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ABSTRACT

Ion selective electrodes (ISEs) are chemical sensors primarily used for in situ analysis and 

monitoring of air, water, and land. Despite their easy fabrication, low cost, and simple usage, 

ISEs still suffer from the sensitivity of their response to temperature variations, solution turbidity, 

interferences from other ions in solution, drift of the electrode potential, membrane fouling, and 

short lifetime. As a result, investigating new materials to develop ISEs that can address some of 

these limitations is a worthwhile and challenging topic of research.

The excellent mechanical, thermal and chemical stability of gallium nitride (GaN) and indium 

gallium nitride (InGaN) semiconductors, coupled with their resistance to corrosion and low 

toxicity if  dissolved, are some of the properties that make these materials prime candidates for a 

variety of sensor applications, particularly at high temperatures and in harsh environments. This 

thesis evaluates the potential of these two semiconductor materials for replacing conventional 

ISE membranes with a solid-state semiconductor surface/solution interface.

The benefits gained from this novel design of the ISE sensing element are assessed. These 

include:

• Easy fabrication and simple use;

• Well defined semiconductor/electrolyte interface;

• Mechanical and chemical stability;

• Durability.

Wafers composed of undoped GaN crystal films (50-nm thick) grown on A I2 O 3 (sapphire) were 

scribed to pieces measuring approximately 5 mm by 10 mm for the construction of two GaN 

electrodes - Sample 1 and Sample 2. The GaN thin films had mixed surface polarity, exposing 

both the Ga-face (0001) and the N-face (0001) of the crystal, although Ga-face regions were 

dominant. The InGaN (Ino.2 Gao.8N) samples were fabricated by mixing GaN and InN in an 80:20 

ratio. A 50-nm Ino.2 Gao.8N layer was grown on a GaN buffer on a sapphire wafer. All InGaN 

samples had their InGa-face (0001) exposed. One electrode -  Sample 3 -  was constructed with 

InGaN. The semiconductor electrodes were employed as working electrodes in a conventional 

three-electrode electrochemical cell assembly to detect anions in various potassium and sodium 

salt solutions. The sensitivity of the electrodes to individual anions was determined by measuring

ii
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the open circuit potential (OCP) in each solution versus a reference electrode (Saturated Calomel 

Electrode). The charge transfer reactions occurring at the semiconductor/electrolyte interface 

were investigated through cyclic voltammetry (CV), while electrochemical impedance 

experiments provided information about the structure o f the interface.

GaN and InGaN electrodes have relatively fast response times (between 50 and 700s) that 

compare favourably with the response times of commercial ISEs. The response time depends on 

the electrode material and on the type of electrolyte: as the strength of adsorption of the anion 

increases, the response time decreases.

OCP measurements revealed good sensitivity of GaN and InGaN electrodes to changes in anion 

concentration and to pH variations. Calibration curves (OPC versus activity of anions) generally 

contain a linear region having a slope close the theoretical value of 58.3mV/decade of activity 

change, which is consistent with previous results reported in the literature for GaN electrodes. 

The linearity regions for the GaN and InGaN electrodes are relatively narrow and only 

encompass one or two decades of activity change in some solutions. This behaviour may be 

caused by the mixed polarity of the electrode surface and/or by contamination of the electrode 

sensing element. The average potential drift of 1.7mV/day for GaN and the InGaN electrodes is 

similar to that of other ISEs.

The potential charge transfer reactions occurring at the semiconductor/electrolyte interface were 

identified through cyclic voltammetry experiments and by comparing the positions of the valence 

and conduction band edges of the semiconductor with the standard potentials o f the redox 

couples in the electrolyte solutions. The anodic current recorded under anodic polarization may 

be associated with the oxidation of anionic species o f the conducting salt in the electrolyte and 

with the oxidation of water to oxygen gas. In most of the tested solutions, the cathodic current 

observed during the cathodic scan is believed to result from the hydrogen evolution reaction.

It is suggested that the response of the semiconductor electrodes is based on the potential, 

generated at the semiconductor/electrolyte interface as a result of specific and non-specific 

adsorption of the anions from the solutions on the positively charged Ga-face or InGa-face 

electrode surface. The adsorption processes result in the formation of a double layer on the 

electrolyte side of the semiconductor/electrolyte interface and a space charge layer on the

iii
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semiconductor side. At high concentrations of a conducting salt in the electrolyte solution, all 

electric charges on the solution side are concentrated within the Helmholtz layer, and the double 

layer on the solution side can therefore be approximated by a single parallel-plate capacitor. 

Similarly to the Helmholtz layer, the space charge layer on the semiconductor side can also be 

approximated by a parallel plate capacitor. In practice, the main part o f the potential drop across 

the semiconductor/ electrolyte interface occurs across the space charge layer o f the 

semiconductor and, as a result, the main contribution to the total interfacial capacitance comes 

from the capacitance of the space charge layer of the semiconductor. Thus, in the simplest 

model, the semiconductor/ electrolyte interface can be represented by a charge transfer resistance 

R lct and a space charge layer capacity Csc connected in parallel. The validity of the suggested 

model of the semiconductor electrode/ electrolyte interface was investigated with 

Electrochemical Impedance Spectroscopy (EIS). EIS experiments demonstrated that at high 

frequencies the impedance of the electrochemical system is indeed dominated by the space 

charge layer of the semiconductor. At low frequencies, however, the impedance is controlled by 

the slow diffusion of electroactive species across the layer of adsorbed ions present at the surface 

of the semiconductor. The equivalent circuit model proposed to fit the experimental data 

contains elements that represent the series-connected resistances of bulk of the semiconductor 

and the electrolyte, the capacitance of the space-charge layer connected in parallel with the 

charge transfer resistance across the space charge layer, and the Warburg impedance modeling 

the diffusion-controlled processes at the interface. Calculated parameters of the circuit elements 

are in conformity with the results reported in the literature for semiconductor electrodes. The 

developed circuit models can effectively fir the EIS experimental data for GaN and InGaN 

electrodes.

Scanning electron microscopy and energy dispersive spectroscopy confirmed that the surface of 

the GaN and InGaN films used in this study have a mixed polarity that exposes both the N-face 

and the Ga-face (or InGa-face) of the crystal.

The effect of the strong polarization on the GaN semiconductor electrode was investigated by 

cyclic voltammetry and by EDS. Etching of the GaN surface was observed under anodic 

polarization conditions.

iv
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This study has demonstrated that both GaN and InGaN semiconductors posses some potential as 

novel materials for construction of potentiometric anion selective electrodes. The fabricated GaN 

and InGaN sample electrodes showed good response to all tested organic and inorganic anions 

and pH sensitivity. They also demonstrated good chemical and mechanical stability and hence, 

GaN and InGaN semiconductors could be employed to construct ion selective electrodes that are 

both durable and easy to use. The study also showed that some of the electrode characteristics 

and specifically, their region of linearity and the reproducibility of OCP results leave space for 

improvement and necessitate further research. One direction in which future efforts could be 

targeted is to clarify the effect of surface polarity on the electrode response and to determine the 

actual electrochemical reactions occurring in the electrochemical system.
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NOMENCLATURE

Symbol Meaning Unit

A Surface area of the electrode 2m
a* Activity of species i in solution
C Total interfacial capacitance r  -2F cm
CD Capacitance of the diffuse or Gouy layer i? -2F cm

Ch Capacitance of the Helmholtz layer F cm’2
Concentration of species i in solution mol L’1

Co Concentration of the oxidized species in the bulk of the solution mol m’

C'R Concentration of the reduced species in the bulk of the solution mol m"

C-sc Capacitance of the space charge layer of the semiconductor c  -2F cm
D Effective diffusion coefficient o f the redox species 2 -1 m s
Do Diffusion coefficient of the oxidized species 2 -1 m s
Dr Diffusion coefficient of the reduced species 2 -1 m s
e Elementary charge A s
6 Electric field strength V cm’1
E Electron energy eV

F ° redox
Redox level corresponding to the standard electrode potential of 
the redox couple eV

Ec Energy of the lower edge of the conduction band eV

F
Energy of the lower edge of the conduction band at the surface eV^ c s of the semiconductor

Ef Fermi level energy eV

Eg Band gap energy eV

Eox
Most probable energy level for the oxidizing agent of the redox 
couple eV

Ered
Most probable energy level for the reducing agent of the redox 
couple eV

Ev Energy of the upper edge of the valence band eV

Evs
Energy of the upper edge of the valence band at the surface of 
the semiconductor eV

F The Faraday constant (9.6485309 xlO4) C mol’1
f Phase shift angle rad
f  (E) Fermi distribution
I Ionic strength

io Amplitude of the output current signal A
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Symbol Meaning Unit

it Output current at time t A

j Imaginary number
k Boltzmann constant (1.38 x 10’23) I K '1

V P°l 
>j

Potentiometric selectivity coefficient of species j  with respect to
the principal species i

L Inductance H
Ld Debye length cm
n number of electrons exchanged in the redox reaction
Qi Charge density stored in a capacitor F V cm'2
R Gas constant (8.314510) J K '1 mol'1
R^ct, R^ct Charge transfer resistance Q
R* Solution resistance a.
Rsc Resistance of the semiconductor Q
t Time
T The absolute temperature (294) K
U Electrical potential V
U0 Amplitude of the input voltage signal V
Uft Flatband potential V
Um Electrode potential V
Ut Input voltage at time t V

*1 Length of the Helmholtz plane cm
T Real component of the complex impedance Q cm2
Z” Imaginary component of the complex impedance D cm2
Z0 Amplitude of the impedance G cm2
ZcPE Impedance of constant phase element Q cm2
Zi Charge of the ion i
Zt Impedance at time t Qcm2
Zw Warburg impedance Qcm2
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Symbol Meaning Unit

Greek Symbols

Yi Activity coefficient of species i in solution
8 Effective thickness of the diffusion layer m
e Dielectric constant of the electrolyte

eo Permittivity of free space (8.85 x 10’14) F cm’1
rj Overpotential V

Mobility of carriers corresponding to the energy difference 2 -1

^ between bulk conduction band edge and Fermi energy cm s
Difference in electrochemical potential of the electrons in the 
reference and the working electrode 

a Polarization charge A s cm"2
ow Warburg coefficient
A <psc Potential change across the space charge layer V
co Radial frequency rad
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Literature Review

I. LITERATURE REVIEW

The following literature review of ion selective electrodes begins by an overview of the 

advantages of ISEs that have determined the broad range of their applications in environmental 

analysis (Section 1.1). Next, the classification of ion selective electrodes places the electrodes 

utilized in the current research project in the context of commercially available electrodes 

(Section 1.2). The potential advantages of solid-state ion selective electrodes based on 

semiconductor sensing elements over the conventional ISEs are given special attention. Section

1.3 lists the main criteria against which the performance of an ion selective electrode is assessed 

when determining its usefulness for a particular application. Section 1.4 focuses on the 

characterization of the GaN and InGaN semiconductor crystals, including their main physical 

properties, crystal structure, and surface polarity. Section 1.5 deals with the response mechanism 

of the GaN and InGaN semiconductor electrodes to ions in solution. An overview of the previous 

studies of GaN as a potentiometric anion selective electrode is provided in Section 1.6. Section

1.7 addresses the practical operation of ISEs, including calibration methods, and provides insights 

into the most important parameters affecting the performance of ISEs, with an emphasis on 

problems pertaining to the construction of the electrodes, the methods of their application, and 

environmental factors such as temperature, interfering ions, and ionic strength. Section 1.8 

outlines the rationale and lists the objectives for the thesis.

1.1. Applications of ISEs in Environmental Analysis

Continuous in situ monitoring of air, water, and land quality is essential in many environmental 

applications. New emerging technologies such as the ion selective electrodes (ISEs) can, in 

principle, meet environmental requirements and provide a suitable solution to a wide range of 

environmental issues (Bourgeois et al, 2003).

Ion-selective electrodes (ISEs) are the most widely used chemical sensors and have proved 

especially useful as tools in the analysis and monitoring of ions of biological and environmental 

importance (Toth, 1999). The use of ISEs in environmental analysis offers several advantages 

over other methods of analysis (Lynde, 2005). First, the cost of initial setup is relatively low.

The basic ISE setup (Fig. 1.1) includes a meter (capable of reading millivolts), a probe (selective 

for each analyte of interest), and various consumables used for pH or ionic strength adjustments.
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ISE determinations are not subject to interferences such as colour in the sample, and there are few 

matrix modifications needed to conduct the analyzes. This makes ISEs ideal for clinical use 

(blood gas analysis) where they are most popular; however, they have found practical 

applications in the analysis of environmental samples, often where in-situ determinations are 

needed and not practical with other method (Lynde, 2005).

Fig. 1.1 Basic ISE setup 

(Lynde, 2005)

Reference
Electrode

si
C;

Sensing 
Electrode

C u re r t  Flow

Other advantages of the Ion-Selective Electrodes include (NICO 2000 Ltd.):

• When compared to many other analytical techniques, ISEs are relatively inexpensive, 

simple to use, and can be applied over a wide concentration range.

• The most recent plastic-bodied all solid-state or gel-filled models are very robust, 

durable, and ideal for use in either field or laboratory environments.

• Under the most favourable conditions, i.e. when measuring ions in relatively dilute 

aqueous solutions where interfering ions are not a problem, they can be used very rapidly 

and easily (e.g. simply dipping in lakes or rivers, dangling from a bridge or dragging 

behind a boat).
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• They are particularly useful in applications where only an order of magnitude 

concentration estimate is required, or when it is only necessary to know that a particular 

ion is below a certain concentration level.

• They are invaluable for the continuous monitoring of changes in concentration: e.g. for 

potentiometric titrations or for monitoring the uptake of nutrients or the consumption of 

reagents.

• They are particularly useful in biological/environmental applications because they 

measure the activity of the ion directly, rather than the concentration.

• For applications where interfering ions, pH levels, or high concentrations are a problem, 

many manufacturers can supply a library of specialized experimental methods and special 

reagents to overcome many of these difficulties.

• With careful use, frequent calibration, and an awareness of the limitations, they can 

achieve accuracy and precision levels of ± 2 or 3% for some ions and thus compare 

favourably with analytical techniques, which require far more complex and expensive 

instrumentation.

• ISEs are one of the few techniques that can measure both positive and negative ions.

• They are unaffected by sample colour or turbidity.

• ISEs can be used in aqueous solutions over a wide temperature range. Crystal membranes 

can operate in the range 0°C to 80°C and plastic membranes from 0°C to 50°C.

In many frequently performed analyzes, such as the determination of nitrate in drinking water, 

ISEs are already replacing some of the conventional techniques; in other cases, such as on-line 

monitoring of fluoride in drinking water, the use of ISEs have made feasible measurements which 

are otherwise almost impossible (NICO 2000 Ltd.). The growth of these applications has been 

fast in relation to the growth of other techniques, partly because the sensors themselves became 

widely available commercially soon after their development and are, in some cases, also quite
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easy to make in the laboratory (NICO 2000 Ltd.). Another contributory factor is that the 

associated apparatus, such as pH meters and magnetic stirrers, is already part of the standard 

equipment of most analytical laboratories. The above advantages have made the ISE especially 

popular and resulted in the broad range of their application. Some of the most common 

environmental applications of ISEs are presented in Figure 1.2.

Fig. 1.2 Environmental Applications of Ion-Selective Electrodes 

(NICO 2000 Ltd., 2005)

Ion Selective 
Electrodes

Waste Water Treatment
•  pH, Ammonium, Nitrate & other 
ions used during processing

Industrial Production
•  Salinity and pH of Boiler feed water
•  Cyanide in Plating baths
•  Process specific ions

Water Quality Monitoring
•  pH, Calcium & various ions in 
surface water (rivers, lakes & ponds)
•  Ammonium in ground water
•  pH, Ammonium & Nitrate in fish 
tanks & fish ponds

Pollution control
•  pH of acid rain, soil, surface water
•  Contamination of surface water and 
ground water with Ammonium and 
Nitrate
•  Contamination of waste water with 
Cyanide, Cadmium, Mercury & Copper

The low cost of fabrication and the non-invasive methods of application alongside with 

simplicity, rapidity, robustness, and size are some of the essential qualities that have made the 

ISEs especially attractive, despite a number of limitations that are associated with both the 

technology itself and its application in ever changing environment conditions (Bourgeois et al, 

2003). Despite the increasing range and diversity of ISEs currently available, their utilization for 

continuous in situ measurements of ion concentration remains largely limited by environmental 

factors such as temperature, turbidity of measured samples, interferences from other ions in 

solution, fouling problems with the membranes, short lifetime, and the need for frequent 

calibration (Bourgeois et al, 2003).
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1.2. Classification of Ion Selective Electrodes

Several types of sensing electrodes are commercially available. They are classified by the nature 

of the membrane material used to construct the electrode. It is this difference in membrane 

construction that makes an electrode selective for a particular ion.

1.2.1. Primary Ion-Selective Electrodes

1.2.1.1. Crystalline Electrodes

Crystalline electrodes may be homogeneous or heterogeneous (IUPAC, 1994). They contain 

mobile ions of one sign and fixed sites of opposite sign. Homogeneous membrane electrodes are 

ISEs in which the membrane is a crystalline material prepared from either a single compound or a 

homogeneous mixture of compounds (i.e., Ag2 S, AgI/Ag2 S). Heterogeneous membrane 

electrodes are formed when an active substance, or mixture of active substances, is mixed with an 

inert matrix, such as silicone rubber or PVC, or placed on hydrophobized graphite or conducting 

epoxy, to form the heterogeneous sensing membrane (IUPAC, 1994). In both homogeneous and 

heterogeneous types, potentials are developed at the membrane surface due to the ion-exchange 

process (Covington, 1979).

Examples of crystalline electrodes applications include the analysis of silver/sulphide, lead, 

copper (II), cyanide, thiocyanate, chloride, and fluoride. The fluoride electrode is a typical 

example o f a semiconductor crystalline electrode (NICO 2000 Ltd.). Here, the membrane consists 

of a single lanthanum fluoride crystal, which has been doped with europium fluoride to reduce 

the bulk resistivity o f the crystal. It is 100% selective for F' ions and is only interfered with by 

OH’, which reacts with the lanthanum to form lanthanum hydroxide, with the consequent release 

of extra F‘ ions. This interference can be eliminated by adding a pH buffer to the samples to keep 

the pH in the range 4 to 8  and hence ensure a low OH' concentration in the solutions (NICO 2000 

Ltd.).

1.2.1.2. Non-Crystalline Electrodes

In these electrodes, a support matrix containing an ion exchanger (either cationic or anionic), a 

plasticizer solvent, and possibly an uncharged, selectivity-enhancing species, forms the ion-
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selective membrane, which is usually interposed between two aqueous solutions (IUPAC, 1994). 

The support can be either macro porous (e.g., poly(propylene carbonate) filter, glass fit, etc.) or 

micro porous (e.g. "thirsty" glass or inert polymeric material such as PVC) and yields a 

"solidified" homogeneous mixture when combined with the ion-exchanger and the solvent. These 

electrodes exhibit a response due to the presence of the ion-exchange material in the membrane.

Glass membrane electrodes are an example of non-crystalline electrodes (Covington, 1979). The 

oldest glass membrane electrode has been used to measure pH (Rieger, 1994). The electrode, 

shown on Fig. 1.3a, consists of a glass tube, the end of which is a glass membrane about 0.1mm 

thick (and therefore very fragile). Inside the tube is an Ag/AgCl electrode (Ag wire coated with 

AgCl) and 0.1M HCL solution.

The glass electrode is used by dipping it into a test solution and completing the electrochemical 

cell with a reference electrode (Fig. I.3a).

Fig. 13 Use and operation of the glass electrode

a) Electrochemical cell consisting of a glass membrane electrode and a Reference electrode

To 
pH meter

Saturated
calomel
electrode

Saturated
calomel
electrode —- C lue electrodeC lue electrode

Solution of 
unknown pH

Thin f l u .  —
membrane Magnetic stirrer

Ag wir

Wax
insulation

Heavy-walled
glass

0.1 M HC 
saturated with 
AgCl
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rie 
Solution Na G

b) construction of the glass membrane, where G' denote the glass anionic sites

M embrane

A g/AgCl
Reference
Electrode

H+ + G f f )  H+G f  H+G 2 ~  H+ + G  2"

The glass used in the membrane is a mixture of sodium and calcium silicates -  Na2 SiC>3 and 

CaSiC>3 -  and silicon dioxide, SiC>2 (Rieger, 1994) and is called “dry glass”. The silicon atoms 

tend to be four-coordinate, so that the glass is an extensively cross-linked polymer of SiC>4 units 

with electrostatically bound Na and Ca ions. The dry glass is weekly conductive, with the 

charge carried primarily by the Na+ ions. The Ca2+ ions are much less mobile than Na+ and 

contribute little to the conductance. The dry glass is also quite hydroscopic and takes up a 

significant amount of water in a surface layer perhaps as much as 0.1pm deep. In the hydrated 

layers (one on either side of the membrane) there is equilibrium between H+ and Na+ 

electrostatically bound to anionic sites in the glass (the SiC>4 units mentioned before) and in 

solution (Rieger, 1994). In aqueous solutions, the ion exchange reaction that is taking place at 

the surface on both sided of the glass membrane is given by:

H+(aq) + Na+(gl) ^  H+(gl) + Na+(aq) ( 1.1)

If the concentration of H+(aq) in the measured solution is low, this equilibrium shifts to the left; 

i.e., Na+ from the interior of the glass membrane (dry glass) tends to migrate into the hydrated 

region to maintain electrical neutrality (Rieger, 1994) and H+ ions from the internal 0.1M HC1 

solution penetrate a little deeper into the glass membrane to replace the Na+ ions that have 

migrated to the external hydrated layer. This combination of ion migration gives sufficient 

electric current that the potential is measurable with a high-impedance voltmeter. Since the H+ 

ions are intrinsically smaller and faster moving than Na+, most of the current in the hydrated 

region is carried by H+. As a result, the glass electrode behaves as if it was permeable to H+ and 

thus acts as an indicator electrode sensitive to pH (Rieger, 1994).
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Glass electrodes respond with virtually perfect selectivity to hydrogen ions over the pH range 0-

11. Above pH 11, response to alkali ions becomes important with some glasses, and such 

electrodes become unusable above pH 12. Glass membrane electrodes are also available for the 

measurement of sodium ions.

The solvent-polymeric-membrane electrode is another example of non-crystalline electrode 

(IUPAC, 1994). It consists of various ion-exchange materials incorporated into an inert matrix 

such as PVC, polyethylene, or silicone rubber (Covington, 1979). After the membrane is formed, 

it is sealed to the end of a PVC tube. The potential developed at the membrane surface is related 

to the concentration of the species of interest. Electrodes of this type are used to measure 

potassium, calcium, chloride, fluoroborate, nitrate, perchlorate, potassium, and water hardness.

By replacing the glass or solvent-polymeric membrane with a thin layer of a water immiscible 

liquid ion exchanger, another type of non-crystalline ion-selective electrode may be constructed 

(Rieger, 1994). This type of electrodes are called liquid membrane electrodes. For example, by 

using the calcium salt of an organophosphoric acid in an organic solvent as the liquid ion 

exchanger and contacting the ion-exchange solution with aqueous test solution through a thin 

porous membrane, a membrane system permeable to Ca2+ ions (and to some degree to other 

divalent ions) is obtained. On the inner side of the membrane is an Ag/AgCl electrode with 

CaCL electrolyte. Thus a membrane potential proportional to ln([Ca2+]out/[Ca2 +]jn) is developed. 

Liquid membrane electrodes are commercially available for Ca2+, K+, Cl", NO3", CIOT and BF4 ' 

(Rieger, 1994).

1.2.2. Compound or Multiple Membrane (Multiple Layer) ISEs

I.2.2.1. Gas Sensing Electrodes

Gas sensing electrodes are available for the measurement of dissolved gas species such as 

ammonia, carbon dioxide, nitrogen oxide, and sulphur dioxide (Orion Research Inc., 1997).

These electrodes have a gas permeable membrane and an internal buffer solution. Gas molecules 

diffuse across the membrane and react with the buffer solution, changing the pH of the buffer 

(Orion Research Inc., 1997). The pH of the buffer solution changes as the gas reacts with it. This 

change is then sensed by the ion-selective electrode and is related to the partial pressure of the
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gaseous species in the sample (IUPAC, 1994). Gas sensing electrodes do not require an external 

reference electrode because they are constructed with a build-in reference electrode.

1.2.2.2. Enzyme Substrate Electrodes

Enzyme substrate electrodes are sensors in which an ISE is covered with a coating containing an 

enzyme, which causes the reaction of an organic or inorganic substance (substrate) to produce a 

species to which the electrode responds (IUPAC, 1994). Alternatively, the sensor could be 

covered with a layer of substrate, which reacts with the enzyme, co-factor, or inhibitor to be 

assayed.

1.2.3. Metal Contact or All-Solid-State ISEs

The GaN and InGaN electrodes, studied in the current research project, fall within this category. 

These electrodes depend on both ionic and electronic conductivities (mixed conductors), unlike 

the conventional ISEs that depend only on ionic conductivities (IUPAC, 1994). In solid state 

ISEs, the conventional membrane is replaced by a semiconductor sensing element, e.g. GaN or 

InGaN. They do not have an inner electrolyte solution or an inner reference electrode (IUPAC,

1994). Instead, the inner side of the sensing element is contacted by a solid. This configuration 

contrasts with normal membrane usage in which electrolyte solutions contact both sides of the 

membranes.

Solid-state chemical sensors owe their popularity to their small size, simple operation, high 

sensitivity, and relatively simple associated electronics (Alifragis et al., 2005). However, most of 

them still suffer from low selectivity (Alifragis et al., 2005). They also have poor shelf life and 

are relatively less stable at higher temperatures. For example, the Si substrate-based gas sensor 

can only operate below 200°C (Kim et al., 1999), and the lanthanum fluoride-based fluoride 

selective sensor can only operate between 0 and 50°C (Analytical Technology, Inc, 2006). The 

construction of ISE sensing elements made of semiconductor materials is expected to widen the 

temperature range of measurements due to the greater thermal stability of the semiconductor 

membranes in comparison with other solid-state membranes (e.g., crystalline membranes, which 

can operate in the range 0°C to 80°C or plastic membranes, which can operate from 0°C to 50°C 

(NICO 2000 Ltd.). The replacement of conventional membranes with a solid-state 

semiconductor surface/solution interface also provides an improved ISE stability and durability
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and ensures better ISE sensitivity, because the sensing element does not become contaminated by 

organic contaminants (Alifragis et al., 2005).

1.3. Assessment of ISEs

There are many points against which the performance and utility of a particular electrode may be 

assessed for comparative purposes or to judge its usefulness in a particular application (Bailey, 

1980). The most important are as follows:

• Response range and slope

• Selectivity

• Stability and reproducibility

• Response time

• Sensitivity to temperature, pressure, light, etc

• Frequency and ease of maintenance

• Mechanical design

• Availability

• Cost and lifetime

The response range of ISEs is very large compared with that of most analytical devices (Bailey, 

1980). Nearly all electrodes respond over at least four decades of concentration in a virtually 

theoretical manner and some, such as the sodium electrode, respond over eight decades of 

concentration. It is best to choose an electrode and to fix the experimental conditions so that 

measurements are made at concentrations higher than the Nemstian limit of response (Bailey, 

1980). The response of the electrode is referred to as Nemstian whenever the electrode potential 

is proportional to the logarithm of the activity of the measured ions (Bailey, 1980). Hence, the

lower limit of Nemstian response, or the Nemstian limit, may be defined as the lowest activity of

the tested ion at which the plot of the electrode potential versus the logarithm of activity of the 

measured ion begins to depart from linearity. Below this limit, the electrode response becomes 

progressively more and more irreproducible, which results in increasing measurement errors.
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The selectivity of ion selective electrodes is central to their design and is one of the most 

important criteria in their assessment for a particular application (Bailey, 1980). No ion selective 

electrode responds exclusively to the ion which it is designed to measure, although it is often 

more responsive to this primary ion than to others. If another, interfering, ion is present at a 

concentration which is large compared to the primary ion, the electrode response will have 

contributions from both the primary and interfering ions. The degree of selectivity of the 

electrode for the primary ion, A, with respect to an interfering ion, B, is expressed by the

potentiometric selectivity coefficient, KA>Bpot, which is defined by the Nikolsky-Eisenman 

equation (IUPAC, 1994):

(7 = constant+ + K £ a z/ z- + K % a zc-/z< +...] (1.2)
Z a F

where:

U is the experimentally measured voltage of a cell (in V) when the only variables are activities in 

the test solution;

R is the gas constant and is equal to 8.314510 J K-l mol-1;

T is the absolute temperature (in K);

F is the Faraday constant and is equal to 9.6485309 xlO4  C mol'1; 

aA is the activity of the ion A;

as & ac are the activities of the interfering ions B and C respectively;

KA)Bpot is the potentiometric selectivity coefficient for ion B with respect to the principal ion A; 

ZAis the charge number - an integer with sign and magnitude corresponding to the charge of the 

principal ion A;

Zb & Zc are charge numbers corresponding to the charge of interfering ions, B and C, 

respectively. Sign of these charge numbers is the same as that of the principal ion.

When an electrode is very selective for A  in comparison with B, K A;Bpot will be much less than 

unity. Conversely, if the electrode responds preferentially to B rather than A , K Aibp° 1 will be 

greater than unity (Bailey, 1980).

The stability and reproducibility of the electrode response are primarily controlled by the 

environment, in particular by temperature; the response always tends to be more stable and 

reproducible in solutions of high ionic strength containing large activities of the sensed ions
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(Bailey, 1980). Instability may also be caused by excessive susceptibility of the electrode to 

static electricity, which may result from poor electrode design, faulty connections inside the 

electrode, or a poor quality cable. A good electrode used under the right conditions should show 

negligible drift of potential between successive calibrations (with calibration ideally carried out 

once a day) and should be able to reproduce the potential to ±0. lmV.

The response times of most electrodes are sufficiently short for most analytical purposes (Bailey, 

1980). Typically electrodes take just one or two minutes to reach equilibrium; thus the 

measurement time compares very favourably with most other analytical techniques. Factors 

affecting the response time have been discussed by Ryan and Fleet (1975); they conclude that 

three main factors determine the magnitude of the response time: (1) the type of membrane. The 

response speed of the different types is generally in the order: solid-state membranes > PVC 

membranes > liquid membranes. (2) The rate of change of solution activity. Rapid solution 

movement on the electrode surface helps to reduce response times. (3) The presence of 

interferents. Interferents generally slow the response (Bailey, 1980).

The temperature coefficient (dU/dT) of most electrodes (where U is the measured electrode 

potential and T is the absolute temperature) is appreciable. Therefore, knowledge of its 

magnitude is important so that the degree of temperature control required to maintain adequate 

electrode stability may be calculated. In some cases, it is possible to match the temperature 

coefficient of the ion selective electrode to that of the reference electrode so that the cell is 

approximately temperature-insensitive with respect to shift in potential (Bailey, 1980).

The frequency at which an electrode requires maintenance and the time taken to complete the 

maintenance are important, since their product gives the time the electrode is out of service. This 

is particularly important for electrodes used in continuous analyzers (Bailey, 1980).

Good mechanical design plays an important role in ensuring that an electrode produces a stable 

and reproducible response, has a long life, and is easily serviced.
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1.4. Characterization of GaN and InGaN Semiconductor Crystals

Gallium nitride (GaN) is a semiconductor material with a wide bandgap (3.4 eV). GaN is a very 

hard, mechanically stable material with a large heat capacity. In its pure form, it resists cracking 

and can be deposited in thin film on sapphire, despite the mismatch in their lattice constants. 

GaN crystals are also rich in defects: 100 million to 10 billion per cm2 (Ponce, 1997).

Unlike most other III-V semiconductor compounds that crystallize in diamond or zincblende 

lattice structure, the GaN native crystal has a wurtzite structure. The wurtzite lattice can be 

considered as two interpenetrating hexagonal close-packed (HCP) lattices (Memming, 2001). In 

the case of GaN, the sub lattices are composed of gallium and nitrogen atoms. The wurtzite 

structure has a tetrahedral arrangement of four equidistant nearest neighbours, similar to a 

zincblende structure (Fig. 1.4).

Fig. 1.4 Wurtzite crystal structure of GaN 

(Takayama et al., 2 0 0 1 )

Mixing GaN with InN yields InGaN, which is a ternary group Ill/group V direct band gap 

semiconductor material with high heat capacity and a high tolerance to lattice defects. Its band 

gap can be tuned by varying the amount of indium in the alloy. The band gap of In0 .2 Gao.sN 

(1 .OEv) is quite narrow in comparison with GaN (Alexandrov et al, 2006). InGaN is often grown 

on a GaN buffer on a transparent substrate, e.g. sapphire or silicon carbide.
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The Ino.2 Gao.8N crystal also has a wurtzite crystal structure similar to the structure of its 

constituent binary alloys -  GaN and InN. In InGaN, crystal mixing occurs in the group-III 

element sublattices of the wurtzite structure (Ga and In). Although the ratio of In/Ga in the 

InGaN semiconductor can be anywhere between 0.02/0.98 and 0.3/0.7, this particular 

composition of the InGaN samples has been chosen because in In0 .2 Ga0 .sN the In-contents (20% 

on molar basis) is sufficient to ensure that:

• the InGaN electrode will have pronouncedly higher conductivity than the GaN electrode (due 

to its narrow band gap); and

• GaN and InGaN semiconductor electrons will keep enough similarities to allow comparison 

between the two electrodes and evaluation of the effect of semiconductor bandgap width on 

the electrode performance.

The polarity of the GaN and InGaN surface and thus, the ability of the electrode to selectively 

coordinate cations or anions in solution, depends on the orientation of the crystal, and surface 

properties vary from one crystal plane to the other (Memming, 2001). Therefore, it is very 

important to properly characterize the surface in the studies of surface and interface effects.

The termination of the GaN crystal at the Ga-face causes a positive polarization charge, +0 , 

which can interact with compensating ions in the solution (Fig. 1.5). The surface of the GaN 

wurtzite crystal is characterized by the fact that each gallium atom has 2 bonds to the underlying 

nitrogen atomic plane and one uncompensated bond on the outer face. Recent studies have 

shown that the surface gallium atoms are relatively electron deficient, because of the higher 

electronegativity of N atoms in comparison with Ga atoms in the GaN wurtzite lattice 

(Chaniotakis et al., 2004). These electron deficient atoms can attract anions from the solution to 

form a layer of specifically adsorbed ions on the surface of the electrode.
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Fig. 1.5 Crystal structure of a Ga-face GaN crystal

Ga - face 

0

Similarly to GaN, the surface of an InGaN alloy terminated at the InGa-face also has a positive 

polarization charge. Microscopic dipoles are caused by a separation of charge between In or Ga 

atoms and N atoms aligned along the [0001] direction, as shown in Fig. 1.6. These dipoles 

interact with anions from the solution to result in the formation of an adsorbed surface layer.

Fig. 1.6 Crystal structure of InGaN showing the directions of the dipole moments along In-N  and Ga-N bonds

(Adapted from Miller and Yu, 2001)

1.5. Response Mechanisms of GaN and InGaN Semiconductor 

Electrodes to Ions in Solution

1.5.1. Band Structure and Electrical Conductivity of GaN and InGaN

GaN and InGaN are intrinsic semiconductors. Intrinsic semiconductors are those in which the 

electrical behaviour is based on the electronic structure inherent to the pure material, rather than 

on impurities. The band structure of intrinsic semiconductors at OK is characterized by a valence
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band that is completely filled with electrons and an empty conduction band (Fig 1.7). There is no 

overlap between the valence and the conduction bands, and the two are separated by an energy 

band gap, Eg.

Fig. 1.7 Band diagram of a semiconductor

Unfilled
bands

C onduction
band

V alence
bandFilled

bands

In an intrinsic semiconductor, there are two types of charge carriers -  free electrons and holes. 

For every electron excited into the conduction band, there is a vacant electron state in the valence 

band. Under the influence of an electric field, the position of the missing electron within the 

crystal lattice changes because valence electrons can move to fill the vacant state (Fig. 1.8a). 

Thus, the missing electron from the valence band can be treated as a positively charged particle 

called a hole. A hole is considered to have a charge that is of the same magnitude as that o f an 

electron, but of opposite sign. In the presence of an electric field, excited electrons and holes 

move in opposite directions (Fig. I.8b).

Fig. 1.8 Electrical conduction in intrinsic semiconductor 

a) b)

CONDUCTION BAND

VALENCE BANDo o o
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The band gap of GaN (3.4eV) is considered quite wide. InN has a narrower band gap (1.9eV), 

and the band gap of InGaN (1 .OeV) is narrower than that of both of its constituent alloys 

(Alexandrov et al, 2006). Although, this may seem illogical, the band gap of the InGaN is 

controlled by the inhomogeneous mixing between GaN and InN binary alloys, resulting in 

defects in the crystal structure of the InGaN alloy. These defects are characterized by the 

occurrence of non-stoichiometric substitution of In atoms with N atoms in the crystal lattice, 

which gives rise to n-type conductivity (electron carriers) in the intrinsic InGaN and shifts the 

band gap to a smaller value (Alexandrov et al, 2005). Despite its n-type conductivity InGaN is 

still considered an intrinsic semiconductor as the conductivity of the InGaN is determined by the 

unique electronic structure of the material rather than by doping. Unlike InGaN, where majority 

carriers are electrons, the number of free electrons equals the number of holes in GaN.

In solids, the energy corresponding to the highest filled state at 0°K is called the Fermi energy,

Ef, and in most semiconductors it lies within the band gap. Exceptions make the so called 

degenerated semiconductors, which are characterized with extremely high impurity 

concentrations and the Fermi level in these semiconductors may pass the conduction or the 

valence band edges. The discussion, presented below is only applicable to the non-degenerated 

semiconductors as the GaN and InGaN utilized in the project follow within this category.

The Fermi function f  (E) is defined as the probability that a given available electron energy state 

will be occupied at a given temperature and has the form:

/ ( £ ) = e,e-Jr!„r+1 0 -3)

where:

E is the available energy state at which the value of the Fermi function is sought;

Ef is the Fermi energy level (eV);

T is the absolute temperature (in K); 

k is the Boltzmann constant (1.38 x 10-23 JK-1)

Only those electrons with energies greater than Ef can participate in charge transfer reactions or 

be accelerated in the presence of an electric field. Holes have energies less than Ef and also
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participate in the electric conduction process. Thus, the electrical conductivity of a solid is a 

direct function of the numbers of free electrons and holes. Additionally, the difference between 

conductive and non conductive materials lies in the number of these electron and hole charge 

carriers (Callister, 1997).

For an electron to become free, it must be excited into one of the empty and available energy 

states above Ef. In metals, there are vacant energy states adjacent to the highest filled state at Ef. 

A half-filled valence band is shown in Figure 1.9a. This situation occurs in materials consisting 

of atoms that contain only one valence electron per atom. Most highly conducting metals 

including copper, gold, and silver satisfy this condition. Materials consisting of atoms that 

contain two valence electrons (e.g., magnesium) can still be highly conductive if  the resulting 

filled valence band overlaps with an empty conduction band, as shown of Figure I.9b. For the 

above two scenarios (Fig. I.9a and b), very little energy is required to promote electrons into the 

low-lying empty states. However, no conduction is expected for the scenario shown on Fig. I.9c 

where a completely filled band is separated from the next higher empty state by a large energy 

gap. Such materials behave as insulators. Finally, Fig. I.9d shows the situation in 

semiconductors: for an electron within the valence band to become free, it must be promoted 

across the energy band gap and into the empty states at the bottom of the conduction band. This 

is possible only by supplying to the electron the difference in energy between these two states, 

which is approximately equal to the band gap energy, Eg.

a) metals

VALENCE
BAND

EMPTY
CONDUCTION

BAND

BAND GAP

EMPTY STATES

Fig. 1.9 Electron band structures in solids at 0°K

b) metals c) insulators
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Although in semiconductors the Fermi energy lies above the top end of the valence band, there 

are no electrons at the Fermi energy level. This is because whether the electrons will be available 

at a particular energy level is determined not only by the position of the Fermi level but also on 

the electron density of states. Moreover, the electron population at a given energy level depends 

on the product of the Fermi function and the electron density of states. In semiconductors, 

although the Fermi function has a finite value in the band gap, there are no available energy states 

in the band gap. Flence, no electrons are present above the valence band at OK.

Given the width of the band gaps in GaN and InGaN, less energy is required to excite electrons 

across the band gap of InGaN than GaN. As a result, under the same excitation, InGaN is more 

conductive than GaN.

1.5.2. The Semiconductor/Electrolyte Interface

Fig. 1.10 shows the energy levels in a) the electrolyte and b) an intrinsic semiconductor electrode 

(such as GaN). The energy is plotted on the ordinate, and the probability of finding the energy 

level of an ion at that energy is plotted on the abscissa.

Fig. 1.10 Energy levels in an electrolyte and in an intrinsic semiconductor 

(Adapted from Ottow, 2006)

a) electrolyte b) intrinsic semiconductor

Conduction Eranct
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E
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In the electrolyte (Fig. 1.10a), three energy levels exist:

•  E°redox is the redox level corresponding to the standard electrode potential o f the redox

couple,

• Eox is the most probable energy level of the oxidant in the redox couple, and
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• Ered is the most probable energy level of the reductant in the redox couple.

Eox i- Ered because the energy level of the oxidized ion is different from the energy level of the 

reduced ion, due to differences in the solvation shell between the oxidized and reduced ions.

In Fig. 1.10b, the semiconductor energy levels are shown with the level of the valance band, the 

conduction band, and the Fermi energy.

When the semiconductor is brought into contact with an electrolyte containing a redox couple, 

the Fermi level and the redox level align (Fig. 1.1 lb). Because these two energy levels were 

different before the contact (Fig. I.lla), this process is accompanied by a charge transfer from the 

semiconductor to the electrolyte or from the electrolyte to the semiconductor, depending on the 

relative positions of the semiconductor Fermi level and the redox level. The direction of charge 

transfer is always from higher to lower energy level. As a result of this process a charge 

separation occurs at the semiconductor/electrolyte interface and gives rise to a potential 

difference. For example, for the situation shown in Fig. 1.1 la, the charge transfer would occur 

from the electrolyte to the semiconductor, as the redox level E°redox before the contact is higher 

than the semiconductor Fermi level Ef.

Fig. 1.11 Positions of the Fermi level in a semiconductor and the redox level in an electrolyte

(Adapted from Ottow, 2006) 

a) before contact b) after contact c) under applied cathodic polarization

E
F
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EcsE redoxF
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If an external potential is imposed on the semiconductor electrode (Fig. 1.1 lc), the Fermi level of 

the semiconductor electrode moves upward when the potential is made more cathodic and 

downward when the potential becomes more anodic. It has been shown that the positions o f the
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energy band edges at the semiconductor surface in contact with aqueous electrolyte (Ecs and Evs) 

are pinned and independent of any redox system added to the solution or potential imposed on the 

electrode (Memming, 2001). Assuming that the energy band edges at the surface, Ecs and Evs, 

remain at the same position and that the energy bands within the bulk semiconductor, Ec and Ev, 

move upward or downward when the position of the Fermi energy level moves, then the overall 

energy bands within the semiconductor electrode are bent under polarization. The region across 

which this bending occurs is called the space charge layer.

When the working semiconductor electrode and the reference electrode are brought in contact 

with an electrolyte solution, equilibrium is established and the electrochemical potential over all 

contacting phases is constant. However, if the reference electrode and the working 

(semiconductor) electrode are different and are placed in a two-compartment cell, then 

equilibrium throughout the whole cell does not exist because exchange of ions between the two 

compartments has been made impossible. On the other hand, equilibrium still exists in two half 

cells. In this scenario, the electrochemical potential of the electrons in the two electrodes is 

different. This difference in electrochemical potential can be measured as a voltage Um between 

the reference electrode and the working (semiconductor) electrode and is related to the 

electrochemical potential by:

Um=AjreF  (1-4)

where:

Um is the measured potential (V)

A fie is the difference in electrochemical potential of the electrons in the reference and the 

working electrode (eV)

F is the Faraday constant and is equal to 9.6485309 xlO4 C mol'1

Since the electrochemical potential of electrons in a metal or a semiconductor is also the Fermi 

level Ef, the measured electrode potential Um can be directly related to the energy difference 

between the Fermi level of the semiconductor electrode and the Fermi level of the reference 

electrode. If Um is the measured electrode potential (V) and e is the elementary charge of the 

electron (1.6xlO'19As), then the product eUm (eV) is the energy difference between the Fermi
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level of the semiconductor electrode and the Fermi level of the reference electrode (Fig. 1.12). 

Similarly, if eUs (eV) is the energy difference between the energy levels of the bottom of the 

conduction band at the surface and within the bulk semiconductor, then a very important 

characteristic of the semiconductor is the value of Um when Us is 0.

Fig. 1.12 Energy level model of the semiconductor/electrolyte interface

ell.

R eferen ce
ElectrodeSem iconductor •ctrolyte

This value of U m is called the “flat band potential”, Ufb. In practice, an appropriate voltage can 

be applied at the semiconductor electrode to make U s zero and then, the value of Ufb=Um can be 

measured directly. If the value of Ufb is know for a particular semiconductor, than the positions 

of Ecs and Evs can be determined from:

eUfb = Ecs-  p (1.5)

EVS = ECS-E g (1.6)

where:

e is the elementary charge of the electron (1.6xlO'19As)

p is the mobility of carriers corresponding to the energy difference between bulk conduction band 

edge and Fermi energy, (cm2V‘1s‘1)

Eg is the semiconductor band gap energy, (eV)
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Although Ufb and the position of the energy band edges (Ecs and Evs) at the semiconductor surface 

are independent of the redox system, they depend on the pH of the electrolyte. Hence, it is 

important to determine these semiconductor characteristics at a given pH value.

In the ideal case, the flat band potential and band edge potentials at the semiconductor surface for 

a given semiconductor should be the same regardless of material doping (Memming, 2001). In 

practice, however, it is known that slow charge transfer kinetics at the semiconductor/electrolyte 

interface can cause a shift in the band edge potentials because of charge accumulation (Bansal 

and Turner, 2000). Accumulation of electrons at the interface shifts the potentials to more 

negative values, and accumulation of holes at the interface shifts the potentials toward more 

positive values. Beach et al. (2003) determined the flat band potentials Ufb for n-type and p-type 

GaN as a function of pH. On the basis of the determined Ufb, they calculated the band edge 

potentials at the semiconductor surface for both types of GaN doping and found that the band 

edge potentials at the semiconductor surface for p-type GaN are 0.7V to IV more negative than 

for n-type GaN (Beach at al., 2003). On the basis of their results, the value of the band edge 

potentials at the semiconductor surface for the undoped GaN sample electrodes used in the 

current research project were taken as the average of n-type and p-type GaN band edge potentials 

values, i.e:

• Ecs = -1.30eV versus the standard Calomel electrode (SCE) or Ecs = -1.058eV versus the 

standard hydrogen electrode (SHE) at pH = 5.5 (this was the measured pH for the test 

electrolyte solutions).

• Evs = +2.1eV versus SCE or Evs = +2.342eV versus SHE at pH = 5.5.

The InGaN band edge potentials at the semiconductor surface were determined on the basis of the 

study by Fujii et al (2005), who investigated the InGaN band edge potentials at the 

semiconductor surface as a function of In composition in the alloy. For 20% In content in the 

InGaN alloy on molar basis, the band edge potentials at the semiconductor surface obtained 

through interpolation of their results are:

• Ecs = -0.40eV versus the Ag/AgCl reference electrode or Ecs = -0.188eV versus SHE at pH =

5.5.
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• Evs ~ +2.5eV versus the Ag/AgCl reference electrode or Evs = +2.712eV versus SHE at pH =

5.5.

The charge transfer across the semiconductor/electrolyte interface occurs via the energy bands. 

The positions of the energy band edges at the semiconductor surface are pinned and do not 

change after the addition of a redox system to an aqueous electrolyte or under polarization of the 

electrode. Therefore, the positions of the energy levels of the redox system, Eox, Ered and E°red0x, 

remain unchanged with respect to the energy band edges Ecs and Evs at the semiconductor surface. 

Consequently, if we place E°red0x, Ecs, and Evs on the same energy scale, we can compare the 

energy levels of the bands in the semiconductor at the surface with the energy levels of the ions 

in solutions and predict the direction of the charge transfer processes at the semiconductor/ 

electrolyte interface. A detailed description of the approach that is followed when determining 

the interfacial processes is provided in Section III.7 of Chapter III: Results and Discussion.

In addition to the charge transfer processes at the semiconductor/electrolyte interface, 

adsorption/desorption reactions also occur.

Once the semiconductor electrode (GaN or InGaN) is immersed in solution, its surface is easily 

attacked by water molecules and anions because of the positive charge of the electron deficient 

Ga-atoms in the case of the GaN electrode, and Ga and In atoms in the case of the InGaN 

electrode. The following types of interactions are possible:

• Electrostatic interaction between the positively charged Ga-surface (or InGa-surface) and the 

water dipoles and anions in solution, i.e., non-specific adsorption processes.

• Chemical reactions between water molecules and the positively charged outer Ga-atoms (Ga 

and In atoms in the case of the InGaN electrode) resulting in formation of NGa-OH chemical 

bonds and the generation of H+ ions, i.e., specific adsorption processes:

NGa+ + H 20 ^>  N G a -O H +  H + (1.7)

NIn+ + H 20 ^>  N In -O H  + H + (1.8)

• Because of the mixed polarity of the GaN crystal, the surface of the electrode also contains 

some N-face regions, where the negatively charged, electron excessive N-atoms will attract
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hydrogen cations from the solution to form GaN-H chemical bonds according to the 

following reactions:

GaN- + H 20  -> GaN - H ++ OH~ (1.9)
InGaN' + H 20  -> InGaN -  H ++ OH~ (1.10)

All of the above processes result in the formation of a double layer on the electrolyte side of the 

semiconductor/electrolyte interface and a space charge region on the semiconductor side (Fig. 

1.13). The red dashed line through the liquid represents the variation of potential over the 

interfacial region.

Fig. 1.13 Structure of the semiconductor/electrolyte interface 
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The solution side of the double layer itself consists of several layers. As the Ga-face regions 

(respectively InGa-face) are dominant at the semiconductor electrode surface the following 

discussion will focus on them. The first layer is formed of OH' ions specifically adsorbed on the 

electrode surface and is called the Inner Helmholtz Plane (IHP). The center of electrical charge 

in the IHP is located at distance xi from the semiconductor/ electrolyte interface. The second 

layer is formed of non-specifically adsorbed water dipoles and anions that have kept their
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solvation shells. They can only approach the electrode surface at a distance X2 . This second 

layer is called the Outer Helmholtz Plane (OHP). Furthermore, because the interaction between 

solvated anions and the positively charged surface involves only long-range electrostatic forces, 

the excess anions are distributed over a relatively large region extending from the OHP to the 

bulk solution. This three dimensional region is called the diffuse layer or the Gouy layer.

The formation of the double layer on the electrolyte side creates a charge imbalance at the 

semiconductor/electrolyte interface, which is compensated by the accumulation of counter 

charges on the semiconductor side. These counter charges are holes that move within the 

valence band of the semiconductor and towards the interface. Unlike in metal electrodes where 

the charge carrier density is high and counter charges are located just below the interface, the 

carrier density in the semiconductor is smaller and the excess counter charges are distributed 

over a larger region extending from the interface into the bulk semiconductor called the Space 

Charge Region (SCR).

At high concentrations of a conducting salt in the electrolyte solution, the excess electric charges 

on the solution side are concentrated within the IHP and the OHP; while at low concentration 

they are distributed over the much thicker diffuse or Gouy layer. In the former case, the double 

layer on the solution side can be approximated by a single parallel-plate capacitor. The charge 

density Qi stored in such a capacitor is related to the voltage drop U across the capacitor by:

where:

e is the dielectric constant of the electrolyte

eo is the permittivity of vacuum (8.85 x 10'14 Fcm"1)

xi is the length of the Helmholtz plane (cm)

The differential capacity is then given by:

(1.11)

, _ dQt _ ££0
H  ~~ 1 T T  ~dU  x,

(1.12)
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If we use e - 20 andxj =5x10 8 caw , we obtain =3x10 5 Fcm 2. For solutions with high 

salt concentration (> 10'2 M), it is safe to neglect the potential drop across the diffuse double layer 

and to only take into account the potential drop across the Helmholtz layer (Memming, 2001).

With semiconductor electrodes, either adsorption/desorption or electron transfer processes can 

control the potential of the Helmholtz layer formed at the semiconductor/electrolyte interface. 

However, similarly to insulators, the potential of the Helmholtz layer is most often dominated by 

adsorption/desorption processes rather than by the charge transfer process (Morrison, 1980). The 

exception is heavily doped semiconductors, in which the density of charge carriers is so high that 

their behaviour approximates that of metals, where the potential of the Helmholtz layer is 

controlled by charge transfer processes. As for metals, there can be redox reactions at the 

surface of semiconductor electrodes, with electron transfer occurring from the semiconductor to 

the electrolyte or in the opposite direction. However, the amount of charge accumulated at the 

interface as a result of these charge transfer processes is negligible in comparison with the 

amount of charge stored as a result of adsorption/desorption processes.

Similarly to the Helmholtz layer, the space charge region can also be approximated by a parallel 

plate capacitor, with a charge density given by:

Qsc=££  oE , (1-13)

where:

e is the dielectric constant of the semiconductor 

£o is the permittivity of vacuum (Fcm'1)

Es is the electric field strength (Vcm 1)

The differential capacity of the space charge layer is given by:

PF
Csc ——-cosh 

Ld

eAfrS C

kT
(1.14)

where:

k is the Boltzmann constant (1.38 x 10' 2 3  JK'1) 

T is the absolute temperature (K)
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Lq is the Debye length, i.e. the distance over which significant charge separation can occur (cm) 

A0SC is the potential change across the space charge layer (V) 

e is the elementary charge

The total differential capacity of the semiconductor/electrolyte interface, C, can then be 

approximated by two capacitors, Csc and Ch, connected in series:

— = —  + —  (1.15)
C C5C CH

1.6. Previous Electrochemical Studies of GaN

The properties of GaN and InGaN semiconductors have been previously investigated in several 

electrochemical studies (Kobayashi et al, 2005; Fujii and Ohkawa, 2006; Fujii et al, 2005) but the 

main emphasis of these studies has been on GaN and InGaN potential applications as photo 

electrodes in photo electrochemical cells for solar powered production of hydrogen. While the 

development of other semiconductor-based sensors has been extensive, the investigation of GaN 

and InGaN sensors is at an early stage.

Chaniotakis et al. (2004) studied the potential application of GaN as a potentiometric anion 

sensor and reported that the sensor responds selectively to the tested anions in aqueous solutions. 

For their experiments, they utilized sensing element consisting o f 0.5 pm Ga-face GaN (0001) 

films grown on sapphire (AI2 O3). The GaN samples were undoped. The sensor contact was 

made by bonding a O.lmm-diameter platinum wire with indium to the edge of the GaN sensing 

element. The entire electrode assembly was covered with epoxy glue leaving only the GaN 

surface exposed to the solution. The response of these potentiometric sensors was investigated 

with electrochemical techniques such as open circuit potential (OCP) measurements and 

electrochemical impedance spectroscopy (EIS). The selectivity of the sensor was tested for 

various salts dissolved in water (KF, KNO3 , KC1, HOC6H4 COONa, KSCN, CH3 COOK, KCIO4 , 

KBr and KI). Fig. 1.14 shows OPC values versus anion concentration for four different salts.
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Fig. 1.14 Calibration curves of the GaN-based sensor to four different potassium salts 

(o) KF, (□) KCI, (A) KNO3 and (*) KSCN (Chaniotakis et al., 2004)
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Fig. 1.14 shows that the sensitivity of the GaN depends on the type of anion. Chaniotakis et al. 

explained that the potentiometric response o f the GaN-based electrode is due to the fact that the 

Ga-face GaN (0001) surface has two complete bonds to the nitrogen atoms of the underlying 

atomic plane and one remaining bond “unbound”. This makes the Ga-atoms electron defective 

with respect to the nitrogen atoms and thus susceptible to coordination with negatively charged 

species such as anions. Chaniotakis et al. suggested that if  the surface of the GaN crystal can 

selectively interact with charged species, the observed potentiometric response is due to the 

preferential adsorption of the specific ions in the Helmholtz layer. Electrochemical impedance 

studies were carried out to demonstrate that the generated electrode potential is based purely on 

the Helmholtz layer. EIS results showed that the complex impedance of GaN electrode system is 

inversely proportional to the activity of the anions, i.e. the complex impedance increases as the 

anion activity decreases. However, Chaniotakis et al. did not attempt to model the obtained 

impedance spectra with an analogous equivalent circuit model and, consequently, did not 

calculate the parameters required to characterize the interfacial features such as double layer 

capacitance, semiconductor resistance, solution resistance, etc. Investigations of electrode 

stability reported by Chaniotakis et al showed that the GaN sensor exhibits extremely high
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mechanical and chemical stability and can not be etched or destroyed under any wet chemical 

conditions. They elaborated that the etching of the GaN surface can be performed to a limited 

degree only under photoelectrochemical activation and in very corrosive environments. Their 

experiments showed that the potential of the GaN sensor is very stable over time and exhibits no 

significant potential drift if the sensor remains immersed in electrolyte solution for up to 5 days. 

The response time of the sensor in the investigated electrolyte solutions was found to be very fast 

and within 50s. Based on their experimental results and observations, Chaniotakis et al. 

concluded that the response of the GaN sensor to anions is purely a surface phenomenon 

involving anion coordination and resulting in the generation of an interfacial potential related to 

the activity of the anions.

In another study of a GaN anion selective potentiometric sensor, Aliffagis et al (2005) showed 

that the GaN sensor also responds to pH changes. The construction of their Ga-polarity GaN 

(0001) electrodes was similar to the construction of the GaN sensors utilized by Chaniotakis et al. 

The results showed that the electrode potential becomes more positive when the pH decreases 

(Fig. 1.15).

Fig. 1.15 pH sensitivity of the GaN sensor in 2 M KOH before (circles) and after (squares) oxidative treatment

(Alifragis et al., 2004)
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Alifragis et al concluded that the observed response of the GaN semiconductor electrode to pH 

changes is due to the selective interaction of the positively charged Ga-face GaN surface with the 

hydroxide anions in solution. Further investigation of the GaN sensor pH response showed that if 

the surface of the electrode is oxidized, i.e. etched (exposing both Ga-face sites and N-face sites), 

then the response to pH changes becomes mixed and is due to coordination of hydroxide ions by 

the Ga-face sites and hydrogen ions by the N-face sites.

Alifragis et al. also studied the response of the GaN sensor to three different anions: HPO4  ', CL 

and CIO4' through open circuit potential measurements and electrochemical impedance 

spectroscopy. Their results corroborated the theory of Chaniotakis et al. (2004) that the GaN 

semiconductor electrode response is based on the outer face interaction between anion in solution 

with gallium atoms on the GaN surface. Alifragis et al found that the response time and the 

reversibility of the GaN electrode response to the above mentioned anions is very fast and 

reproducible.

1.7. Operation of ISEs

In this section, some of the essential procedures and features of the operation of ISEs will be 
introduced.

1.7.1. Calibration of ISEs

There are a number of calibration methods based on measurements o f electrochemical cell 

potentials (Rieger, 1994). For convenience these can be divided into two groups: those which 

determine concentration (or activity) directly from the measured potential of an electrochemical 

cell; and those in which the potential o f a cell is used to determine the equivalence (end) point in 

a titration (Rieger, 1994). The first group of calibration methods is subdivided to direct 

calibration and incremental methods.

1.7.1.1. Direct Calibration

1.7.1.1.1 Method Description

Direct calibration is the simplest and most widely used method for ISEs (NICO 2000 Ltd.). 

Calibration is carried out by immersing the electrode in a series o f standard solutions of known 

concentration and plotting a graph of the potential reading (mV) versus the log of the activity (or
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the actual activity on a logarithmic X-axis) (See Fig. 1.16). This should give a straight line over 

the whole linear concentration range. When this method is used, it is important that the test 

solution have the same ionic strength as that of the standards so that the activity coefficients 

remain constant (Rieger, 1994). However, activity is difficult to determine in complex solutions 

and it is generally more useful to plot concentration units (NICO 2000 Ltd.). In this case the 

effect of variable activity coefficients in solutions with high ionic strength can be minimized by 

adding a solution of high ionic strength called ionic strength adjustment buffer (ISAB) to all 

standards and samples in order to ensure that all measured solutions have the same ionic strength 

and avoid errors due to differences between the measured activity and the actual concentration. 

The idea is that the ISAB is added in sufficient quantity to completely swamp the ionic effects of 

the host solutions and hence give a uniform ionic strength in all samples and standards. In this 

case, the straight-line calibration curve can be constructed using concentration units, and the 

unknown concentrations can be read directly from the calibration graph (NICO 2000 Ltd.). Often, 

a fixed pH solution or buffer controls the hydrogen ion activity (pH) as well as ionic strength. 

Nevertheless, it must be noted that if  the samples to be measured are likely to have a total ionic 

strength less than about 0.01M for monovalent ions (0.001M for divalent ions), then the activity 

effect should be insignificant and it may not be necessary to add ISAB (NICO 2000 Ltd.).

The slope of the calibration graph is the change in potential response per decade of concentration 

change. This is typically around 59 mV/decade for monovalent ions and 29 mV for divalent ions. 

The slope will have a negative value for negative ions, i.e., a higher concentration means more 

negative ions in solution and therefore a lower potential (NICO 2000 Ltd.).
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Fig. 1.16 Typical ISE Calibration Graph 

(NICO 2000, Ltd., 2005)
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A significant advantage of this calibration method is that it can be used to measure large batches 

of samples covering a wide range of concentrations very rapidly without having to change the 

range, recalibrate, or make any complicated calculations (NICO 2000 Ltd.). Moreover, if  an 

ISAB is not used, it is not necessary to measure the volume of the samples or standards. Quite 

acceptable results can be obtained for some elements by simply dangling the electrodes in a river 

or pond or effluent outflow without the need to take samples in small beakers (NICO 2000 Ltd.).

1.7.1.1.2 Linear Range

The linear range of the electrode is defined as that part o f the calibration curve through which a 

linear regression would demonstrate that the data points do not deviate from linearity by more 

than 18 mV. For many electrodes this range can extend from 1 M down to 10' 6 or even 10' 7 M 

(NICO 2000 Ltd.).

1.7.1.1.3 Total Measuring Range

The total measuring range includes the linear part of the graph as shown below, together with a 

lower curved portion where the response to varying concentration becomes progressively less as 

the concentration reduces. Samples can be measured in this lower range but it must be noted that 

more closely spaced calibration points are required in order to define the curve accurately, and 

the percentage error per mV on the calculated concentration will become progressively higher as 

the slope reduces (NICO 2000 Ltd.).
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1.7.1.1.4 Limit of Detection

For monovalent ions, the International Union of Pure and Applied Chemistry (IUPAC) defines

the detection limit as the concentration at which the measured potential differs from that

predicted by the linear regression by more than 18 mV. The practical limit of detection can be 

calculated by plotting a calibration graph using several standards at the lower end of the 

concentration range and below it. At least two standards are required to define the slope in the 

linear range, and two other standards are required to show the position of the horizontal section 

below the limit of detection, where the electrode is unresponsive to concentration change. The 

limit of detection is then defined as the crossing point of the two straight lines drawn through 

these points (NICO 2000 Ltd.).

1.7.1.2. Incremental Methods

There are three main types of incremental methods in general use:

• Standard (or Known) Additions,

• Sample Additions,

• Sample Subtractions.

1.7.1.2.1 Standard Additions

By first measuring the potential o f an unknown solution and then adding a known amount o f the 

substance detected, the incremental response of the voltmeter in effect calibrates the scale 

(Rieger, 1994). The advantages o f this procedure are that the concentration is determined 

without the tedium of a calibration curve, and, more importantly, calibration is obtained on the 

same solution under the same measurement conditions, possibly avoiding some systematic errors. 

On the other hand, if  the calibration curve is not linear, the know addition method would 

introduce a large uncorrectable error (Rieger, 1994).

As a rule, the calibration curve method is preferable if  many analyzes are to be done (Rieger, 

1994). If only a few analyzes are to be performed, the standard addition method is usually faster. 

In either case, the method should have been carefully investigated to remove systematic errors 

(Rieger, 1994).
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I. 7.1.2.2 Sample Additions

This is a procedure that uses sequential addition of the unknown-concentration sample to a 

standard while recording the changes in the cell potential (IUPAC, 1994).

1.7.1.2.3 Sample Subtractions

This is a variation of the Standard Addition Method (IUPAC, 1994). This procedure involves 

adding a small amount of sample solution to a standard solution of an ion with which it will react 

stochiometrically to form a complex or precipitate, thus reducing the concentration of both ions 

(NICO 2000 Ltd.). The ISE used is sensitive to the reactive ion in the standard, not to the sample.

The main advantage of this method is that it can extend the range of ions measurable by ISEs to 

other ions for which no ion-sensitive membranes are available. For example, there is currently no 

ISE capable of detecting the sulphate ion (NICO 2000 Ltd.). However, sulphate can be removed 

from solution by precipitating as barium sulphate, and there is an ISE that is sensitive to barium. 

Therefore, sulphate can be measured by first measuring the potential of a pure barium chloride 

standard, then adding a known volume of a sample containing sulphate and waiting for 

precipitation to be completed, and finally measuring the potential of the barium electrode again. 

The amount of precipitated barium can then be calculated using a similar equation to that used for 

the Sample Addition method. The sulphate content in the sample is the same as the precipitated 

barium, since each sulphate ion combines with one barium ion (NICO 2000 Ltd.).

1.7.1.3. Titration Methods

ISEs have also been used as detectors of the end point of a titration. Titration methods use a 

titrant (such as EDTA) that complexes or reacts with the ion to be analyzed (Orion Research Inc., 

1997). If either the titrant or the titrated substance is detected by an ISE, a plot of the cell 

potential versus the volume of the titrant shows a sharp increase or decrease in potential at the 

endpoint (Rieger, 1994). These end point determinations can often be more precise than other 

ISE methods because they depend on the accuracy of the volumetric measurements rather than 

the measurement of the electrode potential (NICO 2000 Ltd.). For example, when a calcium 

solution is titrated against the complexing reagent EDTA, there is a gradual decrease in the Ca 

concentration as more EDTA is added until the end point when all the Ca disappears from
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solution. The progress of this titration can be monitored using a calcium electrode (NICO 2000 

Ltd.).

This method can also be used to extend the range of ions measurable by ISEs (NICO 2000 Ltd.). 

For example, aluminium cannot be measured by direct potentiometry but it can be titrated by 

reacting with sodium fluoride and monitoring the reaction using a fluoride electrode. Titration 

methods can also be used for elements for which it is difficult to maintain stable standard 

solutions or and are toxic undesirable to handle as concentrated standard solutions. For example, 

cyanide solutions can be titrated against a hypochlorite solution, which forms a complex with the 

cyanide ions and effectively removes them from solution. The amount of cyanide in the original 

solution is proportional to the amount of hypochlorite used from the start of the titration until the 

end-point when there is no further change in the cyanide electrode potential (NICO 2000 Ltd.).

1.7.2. Sources of Error

There are several factors that can cause difficulties when ISE technology is applied to the 

measurement of ions (NICO 2000 Ltd.). These are reviewed below.

I.7.2.1. Diffusion

The standard voltage given by a reference electrode is only correct if  there is no additional 

voltage produced by a liquid junction potential formed at the porous plug between the filling 

(internal) solution and the external test solution. At the junction between these two electrolytes, 

ions from one solution diffuse into the other. Orion Research points out that differences in the 

rates of diffusion of ions based on size can lead to some error (Orion Research Inc., 1997). In the 

example of sodium iodide, sodium diffuses across the junction at a given rate. Iodide moves 

much slower due to its larger size. A charge separation occurs related to the differences in 

mobilities of the ions in the two solutions. This charge separation produces a potential difference 

across the junction called the liquid junction potential (Bailey, 1980). When an analysis with an 

ion selective electrode is carried out, it is assumed that the liquid junction potential in the 

standard solutions used to calibrate the electrode remains constant in all subsequent 

measurements. Any change in the liquid junction potential when the standards are replaced with 

the sample solutions is termed the residual junction potential and constitutes an error in the 

analytical measurement (Bailey, 1980). To compensate for this type of error, it is important that
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a positive flow of filling solution move through the junction, thus minimizing the effect of

Research Inc., 1997).

I.7.2.2. Sample Ionic Strength

ISEs measure the concentration of ions in equilibrium at the membrane surface (NICO 2000 

Ltd.). In dilute solutions, this concentration is directly related to the total number of ions in 

solution but at higher concentrations, inter-ionic interactions between all ions in the solution 

(both positive and negative) tend to reduce the mobility, and thus there are relatively fewer o f the 

measured ions in the vicinity of the membrane than in the bulk solution. Thus, the measured 

potential is less than it would be if  it reflected the total number of ions in the solution, and this 

causes an erroneously low estimate of the concentration in samples with a high concentration 

and/or a complex matrix.

Ionic strength is a measure of the total effect of all the ions in a solution. The ionic strength of the 

sample is defined as the sum of the molar concentrations multiplied by the square of the charge of 

all the ions:

where:

I is the ionic strength;

c; is the amount concentration of the ion i (usually in moles per litre);

Zj is the charge of the ion i.

The effective concentration measured at the electrode head is known as the activity of the ion 

(NICO 2000 Ltd.). In general chemical terms, it is the number of ions taking place in any 

chemical reaction -  measured in concentration units. The activity coefficient is the ratio of the 

activity divided by the concentration. This is a variable factor that depends on the charge and 

ionic radius of the measured ion as well as the total ionic strength of the solution. For solutions 

with ionic strength I < 10' , the activity coefficient is given by the Debye-Huckle equation:

different diffusion rates o f the ions, and that the junction not become clogged or fouled (Orion

(1.16)

Log r i =- AZ]{ I xl2) (1.17)
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For solutions with ionic strength I < 0.5, the activity coefficient is given by the Davies equation:

where A = 0.512 for water at 25°C.

The activity coefficient is always less than one and becomes smaller as the ionic strength 

increases. Hence, the difference between measured activity and actual concentration becomes 

higher at higher concentrations. This effect causes two main problems in ISE measurements. 

Firstly, when constructing a calibration graph using concentration units, the line is seen to curve 

away from linearity as the concentration increases (it remains straight up to higher concentrations 

if  activity units are used). Thus, if  concentration units are used, it is necessary to measure many 

more calibration points in order to define the curve more precisely and permit accurate 

interpolation of sample results. Secondly, it is most likely that the sample solutions will contain 

other ions in addition to the ion being measured. Hence, the ionic strength of the samples may be 

significantly higher than that of the standards. Thus, there will be an incompatibility between the 

calibration line and the measured samples leading to errors in the interpolated results.

Using equations (1.16), (1.17) and (1.18) it is possible to calculate the activity coefficient and the 

concentration of the measured ion in a solution where the concentrations of all the other ions are 

known. However, in most practical applications, this is not possible or very difficult and time-

For ion concentration measurements, steps must be taken to minimize the effect of the ionic 

strength of the sample. This is because ISEs directly measure the activity of the ion that can 

differ significantly from concentration in samples with complex matrices and high ionic strength. 

For samples with high ionic strength, there are five possible methods that can be used to avoid 

the error introduced by the difference between activity and concentration (NICO 2000 Ltd.):

• Bring the ionic strength to the same level in both the calibrating standard solutions and the 

samples by adding a suitable ionic strength adjustment buffer (ISAB) to both. This 

adjustment is large compared to the ionic strength of the sample.

(1.18)

consuming.
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• Dilute the samples to a level where the ionic strength effect is insignificant, while making 

sure that the detected ion is still within the linear range of the electrode.

• For samples with complex but known matrix, make up the standards in a similar matrix, 

which does not contain ions that would interfere with the measurement.

• Use the activity coefficient to calculate the concentration. As noted above, the activity 

coefficient can be calculated for simple solutions with known concentrations o f all the ions, 

but this is not possible in many practical applications where the samples may have a complex 

or unknown matrix.

• Use the standard addition (or sample addition) method where the potential is measured before 

and after a known small volume of standard (or sample) is added to a larger volume of sample 

(or standard) and the ionic strength is not altered significantly (NICO 2000 Ltd.).

1.7.2.3. Interferences

The background matrix can affect the accuracy of measurements taken using ISEs. Most ion- 

selective membranes are not entirely ion-specific and can permit the passage of ions different 

from the target ion that may be present in the test solution, thus causing the problem of ionic 

interference (NICO 2000 Ltd.). According to the IUPAC definition, the interfering substance 

may be any substance, other than the ion being measured, whose presence in the sample solution 

affects the measured potential of a cell (IUPAC, 1994). Interfering substances fall into two 

classes: "electrode/electrochemical" interferences and "chemical" interferences. Examples o f the 

first class include (IUPAC, 1994):

• those substances which give a similar response to the ion being measured and whose presence 

generally results in an apparent increase in the activity (or concentration) of the ion to be
I |

determined (e.g., Na for the Ca electrode).

• electrolytes present at a high concentration that give rise to appreciable liquid junction 

potential differences or result in a significant activity coefficient decrease.
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The second class of substances that should be recognized as chemical interferences includes 

(IUPAC, 1994):

• species that interact with the ion being measured so as to decrease its activity or apparent 

concentration. The electrode continues to report the true activity (e.g., CN- present in the 

measurement of Ag+), but a considerable gap will occur between the activity and 

concentration of the ions even in very dilute solutions. Under these circumstances, the 

determination of ionic concentration may be problematic.

• substances interacting with the membrane itself by blocking the surface or changing its 

chemical composition (i.e., organic solvents for the liquid or polyvinyl chloride (PVC) 

membrane electrodes) are grouped as interferences or electrode poisons.

1.7.2.4. Selectivity Coefficient

The ability of an ion-selective electrode to distinguish between different ions in the same solution 

is expressed as the selectivity coefficient (NICO 2000 Ltd.). If the primary ion for which the 

electrode is sensitive is A and the interfering ion is B, then a selectivity coefficient of 0.1 would 

mean that the electrode is ten times more sensitive to A than to B. If the coefficient is 1 then the 

electrode is equally sensitive to both. Unfortunately, the selectivity coefficient is not constant and 

depends on several factors including the concentration of both elements, the total ionic strength 

of the solution, and the temperature. Thus, the selectivity coefficient cannot be used to make 

accurate corrections for the interfering ion in any simple manner (NICO 2000 Ltd.).

A common example of interference is that of the chloride ion on the nitrate electrode (NICO 

2000 Ltd.). In this case, the selectivity coefficient is only about 0.003. This means that an equal 

concentration of chloride would only add about 0.3 % to the nitrate signal. Nevertheless, in many 

natural waters the CI/NO3 ratio can be as high as 50:1 or even more, thus causing a possible 15 or 

20% increase in the apparent NO3 signal. In this case, however, the chloride ion can be removed 

from solution by precipitating as the sparingly soluble silver chloride. So, by adding measured 

quantities of the appropriate reagents to samples and standards, the analyst can overcome this 

problem in the laboratory (NICO 2000 Ltd.). However, this is not possible for in situ 

measurements.
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1.7.2.5. Accuracy of Measurements

The measured potential differences (ISE versus outer reference electrode potentials) are linearly 

dependent on the logarithm of the activity of a given ion in solution according to the Nikolsky- 

Eisenman equation (See Equation 1.2). The calculation of ionic concentration is dependent on a 

precise measurement of the potential difference (NICO 2000 Ltd.). For example, only a 1 mV 

error will cause at least a 4% error in the calculated concentration of a monovalent ion and more 

than 8 % for a divalent ion. This is because the theoretical value for the slope at 25°C is 59.2 

mV/decade for monovalent ions and 29.6 mV/decade for divalent ions (NICO 2000 Ltd.). In 

practical application, however, these slopes can vary considerably because of variations in 

temperature, deviations from "ideal" behaviour, minor impurities or contamination of the ion- 

selective membrane, or measurements near the detection limit of the electrode in the non-linear 

range. The critical factor is not so much the actual value of the slope but that this should be as 

high as possible and remain constant over the range of concentrations and the time period 

required for the analyzes. Thus, when measuring ion concentrations, it is essential to take extra 

precautions to minimize any errors in the measurement of the electrode potential.

1.7.2.6. Temperature

It is important that temperature be controlled as variations in this parameter can lead to 

significant measurement errors. A single degree (°C) change in sample temperature can lead to 

measurement errors greater than 4% (Orion Research Inc., 1997). In some cases, it is possible to 

match the temperature coefficient of the ion-selective electrode to that of the reference electrode 

so that the cell is approximately temperature-insensitive with respect to shift in the measured 

potential (Bailey, 1980). Correction must still, however, be made for the change in response 

slope of the ion-selective electrode with temperature. The isopotential concept may also be used 

to determine ways of minimizing temperature effects. According to the IUPAC definition, for an 

ion-selective electrode cell, there is often a particular activity of the measured ion for which the 

potential of the cell is independent of temperature (IUPAC, 1994). That activity, and the 

corresponding potential difference, define the isopotential point and if  they are known, then the 

calibration is usually done at this activity. If the subsequent measurements are to be done at 

different temperatures, using the isopotential point and knowing the value of the electrode slope
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enables to compensate (correct) the measured activity at any temperature to a reference 

temperature (usually 25°C).

1.7.2.7. pH

Some samples may require conversion of the analyte to one form by adjusting the pH of the 

solution (e.g. ammonia) (Lynde, 2005). Failure to adjust the pH in these instances can lead to 

significant measurement errors. In many cases, pH control is necessary for accurate and 

repeatable measurements. Certain ions exhibit a different activity when different concentrations 

of hydrogen ions are present in solution. This occurrence will not only alter the potential due to 

the specific ion that is measured, it may also allow other ions in solution to become active that

otherwise were not (Lynde, 2005). This increased activity from the other ions will interfere with

the ability to evaluate the ion of interest. Some ISEs will only work effectively over a narrow pH 

range (NICO 2000 Ltd.).

1.7.2.8. Response Time

One of the most attractive features of ion-selective electrodes is the speed with which they permit 

a sample to be analyzed, and the ease with which the methods may be made semi-automatic or 

fully-automatic (Bailey, 1980). If samples are measured by a direct calibration method, all that 

needs to be done is to pretreat the sample by addition of aliquot or a pretreatment agent (ionic 

strength adjustment buffer or pH buffer), stir the sample, and put the ion-selective electrode and 

reference electrode into it. The equilibrium cell potential may be read usually within about a 

minute and the answer obtained. Rapid solution movement on the electrode surface by stirring 

helps to reduce the response times of the ion selective electrodes even further. Thus about 20-30 

samples per hour may be analyzed manually. If the sensor is incorporated in a flow system, 

discrete samples may be analyzed at rates up to about 60 per hour or a sample stream may be 

analyzed continuously (Bailey, 1980).

Response time (Fig. 1.17) is the time which elapses between the instant when an ion-selective 

electrode and a reference electrode (ISE cell) are brought into contact with a sample solution (or 

at which the activity of the ion of interest in a solution is changed) and the first instant at which
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the potential/time slope (AU/At) becomes equal to a limiting value selected on the basis of the 

experimental conditions and/or requirements concerning the accuracy (IUPAC, 1994).

Fig. 1.17 Definition and determination of response time 

(IUPAC, 1994)

Timet  (AU/At)

1.7.2.9. Potential Drift

The stability of ion-selective electrodes is affected by both chemical and physical factors.

Ideally, the components of the electrodes should be stable within the electrochemical cell and 

should not react with the species in the test solution. In practice, however, samples often contain 

species that oxidize, complex or otherwise react with the components of the electrode, and thus 

produce a drift of shift in the measured potential of the electrochemical cell. According to the 

IUPAC definition, potential drift is “the slow non-random change with time in the potential of an 

ion-selective electrode cell assembly maintained in a solution of constant composition and 

temperature” (IUPAC, 1994). The determination of the drift is carried out by a linear curve 

fitting on the data set collected in a given period of time in a solution of constant composition and 

temperature. The slope of the potential versus time line is called drift. The random potential 

deviations around the line define the standard deviation of the measured potential data (IUPAC, 

1994).
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The effect of potential drift can easily be seen if  a series of standard solutions are repeatedly 

measured over a period of time (NICO 2000 Ltd.). The results show that the relationship between 

the potentials measured in the different solutions (i.e., the electrode slope) remains essentially the 

same but the actual value of the potentials generally drifts downwards. This is somewhat 

surprising in view of the fact that many ISE specifications quote a potential drift of less than 1 

mV per day. However, it must be noted that this figure is an attempt to define the drift which is 

attributable to the ISE alone, which is impossible to measure directly due to other potential 

differences in other parts of the measuring system. Thus, the ISE drift factor only applies to the 

unlikely and impractical situation when the ion-selective electrode is constantly immersed in a 

1000-mg/L solution but the reference electrode is removed between each measurement. 

Constantly removing and replacing an ISE in different solutions will produce hysteresis (or 

memory) effects, the extent of which depends on the relative concentrations of the new and old 

solutions. Thus, if  the same solution is re-measured after measuring a different one, it cannot be 

expected to give exactly the same potential reading the second time (NICO 2000 Ltd.).

Furthermore, reference electrodes have stable voltages over short periods o f time but tend to 

suffer from slow drift in the liquid junction potential when immersed for long periods (NICO 

2000 Ltd.). Moreover, as discussed previously, it is unlikely that the liquid junction potential will 

always settle to exactly the same value whenever a reference electrode is immersed in a new 

solution, or even re-immersed in the same one. Indeed, for some electrode combinations in 

samples with a complex matrix, this re-equilibration can cause differences of several millivolts 

(NICO 2000 Ltd.).

1.8. Rationale and Objectives for the Thesis

1.8.1. Gaps in Knowledge for GaN- and InGaN-Based Ion Selective Potentiometric 

Sensors Prior to the Thesis

Previous studies by Chaniotakis et al. (2004) and Alifragis et al (2005) (previously reviewed in 

Section 1.6) provide no comprehensive model o f the electrode response mechanism or analysis of 

the structure of the semiconductor/electrolyte interface. They also lack an investigation of the 

electrochemical processes occurring at the interface. The electrochemical impedance 

spectroscopy (EIS) experiments reported by Chaniotakis et al. (2004) and Alifragis et al. (2005)
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show the impedance spectra obtained for the GaN electrodes but do not calculate and evaluate the 

parameters of the equivalent circuit model they applied to fit the EIS experimental results. 

Moreover, there is no reported study of InGaN within the context of a potentiometric anion 

sensor. Hence, any information about the behaviour of the InGaN as an ion selective electrode 

represents a contribution to the current state of knowledge.

1.8.2. Thesis Objectives

This thesis is designed to achieve two main objectives:

i) to bridge some of the gaps in the existing knowledge with respect to the study of GaN and 

InGaN semiconductors as potentiometric anion selective electrodes and

ii) to determine if these materials could potentially solve some problems associated with 

conventional ISEs.

The specific objectives of the thesis are the following:

i) To evaluate the performance of constructed GaN and InGaN sample electrodes against the 

following criteria:

• response time;

• sensitivity to inorganic and organic anions in a wide range of electrolyte solutions (KF, 

KNO3 , KC1, HOC6H4 COONa, KSCN, CH3 COOK, KC104, KBr and KI with 

concentrations of KT'm, 10"2  M, 10' 3 M, 10"4  M, 10' 5 M and 10' 6 M);

• linear range and slope of calibration curves;

• pH response;

• drift of electrode potential;

• reproducibility of electrode response results.

ii) To develop a comprehensive theoretical model of the response mechanism of the GaN and 

InGaN semiconductor electrodes.

iii) To investigate the ability of the GaN and InGaN semiconductor electrodes to respond to 

anions in electrolyte solutions with different concentrations.

iv) To study the structure and the properties of the semiconductor/electrolyte interface and the 

charge transfer processes occurring at the interface.
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II. MATERIALS AND METHODS

11.1. GaN and InGaN Electrode Fabrication

Undoped gallium nitride (GaN) samples were received ready-made from an external laboratory. 

Ga-face GaN (0001) wurtzite crystal films (50 nm thick) were grown on AI2 O3 (sapphire) wafers 

with a diameter of 40 mm by molecular beam epitaxy (MBE). MBE is a technique for deposition 

of one or more pure materials onto a single crystalline substrate (wafer) one layer of atoms at a 

time under ultra-high vacuum (UHV) to form a single crystal (Rinaldy, 2002). The two wafers 

were then shipped to Lakehead University, where they were scribed to rectangular pieces 

measuring approximately 5 mm by 10 mm. Two of the pieces were used for the construction of 

two GaN test electrodes - Sample 1 and Sample 2. As the first step of the electrode construction, 

each wafer piece was attached with epoxy glue on a rectangular pad of insulating circuit board 

material measuring 10 x 20 mm (Fig. II. 1). Copper plates were soldered on two ends of the GaN 

pieces with low temperature solder (Cerrotru Alloy 5800-2 [138.3°C]). A 1.8-mm diameter 

copper wire was bonded with the same solder to one of the copper plates, and a 0.5-mm diameter 

insulated copper wire was bonded to the other copper plate (Fig. II. 1). The bottom of the circuit 

board pad, the top of the copper plates and approximately 70 mm of the copper wires were 

covered with epoxy glue to ensure that only the semiconductor film was exposed when the 

electrode was immersed in liquid.
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Fig. II.1 Construction of the GaN and InGaN sample electrodes

” ' T

© ©
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Fig. n.2 Prepared Test Electrodes

S2 (GaN) S3 (InGaN)SI (GaN)

Legend:

1 -  Insulating circuit board  m aterial
2 -  W afer p iece  (GaN/lnGaN)
3 -  1 ,8-mm d iam ete r co p p e r wire
4 -  0.5-m m  d iam ete r insulated c o p p e r  wire
5 -  C o p p er p la tes
6 -  C o p p er trace
7 -  Low tem peratu re  so ld er
8 -  Epoxy glue
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The completed electrodes are shown on Fig. II.2. There was no pre-treatment (etching the 

surface) of the electrodes prior testing.

The indium gallium nitride (Ino.2 Gao.8N) samples were also fabricated externally by mixing 

gallium nitride (GaN) and indium nitride (InN) in an 80:20 ratio. The 50 nm-thick Ino.2 Gao.8N 

layer was grown on a GaN buffer on a sapphire wafer having a diameter o f 25.6 mm. All InGaN 

samples had their InGa-face (0001) exposed. One electrode -  Sample 3 -  was constructed 

following the same procedure as previously described for the GaN electrodes.

11.2. Electrochemical Measurements

11.2.1. Solutions

All electrolyte solutions were prepared with reagent-grade salts and nanopure water (NPW, 

18.2MO, Bamstead D11911 Nanopure Diamond) in the laboratory. Stock solutions (0.1M) of 

(KF, KN03, KC1, HOC6H4COONa, KSCN, CH3COOK, KC104, KBr and KI) salts were made 

initially and sequentially diluted to produce concentrations of 10'2 M, 10‘3 M, 1CT4 M, 10~5 M and 

1 O'6 M for the construction of complete calibration curves for each type of electrode.

11.2.2. Electrochemical Cell Assembly

Electrochemical experiments were performed in a conventional three-electrode electrochemical 

cell consisting of a reference electrode, a working electrode (semiconductor), and a counter 

electrode (also called an auxiliary electrode). The potential measurements were done versus a 

saturated calomel electrode (SCE) connected to the electrolyte by means of a salt bridge made of 

a glass capillary tube filled with a saturated KC1 solution. The standard potential of the SCE 

reference electrode is E° (SCE) = 0.242 V versus the normal hydrogen electrode (NHE). The 

experimental set-up for the electrochemical experiments is presented on Fig. II.3.
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Fig. 113 Electrochemical Experiments setup 

(Ragoisha, 2004)

HE
C o m p u te r

OAC DO ADC1 ADC2 $ o

ADC * analog-to-digital converter 
DAC • digital-to-analog converter 
DO • digital output

P o te n tio s ta t

WE RE CEu
WE -  working d e c tro d e  
RE -  reference electrode 
C E -  c o u n te r  el ectrode

E lec trochem ica l cell

In electrochemical terms, the half-cell can be represented by: 

Hg | Hg2 Cl2, KC1 (Saturated) (2 .1)

The electrode reaction is:

Hg2Cl2 + 2e -»  2Hg + 2CT (2.2)

A platinum wire electrode was used as the counter electrode. This electrode had a sufficiently 

large surface (more than 1 0  times larger than the surface of the working electrode) to ensure that 

its interface with the electrolyte did not influence the current-potential curves. When not in use, 

the sample electrodes were kept submerged in NPW, and they were thoroughly rinsed with NPW 

before each experiment. To remove dissolved oxygen from the solution and to keep the cell 

oxygen-free throughout the experiments, the electrolytes were purged with argon gas prior to the 

measurements, and argon was blown over the solutions during the measurements. Before each 

series of measurements with a new electrolyte, the following procedures were carried out to 

ensure cleanliness of the equipment: 1 ) the platinum counter electrode was thermally treated 

with a gas burner to remove species that could have been adsorbed on the electrode surface from 

the previous electrolyte, 2 ) the electrochemical cell was cleaned by submerging it into a hot bath 

(90°C) of concentrated hydrochloric and sulphuric acids for one hour and 3) the cell was rinsed

11-4
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with double distilled water and NPW in that sequence. All experiments were carried out at room 

temperature, which was almost constant at 21±1°C.

11.2.3. Open Circuit (OC) Potential Measurements

OCP measurements were performed in solutions of each salt (KF, KNO3 , KC1, HOCgF^COONa, 

KSCN, CH3 COOK, KC104> KBr and KI) with concentrations of 10''M, 10' 2 M, 10' 3 M, 10-4  M, 

10‘5 M and 10‘6 M. These measurements were used to construct complete calibration curves and 

to provide information about the response time of the semiconductor electrodes in solutions of 

varying composition and concentration. The values of OC potentials were reported with respect 

to the SCE reference electrode.

The calibration curves for each sample electrode were obtained using the direct calibration 

method. This method was preferred over all other methods of calibration because of its 

simplicity and wide application for calibration of ISEs. To build the calibration curves for all 

salts, each sample electrode was consecutively immersed in a series of standard salt solutions 

with known concentrations, starting from the solution with the lowest concentration and moving 

in the direction of concentration increase. In each solution, a reading of the OC electrode 

potential was taken. To avoid any errors due to the ionic strength effect, the measured OCPs 

were plotted as a function of the activity o f anions present in the calibrating solution, instead of 

their concentration. All anionic activities were calculated with the VMINTEQ chemical 

speciation modeling software. The region of linearity was determined from the constructed 

calibration curves for each sample electrode and each salt. The linear range and the slope of the 

calibration curves were evaluated and compared to the theoretical slope values and to the results 

reported in the literature for GaN potentiometric anion selective electrodes. The total 

potentiometric response of the GaN ad InGaN sample electrodes was calculated, as it provided an 

indication of the overall sensitivity of the electrodes to the measured ions.

The reproducibility of the OCP measurements and the magnitude of the electrode drift were 

investigated by repeating the OCP measurements over the entire concentration range in three of 

the nine electrolytes. The value of the electrode drift was compared with drift values reported in 

the literature for other ion selective electrodes.

11-5
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OCP measurements were also performed in solutions with varying pH values to determine if  the 

GaN and InGaN semiconductor electrodes showed a pH response. The pH response experiments 

in the acidic pH range (pH =5.45 - 1.34) were performed in 0.1M KC1 solution to which small 

amounts of 0.1 M HC1 were added to decrease the pH to the desired value (aiming to decrease the 

pH by approximately one unit after each incremental addition of HC1). The pH experiments in 

the intermediate to basic range (pH=5.40 - 12.80) were performed in 0.1M KC1 solution to which 

small amounts of 0.1 M KOH were added to increase the pH in increments o f approximately one 

unit. The pH of the solutions was measured with a calibrated pH glass electrode (Brinkman 713 

pH Meter).

11.2.4. Cyclic Voltammetry

Cyclic voltammetry is a potentiodynamic electrochemical technique for studying the properties of 

the semiconductor/electrolyte interface. It can provide information about reversibility of 

electrode reactions occurring in the interfacial region, reaction rates and rate constants as a 

function of applied voltage on the electrode, reactivity of the species in solution, electrode 

material, the nature of the electrode surface, the structure of the interfacial region over which the 

electron transfer occurs, etc. In cyclic voltammetry, the working electrode potential follows a 

linearly ramping potential versus time as shown on Fig. II.4a. The potential that is cycled is 

actually the potential difference between the working electrode and the reference electrode. The 

direction of the potential is reversed at the end of the first scan. Thus the perturbation waveform 

is usually of the form of an isosceles triangle.
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Fig. II.4 Cyclic Voltammetry Experiment

a) Cyclic Voltametry Potential Waveform b) Cyclic Voltammogram for a reversible system

current, i

Time

; potential, U

The potential is measured between the reference electrode and the working electrode, and the 

current is measured between the working electrode and the counter electrode. The results are 

then plotted as current (i) versus potential (U) (Fig. II.4b). These plots are termed “polarization 

curves” or “cyclic voltammograms”, and they can be used for determining the formal redox 

potentials of the electroactive species present in the solution, detecting chemical reactions, e.g. 

adsorption that precede of follow the electrochemical reaction, and evaluating electron transfer 

kinetics.

The results of the CV studies were analyzed to obtain information about the electrochemical 

reactions taking place at the semiconductor/electrolyte interface. To gain a full understanding of 

the processes that occur at different potential values, the GaN electrodes were scanned repeatedly 

in the cathodic and anodic regions, and the current flowing through the electrochemical cell was 

recorded. The electrochemical reactions responsible for the observed current were then 

determined.

The etching processes at the GaN semiconductor, which can be directly related to the stability of 

the electrode in the studied test solutions, were investigated by performing a series of range tests 

during which the potential of the electrode was scanned to highly negative and highly positive 

values (with respect to the electrode’s OCP in the solution). The resulting cyclic voltammograms 

were compared with the ones reported in the literature and recorded also for GaN electrodes.
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They were also analyzed to determine the reactions that contribute to the observed cathodic and 

anodic currents. Because cyclic voltammetry is a technique that can supply information about the 

type of electrochemical reactions (oxidation or reduction) occurring at the semiconductor/ 

electrolyte interface but cannot identify specific reactions, surface studies were also performed to 

gain additional insights about the charge transfer processes that actually took place in the 

electrochemical system during the range tests.

11.2.5. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is an electrochemical technique in which a low 

amplitude alternating potential (AC) wave is imposed on top of a DC potential, and the resulting 

current through the electrochemical cell is measured. The relationship between the voltage and 

current is termed “impedance”, and it is used for characterizing the electrochemical response of 

interfacial processes and structures. Electrochemical impedance is normally measured using a 

small sinusoidal excitation signal. This is done so that the cell's response is pseudo-linear, in 

which case the output signal is of the same frequency as the input signal but is shifted in time, as 

shown on Fig. II.5.

Fig. II.5 Sinusoidal response in a linear system

The impedance of an electrochemical system can be calculated from:

ry _ u t _ U0 sin(twt) _  7  sin(tuf) ^  _ _  - - -  _ /  — ,
it i0 sin(taf -<p) 0 sin(taf + <p)

(2.3)
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where:

Uo is the amplitude of the input voltage signal (V)

Ut is the input voltage at time t (V) 

co is the radial frequency (rad) 

io is the amplitude of the output current signal (A) 

it is the output current at time t (A)

(f> is the phase shift angle (rad)

Zo is the amplitude of the impedance (fi)

Zt is the impedance at time t (£T)

The impedance can also be represented as a complex function:

Z(of) = — = Z Q exp(j<p) = Z0 (cos <j) + j sin <j>) (2.4)
i

The impedance from expression (2.4) is composed of a real and an imaginary part. The real part 

is plotted on the x-axis and the imaginary part on the y-axis of a diagram termed a “Nyquist plot” 

(Fig. II.6 ). In this plot, the y-axis is negative and each point corresponds to the total impedance 

of the system at one frequency. The low frequency data are on the right side of the plot and 

higher frequencies are on the left, i.e., the radial frequency co is increasing from right to left. On 

the Nyquist plot, the impedance can be represented as a vector of length \Z\. The angle between 

this vector and the x-axis is <j).

Fig. n.6 Nyquist plot

-lraZ

»=

>■ RcZ
0 K.
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The most common approach for analyzing impedance data is by fitting it to an analogous 

equivalent circuit model. The procedure employed is to build a circuit and curve fit the 

impedance of that circuit to the measured impedance spectra. Circuit elements most commonly 

used to model electrochemical impedance spectra are combinations of resistances, capacitances, 

and inductors. The impedance equations for the elements are:

Resistor: Z = R (2.5)

Capacitor: Z  = —-— (2.6)
jcoC

Inductor: Z = jcoL (2.7)

where

R is the resistance (Q)

j is the imaginary number

C is the capacitance of the capacitor (F)

L is the inductance of the inductor (H)

The capacitors in real electrochemical systems, however, often do not behave ideally. Instead, 

they act as a constant phase element (CPE), which is characterized by a phase shift between the 

perturbation signal and the resulting current different from ji/ 2  (unlike the ideal capacitor which 

has a phase shift exactly equal to 7i/2 ) . The capacitance of the CPE is given by:

Z=iO'®ri. (2-8)

where

a is an exponent, which equals 1 for a capacitor.

The rate of an electrochemical reaction can be strongly influenced by diffusion of a reactant 

towards or a product away from the electrode surface. This is often the case when a solution 

species must diffuse through a film on the electrode surface. This situation can exist when the 

electrode is covered with reaction products or adsorbed solution components. Whenever 

diffusion effects completely dominate the electrochemical reaction mechanism, the impedance is 

called the Warburg impedance.
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The Warburg impedance depends on the frequency of potential perturbation. At high 

frequencies, the Warburg impedance is small since the diffusing reactants don’t have to move 

very far. At low frequencies, the reactants have to diffuse farther, increasing the Warburg 

impedance. For diffusion-controlled electrochemical reactions, the current is 45 degrees out of 

phase with the imposed potential. With this phase relationship, the real and imaginary 

components of the impedance vector are equal at all frequencies. In terms of simple equivalent 

circuits, the behaviour of a Warburg impedance (a 45 degree phase shift) is midway between that 

of a resistor (0 degree phase shift) and a capacitor (90 degree phase shift). The Warburg 

impedance has two forms: infinite length and finite length Warburg impedance.

The infinite length Warburg impedance assumes an infinite thickness of the diffusion layer across 

which the charged particles diffuse. It is given by the following equation:

where:

co is the radial frequency (rad) 

j is the imaginary number 

c w is the Warburg coefficient

In this equation, the Warburg coefficient is defined as:

where:

n is the number of electrons exchanged in the redox reaction 

R is the gas constant equal to 8.314510 J K ' 1 mol' 1 

T is the absolute temperature (K)

F is the Faraday constant equal to 9.6485309 xlO4  C mol' 1

C'Q is the concentration of the oxidized species in the bulk of the solution (mol m’3)

C*R is the concentration of the reduced species in the bulk of the solution (mol m'3)
0 1Do is the diffusion coefficient of the oxidized species (m s' )

D r  is the diffusion coefficient of the reduced species (m s’ )

Z . (2.9)

/
RT 1 1 (2 .10)crw +

n-11

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



Materials and Methods

A is the surface area of the electrode (m )

The finite length Warburg Impedance assumes that the diffusion layer is bounded, which is the 

common case in real electrochemical systems. If the electroactive species diffuse across a thin 

film at the electrode surface in open circuit conditions, i.e., in the absence of a DC current flow, 

then the Warburg impedance is given by the following equation:

Z w =(Jwco ^ ( l-y )c o th
K D  J

(2 .11)

where:

D is an average value of the diffusion coefficient of the redox species (m2  s '1)

5 is the effective thickness of the diffusion layer (m).

These circuit elements are joined in a variety of ways to model the circuit. For example, the 

equivalent circuit modelling the impedance spectra shown in Fig. II. 6  consists of a resistor and a 

capacitor in parallel, as represented on Fig. II.7.

Fig. II.7 Simple equivalent circuit

-lb

In chemical terms, Ret is the charge transfer resistance across the double layer and C is a double 

layer capacitance. Often, an equivalent circuit model that fits the data will suggest some 

chemical model, process, or mechanism, which can be proposed and tested. Thus, analogous 

circuit elements bridge gaps in knowledge and allow the electrochemist to use the EIS to estimate 

chemical reaction rates and reaction mechanisms in poorly characterized systems. EIS can be 

also utilized to characterize different interrelated processes (interfacial charge transfer, diffusion, 

adsorption, etc.) and interfacial objects (double electric layer, space charge layers, etc.) at the 

non-stationary electrochemical interface.

OC potential, Cyclic voltammetry and EIS measurements were performed with a Solartron SI 

1287 Electrochemical Interface System combined with a Frequency Response Analyzer

11-12

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



Materials and Methods

(Solartron 1252A). The electrode response signal was recorded on a personal computer using the 

CorrWare, CorrView 2, ZPlot and ZView2 softwares included in the Solartron Analyzer 

equipment. A sinusoidal perturbation signal with potential amplitude of lOmV at a base potential 

of 0.00V versus OC potential was applied to obtain impedance spectra. Since the results from the 

EIS showed pronounced scattering of data in the low frequency range (0-100Hz), the EIS 

diagrams (Nyquist plots) were recorded in the restricted frequency range of 100Hz - 300KHz.

EIS was the main tool for the analysis of the structure of the semiconductor/electrolyte interface 

and was also applied to verify the developed theoretical model of the interface (See Chapter 1/ 

Section 1.5). Analogous equivalent circuit models were designed to fit the recorded impedance 

spectra, and the parameters of the equivalent circuits were calculated and compared with the 

values reported in the literature for other semiconductor electrodes. The elements of the 

equivalent circuit model correspond to the physical and electrochemical phenomena occurring at 

the interface such as the formation of the solution double layer, the space charge layer in the 

semiconductor, the layer of adsorbed ions on the surface of the electrode, and the charge transfer 

process. The information needed to characterize these elements was obtained from the values of 

the parameters defining the circuit elements of the equivalent circuit models. In this way, the 

capacitance of the double layer in the different electrolyte solutions, the capacitance of the space 

charge layer in the semiconductor electrode, the charge transfer resistance of the layer of 

adsorbed ions on the electrode surface and other important components of the semiconductor/ 

electrolyte interface were evaluated.

11.3. Surface Analytical Techniques

The surface studies allowed investigating the morphology of the GaN and InGaN samples, with 

the main emphasis placed on the polarity of the surface of the GaN and InGaN thin films. These 

studies provided additional information about the electrochemical reactions that took place in the 

system during the range tests. Scanning Electron Microscopy (SEM) and Energy Dispersive 

Spectroscopy (EDS) were the two techniques selected for the surface studies because the related 

equipment was readily available and because the quality of images and of elemental distribution 

diagrams provided by these techniques was sufficient for the purposes of the qualitative analysis.
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11.3.1. Scanning Electron Microscopy

SEM is an imaging technique that uses secondary electrons that are ejected from a sample to 

image a surface. When the electrons penetrate the sample, they are diffracted to form a 

diffraction pattern. A detector above the sample detects the secondary electrons to produce an 

intensity map as a function of the electron beam position, which is displayed on a computer 

screen. The electron beams are produced by applying a high voltage to a hot tungsten filament, 

and accelerating the emitted electrons through a high electric field, typically 10-100keV. The 

electron beam is then focused with magnetic field lenses to a typical spot diameter of l - 1 0 0 nm on 

the sample.

The use of electron beams requires that the sample be placed in a vacuum chamber for analysis 

(typically from 10' 5 to 10' 7  Torr). For SEM imaging (secondary electrons mode), samples must 

be electrically conductive. If the sample conductivity is relatively low (which is the case with 

both GaN and InGaN semiconducting materials), the applied electron beam gradually charges the 

sample and, as a result, the quality of the produced image becomes very poor. A possible 

solution to this problem is to deposit a thin film of conductive material (i.e. gold) on the surface 

of the studied sample and thus increase its conductivity without significantly affecting the 

observed surface morphology. Therefore, to improve the quality of the SEM images, the surface 

of the GaN and InGaN samples was coated with an atomic layer of gold.

11.3.2. Energy Dispersive Spectroscopy

The elemental analysis of the GaN and InGaN sample electrodes was performed using energy 

dispersive X-Ray spectroscopy (EDS) before and after electrochemical experiments to identify 

possible changes in the surface composition of the sample electrodes. EDS is a chemical 

microanalysis technique used in conjunction with SEM to characterize the elemental composition 

of the analyzed sample (Materials Evaluation and Engineering, Inc., 2001). Features or phases as 

small as 1 pm or less can be analyzed. When the sample is bombarded by the SEM’s electron 

beam, electrons are ejected from the atoms comprising the sample's surface. The resulting 

electron vacancies are filled by electrons from a higher state, and an x-ray is emitted to balance 

the energy difference between the two electrons' states. The x-ray energy is characteristic o f the 

element from which it was emitted. The EDS x-ray detector measures the relative abundance of
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emitted x-rays versus their energy. The spectrum of x-ray energy versus counts is evaluated to 

determine the elemental composition of the investigated sample.

In the Thesis the SEM images were taken with a JEOL JSM 5900 SEM. The elemental 

composition of the GaN and InGaN samples at different locations was measured by EDS using an 

Oxford Link ISIS system calibrated using a series of standards. Garnet was used for Mg, Al, and 

Si; orthoclase for K and Na; wollastonite for Ca; barite for S; and the respective pure metals for 

Cu, Fe, Pb, and Zn.
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III. RESULTS & DISCUSSION

This chapter presents and discusses the results derived from the previously outlined experimental 

methods. Presented results are grouped by types of performed experiments in several sections:

111.1. Performed Experiments

Performed experiments can be classified into ten groups:

• Response Time of GaN sample electrodes SI and S2 and InGaN sample electrode S3.

• Total Potentiometric Response.

• Construction of calibration curves, i.e. investigation of variations in electrodes response with 

activity of anions in the solution.

• Experiments to assess the reproducibility of results.

• Investigation of pH response of the sample electrodes.

• Cyclic Voltammetry Experiments

• Electrochemical Impedance Spectroscopy Measurements

• Potentiostatic experiments.

• Range Tests

• Surface study of GaN and InGaN sample electrodes.

A detailed breakdown of the performed experiments is provided in Table III.l.
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Table QL1 Perform ed Experiments by measurement types and sample electrodes

Experim ent Description

M aterial: GaN/Sample 1 M aterial: GaN/Sam ple 2 M ateria l: InG aN /Sam ple 3

Measurement types: Measurement types: Measurement types:

OCP EIS c v OCP EIS CV OCP EIS c v

1. Response time of GaN sample electrode S 1 and 
InGaN sample electrode S3

10' 6  -  10'‘M KF solutions X X

10' 6  -  10_1M K N 0 3 solutions X X

10" 6  -  10‘‘M KC1 solutions X X

10' 6  -  10‘‘M HOC 6 H4COONa solutions X X

10' 6  -  KT’M KSCN solutions X X

10’ 6  -  10'*M CH 3 COOK solutions X X

10’ 6  -  10’*M KCIO 4  solutions X X

10' 6  -  10'!M KBr solutions X X

10' 6  -  10''M  KI solutions X X

2. Construction of Calibration Curves: Investigation o f 
variations in electrodes response with activity o f anions 
in the solution.

2.1 KF solutions
10'6M X X X X

10'5M X X X X
10'4M X X X X

10'3M X X X X
10'2M X X X X

k t 'm X X X X X X

2.2 KNO 3  solutions (immediately after cleaning 
with 1M HC1 solution and 24 hours after cleaning)

10'6M X X X X
10’5M X X X X

lO^M X X X X
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E xperim ent Description

M aterial: GaN/Sample 1 M aterial: GaN/Sample 2 M ateria l: InG aN /Sam ple 3

Measurement types: Measurement types: Measurement types:

OCP EIS c v OCP EIS c v OCP EIS c v

10'3M X X X X

10‘2M X X X X

k t ' m X X X X X X X

2.3 KC1 solutions
10'6M X X X X X X

10'5M X X X X X X

10'4M X X X X X X

10‘3M X X X X X X

10'2M X X X X X X

10'‘M X X X X X X X

2.4 HOC 6 H4COONa solutions

10'6M X X X X

10'5M X X X X

lO^M X X X X

10'3M X X X X

10‘2M X X X X

10'’M X X X X X

2.5 KSCN solutions
10'6M X X X X

10'5M X X X X

i o 4m X X X X

10'3M X X X X

10'2M X X X X

10‘*M X X X X X

2.6 CH 3 COOK solutions

10'6M X X X X

10'5M X X X X

10'4M X X X X

io _3m X X X X
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E xperim ent Description

M aterial: GaN/Sam ple 1 M aterial: GaN/Sample 2 M aterial: InG aN /Sam ple 3

Measurement types: Measurement types: Measurement types:

OCP EIS c v OCP EIS CV OCP EIS c v

10'2M X X X X

k t 'm X X X X X

2.7 KCIO4  solutions
10‘6M X X X X

10'5M X X X X

10‘4M X X X X

1(T3M X X X X

10‘2M X X X X

KT’M X X X X

2.8 KBr solutions
10'6M X X X X X X

10‘5M X X X X X X

10‘4M X X X X X X

1(T3M X X X X X X

10'2M X X X X X X

KT'M X X X X X X

2.9 KI solutions

10‘6M X X X X

10‘5M X X X X

10‘4M X X X X

10'3M X X X X

10'2M X X X X

10'*M X X X X X

3. Baseline Measurements: Investigating the sample 
electrodes response in NPW.

X X X

4. Experiments to assess the reproducibility of results

10' 6  -  10'*M KNO 3  solutions X X

10‘ 6  -  10'‘M KBr solutions X X
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E xperim ent Description

M aterial: GaN/Sample 1 M ateria l: GaN/Sample 2 M ateria l: InG aN /Sam ple 3

Measurement types: Measurement types: Measurement types:

OCP EIS c v OCP EIS c v OCP EIS CV

10"6 -  KT'M KI solutions X X

4. Investigation o f pH response of the sample electrodes

4.1 Acidic solutions ( 0.1M KC1 + 0.1M HC1)

pH=3.13 X X

pH=2.15 X X

pH=1.37 X X

4.2 Basic solutions (0.1M KC1 + 0.1M KOH)
pH=6.94 X X

pH=7.80 X X

pH=8.75 X X

pH=9.84 X X

pH=10.84 X X

pH=11.84 X X

pH=12.56 X X

5. Potentiostatic experiments, solution 0.1M KC1 + 
0.1MHC1, pH=1.37

5.1 Measurements performed before potential step 
w ithU = -1.1V

X

5.2 Measurements performed after potential step 
with U= -1.1V

X X

5.1 Measurements performed before potential step 
with U= -1.2V

X X

5.2 Measurements performed after potential step 
with U =-1.2 V.

X X X X

6. Surface study o f GaN and InGaN sample electrodes: 
Scanning Electron Microscopy

X X X
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Results & Discussion

E xperim ent Description

M aterial: GaN/Sample 1 M aterial: G aN/Sam ple 2 M aterial: InG aN /Sam ple 3

Measurement types: Measurement types: Measurement types:

OCP EIS CV OCP EIS CV OCP EIS CV

7. Elemental Analysis o f the GaN and InGaN sample 
electrodes sensing element: Energy Dispersive 
Spectroscopy

X X X
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111.2. Response Time

111.2.1. Response Time Measurements

The results of the initial investigation of the GaN sample electrodes SI and InGaN sample 

electrode S3 show that the measured open circuit potential (OCP) becomes more negative with 

time for all 0 .1 M potassium and sodium salts solutions until the potential stabilizes around a 

steady state value (Fig. III.la and b).

Fig. in.l V ariation of measured open circuit potential with time in various electrolyte solutions

a) GaN sam ple electrode SI

Variaton of OCP with time for GaN sample electrode S1

0.1 M KF 
0.1 M KN03 
0.1 M KCI
0.1M HOC6H4COONa 
0.1 M KSCN 
0.1M CH3COOK 
0.1 M KCI04 
0.1M KBr 
0.1 M Kl

O -0.5

-0.7
100 200 300

t (sec)
400 500 600

III
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b) InG aN  sam ple electrode S3

Variaton of OCP with time for InGaN sample electrode S3

0.1 MKF 
0.1 M KN03 
0.1 M KCI 
0.1 M HOC6H4COONa 
0.1MKSCN 
0.1 M CH3COOK 
0.1 M KCI04 
0.1 M KBr 
0.1 MKI

2  - 0.1

O -0.2

100 200 300 400
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The time, which elapses between the instant when the working semiconductor electrode and the 

reference electrode are brought into contact with the measured standard solution and the first 

instant at which, the open circuit potential/time slope (AU/At) becomes 5mV/min or less is 

considered to represent the electrode response time. For the investigated semiconductor 

electrodes the response time varies between 50 sec and 700 sec, depending on:

• type of the electrolyte.

• electrode material; and

• activity of anions in tested solutions.

111-8
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A more detailed study of the electrodes response time as a function of activity of anions, 

electrode material, and type of electrolyte was performed in three electrolyte solutions (KNO3 , 

KBr, and KI). These solutions were selected because there is sufficient information about the 

adsorption capacity of the anions (N0 3 <Br'<T), and also their adsorption capacities are quite 

different from each other. In contrast, the adsorption capacities of the investigated organic anions 

are not well known and some of the anions have very similar adsorption capacities (for example 

NO3 ' and Cl'). For these anions it is difficult to determine if the variations in the response time 

are caused by the slightly different adsorption capacity of the anions or by some other factors 

such as temperature variations or errors in the measurement system. To ensure that the obtained 

results are reproducible, the experiments in these three solutions with both GaN sample electrode 

SI and InGaN sample electrode S3 were repeated. The time between the two series of 

measurements was 3 months. Fig. III.2 shows the variation of the response time for GaN sample 

electrode SI with activity of anions in three electrolyte solutions (KNO3 , KBr and KI) during the 

two series of measurements. Fig. III.3 shows the same variation but for the InGaN sample 

electrode S3.
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Fig. III.2  Variation of the GaN sample electrode SI response time with activity of anions in three electrolyte solutions

a) Measurement I
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b) Measurement I I

Variaton of the GaN sample electrode S1 response time 
with activity of anions (measurement II)
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Fig. 1133 Variation of the GaN sample electrode SI response time with activity of anions in three electrolyte solutions

a) Measurement I

Variaton of the response time with the type of electrolyte 
for InGaN sample electrode, S3 (measurement I)
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b) Measurement II

Variaton of the response time with the type of electrolyte 
for InGaN sample electrode, S3 (measurement II)
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Since the detailed analysis of the variation of the response time with activity of anions and type 

of electrolyte was only performed for three solutions (KNO3 , KBr, and KI), the conclusions 

below are limited to these solutions. Fig. III.2 and Fig. III. 3 show that the response time of both 

GaN sample electrode SI and InGaN sample electrode S3 increases in the following order: KI < 

KBr < KNO3 . Although the response times recorded during the first series of measurements are 

slightly different (by 50 seconds or less) from those recorded during the second series of 

measurements, the order of response time variation with type of electrolyte remains unchanged. 

This order can be attributed to the adsorption capacity of the measured anions, which increases in

111-13
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the following order: N 0 3 <Br'<F. The F anions, which have the strongest adsorption capacity, 

are adsorbed faster that the Br' and NO3' anions at the electrode surface, and the measured 

response time is therefore faster. In contrast, the NO3' anions have the weakest adsorption 

capacity, and the response time o f the electrodes in NO3' solutions is slower than in Br' or I' 

solutions.

Fig. III.4 illustrates the effect of the electrode material on the observed response time in the three 

electrolyte solutions selected for a detailed investigation o f the response time results during two 

series o f measurements.

Fig. III.4 Effect of electrode material on the response time in K N 03, K B r and K I solutions during two series of
m easurements

a) M easurem ent I in KNO3 solution
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b) Measurement II in K N 03 solution

Variaton of the response time with the electrode material 
in KNO3 solution (measurement II)
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c) Measurement I in KBr solution

Variaton of the response time with the electrode material in 
KBr solution (measurement I)
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d) Measurement II in KBr solution
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e) Measurement I in KI solution

Variaton of the response time with the electrode material in 
KI solution (measurement I)
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e) Measurement II in KI solution

Variaton of the response time with the electrode material 
in KI solution (measurement II)
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The data presented on Fig. III.4 show that in the tested three electrolyte solutions, the response 

time o f the GaN sample electrode SI is faster than the response time o f InGaN sample electrode 

S3 during both series o f  measurements. This indicates that the electrochemical system attains 

equilibrium much faster with the GaN sample electrode SI than with the InGaN sample electrode 

S3.

Because o f limitations o f the available electrochemical cell design, the observed response times 

were measured in unstirred solutions and reflect the time needed for the entire electrochemical 

system to attain equilibrium. At the end o f each measurement, the semiconductor electrodes

111-19
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were disconnected from the measuring apparatus, removed from the solution, and carefully rinsed 

with nano pure water (NPW). Next, the electrodes were immersed into the new solution (with 

different concentration) and reconnected to the measuring apparatus, upon which the 

electrochemical system had to regain its equilibrium. This experimental method is believed to 

generally result in slower response times in comparison with the method in which the 

concentration change is produced by rapid addition of aliquots of concentrated solution of the 

desired ions (Bailey, 1980), but it was chosen because of the small size of the electrochemical 

cell, which did not allow to use the additions method. Bailey (1980) concludes that a response 

time of 10 minutes or less for an ISE utilized in a manual procedure is acceptable. Based on this 

conclusion, and considering the limitations of selected experimental method, the response times 

of GaN and InGaN electrodes, which are generally less than 12 minutes, can be considered 

acceptable.

111.2.2. Reproducibility of the Response Time Results

The plots, presented on Fig. III. 5 and Fig. III.6 , provide a graphical representation o f the results 

obtained during the two series of measurements in the selected for detailed analysis of the 

response time results three solutions.
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Fig. IH.5 Reproducibility of response time results for GaN sample electrode SI in KN03, KBr and KI solutions

a) GaN sample electrode S I in KNO3 solutions
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250 -

b) GaN sample electrode SI in KBr solutions

Variation of GaN/S1 response time with activity of anions 
in KBr solutions during two series of measurements

300
• Measurement

■ -  Measurement

oa>
0)® 200
a>
E
a>co
I 150Q.
(0a>cc

100

50 -

Log Si

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.

UI-22



Results & Discussion

c) GaN sample electrode SI in K I  solutions

Variation of GaN/S1 response time with activity of anions 
in KI solutions during two series of measurements
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Fig. m.6 Reproducibility of response time results for InGaN sample electrode S3 in K N 03, K B r and K I solutions

a) InG aN  sam ple electrode S3 in K N 0 3  solutions
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b) InGaN sample electrode S3 in KBr solutions

Variation of lnGaN/S3 response time with activity of anions 
in KBr solutions during two series of measurements
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c) InGaN sample electrode S3 in KI solutions

Variation of lnGaN/S3 response time with activity of anions 
in KI solutions during two series of measurements
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Figures III.5 and III. 6  show that the response times for both GaN sample electrode SI and InGaN 

sample electrode S3 during the two series of measurements differ by 50 seconds or less. The 

response time during the second series of measurements was either equal to or longer than the 

response time during the first series of measurements for a solution of a given electrolyte with a 

given concentration. This result can be attributed to one or more of the following factors:
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• Some minor contamination of the electrodes sensing element as a result of the experiments 

performed between the two series of measurements (During the period between the 

measurements, both GaN and InGaN electrodes were used five days/week and 8  hours/day);

• Hysteresis effects caused by constantly removing and immersing the electrodes in solutions 

of different electrolytes. IUPAC (1994) explains that the systematic error of hysteresis is 

generally in the direction of the concentration o f the solution in which the electrode was 

previously immersed. Matencio et al. (2003) analyzed the origins of the hysteresis effect at 

electrodes prepared with conducting polymers. They distinguished two types of hysteresis: 

a) dynamic hysteresis and b) stationary or thermodynamic hysteresis. The first type of 

hysteresis is associated with kinetics of redox reactions occurring at the electrode/electrolyte 

interface and is observed when a slow charge transfer reaction causes the redox system to 

depart from the thermodynamic equilibrium. This hysteresis is current dependent and is 

characteristic of irreversible redox systems. In contrast, the stationary hysteresis is not 

current dependent and is caused by an interaction between species in the solution and the 

electrode surface. According to Matencio et al, 2003 these interactions could be electrostatic 

or mechanical depending on the ions present in the solution and on the composition of the 

electrode material. In another study, Bousse et al. (1990) investigated the causes of 

hysteresis and drift for silicon nitride electrodes. They concluded that hysteresis effects are 

caused by the fact that some sites react slowly to changes, which can be due to some 

roughness or microscopic porosity of the electrode surface (Bousse et al., 1990). These 

researchers also reported that it took about 1 0  hours for their electrochemical system to 

equilibrate and eliminate the hysteresis effects. Based on the above two studies, the most 

probable cause of the hysteresis observed at the GaN and InGaN sample electrodes may be 

the variation in the kinetics o f the adsorption and desorption processes leading to longer 

periods needed by the electrochemical system to attain equilibrium. Considering that the 

experiments in solutions with various concentrations were performed 2 0  minutes apart from 

each other, the electrochemical system may not have had sufficient time to equilibrate. In 

turn, this probably resulted in readings of OCP potentials slightly different from the 

equilibrium OCPs. Had the system been allowed sufficient time to attain equilibrium, the 

hysteresis effect might had been eliminated.
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The initial investigation of the electrodes response showed that both the measured OCP and the 

response time are greatly affected if the surface of the electrodes’ sensing element 

(semiconductor) was not cleaned before each experiment. The results from OCP measurements 

with the GaN sample electrode SI and the InGaN sample electrode S3 in KNO3 solutions before 

and after cleaning of the electrode surface are summarized in Table III.2. They demonstrate that 

the OCP for the GaN sample electrode SI after cleaning is 3 to 10% higher than before cleaning. 

Similarly, the OCP for the InGaN sample electrode S3 after cleaning is 6  to 17% higher than 

before cleaning.

Table III.2 OC potentials m easured with G aN /Sl and InGaN/S3 in K N 03  solutions before and after cleaning

E le c tro d e C one . (M ) A c t iv i ty  (M ) L o g  [a ]

M e a s u re d  O C  p o te n t ia l (m V ) v s  SC E
A b s o lu te  V a r ia t io n  

(m V )
R e la tiv e  V a r ia t io n  

(% )N o t c le a n e d  
e le c tro d e

C le a n e d  e le c tro d e

G a N /S l

1.00E-01 7.55E-02 -1.122 -612 -634 22 3
1.00E-02 8.97E-03 -2.047 -566 -608 42 7 .
1.00E-03 9.64E-04 -3.016 -541 -569 28 5
1.00E-04 9.88E-05 -4.005 -463 -497 34 7
1.00E-05 9.96E-06 -5.002 -454 -488 34 7
1.00E-06 9.99E-07 -6.001 -427 -472 45 10

InG aN /S3

1.00E-01 7.55E-02 -1.122 -512 -561 49 9
1.00E-02 8.97E-03 -2.047 -613 -654 41 6
1.00E-03 9.64E-04 -3.016 -527 -599 72 12
1.00E-04 9.88E-05 -4.005 -479 -527 48 9
1.00E-05 9.96E-06 -5.002 -414 -445 31 7
1.00E-06 9.99E-07 -6.001 -348 -421 73 17

Therefore, all sample electrodes were rinsed with NPW before each experiment and kept 

immersed in NPW when not in use.

111.3. Total Potentiometric Response

111.3.1. Baseline Measurements, i.e. Measuring the Sample Electrodes Response in 

NPW

The GaN and InGaN sample electrodes’ response in NPW was investigated to obtain a baseline 

OCP against which to evaluate the overall potentiometric response of the electrodes to various 

anions. The OCP measurements in NPW (Fig. III.7) demonstrate that the OCP of GaN sample 

electrode, SI, remains almost constant with time (initial OCP is only 5mV different from the 

final equilibrium OCP). The fast response of GaN sample electrode SI in NPW confirms that the 

electrochemical system attains equilibrium almost immediately after the electrode is immersed in 

NPW. Unlike SI, the OCP of the InGaN sample electrode S3 becomes more negative with time
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(initial OCP is 76 mV higher that the final equilibrium OCP), which suggests that the time 

needed for the electrochemical system to attain equilibrium is much longer than for the GaN 

sample electrode S I. This conclusion is in agreement with the results from the response time 

measurements (see Section III.2.1), which also indicate faster response of for the GaN sample 

electrode SI compared to the InGaN sample electrode S3.

Fig. ffl.7  Response of GaN sample electrode SI and InGaN sample electrode S3 in NPW
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The baseline values of the OCP for GaN sample electrode SI, and for InGaN sample electrode 

S3, are:

•  U n p w  = -27lmV for S1 , and

• UNpw = -419mV for S3.
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111.3.2. Comparison Between the GaN and InGaN Sample Electrodes

The results obtained with the two GaN sample electrodes SI and S2 were compared to obtain 

information about variations of OCP between two electrodes made with the same semiconductor 

material. Table III.3 contains the OCP values measured with both GaN sample electrodes SI and 

S2 in various electrolyte solutions. The differences in measured OCP between the two GaN 

sample electrodes for a given electrolyte solution range between 3 and 9% and may be attributed 

to the heterogeneity of the GaN thin film across the wafer.

Table I I I3  Variation of OCPs with solution for GaN sample electrodes SI and S2

Solution Measured OCP (mV) for 
SI (GaN) vs SCE

Measured OCP (mV) 
for S2 (GaN) vs SCE

Absolute Variation 
between SI and S2 (mV)

Relative Variation 
between SI and S2 (%)Cone. Electrolyte

0.1M KF -611 -640 29 5
0.1M KNO, -634 -597 37 6
0.1M CH,COOK -479 -463 16 3
0.1M KBr -510 -555 45 9
0.1M KI -453 -467 14 3

Accordingly, the results from OCP measurements with the GaN sample electrode SI and InGaN 

sample electrode S3 were compared to obtain information about the variation of measured 

potentials with the type of semiconductor material. The results from this comparison are 

presented in Table III.4. In most tested electrolytes, the variation between OCPs measured for 

the two semiconductor electrodes remains within 27%, depending on the activity of the anions 

and type o f electrolyte and can be attributed to the different response of the investigated 

semiconductor materials. The only exception is the KF solution, in which the measured OCPs of 

the two electrodes are quite different at the lower concentrations (62% variation in 10~6M KF) 

and similar at the high concentrations (variation of only 1% in the lCr'M KF). This is probably 

because the response time of the InGaN electrode is generally slower than the response time of 

the GaN electrode, and this effect is most pronounced in the solution containing anions with 

weak adsorption capacity (KF) at their lowest measured activity (10'6M). In this solution (10'6M 

KF), the OCP reading for the InGaN electrode was probably taken before the system had reached 

equilibrium, while the OCP reading for the GaN electrode was taken in an equilibrated system. 

Hence, in the KF solution the large difference between measured OC potentials of the two 

electrodes cannot be only attributed to the semiconductor material. As the activity of anions 

increases, the time needed for the electrochemical system to attain equilibrium becomes shorter, 

and the variation between measured OCPs with two electrodes becomes smaller.
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The factors that influence the electrodes response are investigated in more detail in the following 

sections.
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Table III.4 Variation of OCPs with activity of anions and type of electrolyte for GaN/Sl and InGaN/S3 electrodes

Salt Cone. (M) Activity (M)
Measured OC potential (mV) vs SCE Absolute Variation 

between S1 and S3 
(mV)

Relative Variation 
between S1 and S3

( % )S1 (GaN) S3 (InGaN)

KF

1 .0 0 E -0 1 7 .6 2 E -0 2 -611 -6 0 3 8 1

1 .0 0 E -0 2 8 .9 9 E -0 3 -5 6 9 -4 6 3 106 2 3

1 .0 0 E -0 3 9 .6 4 E -0 4 -5 6 0 -4 2 7 133 31

1 .0 0 E -0 4 9 .8 8 E -0 5 -5 0 8 -3 6 6 142 3 9

1 .0 0 E -0 5 9 .9 6 E -0 6 -471 -3 1 5 156 5 0
1 .0 0 E -0 6 9 .9 9 E -0 7 -4 5 3 -2 8 0 173 6 2

KNOj

1 .0 0 E -0 1 7 .5 5 E -0 2 -6 3 4 -561 73 13

1 .0 0 E -0 2 8 .9 7 E -0 3 -6 0 8 -6 5 4 4 6 7

1 .0 0 E -0 3 9 .6 4 E -0 4 -5 6 9 -5 9 9 3 0 5

1 .0 0 E -0 4 9 .8 8 E -0 5 -4 9 7 -5 2 7 3 0 6

1 .0 0 E -0 5 9 .9 6 E -0 6 -4 8 8 -4 4 5 4 3 10
1 .0 0 E -0 6 9 .9 9 E -0 7 -4 7 2 -421 51 12

KC1

1 .0 0 E -0 1 7 .6 0 E -0 2 -5 6 0 -5 9 7 3 7 6

1 .0 0 E -0 2 8 .9 8 E -0 3 -5 3 4 -5 3 0 4 1

1 .0 0 E -0 3 9 .6 4 E -0 4 -5 0 4 -4 9 2 12 2

1 .0 0 E -0 4 9 .8 8 E -0 5 -4 8 8 -4 7 4 14 3

1 .0 0 E -0 5 9 .9 6 E -0 6 -4 2 4 -4 2 0 4 1
1 .0 0 E -0 6 9 .9 9 E -0 7 -4 2 7 -4 1 3 14 3

HOC6H4COONa

1 .0 0 E -0 1 7 .5 1 E -0 2 -5 1 8 -5 5 4 3 6 6

1 .0 0 E -0 2 8 .9 7 E -0 3 -511 -5 4 2 31 6

1 .0 0 E -0 3 9 .6 4 E -0 4 -4 9 7 -5 0 6 9 2

1 .0 0 E -0 4 9 .8 7 E -0 5 -4 3 9 -3 8 7 52 13

1 .0 0 E -0 5 9 .9 4 E -0 6 -3 9 2 -3 4 5 4 7 14
1 .0 0 E -0 6 9 .9 6 E - 0 7 -3 8 4 -3 4 8 3 6 10

KSCN

1 .0 0 E -0 1 7 .8 1 E -0 2 -541 -5 3 5 6 1

1 .0 0 E -0 2 9 .0 2 E -0 3 -5 2 5 -5 2 9 4 1

1 .0 0 E -0 3 9 .6 5 E - 0 4 -5 1 0 -4 9 8 12 2

1 .0 0 E -0 4 9 .8 8 E -0 5 -4 6 5 -4 2 3 4 2 10

1 .0 0 E -0 5 9 .9 6 E -0 6 -4 0 7 -3 5 5 5 2 15
1 .0 0 E -0 6 9 .9 9 E -0 7 -3 8 7 -3 9 8 11 3

CHjCOOK

1 .0 0 E -0 1 7 .5 9 E -0 2 -4 7 9 -4 5 5 24 5

1 .0 0 E -0 2 8 .9 8 E -0 3 -4 9 2 -4 8 3 9 2

1 .0 0 E -0 3 9 .6 4 E -0 4 -4 8 8 -4 7 8 10 2

1 .0 0 E -0 4 9 .8 6 E -0 5 -4 7 7 -4 7 0 7 1

I .0 0 E -0 5 9 .9 2 E -0 6 -4 1 2 -3 6 5 4 7 13
1 .0 0 E -0 6 9 .9 3 E -0 7 -4 1 4 -4 0 6 8 2

k c io 4

1 .0 0 E -0 1 7 .4 4 E -0 2 -5 4 6 -6 0 8 6 2 10

1 .0 0 E -0 2 8 .9 5 E -0 3 -5 2 6 -501 25 5

1 .0 0 E -0 3 9 .6 4 E -0 4 -4 7 1 -3 8 2 8 9 2 3

1 .0 0 E -0 4 9 .8 8 E -0 5 -4 3 8 -3 6 4 7 4 2 0

1 .0 0 E -0 5 9 .9 6 E -0 6 -3 9 2 -3 1 5 7 7 2 4
1 .0 0 E -0 6 9 .9 9 E -0 7 -3 7 8 -3 2 7 51 16

KBr

1 .0 0 E -0 1 7 .8 1 E -0 2 -5 1 0 -6 6 3 153 2 3

1 .0 0 E -0 2 9 .0 2 E -0 3 -4 7 2 -5 8 6 114 19

1 .0 0 E -0 3 9 .6 5 E -0 4 -4 4 0 -5 6 0 1 20 21

1 .0 0 E -0 4 9 .8 8 E -0 5 -3 9 8 -5 1 2 114 2 2

1 .0 0 E -0 5 9 .9 6 E -0 6 -3 6 0 -491 131 2 7
1 .0 0 E -0 6 9 .9 9 E -0 7 -3 3 9 -4 6 7 128 2 7

KI

1 .0 0 E -0 1 7 .6 4 E -0 2 -4 5 3 -621 168 2 7

1 .0 0 E -0 2 8 .9 9 E -0 3 -4 7 6 -5 7 5 9 9 17

1 .0 0 E -0 3 9 .6 5 E -0 4 -4 8 3 -5 9 7 114 19

1 .0 0 E -0 4 9 .8 8 E -0 5 -411 -511 1 00 2 0

1 .0 0 E -0 5 9 .9 6 E -0 6 -391 -5 3 0 139 2 6
1 .0 0 E -0 6 9 .9 9 E -0 7 -3 4 7 -4 5 2 105 23
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111.3.3. Total Potentiometric Response

The total potentiometric response of the GaN and InGaN sample electrodes was calculated as the 

difference between the baseline OCP, where the concentration of the tested anions was OM, and 

the OCPs measured in the solutions with the highest concentration of tested anions, i.e. 0.1M. 

The total potentiometric responses of the GaN sample electrode SI and the InGaN sample 

electrode S3 are presented in Table III.5.

Table III.5 Total Potentiometric Response of GaN (SI) and InGaN (S3) sample electrodes for several potassium
and sodium salts

(Response in 0.1 M  m inus response to pu re  w ater)

Salt
Baseline OCP 

(mV) of S1 
(GaN)

OCP (mV) of S1 
(GaN) in 0.1 M 
salt solutions

Total potentiometric 
response (mV) of S1 

(GaN)

Baseline OCP 
(mV) of S3 

(InGaN)

OCP (mV) of S3 
(InGaN) in 0.1 M 
salt solutions

Total potentiometric 
response (mV) of S3 

(InGaN)
KF -271 -611 -340 ^119 -603 -184

KNOj -271 -634 -363 -419 -561 -142
KC1 -271 -560 -289 -419 -597 -178

H O C 6H4COONa -271 -518 -247 -419 -554 -135
KSCN -271 -541 -270 -419 -535 -116

C H jC O O K -271 -4 7 9 -208 -419 -455 -36
k c i o 4 -271 -546 -275 -419 -608 -189

K B r -271 -510 -239 -419 -663 -244
K I -271 -453 -182 -419 -621 -202

The results in the Table III. 5 show that the total potentiometric response for the GaN sample 

electrode SI is generally higher than for the InGaN sample electrode S3. Hence, with the 

exception of Bri and I' anions, the sensitivity of the GaN sample electrode to anions is better than 

that of the InGaN sample electrode.

111.4. Construction of Calibration Curves

In this section, results pertaining to the electrodes response versus activity of anions in the 

solution will be presented. The objective of the next stage of the research was to construct a 

complete set of calibration curves for the GaN sample electrode SI and for the InGaN sample 

electrode S3. Calibration curves were obtained for all nine test electrolytes: KF, KNO3 , KC1, 

HOC6 H4 COONa, KSCN, CH3 COOK, KCIO4 KBr and KI. In each electrolyte solution the 

variation of the OCP with time was constantly monitored with the Solartron potentiostat. When 

the variation of the OCP with time became less than or equal to 5mV/min, the value of the OCP 

was recorded and used in the construction of the calibration curves. The main source of 

experimental error with respect to the construction of the calibration curves comes from the risk
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of using an OCP value that is somewhat different from the final steady state potential of the 

electrochemical system. As for the GaN and InGaN semiconductor electrodes the final steady 

state potential of the electrode in measured solutions is unknown there is no way to completely 

eliminate this error. The calibration curves for the GaN sample electrode SI and for the InGaN 

sample electrode S3 in all test electrolytes are presented on Fig. III.8 .

Fig. IH.8 Calibration curves of the GaN sample electrode, SI, and the InGaN sample electrode, S3, in nine test
electrolytes

a) K F solutions

Variation of OC potential with activity of F 
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b) K N 03 solutions
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c) KCl solutions

Variation of OC potential with activity of Cl* 
anions
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d) HOQBUCOONa solutions

Variation of OC potential with activity of 
HOC6H4COO‘ anions
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e) KSCN solutions

Variation of OC potential with activity of SCN 
anions

-251
*  Sample 3 - InGaN 
A Sample 1 - GaN 
—  Fit line for S1 
 Fit line for S3

-308

-365

Slope=63.9
Linear range=10'3M - 10'5M-422 -

-479 -

Slope=51.9
Linear range=10'3M - 10'5M

-536

-593 -

-650 4
•3 ■2 1 0■7 6 ■5 -4

Log aSCN.

111-38

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



OC
 

Po
te

nt
ia

l, 
(m

V)

Results & Discussion

f) CH3COOK solutions

Variation of OC potential with activity of CH3COO' 
anion
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g) KCIO4 solutions

Variation of OC potential with activity of CIO4 

anions
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h) KBr solutions

Variation of OC potential with activity of Br 
anions
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i) KI solutions

Variation of OC potential with activity of I' anion

-301
+  Sample 3 - InGaN 
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 Fit line, S3
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For each calibration curve, a linear range of variation of OCP with activity of tested anions was 

defined. Next, the experimental data falling within the linear range were modeled by fitting a 

straight line using the method of least squares. The slope of the fit line and the correlation 

coefficient between the experimental data and the fit line were calculated. The slope of the 

straight line represents the change of the OCP (mV) per decade of activity change. The obtained
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slopes were compared to the theoretical slope value for the linear range calculated using the

Nikolsky-Eisenman equation (IUPAC, 1994) (See Equation 1.2 of Chapter I):

2.303RT 2.303x8.314510x294 „ Tr/J ,
Slope = ----------- = ----------------------------- = 58.3mV/decade (3.1)

Za F 1x 96.485309

where

R is the gas constant and is equal to 8.314510 J K ' 1 mol'1;

T is the absolute temperature (294 K);

F is the Faraday constant and is equal to 9.6485309 xlO4  C mol'1;

Za is the charge of the measured anion

The calibration curves obtained for each test anion are discussed below:

• In KF solutions (Fig. III. 8 a), the linear region of the calibration curve for the GaN sample 

electrode SI between activities 10'3M and 10‘4 M, while the liner region of the calibration 

curve for the InGaN sample electrode S3 extends over the entire range of measured activities 

(1 0 1 - 10'6 M). For the InGaN sample electrode S3, the calculated slope of 61.7mV/decade is 

very close to the theoretical prediction of 58.3mV/decade. The high correlation coefficient 

(0.97) between the experimental data and the best-fit line provides additional corroboration 

that the region of linearity was correctly defined. For the GaN sample electrode SI, however, 

the calculated slope of 52.6mV/decade is also relatively close to the theoretical value and the 

correlation coefficient is higher (0.99).

• In KNO3 solutions (Fig. III. 8 b), the linear region of the calibration curve for the GaN sample 

electrode SI extends between activities of 1 0 " 2  and lO^M and the linear region of the 

calibration curve for the InGaN sample electrode S3 extends between activities of 1 O' 2  and 

10‘6 M. For the InGaN sample electrode S3, the calculated slope of 62.7mV/decade is close to 

the theoretical value of 58.3mV/decade and the correlation coefficient between the 

experimental data and the best-fit line is very good (0.99). For the GaN sample electrode SI, 

the calculated slope of 56.7mV/decade is also close to the theoretical value and the 

correlation coefficient is good (0.97).

• In KC1 solutions (Fig. III.8 c), the linear region of the calibration curves for both GaN sample 

electrode SI and InGaN sample electrode S3 extends between activities 10"4M and 10'5M.
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For the InGaN sample electrode S3, the calculated slope of 54.2mV/decade is a bit lower than 

the theoretical prediction of 58.3mV/decade. The correlation coefficient between the 

experimental data and the best-fit line is good (0.97). For the GaN sample electrode SI, 

however, the calculated slope of 58.2mV/decade is equal to the theoretical prediction and the 

correlation coefficient is good (0.98).

• In HOCeEUCOONa solutions (Fig. III.8 d), the linear region of the calibration curves for both 

the InGaN sample electrode S3 and the GaN sample electrode SI extends between activities 

10'3M and 10'5M. For the InGaN sample electrode S3, the calculated slope of 

64.9mV/decade is a bit higher than the theoretical prediction of 58.3mV/decade. The 

correlation coefficient between the experimental data and the best-fit line is good (0.98). For 

the GaN sample electrode SI, the calculated slope of 52.8mV/decade is also close to the 

theoretical prediction and the correlation coefficient is very good (0.998).

• In KSCN solutions (Fig. III.8 e), the linear region of the calibration curves for both GaN 

sample electrode SI and InGaN sample electrode S3 extends between activities 10'3M and 10' 

5M. For the InGaN sample electrode S3, the calculated slope of 63.9mV/decade is slightly 

higher than the theoretical prediction of 58.3mV/decade. The correlation coefficient between 

the experimental data and the best-fit line is very good (0.997). For the GaN sample 

electrode SI the calculated slope of 51.9mV/decade is also close to the theoretical value and 

the correlation coefficient is very good (0.998).

• In CH3COOK solutions (Fig. III.8 f) no linear region can be defined for the calibration curves 

of both the GaN sample electrode SI and the InGaN sample electrode S3. Hence, although 

the semiconductor electrodes can in theory selectively respond to variations in the activity of 

the CH3 COO' anions, this response cannot be used for measuring sample solutions with 

unknown activity of these anions.

• In KCIO4 solutions (Fig. III.8 g), the linear region of the calibration curves for both GaN 

sample electrode SI and InGaN sample electrode S3 extends over the entire range of 

measured activities (10 1 - 10'6M). For the InGaN sample electrode S3, the calculated slope 

of 63.3mV/decade is slightly higher than the theoretical prediction of 58.3mV/decade. The
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correlation coefficient between the experimental data and the best-fit line is good (0.95). For 

the GaN sample electrode SI, however, the calculated slope of 44.1mV/decade is much lower 

than the theoretical value, but the correlation coefficient is very good (0.99).

• In KBr solutions (Fig. III.8 h), the linear region of the calibration curves for both GaN sample 

electrode SI and InGaN sample electrode S3 extends over the entire range of measured 

activities (10 ' 1 - 10'6M). For the InGaN sample electrode S3, the calculated slope of 

38.2mV/decade is much lower than the theoretical prediction of 58.3mV/decade. The 

correlation coefficient between the experimental data and the best-fit line is good (0.97). For 

the GaN sample electrode SI, the calculated slope of 29.4mV/decade is also much lower than 

the theoretical, but the correlation coefficient is good (0.99).

• In KI solutions (Fig. III.8 i), the linear region of the calibration curves for both GaN sample 

electrode SI and InGaN sample electrode S3 extends over the entire range of measured 

activities (10' 1 - 10’6 M). For the InGaN sample electrode S3, the calculated slope of

31 .lmV/decade is much lower than the theoretical prediction of 58.3mV/decade. The 

correlation coefficient between the experimental data and the best-fit line is 0.92. For the 

GaN sample electrode SI, the calculated slope of 34.4mV/decade is also much lower than the 

theoretical value. The correlation coefficient is 0.98.

A summary of the calibration curves evaluation is presented in Table III.6 .
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Table III.6 Summary of the Calibration Curves evaluation

Salt
GaN sample electrode, S1 InGaN sample electrode, S3

L in ea r R eg io n
S lo p e

C o rre la tio n
C o e ffic ien t

L in e a r R e g io n
S lo p e

C o rre la tio n
C o e ff ic ie n tF rom T o F ro m T o

KF 10' 1M 10'6M -33.1 0 .9885 10"1M 10'6M -61 .7 0 .9673

k n o 3 10’1M 10‘6M -36.2 0 .9706 10‘2M 10‘6M -62.7 0 .9894

KCI 10‘1M 10'5M -32.8 0.9751 10'1M 10‘sM -42.1 0 .9738

H OC6H4C O O N a 10'3M 10‘5M -52.8 0 .9980 10' 1M 10'5M -59 .2 0 .9585

KSCN 10'3M 10’sM -51.9 0 .9975 10‘2M 10'SM -60 .6 0 .9879

CH3C OO K NA NA - - NA NA - -

k c i o 4 10' 1M 10‘6M -37.3 0 .9899 10"1M 10'6M -57 .6 0 .9160

KBr 10‘1M 10‘6M -35.9 0 .9966 10‘1M 1 0 6M -38.2 0 .9726

KI 1 0 2M 10'6M -35.4 0.9591 10' 1M 10‘6M -31.1 0 .9167

The results of the GaN electrode calibration measurements have been compared with the results 

reported by Chaniotakis et al. (2004), who performed similar calibration experiments with GaN 

electrodes. The slopes of the GaN electrode calibration curves calculated from the graphs 

presented in the paper by Chaniotakis et al. (2004) vary between 39.2 and 69.5mV/decade, and 

the regions of linearity extend between 10~2 and 10'5M in KF, KC1, KNO3 , KSCN and KCIO4  

solutions. Thus, the slopes of the GaN sample electrode SI are very similar to the results 

reported by Chaniotakis et al. (2004). Table III.6 , shows that the slopes of the GaN sample 

electrode SI and the InGaN sample electrode S3 calibration curves are also close to the 

theoretical value of 58.3mV/decade in most of the investigated electrolyte solutions, as expected 

from the Nikolsky-Eisenman equation. Exceptions occur for the GaN sample electrode SI in 

KCIO4, KBr and KI electrolytes and for the InGaN sample electrode S3 in KBr and KI 

electrolytes. In these electrolytes, the electrodes response is not consistent and does not follow 

the expected S-shape variation of OCP with activity of anions, which is typical for the other 

solutions. This effect may be caused by a strong interaction between species in the solution and 

the electrode material, causing significant deviation from the Nerstian behaviour observed in the 

other electrolytes. It is also apparent that, while the slopes of calibration curves for the GaN 

sample electrode SI are consistent with the ones obtained by Chaniotakis et al. (2004), the 

regions of linearity in the present study are more variable and in some cases narrower that in
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Chaniotakis et al. (2004). The shorter regions of linearity for the GaN sample electrode SI may 

be due to:

• Non-homogeneity of the electrode sensing element. Both the GaN sample electrode SI and 

the InGaN sample electrode S3 utilized in the current project have a mixed polarity surface, 

while Chaniotakis et al. (2004) claim that their GaN electrodes have a homogeneous Ga-face 

surface.

• Contamination of the electrode’s sensing element. Chaniotakis et al. (2004) emphasised that 

the surface of the GaN electrode should remain clean down to atomic level to achieve the 

optimum sensitivity of the electrode to tested anions, but they did not describe the cleaning 

method utilized in their research. The cleaning procedure used in the current project involved 

rinsing the electrodes with NPW before each measurement and keeping them immersed in 

NPW when not in use. However, this might not have been sufficient to ensure a completely 

clean electrode surface before each experiment.

Table III.7 compares the OCP values measured for the GaN sample electrode SI in electrolytes 

of various concentrations with the OCP values reported by Chaniotakis et al. (2004). The 

experiments described in Chaniotakis et al (2004) were performed versus an Ag/AgCl reference 

electrode, while the experiments in the current project were performed versus a SCE. Thus, for 

the purpose of accurate comparison, the OCPs reported by Chaniotakis et al. (2004) have been 

adjusted to SCE potentials by subtracting 14mV from their reported values. Fig. III.9 shows 

plots of OCPs measured for the GaN sample electrode SI versus the adjusted OCPs reported by 

Chaniotakis et al. (2004).
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Table IIL7 Variation of OC potential with concentration

S a lt C o n e . (M) A ctiv ity  (M)
L og
[a]

M e a s u re d  O C  p o te n tia l (mV) A b so lu te  V a ria tio n  b e tw e e n  
S1 a n d  C h a n io ta k is  e t  al 

(mV)

R e la tiv e  V a ria tio n  
b e tw e e n  S1 a n d  

C h a n io ta k is  e t  a l (%)
S1 (G aN ) 
v s  S C E

C h a n io ta k is  e t  al 
(G aN ) v s  SC E

C h a n io ta k is  e t  al 
(G aN ) v s  Ag/AgCI

KF

1.00E-01 7.62E-02 -1 -611
1.00E-02 8.99E-03 -2 -569 -644 -630 75 12

1.00E-03 9.64E-04 -3 -560 -604 -590 44 7
1.00E-04 9.88E-05 -4 -508 -564 -550 56 10

1.00E-05 9.96E-06 -5 -471 -522 -508 51 10
1.00E-06 9.99E-07 -6 -453 -509 -495 56 11

K N 03

1.00E-01 7.55E-02 -1 -634
1.00E-02 8.97E-03 -2 -608 -689 -675 81 12

1.00E-03 9.64E-04 -3 -569 -644 -630 75 12

1.00E-04 9.88E-05 -4 -497 -592 -578 95 16
1.00E-05 9.96E-06 -5 -488 -531 -517 43 8

1.00E-06 9.99E-07 -6 -472 -509 -495 37 7

KC1

1.00E-01 7.60E-02 -1 -560
1.00E-02 8.98E-03 -2 -534 -652 -638 118 18
1.00E-03 9.64E-04 -3 -504 -614 -600 110 18
1.00E-04 9.88E-05 -4 -488 -574 -560 86 15
1.00E-05 9.96E-06 -5 -424 -529 -515 105 20

1.00E-06 9.99E-07 -6 -427 -509 -495 82 16

KSCN

1.00E-01 7.81E-02 -1 -541
1.00E-02 9.02E-03 -2 -525 -734 -720 209 28
1.00E-03 9.65E-04 -3 -510 -659 -645 149 23
1.00E-04 9.88E-05 -4 -465 -589 -575 124 21

1.00E-05 9.96E-06 -5 -407 -529 -515 122 23
1.00E-06 9.99E-07 -6 -387 -509 -495 122 24

KCIO4

1.00E-01 7.44E-02 -1 -546
1.00E-02 8.95E-03 -2 -526 -594 -580 68 11

1.00E-03 9.64E-04 -3 -471 -546 -532 75 14
1.00E-04 9.88E-05 -4 -438 -514 -500 76 15
1.00E-05 9.96E-06 -5 -392 -476 -462 84 18
1.00E-06 9.99E-07 -6 -378 -454 -440 76 17
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Fig. IH.9 Comparison between measured OCPs for GaN sample electrode SI and adjusted OCPs reported by
Chaniotakis et al. (2004)
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b) KC1 solutions

Variation of OC potential with activity of Cl' anion
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c) K N 03 solutions

Variation of OC potential with actvity of N03' anion
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d) KSCN solutions

Variation of OC potential with activity of SCN' anion
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e) KCIO4 solutions

Variation of OC potential with activity of CI04' anion
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The plots presented on Fig. III.9 demonstrate that the measured OCPs for GaN sample electrode 

SI follow the same pattern of variation with anion activity as the OCPs for the GaN electrodes 

tested by Chaniotakis et al. There are differences ranging from 44 to 209mV in actual OC 

potential values between the two studies, which represent a relative percentage of variation 

between 7% and 28%. Such differences can be attributed to the mixed polarity of the GaN thin 

film, utilized for the fabrication of GaN electrodes in the project.

111.5. Reproducibility of Results

The reproducibility of OCP measurements was investigated by repeatedly measuring the OCP 

potentials of both GaN sample electrode SI and InGaN sample electrode S3 in KNO3 , KBr and
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KI solutions with concentrations ranging from 10'6M to 10"*M over a period of three months. 

The results of these measurements are presented on Fig. III. 10.

Fig. III.10 Reproducibility of OCP measurements in various salt solutions 

a) GaN/ S I in KNO3 solutions
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b) InGaN/ S3 in K N 03 solutions

Variation of OC potential with activity of N03‘ anions for 
two series of measurments - Sample 3/lnGaN
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c) GaN/ SI in KBr solutions

Variation of OC potential with activity of Br' anions for
two series of measurements - Sample 1/GaN
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d) InGaN/ S3 in KBr solutions

Variation of OC potential with activity of Br‘ anions for 
two series of measurements - Sample 3/lnGaN
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e) GaN/ SI in KI solutions

Variation of OC potential with activity of I' anions for two 
series of measurements - Sample 1/GaN
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f) InGaN/ S3 in KI solutions

Variation of OC potential with activity of I' anions for two 
series of measurements - Sample 3/lnGaN
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In KNO3 solutions of different concentrations (Fig. III. 10a and b), the results from the multiple 

OCP measurements over time show the following:

• For GaN sample electrode SI (Fig. III. 10a):

The slope of the electrode response curve during the two series of measurements 

remained almost constant (56.7mV/decade during first series of measurements versus
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53.6mV/decade during the second series of measurements) and close to the theoretical 

value of 58.3mV/decade.

The actual value of the measured OCPs in millivolts drifts downwards by an average 

value of 102mV.

• For the InGaN sample electrode S3 (Fig. III. 10b):

The slope of the electrode response curve dropped down from 62.7mV/decade during 

the first series of measurements to 44.5mV/decade during the second series of 

measurements. The linear region narrowed down from 4 decades of activities to one 

decade of activities.

In KBr solutions with different concentrations (Fig. III. 10c and d), the results from the multiple 

OCP measurements over time show the following:

• For GaN sample electrode SI (Fig. III. 10c):

The slope of the electrode response curve during the two series of measurements 

remains almost constant (29.4mV/decade during first series of measurements versus 

35.9mV/decade during the second series of measurements) but still lower than the 

theoretical value of 58.3mV/decade.

The actual value of the OCP in millivolts drifts downwards by an average value of 

about 43mV.

• For the InGaN sample electrode S3 (Fig. Ill.lOd):

The slope of the electrode response curve during the two series of measurements 

remains almost constant (38.2mV/decade during first series of measurements versus 

41,2mV/decade during the second series of measurements) but lower than the 

theoretical value of 58.3mV/decade.

The actual value of the measured OCPs in millivolts drifts downwards by an average 

value of 8 6 mV.
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In K I solutions with different concentrations (Fig. IILlOe and f), the results from the multiple 

OCP measurements over time show the following:

• For GaN sample electrode SI (Fig. IILlOe):

The slope of the electrode response curve during the two series of measurements 

remains similar (34.4mV/decade during first series of measurements versus 

42.9mV/decade during the second series of measurements) but lower than the 

theoretical value of 58.3mV/decade.

The actual value of the measured OCPs in millivolts drifts downwards by an average 

value of 60mV.

• For the InGaN sample electrode S3 (Fig. III. 1 Of):

The electrode response during both series of measurement is inconsistent and lacks the 

S-shape typical of ion selective electrodes. No acceptable straight line fit of the 

experimental data is possible for the first series of measurements and consequently, no 

linear range or slope of the electrode response curve can be determined. For the second 

series of measurements a straight-line fitting is possible, but the overall electrode 

potential drift cannot be evaluated.

In summary, the GaN sample electrode SI exhibits a general electrode drift downwards from 

more negative to less negative values over time. This drift reaches a maximum value of 

approximately 102mV for KNO3 solutions. Taking into account that the time between the two 

series of measurements was about 2  months (60days), this produces a maximum average 

electrode drift of 1.7mV per day. Given that the average drift values o f commercial ISEs is about 

lmV/day (NICO 2000 Ltd., 2005), it can be concluded that, under the described experimental 

conditions, the electrode drift is within acceptable limits. The possible causes of electrode drift 

are as follows:

• Hysteresis effects caused by constantly removing and immersing the sample electrodes in 

different solutions. These effects were enhanced by the fact that in between the two series of 

measurements in KNO3 solutions, the electrodes were used to measure OCPs in solutions 

containing anions with stronger adsorption potential (i.e., KI and KBr).
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• The GaN sample electrode, SI was subjected to a series of potentiostatic experiments, 

during which an external potential was imposed on the working electrode. This might have 

altered the surface composition of the sensing element and decreased its adsorption capacity.

• Although the SCE reference electrode has a stable potential over time, some of the observed 

drift may be attributed to other potential changes in other parts o f the measuring system, i.e. 

variations in the liquid junction potentials or variations during re-equilibration of the 

electrochemical system.

The response of the InGaN sample electrode S3, however, demonstrates a lower reproducibility 

in the investigated three test solutions, which may be caused by the fact that the readings of the 

electrode’s OCP in some solutions might have been taken before the electrochemical system has 

attained equilibrium.

111.6. Investigation of pH Response of the Sample Electrodes

The pH responses of the GaN sample electrode SI and InGaN sample electrode S3 were 

investigated over the pH range between pH=l .34 and pH=T2.80. The obtained results were 

compared with the results from Alifragis et al. (2005), whose OCP measurements were used in 

the compassion of the electrodes calibration curves (See 1.4). Again, for the purpose of accurate 

comparison, the OCPs reported by Alifragis et al have been adjusted to SCE potentials by 

subtracting 14mV from the reported values. Additionally, the pH values at which the 

measurements were made were selected to be as close as possible to the values of pH at which 

Alifragis et al (2005) performed their measurements. The results of the pH response 

investigation for GaN sample electrode SI and InGaN sample electrode S3 are presented on Fig. 

III .ll. The same graph contains the adjusted pH response of GaN electrodes, reported by 

Alifragis et al. (2005).
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Fig. in.ll Variation of OC potential w ith pH  for GaN sample electrode SI, InGaN sample electrode S3 and GaN
electrodes, utilized by Alifragis et al. (2005)
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Fig. III. 11 shows that for the GaN sample electrode SI and for the InGaN sample electrode S3, 

the OCP becomes less negative with decreasing pH. This result is consistent with the pH 

response of GaN electrodes reported by Alifragis et al (2005), with the only difference being that 

the measured potentials for the GaN sample electrode SI differ from the ones reported by 

Alifragis et al (2005) by lOmV to 60mV. Similarly to the calibration curves measurements, such 

a difference can be attributed to the variations in the surface polarity (Ga-face for Alifragis et al 

(2005) versus mixed surface polarity for the GaN sample electrode SI).

Over the pH range pH=12.80-3.13, the InGaN sample electrode S3 response follows similar 

pattern as the one described for the GaN sample electrode S I. The measured OCPs, though, are 

some lOOmV more negative than those for GaN.

Alifragis et al. (2005) determined that the observed pH sensitivity of the GaN electrodes is due to 

the selective interaction of the positively charged GaN surface with the hydroxide ions from the
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solution (Alifragis et al., 2005). At high pH values (pH=12.8-7.0), the activity of the OH' anions 

is high, and all the available Ga or InGa bonds on the outer surface of the GaN and InGaN 

electrodes are presumably saturated, forming a NGa-OH or NIn-OH bonds. Within this pH 

range, the rate of OCP variation with pH is very small. At pH values in the range pH=7.0-3.0, 

the OH' anions adsorbed on the surface of the semiconductor material begin to desorb, causing a 

shift of the measured OCP to less negative values. The rate of desorption increases with 

decreasing pH, thus leaving more adsorption sites on the surface of the GaN and InGaN 

electrodes unoccupied. At about pH=3.0, the desorption is complete and the electrode potential 

stabilizes again.

ni-7. Cyclic Voltammetry

Cyclic Voltammetry (CV) experiments were performed with GaN sample electrodes SI and S2 to 

obtain more information about the charge transfer reactions occurring at the 

semiconductor/electrolyte interface. Fig. III. 12 presents the results of the CV experiments in 

various salt solutions.

Fig. m.12 Cyclic Voltammograms for GaN sample electrodes in 0.1M salt solutions

a) S I in 0.1M K F solution
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b) S2 in 0.1M KF solution
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d) SI in 0.1M KC1 solution
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e) SI in 0.1M HOC6H4COONa solution
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f) SI in 0.1M KSCN solution
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g) S2 in 0.1M CH3COOK solution
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h) S2 in 0.1M KBr solution 
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i)  S2 in 0.1M KI solution
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In the following discussion, the charge transfer reactions occurring at the semiconductor/ 

electrolyte interface have been identified purely on the basis of the comparison between their 

standard reduction potentials and the band edge energy levels of the semiconductor (Fig. III. 13) 

using the approach described below:

Consider the following two reactions:

Ox + e" —> Red (3.2)

Red — e“ —» Ox (3 3)

The first reaction (Reaction 3.2) is a reduction reaction, and the second reaction (Reaction 3.3) is 

an oxidation reaction. The standard reduction potential of the reduction reaction can be found in 

tables of standard reduction potentials. The standard reduction potential of the oxidation reaction 

has the same absolute value as the standard reduction potential for the reduction reaction but 

opposite sign. If the standard reduction potential of the oxidation reaction for a given redox 

couple present in solution lies above the conduction band edge energy level of the semiconductor 

electrode, then the oxidation reaction is thermodynamically possible. In this scenario, the 

electron energy of the reducer species of the redox couple is higher than the energy of the

electrons at the bottom states of the semiconductor conduction band and, hence, the transfer of

electrons from the reducer species in solution to the conduction band of the semiconductor is 

favoured. This electron transfer will result in the oxidation of reducer species to the oxidant 

species according to the oxidation reaction 3.3. By contrast, when the standard reduction 

potential o f the oxidation reaction lies below the conduction band edge energy level, no charge 

transfer between the semiconductor and the redox species in the solution can occur.

Following a similar logic, if the standard reduction potential of the reduction reaction lies below 

the conduction band edge energy level of the semiconductor electrode, then an electron transfer 

from the conduction band of the semiconductor to the oxidant species in solution will be 

thermodynamically favoured, and this electron transfer will result in the reduction of the oxidant 

species to the reducer species (Reaction 3.2).

In semiconductors, however, charge transfer can occur not only via exchange of electrons 

through the conduction band, but also via exchange of holes through the valence band. Whether 

charge transfer occurs through the conduction band or thought the valence band depends on the
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relative positions of the band edge energies of the semiconductor and the standard redox 

potentials of the redox couples in the solution. If the standard reduction potential of a given 

redox couple is closer to the conduction band than to the valence band, the charge transfer 

through the conduction band will be favoured. Similarly, if the standard reduction potential o f a 

given redox couple is closer to the valence band than to the conduction band, charge transfer 

through the valence band will be favoured (Morrison, 1980). Fig. III. 13 indicates that the 

standard reduction potentials for oxidation reactions involving the redox couples present in the 

tested solutions are closer to the conduction band. Hence, for these redox couples, charge 

transfer through the conduction band can be expected. The only exception is the oxidation of 

GaN, which has been identified from the literature review rather than by the approach described 

above.

Reduction reactions can occur through either the capture electrons from the conduction band or 

the injection of holes into the valence band. However, only the former mechanism has been 

considered in order to simplify the discussion.

Once both oxidation and reduction reactions have been identified, even though they are 

thermodynamically possible, other factors such as reaction kinetics and adsorption phenomena 

may influence their occurrence at the semiconductor/ electrolyte interface. Further studies will 

be required to determine which reactions are actually taking place in the electrochemical system, 

as well as the reaction rates of these reactions. Such study falls outside the scope of this 

research project.
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Fig. in.13 Comparison of GaN band edge energies with energy levels of redox couples in tested solutions
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1. In 0.1 M KF solution (Fig. III. 12a and b), the potential scan for the GaN sample electrode SI 

was performed between potentials U = -  0.7 V and U = -0.5 V versus SCE. For the GaN 

sample electrode S2, the potential scan was performed between U = -0.7V and U= +0.5V 

versus SCE. For the GaN sample electrode SI, a maximum cathodic current of 0.25pA flows 

under cathodic polarization (changing the potential of the semiconductor electrode to more 

negative potentials), and a maximum anodic current of 2pA flows under anodic polarization 

(changing the potential of the semiconductor electrode to more positive potentials). For the
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GaN sample electrode S2, the cathodic current has a maximum of 50.0pA and the anodic 

current has a maximum of 800pA.

For the GaN sample electrode SI, the anodic current can be associated with one or more of 

the following oxidation reactions:

Oxidation of fluoride anions (conduction band reaction):

2F~ -  2e~ —» F2(g) t  (3.4)

Oxidation of water (conduction band reaction):

2H20  — 4e~ 0 2(g) T +4H + (3.5)

For the GaN sample electrode S2, besides the oxidation reactions listed for SI (Reactions 3.4 

and 3.5), some minor oxidation (etching) of the GaN electrode surface might have occurred. 

This conclusion was made because the anodic polarization of GaN sample electrode S2 

reached 0.5V vs SCE, and some researchers (Fujii and Ohkawa, 2006) have observed etching 

of the surface of GaN semiconductor electrodes at potentials close to this value. These 

observations were made under anodic polarization in acidic as well as basic solutions. 

According to Fujii and Ohkawa (2006), the dissolution of GaN occurs according to the 

following oxidation reaction:

2GaN(s) + 6 H + —> 2Ga3+ + N 2(g ) T (valence band reaction) (3.6)

Because no standard reduction potential has been defined for the redox couple GaN/N2 (g), the 

occurrence of reaction 3.6 could not be predicted by comparison of its standard reduction 

potential to the positions of the band edge energies in the semiconductor electrode, unlike 

what was done for all other reactions.

The same group of researchers (Fujii and Ohkawa, 2006) showed that the current resulting 

from the anodic dissolution of the GaN represents only a small portion (less than 1 %) o f the 

total anodic current flowing through the electrochemical system. Therefore, the anodic 

current for the GaN sample electrode S2 is likely determined by one or more of the oxidation 

reactions listed for electrode SI (Reactions 3.4 and 3.5).
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The cathodic current for both GaN sample electrodes (SI and S2) can be associated with 

hydrogen evolution according to the reduction reaction:

2 H + + 2e~ —> H 2 (g) T (conduction band reaction) (3.7)

2. In 0.1 M KNO3 solution (Fig. III. 12c), the potential scan for the GaN sample electrode S2 

was performed between potentials U = -  0.7V and U = -0.5V versus SCE. Experiments 

were not performed with the GaN sample electrode S I . For GaN sample electrode S2, a 

maximum cathodic current of 6.5pA flows under cathodic polarization and a maximum 

anodic current of 5.2pA flows under anodic polarization.

The anodic current can be associated with the oxidation of water (Reaction 3.5).

To ensure GaN chemical stability over the selected scan range, the potential scan for the GaN 

sample electrode S2 was limited to small overpotentials in comparison with the electrode’s 

OCP. Under such conditions, the anodic current could be entirely attributed to the oxidation 

o f water.

The cathodic current for GaN sample electrode S2 in KNO3 solution can be attributed to one 

or more of the following reduction reactions:

• Hydrogen evolution according to reaction 3.7, and

• Reduction of nitrate according to one or more of the following reactions:

NO; + H 20  + 2e~ -> NO' + 20H~ (3.8)

NO; + 4H + + 3e~ -» NO + 2H 20 (3.9)

NO; + 3H + + 2e~ -> H N02 + H 20 (3.10)

2NO; + 4 H + + 2e~ -» N 20 4 + 2H 20 (3.11)

n o ;  + 2 H + + e~ -» n o 2 + h 2o (3.12)

The cathodic current (6 .5p.A) for GaN sample electrode S2 in 0.1 M KNO3 solution is much 

smaller than the cathodic current for the same electrode at the same potential in 0.1 M KF 

solution (50.0pA). This may be because the anodic scan to high positive potentials in 0.1 M 

KF solution resulted in higher reaction rates of the oxidation reactions, thus producing higher 

concentration of reactants (oxidized species), which were reduced during the reverse scan.
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On the contrary, the anodic scan for GaN sample electrode S2 in 0.1 M KNO3 solution was 

done within a very small range of negative potentials, resulting in lower reaction rates o f the 

oxidation reactions (smaller anodic current). Thus, a lower concentration of reactants was 

reduced during the reverse scan, which in turn led to a smaller cathodic current in the 0.1M 

KNO3 solution.

3. In 0.1 M KCI solution (Fig. III. 12d), the potential scan for the GaN sample electrode SI was 

performed between potentials U = -1 .54V and U = -  1.34V versus SCE. Experiments were 

not performed with GaN sample electrode S2. Under such high cathodic polarization, the 

maximum cathodic current was 13.3pA. Since GaN is expected to be stable over the scan 

range, this current can only be attributed to the hydrogen evolution reaction (Reaction 3.7).

4. In 0.1M HOCglLiCOONa solution (Fig. III. 12e), the potential scan for the GaN sample 

electrode SI was performed between potentials U = -  1.52V and U = -1.32V versus SCE. 

Experiments were not performed with GaN sample electrode S2. Similarly to the 

experiments in 0.1 M KCI solution, a maximum cathodic current of 16.0pA was measured 

under such high cathodic polarization. Since GaN is expected to be stable over the scan 

range, this current can be attributed to hydrogen evolution (Reaction 3.7).

5. In 0.1M KSCN solution (Fig. III. 12f), the potential scan for the GaN sample electrode SI 

was performed between potentials U = -  1,34V and U = -1.14V versus SCE. Experiments 

were not performed with GaN sample electrode S2. Similarly to the experiments in 0.1 M 

KCI solution, under such high cathodic polarization, only a cathodic current having a 

maximum of 29.0pA is measured. Since GaN is expected to be stable over the scan range, the 

current can be attributed to the hydrogen evolution (Reaction 3.7)

6 . In 0.1 M CH 3 COOK solution (Fig. III.12g), the potential scan for the GaN sample electrode 

S2 was performed between potentials U = -  0.45 V and U = -0.25 V versus SCE.

Experiments were not performed with GaN sample electrode SI. For GaN sample electrode 

S2, a maximum cathodic current of 0.2 IpA is measured under cathodic polarization and a 

maximum anodic current of 0.5IpA is measured under anodic polarization. The anodic
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current can be associated with the oxidation of water (Reaction 3.5), and the cathodic current 

can be attributed to hydrogen evolution (Reaction 3.7).

7. In 0.1 M KBr solution (Fig. III.12h), the potential scan for the GaN sample electrode S2 was 

performed between potentials U = -  0.65V and U = -0.45V versus SCE. Experiments were 

not performed with the GaN sample electrode SI. For GaN sample electrode S2, the 

maximum cathodic current was 0.53pA under cathodic polarization and the maximum anodic 

current was 0.7pA under anodic polarization.

The anodic current can be associated with one or more of the following oxidation reactions:

• Oxidation of water (Reaction 3.5).

• Oxidation of bromide anions:

2Br~ -  2e~ —> Br2 (aq) (conduction band reaction) (3.13)

The cathodic current for GaN sample electrode S2 in KBr and can be attributed to hydrogen 

evolution according to Reaction 3.7.

8 . In 0.1M KI solution (Fig. III.12i), the potential scan for the GaN sample electrode S2 was 

performed between potentials U = -  0.65 V and U = -0.45 V versus SCE. Experiments were 

not performed with the GaN sample electrode SI. For GaN sample electrode S2, the 

maximum cathodic current was 0.6pA under cathodic polarization and the maximum anodic 

current was 0.45pA under anodic polarization.

The anodic current can be associated with the oxidation of water (Reaction 3.5), and the 

cathodic current can be attributed to hydrogen evolution (Reaction 3.7).

111.8. Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) measurements were carried out to investigate the 

structure of the electrical double layer at the semiconductor/electrolyte interface, the charge 

transfer processes in the semiconductor and electrolyte, as well as the parameters defining the 

limiting steps of the electrode processes. EIS measurements were carried out at bias DC 

potentials within lOOmv of the OCP measured for the respective sample electrode and solution.
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The significant scattering of the experimental data observed during the initial investigation of the 

GaN sample electrodes has been limited to the lower frequency range by adjusting the interval I 

(number of points per decade of frequencies) to I = 100 points/decade (compared to 1=15 

points/decade during the initial testing). This adjustment means that the frequency scan rate has 

been made slower, allowing the electrochemical system more time to equilibrate.

The EIS results obtained for the GaN sample electrode SI and the InGaN sample electrode S3 in 

lO 'lVl electrolyte solutions are presented as Nyquist Plots on Figures III. 14 and III.15, 

respectively.
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Fig. ffl.14 Nyquist Plots for GaN sample electrode SI in 0.1M electrolyte solutions

a) GaN sample electrode SI in 0.1M KF solution
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c) GaN sample electrode SI in 0.1M KC1 solution
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d) GaN sam ple electrode S I in  0.1M H O C 6 H 4COONa solution
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e) GaN sample electrode SI in 0.1M KSCN solution
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f) GaN sample electrode SI in 0.1M CH3COOK solution
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g) GaN sample electrode SI in 0.1M KCIO4 solution
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h) GaN sample electrode SI in 0.1M K B r solution
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i) GaN sample electrode SI in 0.1M KI solution
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Fig. IH.15 Nyquist Plots for InGaN sample electrode, S3 in 0.1M electrolyte solutions 

a) InG aN  sam ple electrode S3 in 0.1M K F solution
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b) InGaN sample electrode S3 in 0.1M KNOj solution
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c) InG aN  sam ple electrode S3 in 0.1M KC1 solution
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d) InGaN sample electrode S3 in 0.1M HOC6H4COONa solution
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f) InGaN sample electrode S3 in 0.1M CH3COOK solution

N y q u is t P lo t fo r  s a m p le  e le c tro d e , S 3  (InGaN ), in 0.1 M 

CH3COOK so lu tio n

■eee-
R s R2 W1

275

250 CPE1

225 -

200 -

175 -

150 -N

125 -

100 -

75 -

 S 3 - F it Result

• S 3  - E xperim enta l Data

-50 -25 0 25 50 75 100 125 150 175 200 225 250
Z

g) InG aN  sample electrode S3 in 0.1M KCIO4 solution
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h) InGaN sample electrode S3 in 0.1M KBr solution
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i) InG aN  sample electrode S3 in 0.1M K I solution
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To analyze the frequency dependencies of the real (Z’) and imaginary (Z”) components of the 

complex impedance, the response of the cell has been modelled by an equivalent circuit, which 

has a response to the external perturbation identical to the response of the electrochemical cell. 

The equivalent circuit models for the GaN sample electrode SI and for the InGaN sample 

electrode S3 are presented on Figures III. 16 and III. 17, respectively.

Fig. III.16 Equivalent Circuit Model for GaN sample electrode SI

Rs Rsc R2ct R1ct

CPEIsc

CPE2sc

Fig. m .17  Equivalent Circuit Model for InGaN sample electrode S3

Rs Rsc R1ct W1
■Ws----------

CPEIsc

According to the description of the semiconductor/electrolyte interface provided in 1.5.2, three 

ranges can be distinguished within the electrical double layer: the space charge layer of the 

semiconductor, the Helmholtz layer, and the diffuse or the Gouy layer. The total differential 

capacity of the semiconductor/electrolyte interface Ct can be represented by three capacitors 

connected in series, corresponding respectively to the capacitance of the space charge layer o f the 

semiconductor C sc, the capacitance of the Helmholtz layer C h, and the capacitance of the diffuse 

or Gouy layer Cd (Fig. III. 18).

Fig. ffl.18 Representation of the capacitance of the semiconductor/electrolyte interface 

CT ^SC

H I ------------------------- I I — I I --------------------------- I I ----------------
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For 0.1M electrolyte solutions, the potential drop across the diffuse layer can be neglected, thus 

simplifying the analysis of the semiconductor/electrolyte interface (Memming, 2001). Hence, in 

these solutions the differential capacity of the semiconductor/electrolyte interface can be 

represented by two capacitors, Csc and Ch, connected in series.

Practically, the main part of the potential drop across the semiconductor/electrolyte interface 

occurs across the space charge layer of the semiconductor (Memming, 2 0 0 1 ), i.e. Csc »  Ch and, 

as a result, the main contribution to the total interfacial capacitance comes from the capacitance 

of the space charge layer of the semiconductor. Thus, in the simplest model, the semiconductor/ 

electrolyte interface can be represented by a charge transfer resistance R lct and a space charge 

capacity Csc> connected in parallel. The charge transfer resistance R lct represents the resistance of 

the space charge layer of the semiconductor to the transfer of charge (electrons or holes) from the 

semiconductor to the solution.

The capacitors in real electrochemical systems, however, often do not behave ideally. Instead, 

they act as a Constant Phase Element (CPE) characterized by a phase shift between the 

perturbation signal and the resulting current different from ji/2 , contrary to the ideal capacitor for 

which the phase shift is always n/2. This is valid for the GaN and InGaN sample electrodes as 

well. Instead of behaving like an ideal capacitor, which would result in ideal semicircles 

appearing on all impedance diagrams at high frequencies, the space charge layer behaves non- 

ideally (the semicircles are depressed). Thus, the space charge was modeled by a constant phase 

element CPEIsc in the equivalent circuit model (Fig. III. 16 and Fig. III. 17).

For the GaN sample electrode SI (Fig. III. 16), the behaviour of the space charge region is further 

complicated by the mixed polarity of the electrode (Ga-face and N-face regions). To account for 

this mixed polarity, a second constant phase element, CPE2sc, has been added to the above 

described set of circuit elements, representing the capacitance of the regions with inversed 

polarity (N-face instead of Ga-phase) within the space charge layer. Accordingly, the charge 

transfer resistance across these regions has been represented by R2ct. Given that the InGaN 

sample electrode S3 has fewer and much smaller regions with inversed polarity, such 

modification of the space charge layer capacitance is not necessary.
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During a charge transfer process, electroactive species are consumed and produced at the 

electrode/electrolyte interface. This brings about gradients in the concentrations of these species 

near the interface, thus creating a driving force for mass transport by diffusion. The diffusion 

process should have an influence on the electrochemical impedance of the electrode reaction, as 

far as it is affected by a perturbation of the potential across the electrode/electrolyte interface 

(Hens and Gomes, 1997). Therefore, any mass transport limitations would introduce a Warburg 

impedance in the impedance of the electrochemical system. In the present research, it is 

suggested that the abundance of charge carriers in the InGaN semiconductor leads to higher rate 

of the charge transfer reactions at the semiconductor/electrolyte interface in InGaN in comparison 

with the GaN. As the surface of the sample electrodes is covered by a layer of specifically and 

non-specifically adsorbed anions, the electroactive species in the solution will have to diffuse 

under the influence of the formed concentration gradients through this layer in order to reach the 

surface of the electrode and participate in a charge transfer reaction (oxidation or reduction 

through exchange of electrons via the conduction band of the semiconductor). The experimental 

data corroborate this hypothesis, since a straight line, characteristic of the Warburg impedance, is 

clearly visible on the impedance spectra recorded for the InGaN sample electrode S3 in all 

investigated electrolyte solutions. The presence of a diffusion controlled process at the InGaN 

electrode/electrolyte surface is modeled by adding a Warburg element to the equivalent circuit 

model for InGaN (Fig. III. 17).

In modem three-electrode electrochemical cells, the potentiostat compensates for the solution 

resistance between the counter and the reference electrodes. However, the solution resistance 

between the reference electrode (SCE) and the working electrode (semiconductor) remains 

uncompensated and should be accounted for in the electrical circuit model of the electrochemical 

system. Therefore, another resistance Rs, representing the solution resistance, should be added to 

the equivalent circuit models for both GaN sample electrode SI (Fig. III. 16) and for the InGaN 

sample electrode S3 (Fig. III. 17). The resistance of the semiconductor itself, Rsc, should also be 

included into the electrical circuit model (Fig. III. 16 and Fig. III. 17).

For both investigated sample electrodes, GaN sample electrode SI and InGaN sample electrode 

S3, the Nyquist plots obtained for all 0.1M electrolyte solutions show that two ranges of 

frequencies can be distinguished within the impedance spectra:
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• The appearance of a depressed semicircle at the high frequency range (300kHz -  10kHz) of 

the impedance spectra, obtained for both sample electrodes -  GaN sample electrode SI and 

InGaN sample electrode S3 - confirms that at high frequencies the impedance of the 

electrochemical cell is dominated by the space charge layer of the semiconductor electrode.

• A large scattering of experimental data is observed for the GaN sample electrode SI at low 

frequencies (10kHz -  100Hz) and for all electrolytes, which impedes the analysis of the full 

impedance spectra for this electrode. By contrast, the impedance diagrams for the InGaN 

sample electrode S3 are much clearer and can be analyzed.

• At low frequencies, the shape of the impedance diagrams obtained for the InGaN sample 

electrode S3 suggests that the impedance is no longer dominated by the semiconductor 

electrode properties and that the electrochemical reactions occurring at the semiconductor/ 

electrolyte interface should also be taken into account. Within this frequency range, the 

impedance spectra indicate the presence of a diffusion-controlled process at the 

semiconductor/electrolyte interface.

Similar shapes of the impedance diagrams were obtained by other researchers who performed 

EIS measurements with semiconductor electrodes (Aroutiounian et al., 2000 and 2006;

Ramesham and Rose, 1997; Hens and Gomes, 1997). Aroutiounian et al. (2000 and 2006) also 

suggested that the main contribution to the impedance at high frequencies (>103Hz) is the space 

charge layer o f the semiconductor, while at low frequencies (<10 Hz) a slow diffusion process 

dominates the impedance spectra. The equivalent circuit model that they developed to fit their 

experimental data contains the same main elements as the equivalent circuit models proposed in 

the present study. These elements represent the series-connected resistances of the bulk of the 

semiconductor and the electrolyte, the capacitance of the space-charge layer connected in parallel 

with the charge transfer resistance across the space charge layer, and the Warburg impedance 

modelling the diffusion-controlled processes at the interface.

As the response of the proposed equivalent circuit to potential perturbations was identical (or 

very similar) to the response of the electrochemical system, it was concluded that the circuit 

model correctly represents the structure of the semiconductor/ electrolyte interface. The
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parameters of the equivalent circuit elements for the GaN sample electrode SI and for the InGaN 

sample electrode S3 are presented in Tables III. 8  and III.9, respectively.

Table III.8 Equivalent Circuit Param eters for SI (GaN) in 0.1M electrolyte solutions

Salt Potential (mV) Rs (Ocm2) Rsc (Ocm2) R1ct (Dcm2) CPE1sc-T (Fcm'2) CPElsc-P R2ct (Dcm2) CPE2sc-T (Fcm2) CPE2sc-P

KF -611 55 .21 -1 3 9 0 .2 4 2 4 9 .0 0 6 .7 6 1 0 E -1 0 0 .9 9 9 8 1 4 7 5 4 .0 0 6 .8 5 5 0 E -1 1 0 .9 9 9 8

k n o 3 -5 1 2 5 6 .1 8 -9 6 .9 5 2 0 0 .3 8 3 .7 6 1 0 E -1 1 0 .9 9 9 9 1 0 4 0 .0 0 4 .0 9 2 3 E -0 8 0 .8 3 9 8

KCI -5 6 0 5 5 .3 3 -7 3 5 .7 8 1 2 0 .6 7 4 .2 7 E -0 9 0 .9 0 9 8 4 0 0 0 .0 7 6 .7 6 E -1 1 0 .9 9 9 9

HOC6 H4COONa -5 1 8 52 .71 -9 4 8 .1 2 2 8 6 .0 8 1 .6 5 E -0 9 0 .9 9 9 8 7 7 2 9 .6 6 5 .7 6 E -1 1 0 .9 9 8 0

KSCN -541 4 2 .9 3 -7 3 7 .5 6 2 1 3 .0 2 1 .4 8 0 0 E -0 9 0 .9 9 9 8 3 6 0 0 .4 5 3 .9 6 1 0 E -1 1 0 .9 9 8 0

CHjCOOK -4 7 9 5 5 .1 6 -5 5 4 .8 2 2 1 0 .1 7 4 .2 4 2 0 E -0 9 0 .9 9 9 8 4 4 1 0 .4 3 7 .1 6 1 0 E -1 1 0 .9 9 8 0

KCIO4 -5 4 6 5 9 .2 3 -5 2 4 .4 7 2 1 5 .6 7 3 .3 6 6 0 E -0 9 0 .9 9 9 8 2 5 0 0 .6 1 2 .7 6 1 0E -1 1 0 .9 9 8 0

KBr -5 4 0 2 5 .8 2 -3 9 5 .8 7 2 1 8 .6 7 5 .8 7 4 7 E -0 8 0 .8 0 9 8 1 2 5 0 .5 4 2 .7 6 1 0E -1 1 0 .9 9 9 9

KI -4 5 3 4 8 .5 7 -3 9 8 .5 1 2 1 0 .0 9 6 .2 0 2 2 E -0 8 0 .8 0 9 8 1 2 0 0 .0 4 2 .7 6 1 0 E -1 1 0 .9 9 9 9

Table III.9 Equivalent Circuit Param eters for S3 (InGaN) in 0.1M electrolyte solutions

Salt Potential (mV) Rs (Ocm2) Rsc (Ocm2) R1ct (Ocm2) CPE1sc-T (Fcm'2) CPE1sc-P W1-R (Ocm2) W1-T (Fcm'2) W1-P

KF -5 7 9 5 9 .2 0 -7 0 .7 4 1 0 5 .1 0 3 .6 7 4 5 E - 0 8 0 .9 9 0 0 5 1 .5 6 5 .0 9 4 2 E - 0 6 0 .4 6 7 1

KNO3 -601 5 7 .2 7 -6 9 .5 6 7 8 .7 6 3 .6 7 4 5 E - 0 8 0 .9 9 0 0 6 1 .0 5 3 .4 3 1 0 E - 0 5 0 .4 4 2 4

KCI -5 9 7 5 4 .9 7 -7 1 .3 5 9 6 .3 7 2 .5 0 1 6 E - 0 8 0 .9 9 3 5 4 6 .3 6 5 .1 7 0 6 E - 0 5 0 .4 2 7 9

HOC6 H4COONa -5 5 4 5 3 .8 9 -7 0 .9 1 4 4 .1 0 2 .9 5 6 5 E - 0 8 0 .9 9 3 5 9 6 .4 7 3 .8 9 2 4 E - 0 5 0 .3 7 0 3

KSCN -5 3 5 5 3 .3 9 -7 1 .0 1 8 4 .7 7 2 .9 6 3 7 E - 0 8 0 .9 9 7 0 1 0 5 .9 0 1 .3 3 0 0 E - 0 4 0 .4 5 6 0

CH3 COOK -4 5 5 6 2 .4 9 -6 9 .4 5 1 0 4 .2 0 7 .8 9 1 2 E - 0 8 0 .9 9 9 5 1 2 3 .3 0 1 .4 3 6 6 E - 0 4 0 .4 2 4 3

k cio 4 -6 0 8 6 2 .5 4 -7 1 .6 4 7 6 .8 9 7 .2 2 3 5 E - 0 8 0 .9 9 1 0 5 0 .4 0 7 .4 8 7 7 E - 0 5 0 .4 2 7 7

KBr -6 6 3 6 5 .7 9 -7 0 .1 3 6 3 .1 8 1 .0 5 9 8 E -0 7 0 .9 9 9 9 5 0 .5 2 8 .3 5 4 3 E - 0 5 0 .4 4 4 9

KI -621 1 0 .1 3 -7 0 .9 1 5 9 0 .2 0 7 .6 3 1 0 E - 0 9 0 .9 9 9 9 2 6 1 .6 0 1 .6 9 6 8 E - 0 5 0 .3 3 9 3

In the ZView2 impedance analysis software, a Constant Phase Element is defined by two 

parameters, CPE-T and CPE-P, and its impedance is calculated according to the equation:

Z CPE = 1/[CPE -  T ( j  * coY  CPE - p \  (3.14)

where:

CPE-T is the capacitance of the Capacitor (F) (See CPElsc-T and CPE2sc-T in Table III. 8  and 

CPElsc-T in Table III.9)

CPE-P is an exponent, which equals 1 for a capacitor (See CPElsc-P and CPE2sc-P in Table 

III. 8  and CPElsc-P in Table III.9)
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a  is the radial frequency, (rad) 

j is the imaginary number (square root of - 1 ).

If CPE-P equals 1, then the equation is identical to that of a capacitor. In fact, a capacitor is 

actually a constant phase element - one with a constant phase angle of 90 degrees. If CPE-P 

equals 0.5, a 45 degree line is produced on the Nyquist plot.

In the ZView2, a finite length Warburg Impedance is defined by three parameters, Wo-R, Wo-T, 

and Wo-P. Its impedance is calculated according to the equation:

Z w = W o -R * c tn h { \j* W o -T * G > Y W o -P )/( j* W o -T * a ))AW o -P  (3.15)

where:

Wo-P is an exponent with a value between 0 and 1 (See W l-P in Table III.9);

Wo-T = 52  / D (See W1 -T in Table III.9)

D is the effective diffusion coefficient of the redox species (m2 s '1);

§ is the effective thickness of the diffusion layer (m);

Wo-R is the diffusion resistance (Q) (See W l-R  in Table III.9);

O) is the radial frequency (rad); 

j is the imaginary number.

The values of the parameters of the equivalent circuit for the GaN sample electrode SI show that 

the capacitance of the GaN semiconductor space charge layer (CPElsc-T, Table III.8 ) varies 

between 3.76E-11 and 6.20E-08 F.cm'2. For the InGaN sample electrode S3, the capacitance of 

the space charge layer (CPElsc-T, Table III.9) is slightly higher than for the GaN sample 

electrode SI and varies between 7.63E-09 and 1.06E-07F.cm'2. This is probably because the 

thickness o f the space charge layer formed within the GaN semiconductor electrode is expected 

to be greater than the thickness of the space charge layer formed within the InGaN electrode due 

to the higher concentration of charge carriers (electrons and holes) in the semiconductor with the 

lower band gap, i.e. in the InGaN. The obtained results for the capacitance of the space charge 

layers in both investigated materials were compared with the values found in the literature for 

other semiconductor electrodes. Aroutiounian et al. (2000) performed EIS experiments with iron 

oxide semiconductors doped with titanium and found that the capacitance of the space charge 

layer of the iron oxide semiconductor electrodes varies between 9.16E-07 and 9.54E-07 F.cm' . 

These values are close to the results obtained in the current study. In another study,
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Aroutiounian et al. (2006) experimented with iron oxide semiconductors doped with Sn4+ and 

Nb5+. The results of their EIS experiments produced values of the space charge layer 

capacitance between 3.12E-08 and 7.04E-08 F.cm'2, which are even closer to the values obtained 

in the current research for GaN and InGaN semiconductor electrodes.

The cation adsorption on the surface regions with inversed polarity (N-face) at the surface of the 

GaN sample electrode SI is expected to be weaker due to the overall positive polarization charge 

of the electrode surface. This suggestion is corroborated by the values obtained for the 

capacitance of these regions (CPE2sc-T, Table III. 8 ), which are lower than the capacitance of the 

Ga-face regions in most investigated electrolyte solutions. Additionally, for the capacitors, 

representing the regions with inversed polarity, the values of the exponential factor CPE2sc-P are 

very close to unity, suggesting that these capacitors approximate the behaviour of an ideal 

capacitor. The same behaviour is observed for the capacitors representing the Ga-face regions 

in KF, KNO3 , HOC6H4 COONa, KSCN, CH3 COOK and KC104 solutions.

The charge transfer resistance across the space charge layer R1 varies between 120.7 and 286.1 

Qcm2 for the GaN sample electrode SI (Table III.8 ) and between 63.2 and 590.2 Qcm2 for the 

InGaN sample electrode S3 (Table III.9). Theses values are consistent with the ones obtained by 

Aroutiounian et al. (2006), who found that the charge transfer resistance in 5N NaOH solutions 

and iron oxide electrodes ranges from 310 to 11060 Qcm2.

The values of the solution resistance Rs range between 25.8 and 59.2 Qcm2  for the GaN sample 

electrode SI (Table III.8 ) and between 10.1 and 65.8 Qcm2  for the InGaN sample electrode S3 

(Table III.9). They are in the same order of magnitude as the ones reported in the literature for 

other semiconductor electrodes. Aroutiounian et al. (2000) performed experiments with iron 

oxide electrodes in 1M H2 SO4  solutions and obtained values of the solution resistance around 37- 

42 Qcm2. Ramesham and Rose (1997) carried out corrosion studies of boron-doped diamond 

film electrodes in 0.5M NaCl solutions and determined the solution resistance to be between 148 

and 152 Qcm2.

Ramesham and Rose (1997) also calculated the resistance of the semiconductor films (boron- 

doped diamond) as being equal to 873-1195 Qcm2. Such resistance is very similar to the
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resistance Rsc of the GaN thin film electrode SI (Table III. 8 ), which absolute values vary 

between 97 and 1390 Qcm2. Because of the lower band gap energy of the InGaN semiconductor 

(leV) in comparison with the band gap energy of the GaN semiconductor (3.4eV), under the 

same excitation conditions (ambient light and room temperature), the number of charge carriers 

(electrons and holes) in the InGaN is expected to be much greater than the number of charge 

carriers in the GaN. This would result in significantly greater electrical conductivity and 

respectively lower resistance to passage of current of the InGaN sample electrode S3 in 

comparison with the GaN sample electrode S I. The values obtained by the EIS study of the 

electrodes are consistent with the above suggestion and show that the resistance of the InGaN 

semiconductor electrode S3 varies between 69 and 71.6 Qcm2  (Table III.9), which is 1.3 to 19 

times lower than the resistance Rsc of the GaN semiconductor electrode SI (Table III.8 ).

The charge transfer resistance Ret across the space charge layer of the semiconductor electrodes 

is also expected to be larger in the GaN semiconductor than in the InGaN due to greater 

abundance of charge carriers and the smaller length of the space charge layer in the InGaN. 

Within the GaN film, the negative charges of the anions, adsorbed on the positively charged Ga- 

face surface cause accumulation of holes on the semiconductor side to counter these charges and 

to preserve the electrical neutrality of the interface. The large concentration of holes in the space 

charge layer of the Ga-face regions inhibits the electron transfer across the space charge layer 

formed in the regions with inversed polarity (N-face) as the electrons would recombine with the 

holes. Because the space charge layers in the two regions with opposite polarity (Ga-face and N- 

face) do not have distinct boundaries and interpenetrate each other, within the space charge layer 

in N-face regions only few electrons would reach the surface of the electrode. This model is 

supported by the experimental data showing that the charge transfer resistance R2ct (Table III. 8 ) 

in the N-face regions is 6  to 59 times larger that the charge transfer resistance R lct (Table III.8 ) 

in the Ga-face regions.

111.9. Potentiostatic Experiments

The objective of this set of experiments was to investigate the behaviour of the GaN 

semiconductor material under strong cathodic polarisation (potential of the electrode is changed 

to more negative values). The first experiment involved polarization of the GaN sample
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electrode S2 in the cathodic region by setting the potential of the working electrode at U = -1.1V 

vs. SCE for a period of 500s. For the second experiment, the potential of the WE (GaN sample 

electrode S2) was set at U = -1.2V vs. SCE for another period of 500s. The second experiment 

was repeated with the GaN sample electrode SI. The resulting current through the 

electrochemical cell was recorded during both experiments and readings of OCPs were taken 

before and after each potentiostatic experiment.

Initially, the potentiostatic experiments for the GaN sample electrode S2 produced a steady state 

cathodic current in the pA range accompanied with current oscillations (Fig. 111.20), which was 

interpreted as an indication of the existence of cracks in the electrode’s epoxy glue coverage. 

After the deposition of an additional layer of epoxy glue on the electrode (leaving only the 

surface of the sensing element exposed), the steady state current cathodic at the same potential 

went down to the nA range (Fig. 111.21). The potentiostatic experiments for the GaN sample 

electrode SI produced steady state cathodic current in the nA range (Fig. III. 19).
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Fig. m .19 Variation of current density with time for GaN sample electrode SI in 0.1M KCI solution at cathodic
polarization
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Fig. m .20 Current oscillations for GaN sample electrode S2 at cathodic polarization in 0.1M KCI solution

Variation of current density with time for GaN/S2 
electrode in 0.1 M KCI solution
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Fig. 113.21 Variation of current with time for GaN sample electrode S2 in 0.1M KCI solution at cathodic polarization
after deposition of additional layer of epoxy glue
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For both GaN sample electrodes SI and S2 the cathodic current can be attributed to the hydrogen 

evolution reaction (Reaction 3.7).

111.10. Range Tests

The range tests involved polarization of GaN sample electrode S2 to high positive and high 

negative potentials in 0.1 M KCI solution to investigate the etching processes of the GaN 

semiconductor material. According to Chazalviel et al (2000), metallic gallium is unstable at 

potentials more positive than U=-0.8V vs SCE in acidic solutions. Therefore, if  the potential of 

the GaN working electrode is set to values more positive than U=-0.8V vs SCE, the GaN surface 

is expected to start etching, altering the properties of the semiconductor electrode. To induce
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surface etching, the GaN sample electrode S2 was subjected to two subsequent scans with 

increasing end potential values. The first scan was performed between potentials U = -0.8V and 

U = + 0.5 V versus SCE. During the second scan, the polarization of the electrode was done 

between potentials U = -2.0V and U = + 1.0V versus SCE. The obtained cyclic voltammograms 

during the two scans are presented on Fig. 111.22.

Fig. ffl.22 Cyclic voltammograms for GaN sample electrode S2 for two scans with increasing end potentials

Cyclic Voltammograms for S2 in 0.1 M KCI solution
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The shape of both cyclic voltammograms suggests that an anodic current in the pA range flows 

through the working semiconductor electrode during the forwards scans (to more positive 

potentials), and a cathodic current in the pA range flows during the reverse scans (to more 

negative potentials). Similar cyclic voltammograms have been recorded by Huygens et al (2000)
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for n-GaN in KCI solution. According to their study, the anodic current during the forward scans 

may be associated with the following oxidation reactions:

• Formation of chlorine gas (conduction band reaction):

2 C l--2 e -  - * a 2 ( g ) t  ( 3  )6)

• Oxidation of water (See 1.7, Reaction 3.5)

• Etching of the GaN semiconductor electrode (See III.7, Reaction 3.6)

The cathodic current during the second scan is characterized by two distinct peaks. The first peak 

occurs approximately at a potential U = -0.6V vs SCE, and the second peak occurs at a potential 

U =-l. 1V vs SCE. Only the first peak is visible on the cyclic voltammogram recorded for the first 

scan, and it occurs at a potential U = -0.4V vs SCE. The first peak of the cathodic current 

observed during both scans is most probably associated with the hydrogen evolution reaction 

(See 1.7, Reaction 3.7). The second peak may be due to the reduction of the chlorine gas formed 

during the forward scan according to the reduction reaction:

Cl2( g )  T + 2 e"  - >  2 Cl~(aq)  ^  1 7 ^

Cyclic voltammetry is a technique that can provide information for the type of the 

electrochemical reactions (oxidation or reduction) occurring at the semiconductor/electrolyte 

interface, but cannot define the specific reactions. Therefore, one of the objectives of the surface 

studies described in the next chapter was to provide additional insights about the reactions that 

actually took place in the electrochemical system during the range tests.

111.11. Surface Study of GaN and InGaN Sample Electrodes

SEM-EDS surface studies of the GaN and InGaN unused sample materials and the of the used 

GaN sample electrode S2 were carried out to determine:

• The morphology and surface polarity of the GaN and InGaN thin films; and

• Whether and how the surface of the GaN sample electrode S2 had been altered as a result of

the performed range tests (see Chapter III. 10).
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To improve the quality of the SEM images, the surface of the GaN and InGaN samples was 

coated with an atomic layer of gold. The results of the surface study were complemented by 

EDS elemental analysis. The SEM images (secondary electron mode) obtained for the GaN and 

InGaN unused samples are presented on Fig. 111.23. Fig. III.24 presents images of different 

regions of GaN sample electrode S2 after performing the range tests, described in the previous 

chapter.

Fig. ffl.23 SEM images of GaN and InGaN unused sample materials 

a) GaN thin film b) InGaN thin film

w ni

Fig. ID.24 SEM images of GaN sample electrode, S2 after experiments

The SEM image of GaN unused sample material (Fig. III.23a) shows that the surface of the GaN 

film is quite smooth. The observed polarity, however, is mixed as initially assumed, i.e. there are 

Ga-face regions (dark background) and N-face regions (lighter hexagonal structures). The 

polarity of the observed structures has been defined on the basis of the study by Heilman (1998),
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which found that the hexagonal faceting is a characteristic of N-face GaN material. Similar GaN 

images have been presented by Piquette et al. (1999), who defined the mixed polarity of the GaN 

samples the same way as above. According to Piquette et al. (1999), a mixed polarity surface can 

be formed due to the different growth rates of G-faces and N-faces of the GaN crystal. Unlike 

the GaN, the InGaN samples show better-defined surface polarity with less N-face regions.

SEM images of the GaN unused material show that, although Ga-face regions are dominant, the 

N-face regions occupy a substantial part of the surface. This observation corroborates the results 

of the calibration and impedance measurements with the GaN sample electrodes, which were 

consistent with a mixed polarity surface.

The SEM image of the GaN sample electrode S2 after the range tests indicates a significant 

alteration of the surface and confirms the assumption, made during these tests, that the surface of 

the GaN electrode would be etched under high anodic polarization.

The results from the EDS study of the GaN and InGaN unused sample materials are presented on 

Fig. 111.25. Fig. 111.26 presents the results from the EDS study of different regions of GaN 

sample electrode S2 after the performed range tests.

Fig. 111.25 EDS results for GaN and InGaN unused sample materials 
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b) InGaN before experiments
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Fig. ffl.26 EDS results for different regions of GaN sample electrode, S2 after experiments

a) Region 1 -  potassium , silicon, alum inium  and oxygen elem ental peaks
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c) Region 3 -  alum inium  and  oxygen elem ental peaks
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The EDS elemental analysis shows that before the experiments, the surface of the GaN sample 

contained only Ga and N atoms (Fig. III.25a). However, after the experiments, the GaN sample 

electrode S2 shows strong O and Al elemental peaks on EDS diagrams for one sample region 

(Fig. III.26c) and additional Si and K elemental peaks in two other regions (Fig. III.26a and b). 

This indicates substantial alternation of the surface of the GaN sample electrode S2 as a result of 

performed range tests. This alteration may have proceeded as follows:

• The presence of an Al and O elemental peaks is an evidence of deep etching of the surface 

down to the sapphire substrate (AI2O3);

• The presence of a Si elemental peak is probably caused by unintentional doping of the GaN 

sample during the GaN growth process. Although any doping of the GaN semiconductor 

material would potentially cause changes in the electrode behaviour, the Si is only present in 

EDS diagrams of the GaN sample electrode S2 after the range tests i.e. close to the sapphire 

substrate. No Si is observed on the EDS diagram of the unused GaN sample and therefore, 

we can assume that the Si doping effect occurs deep in the GaN film and not at the surface 

and this, cause none or negligible effect on the behaviour of the GaN sample electrode S2.

• The presence of a K suggests that during the range tests in 0.1 M KC1 electrolyte, the K+ 

cations in the solution have been adsorbed on the electrode surface.
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IV. SUMMARY AND CONCLUSIONS

This chapter provides a summary of the main results obtained from the study of GaN and InGaN 

semiconductor electrodes and outlines the conclusions derived from these results. It also 

provides some recommendations for future research on the use of GaN and InGaN 

semiconductors as materials for the preparation of ion selective electrodes.

IV.1.Summary of Research Results and Conclusions

Conclusions regarding each portion of the research are presented below, including response time 

of the GaN and InGaN semiconductor electrodes, sensitivity to various anions and to pH 

variations, response range and slope of electrodes, reproducibility of results, cyclic voltammetry 

(CV) and electrochemical impedance spectroscopy (EIS) experiments, potentiostatic experiments 

and range tests, and, finally, surface studies and elemental analysis.

IV.1.1. Response Time

The GaN and InGaN semiconductor electrodes demonstrate relatively fast response times ranging 

from 50 to 700 s, depending on the electrolyte, electrode material, and activity of anions in 

solution. For both GaN and InGaN electrodes, the dependence of response time on electrolyte 

follows the order of adsorption capacity of the anions, i.e., the response time is faster for anions 

with strong adsorption capacity and slower for anions with weak adsorption capacity. In the 

investigated electrolyte solutions, the response time is faster for GaN sample electrodes than for 

the InGaN sample electrode. The variation of the electrode response time versus anion activity in 

the electrolyte solutions is not consistent and hence no pattern of variation could be established.

The reproducibility of response time measurements is good: the variation in response time 

between two series of measurements, performed two months apart from each other, in the same 

electrolyte is 50s or less. The response time of electrodes during the second series of 

measurements is consistently slower than during the first series, which may be attributable to 

contamination o f the electrode semiconductor sensing element or to a hysteresis effect caused by 

using the electrodes in various electrolyte solutions. The impact of these factors on the response 

time can be minimized if an adequate procedure for cleaning the electrode surface before each 

measurement is employed.
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IV.1.2. Total Potentiometrlc Response

OCP measurements with the GaN and the InGaN electrodes in KF, KNO3 , KC1,

HOC6H4 COONa, KSCN, CH3COOK and KCIO4  electrolyte solutions show that the total 

potentiometric response of the GaN electrode is higher than the one of the InGaN electrode. The 

only exception occurs in the KBr and KI solutions, in which the response of the InGaN electrode 

is higher than the response of the GaN electrode. Hence, with the exception of Br' and I' anions, 

the sensitivity o f the GaN electrode to anions is better than that of the InGaN electrode.

IV.1.3. Calibration Curves (Response Range and Slope)

In most electrolyte solutions, the slope of both the GaN and InGaN electrodes varies between 52 

and 65mV/decade of activity change. These slopes are close to the theoretical value of 

58.3mV/decade calculated from the Nikolsky-Eisenman equation and compare favourably with 

previous results for GaN electrodes reported in the literature (Chaniotakis et al. 2004). However, 

large deviations from the theoretical slope value occur for the GaN electrode in KCIO4 , KBr and 

KI electrolytes and for the InGaN electrode in KBr and KI electrolytes. In these solutions, the 

slope of the electrodes is lower than the theoretical value (between 29 and 44mV/decade of 

activity change). This may be attributed to strong interaction between species in solution and the 

electrode material.

The linearity regions for the GaN and InGaN electrodes are found to be relatively narrow. In 

CH3COOK solutions no linear region exists at all. In some other electrolytes (e.g., GaN electrode 

in KF, KNO3 , and KC1; InGaN electrode in KC1 and KSCN), the linearity region encompasses 

only one or two decades of activity change. Such linear regions are narrower than the reported in 

the literature for GaN electrodes in the same test solutions (Chaniotakis et al, 2004). These 

narrow linear regions may be due to the mixed polarity of the sensing elements of the electrodes 

and/or to contamination of the electrode surface. In other solutions (KCIO4 , KBr and KI), 

however, the regions of linearity are larger and extend over the entire range of measured 

activities (five decades of activity change between 10' 1 and 10‘6 M). In these solutions, the GaN 

electrode linear regions compare favourably with the linear regions of four decades of activity 

change, reported by Chaniotakis et al. (2004).
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IV.1.4. Reproducibility

During a sequence of measurements, the GaN electrode shows a drift of the OCP from more 

negative to less negative values over time. This drift is most probably caused by either a change 

in the surface composition of the electrode sensing element and/or by potential changes in other 

parts of the measuring system. The average drift value of 1.7mV per day compares favourably 

with the drift values of commercially available ISEs (NICO 2000 Ltd., 2005).

The InGaN sample electrode exhibits a low reproducibility of measured electrode potential that 

may be caused by taking the OCP readings in some solutions before the system has attained 

equilibrium.

IV.1.5. pH Response

Both the GaN and InGaN electrodes demonstrate good pH response. A linear variation of 

measured OCP with respect to pH is observed in the pH range between 7.5 and 3. The pH 

sensitivity of the semiconductor electrodes can be attributed to the selective interaction between 

the positively charged surface of the sensing element and the hydroxide anions in the solution, 

which results in a decrease of OCP with decreasing pH.

IV.1.6. CV Results

The reactions occurring at the semiconductor/electrolyte interface have been identified by 

comparing the positions of the valence and conduction band edges of the semiconductor electrode 

with the standard potentials of the redox couples present in the electrolyte solutions. Further 

investigation accounting for other factors such as reaction kinetics and adsorption phenomena 

will be needed to determine whether a particular reaction is taking place or not.

IV.1.7. EIS study

The EIS study shows that the space charge layer of the semiconductor dominates the impedance 

of the electrochemical system at high frequencies. The large scattering of results observed at low 

frequencies for the GaN electrode impedes the analysis of the impedance spectra for this 

electrode. The shape of the impedance curve for the InGaN electrode at low frequencies (below 

approximately 10kHz) suggests that the impedance of the electrochemical system is dominated
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by the slow diffusion of electroactive species across the layer of adsorbed ions present at the 

surface of the electrode. The equivalent circuit model proposed in this study can effectively fit 

the EIS experimental data.

IV.1.8. Potentiostatic Experiments

The potentiostatic experiments with the GaN electrode show that, under cathodic polarization, a 

cathodic current flows through the electrochemical cell, which is most probably due to the 

hydrogen evolution reaction.

IV.1.9. Range Tests

The range tests were carried out to investigate the etching process of the GaN semiconductor as 

well as the behaviour of the GaN electrode under strong cathodic and anodic polarizations. The 

anodic current that flows under anodic polarization suggests that the oxidation reactions taking 

place at the semiconductor/electrolyte interface are most probably the formation of chlorine gas, 

the oxidation of water, and the oxidative etching of GaN. The cathodic current could be 

attributed to the reduction of chlorine gas, formed during the anodic scan, to chloride anions.

IV.1.10. Surface Studies and Elemental Analysis

The SEM studies suggest that both GaN and InGaN samples have mixed a polarity surface, 

which exposes both the Ga-face (or InGa-face) and the N-face of the semiconductor crystal. The 

EDS elemental analysis confirmed that the surface of one of the GaN electrodes had been etched 

during the range tests.

IV.2.0verall Conclusions

Overall, this work has shown that GaN and InGaN electrodes are sensitive to all the tested anions 

and have a good pH response. Additionally, the experimental results demonstrated that under 

open circuit conditions the surface of the electrodes remains mechanically intact and chemically 

stable in all electrolyte solutions. This suggests that electrodes constructed of GaN and InGaN 

would have good stability and excellent lifetime. As such, GaN and InGaN semiconductors 

could be employed to fabricate ion selective electrodes that are both durable and easy to use. The 

surface polarity of the semiconductor crystal may have a major impact on the overall
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performance of the electrodes and, in particular, on the reproducibility of results and on the slope 

and linear range of the calibration curves.

Attempts to describe the electrochemical reactions occurring at the semiconductor/electrolyte 

interface were partially successful as potential charge transfer reactions were identified but no 

definite knowledge was obtained about the reactions that actually occur in the electrochemical 

system. Thus, some recommendations for further research are made below.

IV.3.Recommendations for Further Research

The main recommendation is to investigate the effect of surface polarity on the response of the 

electrode by repeating all the calibration experiments using GaN and InGaN samples with 

homogeneous Ga-face or InGa-face surfaces. A study to identify the electrochemical reactions 

occurring in the electrochemical system would provide additional insights on the processes 

occurring at the semiconductor/electrolyte interface and would complement the work commenced 

in this thesis. Although the range tests and the subsequent surface studies confirmed that the 

GaN electrode could be etched under certain experimental conditions, it would be useful to define 

the exact potential at which the etching begins, as it is directly related to the electrode chemical 

stability.

All the above recommendations only pertain to the evaluation of GaN and InGaN semiconductors 

as ion selective electrodes. Once their potential is confirmed, the research should be expanded to 

take into account factors such as the availability of high quality semiconductor crystals, cost, 

mechanical design, and maintenance of the electrodes to determine whether GaN and InGaN can 

ultimately be used for the fabrication of commercial ion selective electrodes.
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V. APPENDIX A

Nyquist Plots for GaN sample electrode SI and InGaN sample electrode S3 in 
electrolyte solutions with concentrations from 10'6M to 10‘2M
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5) GaN/S 1 in 10'6M KSCN solution 6) GaN/S 1 in 10'6M CH3COO solution
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9) GaN/S 1 in 10'6M KI solution 10) GaN/S 1 in 10'5M KF solution
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13) GaN/S 1 in 10'5M HOC6H4COONa solution 14) GaN/S 1 in 10'5M KSCN solution
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17) GaN/S 1 in 10‘5M KBr solution 18) GaN/S 1 in 10'5M KI solution
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21) InGaN/S3 in 10'6M KC1 solution 22) InGaN/S3 in 10‘6M HOC6H4COONa solution
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25) InGaN/S3 in 10'6M KC104 solution 26) InGaN/S3 in 10'6M KBr solution
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29) InGaN/S3 in 10'5M KN 03 solution 30) InGaN/S3 in 10'5M KC1 solution
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33) InGaN/S3 in 10'5M CH4COOK solution 34) InGaN/S3 in 10‘5M KC104 solution
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