized.  Figure 3.13 shows the design for the metal ohmic contacts.  Table 3.4 shows the dimensions for the ohmic patterns.  It is noted here that the distance from the ohmic edge to the open area (sensing area) edge which has SiO2 layer coverage is 4 µm.  
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[bookmark: _Toc266879249][bookmark: _Toc266880068][bookmark: _Toc267090110][bookmark: _Toc268350209][bookmark: _Toc268515472][bookmark: _Toc266097368]Figure 3.13: (a) Design of ohmic contacts for a single device (top view)  and (b) Design of the ohmic mask for a sample (top view) 

[bookmark: _Toc266879250][bookmark: _Toc266880069][bookmark: _Toc267090004][bookmark: _Toc268515511]Table 3.4: Dimensions for the ohmic patterns

	Device number
	A(µm)
	B(µm)
	C(µm)

	1
	200
	540
	18

	2
	200
	640
	18

	3
	200
	540
	38

	4
	200
	540
	28

	5
	200
	740
	18

	6
	200
	840
	18

	7
	200
	840
	38

	8
	200
	840
	48

	9
	200
	540
	48

	10
	200
	840
	28

	11
	200
	740
	28

	12
	200
	740
	38

	13
	200
	640
	38

	14
	200
	640
	28

	15
	200
	640
	48

	16
	200
	740
	48




[bookmark: OLE_LINK4][bookmark: OLE_LINK7]The processes for ohmic contacts formation is shown in Figure 3.14.  
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[bookmark: _Toc250201474][bookmark: _Toc250903082][bookmark: _Toc251718190][bookmark: _Toc255860314][bookmark: _Toc266097369][bookmark: _Toc266879251][bookmark: _Toc266880070][bookmark: _Toc267090111][bookmark: _Toc268350210][bookmark: _Toc268515473]Figure 3.14: Ohmic contact formation process
 
[bookmark: _Toc249694869][bookmark: _Toc250298706]As shown in Figure 3.14, the ohmic formation process begins with a surface treatment where organic treatment is applied as explained in section 3.3 (Figure 3.14 (a)).  Then a photolithography process as explained in section 3.4.2 is performed to create ohmic patterns (Figure 3.14 (b) and Figure 3.14 (c)).  Next, the metal deposition which is going to be explained in the next section (section 3.5.1) is carried out (Figure 3.14 (d)).  Finally, a lift off process (Figure 3.14 (e)) is carried out in order to remove unwanted metal.  The schematic and final device structure after ohmic formation is shown in Figure 3.14 (f) and Figure 3.14 (g).  
The characteristics of an ohmic contact are strongly depends on the condition of surface preparation and alloying condition.  Since a native oxide forms on the surface of the sample, the surface need to be slightly etched to remove the oxide layer and also to clean the sample from residuals left on the sample formed in the previous process (mesa isolation).  For these purpose, the organic cleaning and BHF etching are carried out and the conditions for those processes are same as described in section 3.3 and 3.4.3 respectively.  
[bookmark: _Toc249694875][bookmark: _Toc250298712][bookmark: _Toc250929149][bookmark: _Toc251001986][bookmark: _Toc251757607][bookmark: _Toc255860211][bookmark: _Toc266097201][bookmark: _Toc266879974][bookmark: _Toc267088994]After cleaning, the photolithography process is carried out. It is noted that the conditions of photolithography process are same with the one for mesa isolation.  Then, before the metal deposition process, a sample is dipped in BHF for 3.5 min in order to remove the native oxide from the sample so that the ohmic contacts with low contact resistance can be further improved. Finally, a lift-off is carried out to remove the unwanted metal. The mask which has been used in this process is also a Cr-coated glass mask.  Figure 3.15 shows the mask pattern and the photo of the actual mask which has been used for ohmic contact formation. The Cr covered areas are showed in black in Figure 3.15 (a).  
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[bookmark: _Toc250201475][bookmark: _Toc250903083][bookmark: _Toc251718191][bookmark: _Toc255860315][bookmark: _Toc266097370][bookmark: _Toc266879252][bookmark: _Toc266880071][bookmark: _Toc267090112][bookmark: _Toc268350211][bookmark: _Toc268515474]Figure 3.15: (a) Mask pattern used for ohmic contact and (b) photo of the mask used for ohmic contacts.


[bookmark: _Toc249694871][bookmark: _Toc250298708][bookmark: _Toc250929145][bookmark: _Toc251001982][bookmark: _Toc251757603][bookmark: _Toc255860207][bookmark: _Toc266097199][bookmark: _Toc266879972][bookmark: _Toc267088992][bookmark: _Toc268349953][bookmark: _Toc268515401]3.5.1. Metal deposition

For metal ohmic contact, Ti/Al/Ti/Au multilayers with the thickness of 20/50/20/150 nm are deposited on the sample by using electron beam evaporator.  After metal deposition, the lift off process is performed by dipping the sample in methyl ethyl ketone (MEK) and then the sample is rinsed in DI water. Finally, a sample is dried using nitrogen blow.  After lift off process, the pattern has to be checked using an optical microscope.  Figure 3.16 shows the photo of device after the lift off process.
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The next step is an annealing process of the metal contacts.  Metal contacts are annealed by Rapid Thermal Annealing (RTA) at 850ºC for 30s.  Figure 3.17 show the time chart of annealing process.
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[bookmark: _Toc249694872][bookmark: _Toc250298709][bookmark: _Toc250929146][bookmark: _Toc251001983][bookmark: _Toc251757604][bookmark: _Toc255860208]The measurement of contact resistance is performed.  Figure 3.18(a) and (b) show the I-V characteristics of the ohmic contacts before annealing process and after annealing process, respectively.
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[bookmark: _Toc266097373][bookmark: _Toc266879255][bookmark: _Toc266880074][bookmark: _Toc267090115][bookmark: _Toc268350214][bookmark: _Toc268515477]Figure 3.18: I-V characteristic of ohmic contacts of fabricated device, (a) before annealing and (b) after annealing

It can be seen in Figure 3.18 that the metal contacts show good linear ohmic characteristics with a low ohmic resistivity about 116 .


[bookmark: _Toc266097200][bookmark: _Toc266879973][bookmark: _Toc267088993][bookmark: _Toc268349954][bookmark: _Toc268515402]3.6. Insulating layer

After ohmic contact formation, an insulating layer has been deposited on the device to isolate the device from exposing to the test liquid.  Here, SiO2 film with a thickness of 100 nm has been deposited. The deposition method and conditions are same with the one used for mesa patterning process.  This layer has covered all over the sample including the sensing area.  Figure 3.19 shows the photo of sample after SiO2 deposition.
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[bookmark: _Toc266097374][bookmark: _Toc266879256][bookmark: _Toc266880075][bookmark: _Toc267090116][bookmark: _Toc268350215][bookmark: _Toc268515478]Figure 3.19: The photo of device after deposition of insulating layer (top view)


[bookmark: _Toc268349955][bookmark: _Toc268515403]3.7. Open gate formation

In this process, only the SiO2 layer at the sensing area and binding pads is etched out.  The other areas are covered by SiO2 layer so that no area is exposed to the test solution except the open-gate area.  Any exposure of metal contact to the test solution will contribute to a leakage current and also a high corrosion will occur on the metal contacts.  The design of the sensing area is shown in Figure 3.20.  Table 3.5 shows the dimensions of the opening area of the devices.  
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[bookmark: _Toc266879258][bookmark: _Toc266880077][bookmark: _Toc267090005][bookmark: _Toc268515512]Table 3.5: Dimensions of the opening of sensing area

	Device number
	A(µm)
	B(µm)

	1
	10
	490

	2
	10
	590

	3
	30
	490

	4
	20
	490

	5
	10
	690

	6
	10
	790

	7
	30
	790

	8
	40
	790

	9
	40
	490

	10
	20
	790

	11
	20
	690

	12
	30
	690

	13
	30
	590

	14
	20
	590

	15
	40
	590

	16
	40
	690
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[bookmark: _Toc250201477][bookmark: _Toc250903086][bookmark: _Toc251718200][bookmark: _Toc255860324][bookmark: _Toc266097376][bookmark: _Toc266879260][bookmark: _Toc266880079][bookmark: _Toc267090119][bookmark: _Toc268350217][bookmark: _Toc268515480]Figure 3.21: Processes of sensing area formation

[bookmark: OLE_LINK8][bookmark: OLE_LINK9]The processes for the opening of sensing area are shown in Figure 3.21.  As illustrated in Figure 3.21(a), firstly the sample is covered with SiO2 layer.  This SiO2 layer is deposited using PECVD technique described in section 3.4.1 with the same thickness of 100 nm.  Then, the sensing area is patterned by the same photolithography process as explained in section 3.4.2 (Figure 3.21 (b) and Figure 3.21 (c)).  Next, the SiO2 layer at the sensing area and metal pads is etched out using BHF etchant as described in section 3.4.3 (Figure 3.21 (d)). Schematic of the device after sensing area formation is shown in Figure 3.21 (e).  Note: After opening the sensing area the photoresist is not necessarily to be removed from the sample since it can be used as a capsulation layer for the device.  
In this step, because of the size of the device and the small gap between drain and source to gate area the lithography should perform with more accuracy than it was performed for the last two layers, with the variance of more than 3µm, the gate open area will cross over the ohmic contacts and leave the ohmic contacts unprotected.  The mask which has been used for photolithography is shown in Figure 3.22 where the black areas are covered with Cr.  
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[bookmark: _Toc250201478][bookmark: _Toc250903087][bookmark: _Toc251718201][bookmark: _Toc255860325][bookmark: _Toc266879261][bookmark: _Toc266880080][bookmark: _Toc267090120][bookmark: _Toc268350218][bookmark: _Toc268515481]Figure 3.22: Mask for insulation layer

As it can be seen in the mask that the SiO2 at the end pad of the ohmic contacts are removed so that the wire connection can be made.  
After the photolithography process, the wet etching in BHF for 3min and 30s is applied to open the gate and wire contact area.  But in this step the photoresist was not removed after etching hence the photoresist stay on the sample to protect the SiO2 insulating layer and improve the isolation.  It is necessary to remove all the oxide from gate area to achieve high sensitivity for the fabricated sensor.  Figure 3.23 shows the fabricated device after opening the sensing area.  
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[bookmark: _Toc250903088][bookmark: _Toc251718202][bookmark: _Toc255860326][bookmark: _Toc266097377][bookmark: _Toc266879262][bookmark: _Toc266880081][bookmark: _Toc267090121][bookmark: _Toc268350219][bookmark: _Toc268515482]Figure 3.23: fabricated device after opening the sensing area (top view) and (b) schematic of cross sectional view

The fabricated device is shown in Figure 3.24.  Figure 3.25 shows all the mask pattern designs for different layers together. 
[image: C:\Users\Maneea\Desktop\sample 022-2.jpg]                         [image: ]
[bookmark: _Toc266879263][bookmark: _Toc266880082][bookmark: _Toc267090122][bookmark: _Toc268350220][bookmark: _Toc268515483]Figure 3.24: Fabricated device
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[bookmark: _Toc268350221][bookmark: _Toc268515484]Figure 3.25: The design of the sample (Note: it is not a single mask it shows all layers design together) 


[bookmark: _Toc268349956][bookmark: _Toc268515404]3.8. Wire bonding

As the fabricated sensor is going to be immersed in the solution for sensing response measurement, the direct probing technique can not be used for measuring a current.  Thus, a sample has to be bonded for electrical connection.  Wire bonding is an electrical interconnection technique using thin wire and a combination of heat, pressure and/or ultrasonic energy to provide electrical connection between the device and external circuit.  Before wire bonding is done, the sample is attached to a printed circuit board (PCB) so that the wires can be bonded from the device to the PCB sample holder.  Then, a copper line of the PCB sample holder is connected to measurement system through another wiring.  Figure 3.26 (a) and Figure 3.26 (b) show a schematic of a PCB sample holder and a photo of PCB sample holder, respectively.
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[bookmark: _Toc266879264][bookmark: _Toc266880083][bookmark: _Toc267090123][bookmark: _Toc268350222][bookmark: _Toc268515485]Figure 3.26: (a) Schematic of PCB sample holder (top view) and (b) photo of PCB sample holder 

Figure 3.27 (a) and Figure 3.27 (b) show a schematic of a sample mounted on a PCB strip using photoresist and a photo of a sample mounted on a PCB strip using photoresist, respectively.  In this study, gold wire and indium (In) wire are used for wiring using West Bond wire bonder system as shown in Figure 3.28.  
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[bookmark: _Toc266879265][bookmark: _Toc266880084][bookmark: _Toc267090124][bookmark: _Toc268350223][bookmark: _Toc268515486]Figure 3.27: (a) Schematic of a sample mounted on the PCB (cross-sectional view) and (b) photo of fabricated sample mounted on the PCB.
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[bookmark: _Toc268515487]Figure 3.28: photo of fabricated sample mounted on the PCB and wired.


After this wire bonding process, the I-V characteristics of the bonded device is measured in order to ensure that the connection is good and the device is ready to be tested.


[bookmark: _Toc267088996][bookmark: _Toc268349957][bookmark: _Toc268515405]CHAPTER 4



[bookmark: _Toc248491831][bookmark: _Toc250404838][bookmark: _Toc251001989][bookmark: _Toc251757610][bookmark: _Toc255860214][bookmark: _Toc266097204][bookmark: _Toc266879977][bookmark: _Toc267088997][bookmark: _Toc268349958][bookmark: _Toc268515406]MEASUREMENT 



In chapter 3, the fabrication of sensing devices and preparation of sample prior to measurement are described in details. In this chapter, the setup for measurement of sensing responses is going to be elaborated.


[bookmark: _Toc250404839][bookmark: _Toc251001990][bookmark: _Toc251757611][bookmark: _Toc255860215][bookmark: _Toc266097205][bookmark: _Toc266879978][bookmark: _Toc267088998][bookmark: _Toc268349959][bookmark: _Toc268515407]4.1. Measurement setup

The quantitative way to measure the pH of a solution is to use an electrochemical cell. An electrochemical cell consists of four major elements which are a sensing device whose potential is directly proportional to pH, a reference electrode whose potential is independent of pH, so that it provides a stable reference voltage, a temperature sensing element and a test liquid.  The overall voltage of the cell depends on the pH of the test solution so pH is determined by measuring the voltage of the electrochemical cell.  Figure 4.1 the electrochemical cell used in this study to test the fabricated sensor.


[bookmark: _Toc250943065][bookmark: _Toc251718205][bookmark: _Toc255860329][bookmark: _Toc266097382][bookmark: _Toc266879267][bookmark: _Toc266880086][bookmark: _Toc267090125][bookmark: _Toc268350224][bookmark: _Toc268515488]Figure 4.1: schematic of the electrochemical cell used in this study to test the fabricated sensor.

In this study, Ag/AgCl electrode is used as a reference electrode. The mixture of NaOH and HCl in DI water has been prepared with various pH values for the measurement of sensing responses. To make solution with certain pH value, the amount of HCl, NaOH and DI water are adjusted accordingly. The sensor has been connected to semiconductor parameter analyzer for measuring the I-V characteristics. 
 
[bookmark: _Toc266879979][bookmark: _Toc267088999][bookmark: _Toc268349960][bookmark: _Toc268515408][bookmark: _Toc250404840][bookmark: _Toc251001991][bookmark: _Toc251757612][bookmark: _Toc255860216][bookmark: _Toc266097206]4.2. Preparing the sample

As mentioned in chapter 3, the sample has been mounted on a PCB which acts as a sample holder.  All areas of the sample except sensing area are covered with photoresist, especially the bonding wires and pads in order to avoid any flow of current.  However, as shown in Figure 4.2 (a), there is large current leakage for a sample which is covered with photoresist. We believe that the applied photoresist is still not enough to prevent the flow of current.  In order to reduce the current leakage, the copper lines on PCB, bonding pads and wires are covered with commercial PCB resin/resist and the device is covered with thicker (1mm thick) photoresist.  This process has successfully reduced the current leakage and improved the results.  The result for the device before and after covering the device with thick photoresist and PCB resist is shown in Figure 4.2(a) and (b), respectively. 
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[bookmark: _Toc250943079][bookmark: _Toc251718220][bookmark: _Toc255860344][bookmark: _Toc266097396][bookmark: _Toc251718221][bookmark: _Toc255860345][bookmark: _Toc266097397][bookmark: _Toc266879268][bookmark: _Toc266880087][bookmark: _Toc267090126][bookmark: _Toc268350225][bookmark: _Toc268515489]Figure 4.2: (a) the I-V characteristics of the device when wires expose to test solution and (b) I-V characteristics of the sample covered with resin and thick layer (1mm) of photoresist.

















The schematics and the photo of the sample covered with PCB resist and photoresist is shown in Figure 4.3.
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[bookmark: _Toc266879269][bookmark: _Toc266880088][bookmark: _Toc267090127][bookmark: _Toc268350226][bookmark: _Toc268515490]Figure 4.3: (a) schematic of the prepared sample covered with one layer of photoresist (cross-sectional view), (b) schematic of the prepared sample covered with thick (1mm) photoresist and PCB resist and (c) photo of prepared sample with PCB resist and photoresist.



[bookmark: _Toc266879980][bookmark: _Toc267089000][bookmark: _Toc268349961][bookmark: _Toc268515409]4.3. Preparation of test solution

Before measurement is carried out, the test solutions have to be prepared. To prepare the test solutions, hydrochloric acid (HCl) and sodium hydroxide (NaOH) have been used as the acid and alkaline, respectively, and they are mixed with DI water to make the solution with exact pH value.  The Fisher Accumet AB15 pH meter has been used to measure the pH of the test solutions. The concentration of both HCl and NaOH solutions are 0.1M.  The molecular weight for NaOH is 39.99717 grams/mole, and for HCl is 36.46097 grams/mole.  The pH for test solution is prepared by calculating the amount needed from each solution using pH calculator and after the solution is mixed, the Fisher Accumet AB15 pH meter is used to check and confirm the pH value.  For example 0.005 litter of NaOH diluted with DI water to total volume of 0.05 litter will produce a solution with pH 12 and 0.001 litter of HCl diluted with DI water to total volume of 0.05 litter make a solution with pH 2.7.
pH meter must be calibrated before being used. Therefore, prior to the pH measurements, standard buffer solutions with pH 4, 7, 10 from Fisher Scientific are used to calibrate the pH sensor.  The system is calibrated by placing the electrodes in those buffers and measuring the voltage of the cell.  Cell voltage is a linear function of pH, so only two calibration points are needed.  Figure 4.4 shows graphically the process of calibration.  During calibration, the analyzer is also used to measure the temperature.  List of NIST standard buffers is available in appendix F.  After calibrating the pH meter, the calibrated electrode is used to make the desired pH by titration of the HCl and NaOH.
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[bookmark: _Toc250943066][bookmark: _Toc251718206][bookmark: _Toc255860330][bookmark: _Toc266879270][bookmark: _Toc266880089][bookmark: _Toc267090128][bookmark: _Toc268350227][bookmark: _Toc268515491]Figure 4.4: Two-point buffer calibration [155]



[bookmark: _Toc250404841][bookmark: _Toc251001992][bookmark: _Toc251757613][bookmark: _Toc255860217][bookmark: _Toc266097207][bookmark: _Toc266879981][bookmark: _Toc267089001][bookmark: _Toc268349962][bookmark: _Toc268515410]4.4. Reference electrode

A number of different reference electrodes are available.  Table 4.1 shows the potentials for different reference electrodes. A screen printed Ag/AgCl reference electrode has been used in this study.  Ag/AgCl reference electrode is a piece of silver wire plated with silver chloride and in contact with a concentrated solution of potassium chloride held in a glass or plastic tube.  In many reference electrodes the solution is an aqueous gel, not a liquid.  The potential of the reference electrode is controlled by the concentration of chloride in the filling solution.  Because the chloride level is constant, the potential of the reference electrode is fixed, although this potential changes with the temperature. 
 











[bookmark: _Toc251718240][bookmark: _Toc251757439][bookmark: _Toc255860261][bookmark: _Toc266879271][bookmark: _Toc266880090][bookmark: _Toc267090006][bookmark: _Toc268515513]Table 4.1: Potentials for different reference electrodes

	Type of reference electrode
	Salt- bridge solution(s)
	Potential vs. standard H2 electrode
	Potential vs. sat. calomel electrode

	Hg/Hg2Cl2
	sat. KCl
	244 mV
	0 mV

	Ag/AgCl
	sat. KCl
	200 mV
	- 44 mV

	Hg/Hg2SO4
	sat. K2SO4
	640 mV
	408 mV

	Calomel
	1 M LiCl
	~ 285 mV
	~ 40 mV

	Hg/Hg2Cl2
	sat. KCl/KNO3
	244 mV
	~ 0 mV

	Hg/HgO
	0.1 M KOH
	~ 175 mV
	~ - 70 mV


[bookmark: _Toc267089002][bookmark: _Toc268349963][bookmark: _Toc268515411][bookmark: _Toc251001993][bookmark: _Toc251757614][bookmark: _Toc255860218][bookmark: _Toc266097208][bookmark: _Toc266879982]


4.4.1. Structure of screen printed reference electrode

Figure 4.5 shows a screen printed Ag/AgCl reference electrode which has been used in this study.  Figure 4.6 shows the screen printed Ag/AgCl reference electrode in comparison with conventional glass reference electrode.
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[bookmark: _Toc250943068][bookmark: _Toc251718208][bookmark: _Toc255860332][bookmark: _Toc266097384][bookmark: _Toc266879272][bookmark: _Toc266880091][bookmark: _Toc267090129][bookmark: _Toc268350228][bookmark: _Toc268515492]Figure 4.5: Photo of reference electrode 
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[bookmark: _Toc251718209][bookmark: _Toc255860333][bookmark: _Toc266097385][bookmark: _Toc266879273][bookmark: _Toc266880092][bookmark: _Toc267090130][bookmark: _Toc268350229][bookmark: _Toc268515493]Figure 4.6: Schematic of a conventional Ag/AgCl reference electrode and design of screen printed Ag/AgCl electrode.

As shown in Figure 4.5, the reference electrode is attached on a PCB to hold the electrode and also for electrical connection to the parameter analyzer. The reference electrode is fixed with the sample in the way that the space between the reference electrode and the open area of the sample is constant during the measurement as shown in Figure 4.7. The voltage will be biased to the reference electrode from the parameter analyser.  
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[bookmark: _Toc266879274][bookmark: _Toc266880093][bookmark: _Toc267090131][bookmark: _Toc268350230][bookmark: _Toc268515494]Figure 4.7: the reference electrode (PCB at the bottom) is fixed to the sample holder (PCB at the top).


[bookmark: _Toc250404842][bookmark: _Toc251001994][bookmark: _Toc251757615][bookmark: _Toc255860219][bookmark: _Toc266097209][bookmark: _Toc266879983][bookmark: _Toc267089003][bookmark: _Toc268349964][bookmark: _Toc268515412]4.5. Measurement circuitry

As have been discussed before in chapter 2, the sensing responses of the fabricated pH sensor are evaluated by measuring the current flow between the drain and the source of the device at a fixed reference/gate voltage. Therefore, a drain-source voltage has been applied between drain and source terminals using the parameter analyzer.  Figure 4.8 shows the measurement system used in this study. 
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[bookmark: _Toc250943069][bookmark: _Toc251718210][bookmark: _Toc255860334][bookmark: _Toc266097386][bookmark: _Toc266879275][bookmark: _Toc266880094][bookmark: _Toc267090132][bookmark: _Toc268350231][bookmark: _Toc268515495]Figure 4.8: The measurement setup (a) photo of parameter analyzer (including Keithley 236 SMU) (b) photo of test sample in solution and (c) schematic of the measurement setup.

[bookmark: _Toc250404846][bookmark: _Toc251002001][bookmark: _Toc251757619][bookmark: _Toc255860223][bookmark: _Toc266097213][bookmark: _Toc266879985]After connecting the drain-source terminals and reference electrode to the parameter analyzer, the sample is dipped in the test solution. Then, the I-V characteristics are measured.  The measurements are performed for the pH range from 2 up to 12. The results of the measurement are presented and discussed in the chapter 5.
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In chapter 4, the measurement used to characterize the sensing responses is presented.  As described in chapter 4, the measurement setup consists of a simple electrochemical system and three source measure units (SMUs) (Keithley 236 SMU), The gate bias is applied from a source measure unit to the electrolyte/AlGaN interface near to the open-gate area via a Ag/AgCl reference electrode.  All measurements are performed at room temperature (RT) under light condition.  In this chapter, the measured sensing responses will be presented and discussed.  


[bookmark: _Toc267089006][bookmark: _Toc268349967][bookmark: _Toc268515415]5.1. I-V measurements outside of the solution (air-exposed environment)

At first, the DC current-voltage (I-V) measurements of the fabricated device have been carried out outside of the solution.  The DC current-voltage (I-V) characteristics of the open-gate undoped-AlGaN/GaN and Si-doped AlGaN/GaN HEMT structure in air-exposed condition under light environment at room temperature are shown in Figure 5.1.  Here, the data of open-gate Si-doped AlGaN/GaN HEMT structure is presented for comparison.  The Si-doped AlGaN/GaN HEMT structure consists of a 30-nm-thick GaN buffer layer, a 2-µm-thick undoped GaN layer, a 3-nm-thick undoped AlGaN spacer layer, 15-nm-thick Si-doped-AlGaN barrier layer and 10-nm-thick undoped-AlGaN cap layer with an Al composition of 25%.  The electron mobility and sheet carrier concentration of the 2DEG layer at room temperature are 221cm2/Vsec and 2.554×1013 cm-2, respectively.  The epitaxial structure of Si-doped AlGaN/GaN HEMT structure is shown in Figure 5.2.
  

[bookmark: _Toc250943083][bookmark: _Toc251718223][bookmark: _Toc255860347][bookmark: _Toc266097399][bookmark: _Toc266879277][bookmark: _Toc266880096][bookmark: _Toc267090133][bookmark: _Toc268350232][bookmark: _Toc268515496]Figure 5.1: Typical IDS-VDS characteristics of the open-gate HEMT in air condition.


[bookmark: _Toc266879278][bookmark: _Toc266880097][bookmark: _Toc267090134][bookmark: _Toc268350233][bookmark: _Toc268515497]Figure 5.2: The epitaxial structure of Si-doped AlGaN/GaN HEMT structure

From the results presented in Figure 5.1, it is clearly seen that for undoped-AlGaN/GaN samples, the presence of the linear and saturation regions of currents are not observed.  In the other hand, in spite of an ungated structure, the curves of most tested Si-doped AlGaN/GaN samples show the presence of the linear and saturation regions of currents similarly to those of the gated device.  The possible mechanism for this behaviour has been proposed by Hasegawa et al. (2003) [156].  They deny the possibility of velocity saturation because the average electric field strength is too small to expect significant velocity saturation effect in such a long gate device.  The proposed interpretation is that it is due to the presence of strong Fermi level pinning by surface states which tends to fix the surface potential at a particular position, and makes the entire surface behave like a virtual gate [156].  In fact, they have shown that the data could be reasonably well fitted to the theoretical DC IDS-VDS curves based on the gradual channel approximation [156].  From this result, it can be simply said that the undoped AlGaN/GaN structure may has produced very low Fermi level pinning by surface states.  It also may due to large open-gate dimension which induces parasitic resistance.  Thus, the drain current does not reach the saturation even up to 10 V.  


[bookmark: _Toc267089007][bookmark: _Toc268349968][bookmark: _Toc268515416]5.2. I-V measurements inside of the solution

After being tested outside the solution (in air-exposed environment), the device is dipped in the aqueous solution.  In this aqueous solution (a mixture of HCl, NaOH and DI water), the typical current-voltage (I-V) characteristics of HEMTs are measured where good gate controllability are observed, as shown in Figure 5.3.  
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[bookmark: _Toc250943084][bookmark: _Toc251718224][bookmark: _Toc255860348][bookmark: _Toc266097400][bookmark: _Toc266879279][bookmark: _Toc266880098][bookmark: _Toc267090135][bookmark: _Toc268350234][bookmark: _Toc268515498]Figure 5.3: IDS-VDS characteristics of the undoped open-gate HEMT in (a) pH of 1.7 and (b) pH of 11.9.

Figure 5.3(a) and Figure 5.3 (b) show the IDS-VDS characteristics of the open-gate undoped AlGaN/GaN HEMT in a mixed solution of HCl, NaOH and DI water with pH value of 1.7 and 11.9, respectively.  The measurement is done at room temperature in room’s light environment.  It can be seen in Figure 5.3 (a) that the pinch-off behaviour is hard to be achieved in low pH solution compared to high pH solution shown in Figure 5.3(b).  In addition, it is observed that large leakage current exists during measurement in low pH solution compared to high pH solution.  Despite of the existence of leakage current, the device shows the conventional FET behaviour with good gate controllability.  
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[bookmark: _Toc250943085][bookmark: _Toc251718225][bookmark: _Toc255860349][bookmark: _Toc266097401][bookmark: _Toc266879280][bookmark: _Toc266880099][bookmark: _Toc267090136][bookmark: _Toc268350235][bookmark: _Toc268515499]Figure 5.4: (a) IDS-VDS characteristics as a function of pH values and (b) measured IDS under VDS = 1 V and 5 V and Vref = -5 V.

Figure 5.4 (a) shows the IDS-VDS characteristics of the device as a function of pH values.  The drain-source current decreases with the pH values as expected.  Figure 5.4 (b) shows the drain-source current measured under VDS = 1 V and 5 V, with the reference gate voltage, Vref  = -5 V.  As expected, it clearly shows that the drain-source current decreases with the pH value.  A large current change of ~1.9 mA/pH or ~ 3.88 mA/mm/pH at VDS = 5 V is observed because of high mobility and 2DEG density of the undoped-AlGaN/GaN HEMT.  In addition, a linear sensitivity is clearly observed, reflecting systematic change in potential at the AlGaN surface.  Thus, it seems to show that the fabricated device is responding well to the ions in the solution with stable operation.  
Figure 5.5 shows the drain-source current at VDS = 0 V as a function of the reference gate voltage.  Large drain-source current presents at low pH value and it increases with the negative reference gate voltage although no drain-source voltage is applied.  
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[bookmark: _Toc250943086][bookmark: _Toc251718226][bookmark: _Toc255860350][bookmark: _Toc266097402][bookmark: _Toc266879281][bookmark: _Toc266880100][bookmark: _Toc267090137][bookmark: _Toc268350236][bookmark: _Toc268515500]Figure 5.5: Drain-source current as a function of the reference gate voltage at VDS = 0 V.
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[bookmark: _Toc250943087][bookmark: _Toc251718227][bookmark: _Toc255860351][bookmark: _Toc266097403][bookmark: _Toc266879282][bookmark: _Toc266880101][bookmark: _Toc267090138][bookmark: _Toc268350237][bookmark: _Toc268515501]Figure 5.6: (a) Gate-leakage characteristics of the open-gate undoped AlGaN/GaN HEMT at VDS = 0 V and (b) Changes of gate leakage current at various pH value.

Figure 5.6 (a) shows the gate-leakage characteristics of the open-gate undoped AlGaN/GaN HEMT as a function of pH value. For comparison, the gate-leakage characteristics of the open-gate n-doped AlGaN/GaN HEMT in DI water and a typical IGS-VGS curve of the Ni/Au Schottky-gate HEMT in air obtained from work by Kokawa et al. (2006) [157], are also shown together.  The fabricated device shows large leakage current and it increases with decrease of pH value, which is probably due to availability of lots of carriers (electrons and holes) in the electrochemical system, under room’s light condition.  Figure 5.6 (b) shows the changes of reference gate-leakage current under various pH value at VDS = 0 V and Vref = - 5 V.  As shown in Figure 5.6 (b), reference gate current shows drastic reduction from pH of 1.7 to 7.2, but increases from 7.2 to 12.  This result shows that the leakage-current depends strongly on the concentration of H+ ions in the electrolyte.  The cause of the presence of large leakage-current is not understood yet.  Due to large leakage current where it increases with the negative reference gate voltage, the Nernstian’s like sensitivity cannot be determined as what normally reported by the other researchers[156], [157].  


[bookmark: _Toc267089008][bookmark: _Toc268349969][bookmark: _Toc268515417]5.3. I-V measurements in polar liquid

There are many researches in literature which have evaluated the open gate HEMT structure pH sensor response to polar liquids [19], [116], [117], [128].  In this study also the sensitivity of the fabricated sensor device to polar liquids has been investigated.  The drain-source current has been measured in methanol and acetone with both having the same pH of 6.9.  The fabricated device exhibits a change in drain-source current upon exposing the gate region to polar liquids as shown in Figure 5.7.  This indicates the potential change at the AlGaN surface due to change in the electrostatic boundary conditions of the open-gate area by the change in dipole moment of the test liquid.  Figure 5.7 shows IDS as a function of the normalized dipole moment (  ) value for each liquid, where  and  are the dipole moment and the relative permittivity of the liquid, respectively.  
 (
Drain-Source Voltage, 
V
DS
[
V]
) (
Drain-Source Current, 
I
DS
[
A]
)[image: ]
(a)
 (
Normalized dipole moment
 (
 
 ) [Debye]
)
(b)
[bookmark: _Toc250943088][bookmark: _Toc251718228][bookmark: _Toc255860352][bookmark: _Toc266097404][bookmark: _Toc266879283][bookmark: _Toc266880102][bookmark: _Toc267090139][bookmark: _Toc268350238][bookmark: _Toc268515502]Figure 5.7: (a) I-V characteristics in polar liquids, and (b) drain-source current (IDS) as a function of the normalized dipole moment (  ) value for each liquid, where  and are the dipole moment and the relative permittivity of the liquid, respectively.

Table 5.1 shows the normalized dipole moment (  ) value for each liquid, where  and are the dipole moment and the relative permittivity of the liquid respectively.  
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	 (Debye)
	

	acetone
	20.7
	2.7
	0.130

	methanol
	32.65
	1.69
	0.0517




Figure 5.8 shows the schematic of HEMT-open gate structure exposed different polar liquids.  As illustrated in the Figure 5.7, acetone with the larger dipole moment leads to the stronger decrease in the channel current.  
[image: C:\Users\Maneea\Desktop\20-6-2010\Untitled-1.jpg] 
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Mostly, properties of liquids are controlled by pH level where it determines whether those liquids are acid or alkaline.  Recently, there is an increasing need for fast, accurate, small size, environment friendly, long-lasting and stable pH sensor.  Group III-nitrides with wurtzite crystal structure are chemically stable semiconductors with high internal spontaneous and piezoelectric polarization, which make them highly suitable materials to create very sensitive and robust sensors for the detection of ions and polar liquids.  
The main purpose of this work is to investigate the capability of GaN-based material structure, namely undoped-AlGaN/GaN HEMT structure for pH sensor.  This study starts from the determination of material and device structure which has been described in chapter 3.  Then, the fabrication of the sensor is performed as also discussed in chapter 3.  The fabricated sensors have been tested with the measurement setup introduced in chapter 4 and finally, the results of sensing responses are described and discussed in chapter 5. 
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The outcomes of this research can be concluded as the following:
· A new material structure for pH sensor has been proposed which is undoped-AlGaN/GaN HEMT structure.
· The AlGaN/GaN HEMT structure pH sensor has been successfully fabricated.
· The fabricated sensor is capable of stable operation in aqueous electrolytes and exhibit linear sensitivity.
· The fabricated sensor showed a high sensitivity of 1.9 mA/pH or 3.88 mA/mm/pH at VDS = 5 V.
· The fabricated sensor shows good sensitivity to polar liquids which shows the ability of the fabricated sensor to sense the change in the dipole of the liquid place on the sensing area.  
However, due to large leakage current where it increases with the negative reference gate voltage, the Nernstian’s like sensitivity cannot determined.
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To continue this research, further optimizations of the pH sensor are suggested as the following.
· The fabricated device shows a large current-leakage; need to fully cover /insulate all parts perfectly including connection part except sensing area. By this way, current leakage can be prevented and Nernestian-like response can be observed.
· The present sensing device did not have any passivation layer.  For the future work, passivation layer like SiNx can be added for selectivity.
· To minimize the device size one could try to change the device design to use an embedded reference electrode.
· Fabricated device shows a high sensitivity to surface changes, by functionalizing the surface it can be possible to sense other ions than hydrogen.
· The sensor can be further functionalized by bio-membranes to work as bio-sensors.
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