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Abstract 

In this thesis I show the results from our investigation of the interface between gallium 

nitride wide bandgap semiconductor heterostructures and (bio)molecular systems on their 

surfaces for biosensing, bioelectronics, and photoelectric applications, with a large 

emphasis on the processes arising from high energy ionizing irradiation, including 

heterostructure photoelectric gain mechanisms. Wide bandgap semiconductors, such as 

gallium nitride, have received increasing attention as potential components in advanced 

organic/inorganic hybrid systems. Working to further this topic, we determine a new 

semiconductor alignment required for low energy photo-induced charge transfer 

ionization of alkyl chains well below the energy normally required for molecular 

cleavage, show original results of the influence of binding methods on enzyme 

functionality in conjunction with a novel electrochemical and environmental control 

system and demonstrate new possibilities to significantly improve upon pH measurements 

through the use of high sensitivity devices. Furthermore, based on the extension of this 

work to support future studies of radiation effects on cell systems, we present a detailed 

characterization of new simultaneous chemical sensing and ionizing radiation dosimetry 

using single devices. We found that their pH sensitivity was retained during X-ray 

irradiation and that the fundamental characteristics can be used to separate the irradiation 

signal from the pH response without compromising operational stability. These data 

provide clear indications of the separate response mechanism tied to the presence of a 

two-dimensional electron gas channel. Here, we found new results exhibiting 

exceptionally high gains and independence of the well-known persistent 

photoconductivity for soft X-rays and high energy particles in the ultralow dose-rate 

regime. This material system provides the capability for high sensitivity and resolution 

real time monitoring, which is competitive with and complements state-of-the-art 

detectors. Thus, is extremely promising for future applications ranging from advanced 

organic/inorganic hybrid systems to medical imaging.  



 

  

ii  

 

  



 

  

 iii 
 

Contents 

Abstract ................................................................................................................................ i 

1 Introduction ................................................................................................................ 1 

1.1 Literature Review ............................................................................................................. 1 

1.2 Scope of this Work ........................................................................................................... 5 

2 Material and Methods ................................................................................................ 9 

2.1 Wafers .............................................................................................................................. 9 

2.2 Device Processing .......................................................................................................... 11 

2.3 (Bio)Molecular Functionalization .................................................................................. 15 

2.4 Experimental Methods.................................................................................................... 19 

3 The AlGaN/GaN Material System .......................................................................... 35 

3.1 Overview of the Material Properties .............................................................................. 35 

3.2 Optimization and Characteristics of High Electron Mobility Transistors ...................... 38 

3.3 A Novel Measurement System and an Overview of Solution-Gate Devices ................. 43 

3.4 New Sensors with High Transconductive Gain Through Thinner Heterostructures ...... 50 

3.5 Overview of the Ionizing Radiation Cross-Section for GaN .......................................... 53 

4 Hybrid GaN/(Bio)Molecular Interfaces.................................................................. 57 

4.1 A New Photocatalythic Degradation Effect of Organic Films ....................................... 57 

4.2 Characterization of the Degradation ............................................................................... 61 

4.3 Explanation of the Cross Interface Charge Transfer Process ......................................... 67 

4.4 A New Analysis Showing the Impact of Immobilization on Enzyme Functionality ..... 71 

5 Photoresponse for Ionizing Radiation Dosimetry.................................................. 81 

5.1 Spectral Dependence and Gain of HEMT Devices ........................................................ 81 

5.2 Novel Simultaneous Solution-Gate and Dosimeter Single Device Sensors ................... 91 

5.3 Separation of the Buffer Response from the Heterostructure Response ........................ 95 

5.4 Analysis of the Heterostructure Showing “Photomultiplier” Gain ............................... 102 



 

  

iv  

 

5.5 Explanation of the Heterostructure Gain ..................................................................... 103 

5.6 Transient Response ...................................................................................................... 106 

6 Summary ................................................................................................................. 113 

6.1 Conclusions .................................................................................................................. 113 

6.2 Outlook ........................................................................................................................ 118 

7 Bibliography ............................................................................................................ 129 

8 List of Figures ......................................................................................................... 151 

9 List of My Publications on the Topic of this Thesis............................................. 155 

9.1 Peer-Reviewed Journal Publications ............................................................................ 155 

9.2 Conference Proceeding ................................................................................................ 156 

9.3 Patents .......................................................................................................................... 157 

10 Acknowledgements ............................................................................................. 159 

 

 

  



 

  

 v 
 

  



 

  

vi  

 

 



 
 

 

  

 1 
 

1 Introduction 

This thesis investigates several linked questions covering device optimization, hybrid 

semiconductor/(bio)molecular interfaces and the semiconductor photoresponse to 

ionizing radiation. In the first section (1.1), several literature reviews are presented, each 

summarizing the relevant scientific findings up to the original questions that this work is 

based on. This is followed, in the second section (1.2), by the scope, where a short 

overview of how these questions are tackled is presented together with the corresponding 

publications to which I made a significant contribution. Furthermore, a short summary 

can also be found directing the reader to where in this thesis each topic is discussed in 

more detail. Moreover, Section 6.1 repeats these questions followed by a summary of our 

findings and conclusions. 

1.1 Literature Review 

Detailed understanding of charge transfer mechanisms, for example between inorganic 

semiconductors and organic molecules, is of fundamental importance in the emerging 

field of molecular and bio-molecular electronics. Wide bandgap semiconductors, such as 

gallium nitride (GaN) and silicon carbide (SiC), have received increasing attention as 

potential components in advanced semiconductor/(bio)molecular detection systems.1 

Furthermore, the Fermi levels of both materials can be varied over a wide energetic range 

by controlled impurity incorporation, and both have the possibility for bandgap 

engineering.2,3 This makes them excellent candidates for creating a direct electrical 

coupling to an organic interface, and various proven routes have been developed to 

covalently immobilize self-assembled monolayers (SAMs) of active molecules onto 

inorganic surfaces from either liquid or gas phases.4–8 While thiol-based processes have 

been intensively studied for both metals9 and semiconductors,10,11 the silanization-based 

process,12,13 in which organosilane molecules react with hydroxyl-terminated surfaces in 

the presence of water to yield organic monolayers bound over a crosslinked Si-O-Si 
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network,14 has recently attracted attention. Although these reactions are typically 

performed on thin hydroxyl-terminated silica films on Si, both GaN and SiC surfaces can 

be readily hydroxyl-activated, and the covalent functionalization of both materials with 

silane monolayers has recently been demonstrated.15,16 So far, such hybrid 

(bio)molecular/semiconductor interfaces have largely been used as passive bio-electronic 

elements, even though many organic systems possess energetic levels whose occupation 

could be altered by direct electronic charge transfer to or from a semiconductor 

substrate.17–19 However, it is hitherto unknown whether it is possible to identify a 

compatible energetic window for GaN or SiC, within which it is favorable for selected 

organic systems to be actively charged or discharged by direct interaction with the 

semiconductor substrate. 

A well-known advantage of a selected few wide bandgap semiconductors, such as GaN, 

is the possibility to create high electron mobility transistors (HEMT) through the 

introduction of GaN/aluminum gallium nitride (AlGaN) heterointerfaces.20,21 With an 

additional GaN capping layer to terminate the less chemically stable AlGaN uppermost 

layer of the heterointerface, the devices have been frequently used as sensors operated in 

electrolytes,22–29 and are known to have a highly linear pH sensitivity,30,31 which can be 

explained by the site-binding model.32,33 There are many reported ways to increase the 

transconductive sensitivity of such devices,29 but the only suggestion to achieve this 

through the reduction of the two-dimensional electron gas (2DEG)-to-surface distance 

was, so far, by using the N-face polarity heterostructure.34 However, this approach leads 

to structures with lower chemical stability35 and the growth of N-face heterostructures is 

not well established, making it difficult to obtain high quality material.36 Here, recent 

improvements in plasma-assisted molecular beam epitaxial growth of aluminum nitride 

(AlN)/GaN structures allow for a very thin AlN barrier, while retaining a 2DEG with high 

electron concentrations, without a significant reduction of the electron mobility.37 In spite 

of the benefits that such a reduction of barrier thickness would give to device 

performance, sensor applications using AlN/GaN-based HEMT structures have not yet 

been studied. 

The advancement and simplification of analytic screening and biomedical monitoring 

requires in-depth knowledge of how to bind a bio-receptor, which translates information 
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from the biochemical domain into a physical or chemical signal with defined sensitivity, 

to the active surface of a transducer, which in turn transforms the output signal of the bio-

receptor into a measurable and processable signal, and what impact the immobilization 

method has on this signal. The previously discussed GaN devices have been categorized 

as biocompatible,22,38 and exhibit excellent characteristics for bio-electronic applications, 

which have been directly demonstrated through the recording of cardiac myocyte 

syncytium action potentials.23 Furthermore, GaN surfaces have been chemically 

functionalized by deposition of self-assembled organosilane monolayers. Here, the 

subsequent immobilization of biomolecules and the electronic detection of protein 

adsorption has been verified.15,39 Therefore, they should be well suited to monitor the 

activity of enzymes immobilized on their surface,40 where the change in potential of the 

devices ion sensitive surface, caused by enzymatically catalyzed products, is 

measured.41,42 As it is known from the development of various ion sensitive field effect 

transistor (ISFET)-based enzyme sensors the sensing performance, that is the sensitivity, 

response time, detection range, and lifetimes, is determined by numerous contributions 

such as enzyme activity, enzyme concentration, mass transport, thickness, and porosity of 

the sensing layer.43 Thereby, the immobilization method to couple the enzymatic 

recognition layer to the device surface plays a crucial role. While the development of 

such sensors has been a major field of interest,44–50 there has not been a systematic 

comparison with respect to the techniques applied for enzyme immobilization or their 

effects on enzyme activity. 

Clinical treatment procedures, such as external beam radiotherapy, intensity-modulated 

radiation therapy and stereotactic radiotherapy, as well as conventional X-ray 

examinations and computer tomography, are important and increasingly utilized tools in 

modern medicine. The rapid improvement of interventional radiology, which results in 

high X-ray doses due to long exposure times, contributes to the global average radiation 

exposure from medical applications.51 To combat this, the development of devices with 

high spatial, temporal, energy, and dose resolutions to high energy ionizing radiation are 

of significant interest, and have been vigorously pursued.52 While ionization chambers are 

highly reliable, and thus widely used in medical dosimetry, they have poor spatial 

resolution,53 show an angular dependence, and integrate over dose gradients.54 In recent 
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years, several devices have been developed that have higher spatial resolution than 

ionization chambers,54–58 but they also possess a number of disadvantages, for example: 

� Metal oxide semiconductor field effect transistors (MOSFETs),59 silicon (Si) strip 

detectors,60 Si photomultipliers,61 and Si drift detectors62 are all based on a well-

established material that has a known limited lifetime,63 corresponding to a total 

received dose below 200 Gy.54  

� Bulk gallium arsenide (GaAs),64 diamond,56,65,66 and SiC devices67 are based on 

radiation hard materials, but their defect-related photo-dynamics have dominated 

device performance in a largely irreproducible manner.  

In fact, the luminescence of such defects in GaN has already been used for scintillation 

detectors.68 However, due to its remarkable tolerance to high energy ionizing 

irradiation69–71 GaN was recently suggested as a potential replacement for Si as a 

semiconductor detector material72,73 and offers a number of advantages over Si, SiC and 

diamond, such as a larger density, molar mass and a high average atomic number value. 

However, the X-ray absorption coefficient of GaN is still considered to be small and it is 

expected that thin films of this material are poorly suited for X-ray dosimetry at energies 

higher than 20 keV.74 Furthermore, even in light of recent advances in growth that have 

led to improved film qualities, GaN is still plagued by, for example, a long transient 

persistent photoconductivity.75 Here, even though there are numerous publications on 

HEMT-based UV detectors,76–84 and the GaN/AlGaN heterostructure is known to be 

radiation hard,85–92 no in situ measurements have been performed to evaluate such 

structures as high energy ionizing radiation dosimeters.  

Furthermore, the capability for in situ monitoring of biological systems is critically 

important to the modern medical community, and there is an abundant need of highly 

sensitive and time-resolved devices which are able to operate in harsh fluidic 

environments. Apart from microelectrode arrays,93–95 field effect transistors (FETs)96 

have been applied for the in vitro recording of physiological signals. This includes 

AlGaN/GaN devices,23 which show promising characteristics for biosensing22,97 and have 

additionally been reported to be non-toxic to cells.22,24 However, a study of real-time 

changes in the environment, prior to, during and after exposure to ionizing radiation, for 
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future applications of measuring physiological signals of cells under stress, has not been 

made. 

1.2 Scope of this Work 

We investigate if a compatible energetic window exists for GaN, within which it is 

favorable for selected organic systems to be actively charged or discharged by direct 

interaction with the semiconductor substrate. SiC was chosen as a reference system and 

underwent rigorous surface and functionalization characterization. The results of the latter 

investigation are only partially discussed in this thesis, and can be found in full 

elsewhere.98,99 Here, we study the impact of illumination on n- and p-type GaN and SiC 

with covalently bound SAMs formed from octadecyltrimethoxysilane. By exploiting the 

large energetic window spanned by the valence and conduction bands of n- and p-type 

GaN and SiC, we determine the alignment required to accommodate such a transfer by 

assessing the stability of the SAMs. The use of simple aliphatic chains provides a model 

system for the study of charge transfer processes which can be extended to complex 

biological and hybrid systems in the future.100–103 

An initial avenue of this work was concerned with the development of techniques to 

create pH-sensitive devices with enhanced sensitivity, resolution and stability. For the 

challenge of creating highly specific and sensitive devices, a fundamental understanding 

of electronic noise is of crucial importance. The results of the latter investigation are only 

partially discussed in this thesis, and can be found in full elsewhere.104 Here, we 

demonstrate the enhanced characteristics of AlN/GaN HEMT structures, in which the 

2DEG-to-surface distances are reduced in comparison to the AlGaN/GaN structures 

which are primarily used throughout this thesis, as a pH-sensitive solution gate 

(SG)HEMTs.105  

Using this device technology, we have investigated the catalytic activity of covalently 

bound enzymes on the transistor gates by immobilization of penicillinase for detection of 

the catalytic product penicillic acid from benzylpenicillin. Here, the impact of the 

immobilization process on enzyme functionality is investigated by the comparison of 
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covalent and physisorbed immobilization of penicillinase on the GaN gate area of 

AlGaN/GaN SGHEMT. We found that this type of measurement puts a high demand on 

equipment capabilities. Therefore, a novel combined electrochemical and environmental 

control system was designed and constructed to achieve the goals of this project.101,106,107 

To find out if GaN can overcome difficulties such as long transient persistent 

photoconductivity and be used for high energy ionizing radiation dosimetry, we 

investigate the photoreseponse of advanced AlGaN/GaN heterointerfaces, and compare it 

to the response of GaN thin films. Here, we look at the possibilities of utilizing the built-

in electric fields present in GaN-based heterostructures to obtain high gains and fast 

transient responses in the ultralow dose-rates regimes. The corresponding results, 

including response time, sensitivity, noise, and energy dependence, are compared to 

establish a separate response mechanism distinct from conventional photoconduction of 

GaN thin films. Furthermore, we confirm that the sensors can be used as dose-rate-

dependent fluorescence detectors and show the possibility of using the devices for 

imaging.101,108–112 

Based on the successful development of processes and instrumentation for precisely 

controlling and monitoring solution gate devices, we present a detailed characterization of 

simultaneous chemical sensing and ionizing radiation dosimetry using single devices. 

Due to the critical importance for in situ monitoring of biological systems, which enable 

the study of possible radiation effects on cell systems in the medical community, a large 

portion of this work was concerned with extending the characterization of the GaN thin 

film photo-induced current response to include the medical X-ray spectrum. This enabled 

the in vitro bio-functionality study of radiation effects on cell systems grown on the 

surfaces of devices. The results are only partially discussed in this thesis, and can be 

found in full elsewhere.113–115 Here, we study the device stability while operated in an 

electrolyte under realistic conditions with photon energies in the medical X-ray regime. 

We analyze the data evaluating the sensitivity to external X-ray radiation and the 

sensitivity to pH changes in aqueous solutions simultaneously, highlighting the potential 

for multi-functional in situ biosensing and X-ray dosimetry.101,113,116 
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Further details on each topic can be found in the following places: In Chapter 3, the 

enhanced characteristics of AlN/GaN HEMT structures for novel sensors is discussed. In 

Chapter 4, new effects of the hybrid semiconductor/organic interface through the 

photocatalytic cleavage of self-assembled organic monolayers by UV-induced charge 

transfer from GaN substrates are discussed, and a new enzyme functionality analysis on 

immobilization technique through the catalytic activity of enzymes immobilized on 

AlGaN/GaN SGHEMTs, is discussed in Sections 4.4 - Error! Reference source not 

found.. In Chapter 5, the development and evaluation of GaN-based thin films for X-ray 

dosimetry, including new ultrahigh gain AlGaN/GaN structures, are discussed, and a new 

study on multi-functional device capabilities through simultaneous real-time X-ray 

dosimetry and pH measurements, is presented.  
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2 Material and Methods 

This chapter provides insight into the working principles of different experimental 

techniques, specific changes made to systems that are not described by the manufacturer, 

experimental environments, which protocols were used and, where necessary, the 

specifications of the materials that were used. 

2.1 Wafers 

In this work the following single thin film layers of GaN on sapphire were used: 

� 3 μm thick n-type GaN was grown by metal organic chemical vapor deposition 

(MOCVD) (Lumilog, Vallauris, France) on 330μm c-plane sapphire substrates. 

The GaN thin film was Si-doped with a net carrier concentration of n ≈1018 cm-3. 

� 3 μm thick p-type GaN was grown by MOCVD (TopGaN, Warsaw, Poland) on 

330 μm c-plane sapphire substrates and consisted of the following layer stack: 1.5 

μm undoped GaN, 1.5 μm Si-doped GaN, 0.5 μm Mg-doped GaN, and 10 nm of 

Mg-doped GaN adjusted to p ≈1018 cm-3. Similar structures were initially provided 

by Dr. Eva Monroy (CEA, Grenoble, France). 

� 3 μm thick carbon-compensated GaN (GaN:C) thin films grown on 330 μm c-

plane sapphire with a high sheet resistance from TopGaN Ltd. (Warsaw, Poland).  

� 3 μm thick iron-compensated GaN (GaN: Fe) thin films grown on 330 μm c-plane 

sapphire with a sheet resistance of 6 MΩ at 300 K from Lumilog (Vallauris, 

France).  

The SiC samples used in this work were diced from 350 μm thick single-crystalline, 

(0001)-oriented 6H-SiC wafers. The n-type wafer was nitrogen doped with n ≈1018 cm-3 

(CrysTec GmbH, Berlin, Germany) and the p-type wafer was aluminum doped with p 

≈1018 cm-3 (Cree, Inc. Durham, NC, USA).  Prior to use, all SiC wafers were polished to a 
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surface root-mean-square (rms) roughness of approximately 0.3 nm (NovaSiC, Le 

Bourget du Lac Cedex, France). 

HEMT devices were structured from 3μm thick Ga-face GaN films that were grown by 

MOCVD (TopGaN Ltd., Warsaw, Poland) on a 330 μm thick c-plane sapphire substrate. 

The deposited films, unless otherwise noted, consisted of a 20 nm low temperature GaN 

layer, a  highly resistive 2.9 μm C-compensated GaN buffer layer, a 60 nm nominally 

undoped GaN layer, a 25 nm Al0.25Ga0.75N barrier layer, and a 3 nm nominally undoped 

GaN capping layer. The 2DEG, formed just below the heterojunction interface, had a 

sheet carrier concentration of n2DEG ≈ 8×1012 cm-2 and a mobility of μ ≈ 1100 cm²/Vs at 

300 K. In-depth fabrication methods and physical properties of the HEMT devices are 

described elsewhere.20,117 

 

Figure 1 | Sample Mask for Wafer Dicing. a) Scheme for a 2” wafer cut into 8×8 mm2 samples. b) 

Scheme for a 2” wafer cut into 8×8 mm2 and 6×6 mm2 samples. Since the center of the wafer is of highest 

quality, the masks were designed so that samples a) H and I as well as b) M and N, which were always in 

the center, could be used for final measurements. 

The 2” wafers were diced (Kristal Labor, Physics Department, TUM) according to the 

patterns in Figure 1. This produced 8×8 mm2 or 6×6 mm2 samples. As the center of the 

wafer is of highest quality, the mask was designed so that samples H and I in Figure 1a 

and M and N in Figure 1b were centered and the devices from these pieces were used for 

final measurements. 

GaN samples were cleaned according to a procedure consisting of room temperature 

ultrasonic agitation (Sononex Digital) in deionized water (18 MΩ/cm, Millipore), acetone 
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and isopropanol for 10 min each and then were dried with N2 gas. OH-terminated GaN 

was achieved by treating the sample for 10 min in hot 3:1 solution H2SO4:H2O2 followed 

by 10 min in oxygen plasma using a Technics Plasma 100-E system, operated at 200 W 

with an oxygen pressure of 1.4 mbar. 

2.2 Device Processing 

Photolithography 

Photolithography, by means of a standard laser-written chrome-on-quartz shadow mask, 

was used to define areas of the sample surfaces down to feature sizes of 1 μm. AZ5214 

reversible photoresist, which consists of the standard positive photoresist based on 

diazonaphthoquinone and a phenol-formaldehyde resin with a crosslinking agent, was 

used in accordance with the manufacture’s specifications (MicroChemicals, Ulm, 

Germany). Unless otherwise noted, the resist was spun onto the sample surface for 40 s at 

3000 rpm with a 2 s ramping time, which yields a film thickness of 1.6 μm (confirmed by 

Sloan Dektak 3030 Surface Profile Measuring System). The samples are then soft-baked 

at 90 °C for an uncritical time of 90 s, primarily to reduce the amount of remaining 

solvent in the layer. However, this also helps to avoid mask contamination and/or the 

samples sticking to the mask, prevents popping or foaming of the resist by N2 created 

during exposure, improves resist adhesion to the substrate, minimizes dark erosion during 

development, and prevents bubbling during subsequent thermal processes. The sample is 

then aligned and exposed through a shadow mask for 1.8 s at 18 mW/cm2, where the 

exposure time is a function of the applied film thickness. Here, upon exposure to light, the 

diazonaphthoquinone, which inhibits the dissolution of the phenol-formaldehyde resin, 

increases the dissolution rate beyond that of pure phenol-formaldehyde resin. Exposure to 

developer at this point would yield what is expected from a positive resist, namely 

opening the film where it has been exposed and was also utilized in this way for this 

work. The reversal-bake temperature is very critical (typically 30s at 120 °C on a 

hotplate) and almost always needs recalibrating before every session, as the cross-linker 

only becomes active at over 110 °C and the resist starts to thermally crosslink (hard-bake) 
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at over 130 °C. When activated, the cross-linker binds together all exposed areas of the 

photoresist. The samples are then flood-exposed (illumination without the shadow mask), 

to make sure that the areas that have not been cross-linked then become soluble. This step 

is also non-critical, and 30s at 18mW/cm2 suffices. The samples are then developed with 

A2400K solution, which is usually a standard aqueous KOH solution for positive resists 

additionally diluted 1:4, for 30s then 40s in DI water with gentle agitation. 

Etching 

Inductively-coupled plasma reactive ion etching (ICP-RIE) (Oxford Instruments, 

Plasmalab) using chlorine gases was employed to etch the HEMT structure. Active 

channel regions were defined by a protective, somewhat faster etching, 1.6 μm hard-

baked lithographically patterned photoresist. 

Parameter Value 

Initial pressure 1.7·10-5 mbar 

Pressure 40·10-3 mbar 

BCl3 gas flow 25 sccm 

Cl2 gas flow 2.5 sccm 

Helium backing gas flow 10 sccm 

Substrate temperature 25 °C 

DC bias 230 V 

RF power 50 W 

ICP power 300 W 

Process time 40 s 

 

Table 1 | List of ICP-RIE Initialization Parameters for Calibration. These values can usually be used in 

their present state when etching devices with channel widths around 500 μm.    

We note that ICP-RIE is very sensitive to any change. In our case, the system was 

configured to use fluorine gases, and changing over to chlorine gases meant that the 

optimum etching parameters needed to be found by calibration. Here, the end values 

could vary as much as 20% between gas changes. To optimize the process, which is 

especially valid for gate widths below 100 μm, the initialization values, which are 
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presented in Table 1, were used. Normally, wafer edge samples with 500 μm wide gates 

would be used for calibration, evaluated by scanning electron microscope (SEM), since 

these widths would still yield working devices. After the samples were loaded, the 

chamber was evacuated until an initial pressure of below 1.7·10-5 mbar was reached to 

minimize contaminants. The carrier, on which the samples are mounted, was cooled to 

maintain a temperature of 25 °C throughout the process with the help of 10 sccm cold 

helium in a heated backing chuck. The bias or acceleration voltage (VDC) increases as a 

function of the radio frequency (RF) power or ion energy and decreases as a function of 

ICP power or plasma density. The RF power is responsible for a more physical etching 

because of the increase of ion energy, whereas the ICP power is, in turn, more responsible 

for a chemical etching because it increases the concentration of free radicals. While the 

plasma contains highly reactive species, increasing its density is not sufficient to 

overcome the bond strength of GaN. Since we were interested in minimizing the lateral 

damage rather than optimizing the etch speed, the forward power, RF power and VDC 

needed to be kept close to the etching threshold while optimizing the ICP power for 

minimum pillar or pit formation, which occurs since defects etch with a different speed 

than the surrounding material. The BCl3/Cl2 gas mixture and pressure were optimized for 

maximized etch rate.118 

Focused ion beam (FIB) was used to mill pre-characterized ICP-RIE samples to gain 

more information for the optimization of sample gate widths from a single sample. Two 

milling areas of 19×15 μm2 were used in deposition mode on each side of the structure. 

The areas were milled with a Ga source at 10 pA for 1 s each. It was necessary to use the 

lowest settings of 1s and 10 pA to be comparable with ICP-RIE. We note that FIB can 

perform milling currents lower than 1 pA, but charging effects made it too difficult to 

retain a sharp enough focus to create reliable structures. 

Contacts 

The samples were cleaned in accordance to the previous protocol, and the oxide was 

stripped from the surface using an ammonium solution. Then, lithographically defined 

ohmic contacts were formed by evaporation of between 50 and 200 Å of Ti (200 Å being 

optimum) followed by 400 to 800 Å of Al (enough to fully cover the Ti layer even after 
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intermixing). The oxidation of this layer causes the contacts to degrade, which is a 

problem since the employed thermal evaporator is limited to two metals in its standard 

configuration. However, a system modification allowed for the direct evaporation of three 

metals, at continuous pressures lower than 10-6 mbar, and 200/800/100/900 Å stacks of 

Ti/Al/Ti/Au were used with an optional additional Au layer evaporated at 20 ° on a 

rotating holder. The samples were then annealed in a specially built oven for this project, 

consisting of a CF-100 UHV chamber connected to a turbo/scroll pump combination. The 

pressures were measured with a cold cathode and a thermocouple for the chamber and 

fore-line, respectively. A needle valve connected to ultrapure N2 for variable annealing 

pressures and a valve for normal N2 purging, were installed together with the 

corresponding over-pressure valve. A “Boralectric” heating element (Tectra, Germany) 

with a type k thermocouple inserted inside and surrounded by a heat shield was installed 

into the center of the chamber and regulated by a PID controller (HC3500, Tectra, 

Germany). The system was rinsed several times by closing the fore-line valve after the 

scroll pump was turned on, and refilling the chamber with N2. The chamber was then 

pumped down to a pressure around 10-7 mbar and adjusted back to 10-4 with ultrapure N2 

under a throttled pump opening. A 20 s ramp brought the heater up to 750 °C where it 

was held for a total annealing time of 2 min. The ultrapure N2 was turned off once the 

heater was below 300 °C, after which it was left to cool under vacuum. The samples 

where cleaned once again and, if applicable, isolating gate contacts were made by 

lithographically defined deposition of a 10 nm sticking layer of Ti and 70 nm of Au on a 

100 nm thick sputtered SiO2 film.  

Packaging 

SGHEMT devices were cleaned, mounted to a chip carrier, and wired by Au bonding. 

The SGHEMTs source and drain contacts were electrically isolated with a two-

component epoxy-based glue. This was done in several layers with a 150 °C heating step 

in-between each layer, allowing the glue to relax before quickly curing. (Bio)molecularly 

modified SGHEMTs were contacted by Au bonding, and then a single layer of 

cyanoacrylate-based Si glue was applied to isolate the source and drain wiring. 
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2.3 (Bio)Molecular Functionalization 

In Chapter 4, GaN and SiC surfaces are functionalized with (bio)molecules. Here, the 

protocols used to achieve these hybrid (bio)molecular/semiconductor interfaces are 

presented. 

Silanization 

To functionalize the surface of a sample via silanization, one of the two molecules 

octadecyltrimethoxysilane (ODTMS) or aminopropyltriethoxysilane (APTES) were used 

to form SAMs of octadecylsilane (ODS) or aminopropylsilane (APS) as presented below 

and depicted in Figure 2a and b.  

 

Figure 2 | Illustration of Surface Modification Through the Silanization Process. a) The silanization 

molecule octadecyltrimethoxysilane (ODTMS). b) The silanization molecule aminopropyltriethoxysilane 

(APTES). c) The as-grown samples were treated to form a uniform hydroxylated surface as described in the 

text. d) The silanization molecule is introduced into a toluene solution containing the hydroxylated surface.  

e) The silanization molecule reacts to form a SAM with a Si-O-Si cross-linked interfacial network on the 

surface. 

In order to functionalize the surface with the aforementioned molecules, the sample 

surfaces need to be clean and hydroxyl-terminated as shown in Figure 2c. This 

preparation was performed by ultrasonic cleaning at room temperature in deionized water 
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(18 MΩ/cm, Millipore), acetone and methanol for 10 min each step. OH-terminated GaN 

was achieved by treating the sample for 10 min in hot sulfuric acid solution by mixing 3:1 

H2SO4:H2O2, then it was rinsed in hot deionized water and dried with N2 gas, followed by 

10 min in oxygen plasma (Technics Plasma 100-E, operated at 200 W with an oxygen 

pressure of 1.4 mbar). In contrast, OH-terminated SiC was achieved by performing the 

following procedure twice in succession; 5 min oxygen plasma treatment followed by 

etching for 5 min in 5% hydrofluoric acid (HF).119–121 The samples were then placed over 

night (12h) in vacuum or, alternatively, in an inert-gas glove box. In the next steps, 

special precautions were taken to keep the sample and the entire process environment as 

dry as possible. This precaution makes the process more reproducible since the necessary 

water to activate the methoxysilane to silanol groups is present on an ambient sample’s 

hydrophilic surface. The lack of water in the surrounding stops the chemicals from 

premature degradation. 

The formation of self-assembled ODS layers on OH-terminated surfaces, Figure 2d, was 

performed by placing the samples into 120 ml of dry toluene that was stirred over 

molecular sieves and adding 6 ml ODTMS and 0.6 ml of butylamine and sealed into a 

glass-lidded beaker with Parafilm.15,16 This container was kept at 14 °C for 150 min 

(Haake CH thermostat with remote thermometer) under ultrasonic agitation. When 

completed, the ultrasound was turned off and the samples were left for an additional hour 

in their cooled state. The silanization chemical, ODTMS, and the reaction catalyst, 

butylamine, were both acclimatized to room temperature before use, but the solvent 

toluene remained at refrigerated temperatures for as long as possible. 

Alternatively, the formation of self-assembled APS layers from APTES on OH-

terminated surfaces (Figure 2d) was performed by immediately placing the clean samples 

into 20 ml of the solvent toluene containing 94 μl of the salinization chemical APTES, 

both of which were heated to room temperature before use. The lid was then properly 

sealed onto the beaker with Parafilm and placed into an ultrasonic bath for three intervals 

of 15 min with and without agitation.  

To gain a self-assembled sub-monolayer as depicted in Figure 2e, the samples were 

thoroughly cleaned to remove any physisorbed molecules by rinsing in toluene, drying 
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with N2 gas, and then placing them into a new beaker with fresh toluene and running 

them in the ultrasonic bath for 15 min and drying once again with N2 gas. This step was 

repeated with methanol. Then the samples were placed into a solution of 10 ml deionized 

water and 3.4 μl of acetic acid and treated for 30 min in the ultrasonic bath at full 

intensity. As a final step, the samples were cleaned in the ultrasonic bath at full intensity 

with deionized water for 15 min, followed by rinsing in deionized water and drying them 

with N2 gas. 

 

Figure 3 | Illustration of the APS Enzyme Immobilization Process. a) Glutaraldehyde is added as a 

cross-linker since its double-bound oxygen termination at both ends reacts with amino groups. b) With the 

cross-linker in place, any amino-terminated bio-molecule can be immobilized onto the surface. c) The 

remaining double-bonds of the cross-linker are unstable, so reductive amination of imines (C=N) to 

secondary amines (C–N) in the presence of sodium cyanoborohydride (NaBH3CN) stabilizes the water-

sensitive Schiff base bonds. d) The resulting covalently bound enzymes. e) Fluorescence image of Alexa 

Fluor 488 penicillinase conjugates selectively immobilized on functionalized GaN surfaces (bright areas). 

The pattern size is 4×4 μm2. 
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Covalent immobilization of penicillinase from bacillus cereus was carried out by sodium 

cyanoborohydride-stabilized amino-glutaraldehyde Schiff base bonds on APS monolayer 

modified GaN gate areas15,107 using the following procedure. If patterning is desired, the 

sample is exposed with an exposure length of 999 s to UV light through a standard 

chromium/quartz shadow mask using a mask aligner. This ensures that the APTES 

molecules can no longer bind to cross-linker molecules in regions where the sample was 

exposed. In order to attach amino-terminated molecules to the amino-terminated surface, 

a symmetrical cross-linker molecule was used, as depicted in Figure 3a. This was 

achieved by placing the samples into a beaker with 20 ml water, and adding 74 μl of the 

cross-linker glutaraldehyde. The lid was once again sealed onto the beaker with Parafilm 

and left for 1 h at room temperature or for approximately 24 h at 4 �C. Since 

glutaraldehyde is very reactive, the samples were quickly rinsed with deionized water, 

dried with N2 gas, and the following step to immobilize the enzymes onto the cross-

linker, as shown in Figure 3b, was performed immediately. The samples were placed into 

a crystallization beaker and a droplet of diluted 20 μg/ml enzymes with a prepared 10 

mM solution of phosphate-buffered saline (PBS) solution containing 50 mM of NaCl was 

placed onto the sample. If the enzymes were labeled, the crystallization beaker was 

covered with aluminum foil to prohibit photo-bleaching and allowed to stand for 1h 

without drying. The samples were then rinsed several times with water and PBS solution 

and dried with N2 gas. After this, the samples were placed into an Eppendorf tube with 

PBS solution and slowly agitated with a tube mixer for 1h, then rinsed and stored (at 4�C) 

in buffer. As the generated Schiff-base linkage tends to hydrolyze in humid environments, 

the coupling is strengthened with a PBS solution containing cyanoborohydride 

(NaCNBH3) (C4187, Sigma), as shown in Figure 3c. The presence of fluorescence 

labeled penicillinase after covalent immobilization (Figure 3d) was verified by 

fluorescence microscopy and is shown as the bright mesh in Figure 3e.107 Confirmation 

of the intermediate steps of this process was accomplished by X-ray photoelectron 

spectroscopy, Fourier transform infrared spectroscopy and static water contact angle 

analysis, which is not shown here.15 
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Self-Initiated Photografting and Photopolymerization 

Self-initiated photografting and photopolymerization (SIPGP) of N,N-dimethyl- 

aminoethyl methacrylate (DMAEMA) was performed according to known protocols.122 

Freshly prepared SGHEMTs were added to approximately 1 ml of freshly distilled and 

degassed DMAEMA. Polymerization was performed for 2.5 h under irradiation with 350 

nm UV light with a total power density of approximately 5 mW/cm2 at room temperature. 

After polymerization, the samples were removed from the reaction solution and 

immediately rinsed with ethanol. To ensure that only chemically grafted polymers 

remained on the surface, all substrates were additionally cleaned by ultrasonication for 5 

min in the same solvent, followed by ultrasonication in ethyl acetate and ethanol for 5 

min each. 

Drop Coating 

Physisorbed penicillinase multilayers were prepared by drop coating. Here, a droplet of 

20 μg/ml of enzymes was deposited directly onto the sample and allowed to dry. 

Ultra-pure fluorescent proteins, provided by the Max-Plank-Institute for Neurobiology, 

were formed into physisorbed multilayers by drop coating. Here, a droplet of diluted 

proteins was placed directly onto a samples surface, allowed to dry, then rinsed in fresh 

PBS buffer with ultrasonic agitation and dried with N2 gas. 

2.4 Experimental Methods 

Transistor Operation 

Unless otherwise noted, the device under test was characterized with a source 

measurement unit (2400 SourceMeter, Keithley, USA). The device was kept in darkness 

prior to and during experiments and operated at room temperature with no additional 

cooling. Source-drain voltages could be set spanning ranges of 200.00 mV to 200.00 V. 

However, 100 mV or 120 mV were the most commonly used set points. Source-drain 

currents were recorded spanning ranges 1.00000 μA to 1.00000 A with peak-to-peak 
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noise at 5 pA to 25 μA for sampling speeds of 0.1 Hz to 10 Hz respectively. For special 

applications where speed was preferred over resolution, the “measure to general purpose 

interface bus” (GPIB) maximum single sample rate of 537 S/s to “uninterrupted GPIB” 

speeds of 1754 S/s were used at the highest possible resolution of 10 nA. Testing the 

devices prior to mounting them onto chip carriers was achieved with a needle probe 

station (E26, WSI, TUM). 

UHV Surface Analytics  

UHV surface analysis was one of the key techniques used in this work and for this reason 

a new system was built. The system operates with a combination of turbo molecular 

pumps and scroll pumps and the pressure read out by a series of thermocouple, cold 

cathode and Bayard-Alpert pressure gauges. The entire system is run from two 

uninterruptable Kelvin ground isolation transformer power supplies, providing a sound 

power environment for the sensitive analyzers. The system consists of four self-contained 

and gate-valve separable chambers:  

� The load lock, shown in Figure 4a, allows samples to be introduced into the 

system while maintaining UHV pressures in the high 10-10 mbar range within the 

other chambers. 

� The preparation chamber, shown in Figure 4b, is equipped with a differentially 

pumped ion gun (Tectra, Germany), a temperature regulated “Boralectric” heating 

element (Tectra, Germany), a visible-UV transparent window with variable 

wavelength light sources mounted on the outside, and a mass-spectrometer (Hiden 

Analytical, USA). This enables samples to be baked out at up to 1000 °C and their 

surfaces to be cleaned by an ion beam. Furthermore, analysis by programmed 

thermal desorption spectroscopy (PTDS), UV desorption spectroscopy (UVDS), 

and secondary ion mass spectroscopy (SIMS) can also be performed.  
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Figure 4 | Illustration of the UHV Surface Analysis Chamber. a) The load lock. b) The preparation 

chamber. c) The pressurizable chamber. d) The electron analyzer chamber. 

� The variable pressure chamber, shown in Figure 4c, can be flooded from the 

normal standby pressure of high 10-10 mbar to 1 atmosphere through UHV gas 

lines connected to a gas bottle cabinet. The chamber was built with restriction and 

overpressure valves and is also separated from the rest of the system by glass-

separated UHV flanges to electrically isolate the chamber for sensitive 

measurements. A visible-UV transparent sapphire window with variable 

wavelength light sources mounted on the outside was top-mounted onto the 

chamber. The chamber supports a manipulator onto which an oscillating Au 

reference electrode (Kelvin Probe S Besocke Delta Phi, Jülich, Germany) is 

mounted, and operated by a controller unit (Kelvin Control 07, Besocke Delta Phi, 
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Jülich, Germany). Contact potential difference (CPD) and surface photovoltage 

(SPV) studies were performed with this equipment. 

� The electron analyzer chamber shown in Figure 4d has a 100 mm radius 

hemispherical analyzer (Specs), an X-ray source equipped with a dual Al and Mg 

Kα anodes, a UV light source (Specs), and an electron gun (Specs). This chamber 

has a typical base pressure of 1·10-10 mbar and can be used for X-ray 

photoelectron spectroscopy (XPS), UV photoelectron spectroscopy (UPS) and 

Auger electron spectroscopy (AES). 

Contact Potential Difference 

The Kelvin probe method is a nondestructive way to obtain the contact potential 

difference (CPD) between two materials. It was employed to study the surface 

photovoltage (SPV) of GaN and SiC. The set-up is part of the previously described UHV 

surface analytics system, and measurements were performed at low 10-10 mbar. It consists 

of: 

� A manipulator with an oscillating Au reference electrode  

� A sample holder connected to the control unit. 

� Sample illumination from, for example, a 250 W Xe lamp through a range of 

neutral density filters. 

When two materials with different work functions are electrically contacted, electrons 

will flow from the material with the lower work function to the one with the higher work 

function, until the Femi levels are aligned. If these materials are then brought together to 

form a capacitor, an equal and opposite charge will appear on each capacitor plate. When 

the distance between the plates is increased the capacitance decreases and, since the 

charge remains constant, the voltage must increase in accordance to 

   (1) 

where C is the capacitance, Q is the charge and U is the voltage. Here, the moving plate is 

a gold reference electrode attached to a mechanical oscillator. A voltage ramp, Ur, is then 

applied between the sample and gold electrode while measuring the peak to peak value of 
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the capacitive voltage U. The corresponding linearly interpolated zero value of U 

corresponds to 

   (2) 

where UCPD is the contact potential difference. This set-up was also used to measure the 

time-dependent photovoltage. Here, a light source was used, together with a specially 

written program in Labview (National Instruments, USA), to measure the difference 

between the settled dark CPD value, , and the saturated illuminated CPD value, 

, versus time, giving the surface photovoltage 

   (3) 

 

X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a nondestructive technique and was employed 

to study the chemical composition of hybrid (bio)molecular/GaN and (bio)molecular/SiC 

interfaces. The set-up is part of the UHV surface analytics system and measurements 

were performed at pressures of low 10-10 mbar. It consists of: 

� Al filtered, dual Al and Mg Kα anodes (XR 50, Specs, Germany), operated well 

above the Kα energy of Al (1487eV) or Mg (1254eV) at 12.5 kV with an emission 

current of 20 mA . 

� An adjustable sample stage with a low-impedance grounding to the analyzer. 

� A hemispherical energy analyzer (PHOIBOS 100, Specs, Germany), operated at 

constant pass energy (40 eV) and variable retardation voltage. 
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Figure 5 | Illustration of the Key Points of XPS. a) A cross section of the electron energy analyzer 

showing the sample, lens system, hemispherical capacitor and detector. b) Illustration of the band alignment 

between a sample and the detector with the energies noted as explained in the text. (This picture was 

adapted from the Specs PHOIBOS 100 manual) 

As illustrated in Figure 5, the X-ray beam is directed onto the measurement sample 

where, depending on the samples cross section, it penetrates typically 10 μm to 100 μm 

into the surface. However, scattering restricts emission of photoelectrons from the sample 

to the top 20 nm, making this method a surface-sensitive technique. The electrons of 

interest will be emitted with a kinetic energy, , in accordance to the photoelectric effect 

    (4) 

where hν is the photon energy,  is the electron binding energy and  is the samples 

work function. Here,  is the value of interest, as it is specific to each individual atomic 

or molecular electron orbital. To obtain it, the sample must share the analyzers grounding 

so that the Fermi levels are equal. As the emitted electrons enter the first stage of the 

analyzer they are focused with a series of ten electrodes into the multimode transfer lens. 

The analysis spot size can be magnified with the lens system to give a maximum 
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resolution of 100 μm diameter. There are also a series of obstacles, including an 

adjustable iris and an intermediate plane, positioned to hinder stray electrons from 

reaching the detector and increasing the background noise. The lens system has a linear 

retardation voltage, which is used to change the kinetic energy of the electrons entering 

the hemisphere. Because of this, its work function must be known through calibration. 

The hemispherical capacitor adds two additional slits to the previously mentioned series 

of obstacles, one at the entrance and one at the exit in front of the detector. As the 

electrons enter the capacitor they are angularly accelerated, which is used to separate 

electrons with different kinetic energies. Due the symmetry of applying potentials to the 

inner and outer parts, the work function does not need to be known. Thus, the higher 

these potentials, the higher the energy resolution at the loss of intensity. Electrons with an 

exact kinetic energy pass the exit slit, are accelerated, and strike the electron multiplier 

which consists of a series of secondary emissive plates with pre-calibrated voltages 

applied to cause a measurable avalanche effect represented as a single count. Since the 

Fermi level of the sample and detector are considered to be equal 

    (5) 

must hold, where  is the photoelectron’s kinetic energy as seen by the detector and  

is the detector’s work function. Therefore, the binding energy can be determined from the 

photoelectron’s kinetic energy as follows, 

    (6) 

So, by sweeping the retardation voltage, it is possible to create a binding energy spectrum 

specific to the composition of the samples surface. 

Desorption Spectroscopy 

Thermal and UV desorption spectroscopy are destructive methods and were employed to 

resolve information about binding energies of (bio)molecules on GaN and and SiC 

surfaces. The set-up is part of the UHV surface analytics system and measurements were 

performed at high 10-10 mbar. It consists of: 
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� A heating source (“Boralectric” heating element with a HC3500 PID controller, 

Tectra, Germany) or filtered (254 nm) light from a low pressure Hg lamp for 

thermal or UV desorption spectroscopy, respectively. 

� A quadrupole mass spectrometer (HAL, Hiden Analytical, USA)  

The sample is heated with a linear ramp or irradiated with UV light and desorbing 

molecules cause a partial pressure as a function of ramp time, temperature or irradiation 

time. As the molecules enter the mass-spectrometer they are converted into positive ions 

or fragments. This is achieved by electron impact ionization via thermionic emission from 

a hot filament. The ions are extracted into the mass filter consisting of two pairs of poles 

each connected to a RF and a DC power source. The molecules travel down the space in 

between these poles and only ions with a certain mass-to-charge ratio will reach the 

detector, a Faraday cup, for a given ratio of voltages. Individual molecules can be 

identified through an ion fragment database. 

Static Water Contact Angle 

Static water contact angle (SWCA) determination is a nondestructive technique to assess 

the hydrophobicity of a surface. It was employed to study the quality of SAMs on hybrid 

(bio)molecular/GaN and (bio)molecular/SiC interfaces. It consists of: 

� A digital camera with a macro lens mounted so that a picture lateral to the surface 

can be taken. 

� The sample with 1.5 μl drops of ultrapure deionized water (>18 MΩ·cm, 

Millipore) placed on top. 

 

Figure 6 | Illustration of Static Water Contact Angle Measurement. 

As shown in Figure 6, the contact angle between the sample and droplet edge is 

measured and used to evaluate the degree of hydrophobicity of a sample’s surface.   
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Attenuated Total-Reflectance Fourier Transform Infrared Spectroscopy 

Attenuated total-reflectance Fourier transform infrared spectroscopy (ATR-FTIR) is a 

nondestructive technique and was employed to study the chemical composition of hybrid 

(bio)molecular/GaN and (bio)molecular/SiC interfaces. The set-up consists of: 

� A commercial evacuated spectrometer (Vertex 70v, Bruker, Germany). 

� A MIRacle ATR-unit equipped with a single reflection Ge ATR crystal (Pike 

Technologies, USA). 

In this work, FTIR is used for absorption spectroscopy and is conceptually similar to 

dispersive absorption spectroscopy, where the absorption of a sample is recorded for 

monochromatic steps of a light spectrum. FTIR is a less intuitive way to obtain the same 

information since the amount of polychromatic light absorbed by the sample is measured. 

Each data point contains the samples absorption for a different combination of known 

wavelengths, which is achieved with a Michelson interferometer. Here, light is split into 

two directions with a beam splitter. In the first direction it is reflected back to the splitter 

with a known fixed distance of the mirror and in the second direction it is reflected back 

with a mirror at a known adjustable distance. The two beams are recombined with the 

same beam splitter and the sample absorption to the known interference patterns, 

calculated from the mirror position, is measured and recombined into a spectrum with a 

Fourier transform algorithm.  

For ATR-FTIR the polychromatic light is passed through a crystal using its total internal 

reflection property and the detector positioned to measure the exiting light. Here, the 

detector measures the interaction of the light’s evanescent field with the sample’s surface 

when it is pressed onto the crystal with light mechanical pressure, to obtain a good 

contact. All spectra need to be background-referenced to the clean ATR crystal measured 

against vacuum, which was done in this work with a resolution of 3 cm-1 and with 1200 

scans for each measurement. 

X-Ray Reflectivity 
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X-ray reflectivity (XRR) is a nondestructive technique and was employed, at standard 

temperature and pressure, to study the thickness of the self-assembled (bio)molecular 

layers on GaN and SiC surfaces. The set-up was provided by the group of Bert Nickel at 

the Ludwig-Maximilians-Universität München and consisted of: 

� A Mo Kα (17.4 keV) X-ray source. 

� An X-ray detector. 

� A specular translation stage with sample holder. 

This technique measures the reflection of X-rays on a flat surface through a range of 

angles, where the incident angle is equal to the reflected angle and referred to as the 

specular angle. Here the deviation from Fresnel reflectivity is used through the extended 

Fresnel reflectivity equations to provide information on density, thickness and interface 

roughness of the layer(s). 

Solution Gate Analysis Cell 

A measurement and automation system was constructed to regulate SGHEMTs and 

precisely control their environment with a specially written program in Labview 

(National Instruments, USA). A schematic diagram of the set-up is shown in Figure 7. At 

the center of the system was a single electrochemical cell consisting of a standard glass-

electrode (pH/Ion-Meter 781, Metrohm, Switzerland), a Pt counter-electrode, a saturated 

KCl dual chamber Ag/AgCl reference-electrode, an SGHEMT configured as a working 

electrode, (Voltalab potentiostat, France), a Pt-1000 temperature sensor, and a top-

mounted Teflon stirring unit. The cell was closed from the top by a Teflon cap, which 

also defined the electrode mounting positions for the inner cell. In most cases, the cell 

solution consisted of 10 mM HEPES and 0.1 M KCl buffer solution at approximately pH 

7 and was titrated with buffer solution containing high concentrations of KOH, or HCl. 
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Figure 7 | The SGHEMT Electrochemical and Environmental Control System. In the center, the 

electrochemical cell is depicted and is based on a three-electrode set-up (Pt counter-, Ag/AgCl reference- 

and SGHEMT working-electrodes). 

The solution temperature, read out from the Pt-100 sensor, was regulated by cycling 

cooling liquid from a thermostat reservoir in-between the double walls of the glass 

chamber. Computer-controlled  milliliter to microliter titration pumps (Reglo digital, 

Ismatec, Germany) were capable of titrating and thereby regulating the concentration of 

eight different solutions simultaneously. This segment was housed inside a grounded 

metal box, which functioned both as a way of blocking out light and as a Faraday cage. 

For optimum measurement conditions, the potentiostat held the reference electrode at 0 V 

via the counter electrode. The reference electrode was placed as close to the HEMT 

device as possible. The source-drain voltage of the transistor was controlled by a semi 

floating source meter and the potential difference between drain and the solution was set 

by the work output of the potentiostat. This source measurement unit contained the 

integrated components from a FPGA (National Instruments, USA), source measurement 

unit (2400 SourceMeter, Keithley, USA), and a 5 Hz to 13 MHz parameter analyzer 

(4192A, HP, USA), making it capable of simultaneously measuring or regulating the 
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source-drain voltage, source-drain current, gate-solution voltage, gate-solution current, 

gate-solution impedance, and/or gate-solution capacitance.  

At the center of the code, responsible for communicating with the aforementioned 

equipment, was the SGHEMT control algorithm. A set-point for the device could be 

found by a calibration routine that created a matrix of data by recording, for example, the 

source-drain current, while sweeping the gate-drain voltage at different source-drain 

voltages. This could be performed in half or full cycle intervals, and the matrix would 

contain readings from any or all of the previously mentioned units. The program could 

then be run statically, or, by selecting an active variable and a variable to be kept 

constant, with a control algorithm. The most commonly used variant in this work was to 

keep the source-drain current constant by varying the gate-drain voltage at a constant 

source-drain voltage. The algorithm works on the basis of a proportional, integral and 

derivative (PID) analysis of one measurement value. In this case the PID control was used 

to provide a constant value of transconductance by modulating the gate-source voltage. 

This routine is contained within an outer watchdog circuit consisting of predefined 

boundary conditions and a maximum linear slope of change running a 3rd degree 

polynomial, which introduces a fast response for large changes, and effectively switches 

itself off at the set-point value due to the absence of self-oscillation around the zero point. 

Furthermore, the thermostat and pumps can be implemented into a running program. A 

standard deviation or time value from the main algorithm can trigger the next cell 

temperature step or titration in their respective loops. Titrations can be performed by 

constant volume or previously calibrated constant pH step titration.  

Photo-Bleaching 

Photo-bleaching curves of fluorescent proteins were achieved by using a fluorescence 

microscope (Carl-Zeiss, Germany), which allows the illumination of a sample through a 

system of filters at one wavelength range and the measurement of its fluorescence at a 

second wavelength range without spectral interference. The degradation of the proteins 

emission was recorded by a high-speed black and white Hamamatsu camera. Each frame 

of the movie was converted into average intensity from the brightness information with a 

specially written program in Labview (National Instruments, USA). 
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Bremsstrahlung 

Several Bremsstrahlung sources were used for controlled irradiation of HEMT devices for 

characterization purposes including attenuation measurements on a human phantom and 

X-ray-induced fluorescence measurements. 

For X-ray radiation at energies above an acceleration voltage of 50 kV, a medical X-ray 

system with a 4 mm Al filter (Stabilipan TR300f, Siemens, Germany) was provided by 

the Helmholtz Zentrum München. Reference air kerma measurements, the energy 

absorbed per kg of air, were recorded at the tube exit with a transmission ionization 

chamber (Diamentor 34015, PTW, Germany) connected to a dose area product meter 

(Diamentor M4, PTW, Germany). The system had a resolution of 0.01 �Gy·m2. For 

reference measurements, where a more local position was required, a freely mounted 1 

cm3 ionization chamber (23331, PTW, Germany) was used and operated with its 

corresponding controller (Dosimentor DL4 dosimeter, PTW, Germany). 

Low dose X-ray radiation at energies below an acceleration voltage of 50 kV were 

performed with a technical X-ray system (MG 325 with MCN 323 tube, Philips Industrial 

X-rays, Hamburg, Germany) in the IAEA/WHO Secondary Standard Dosimetry 

Laboratory (Helmholtz Zentrum München). Samples were irradiated on a calibration 

bench under monitor control (TM 786, PTW, Germany) with an electrometer (IQ4, PTW, 

Germany) using an ISO narrow series radiation quality of 40 kV with 0.21 mm Cu and 

4.0 mm Al filtration and mean photon energy of 33 keV. Air kerma doses were measured 

with a calibrated 30 cm3 ionization chamber (TM 23361, PTW, Germany) and an 

electrometer (Unidos, PTW, Germany) with appropriate corrections for radiation quality, 

ambient pressure and temperature. 

Attenuation measurements were performed with 2.5 cm thick slices of a radiation therapy 

phantom (Alderson, RSD, USA) perpendicularly orientated to the beam direction. The 

phantom consists of human bone material embedded in an artificial matrix which is 

equivalent to human soft tissue. For imaging purposes, a device was fixed to a custom-

built computer-controlled two-dimensional translation stage. A specially written program 

in Labview (National Instruments, USA) controlled the translation stage stepper motor 
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positions and read out the device current from the source measurement unit (2400 

SourceMeter, Keithley, USA). By these means two-dimensional attenuated current maps 

of a human phantom wrist segment were realized.  

X-ray induced fluorescence measurements of the of AlGaN/GaN heterostructures was 

performed by recording the fluorescence intensity with a low-light imaging camera (Luca 

S 658M, Andor Technology, Belfast, U.K.) at different dose-rates. The samples were 

irradiated for 30 s at each adjusted dose rate, after which a total of 50 pictures were taken 

within 3 s under constant X-ray irradiation. The average intensity within the defined 

region of interest from the 50 pictures was calculated for each dose rate. 

Tandem Accelerator 

Particle-induced current measurements were performed using focused 20 MeV protons of 

the ion microprobe SNAKE at the Maier-Leibnitz-Laboratorium tandem accelerator.123–

125 By using a superconducting lens, the proton beam could be focused to a diameter of 

less than 1 μm (full width at half maximum) in air. Due to the geometry used for 

irradiation in this work the beam spot size at the sample was approximately a few microns 

in diameter. The beam can be scanned by an electrostatic deflection unit over a 1×1 mm2
 

area. The particle flux was adjusted using a micro slit system in the beam line and was 

measured using a photomultiplier tube covered by a BC-400 plastic scintillator positioned 

behind the device. 

Synchrotron 

X-ray irradiation measurements were performed at the μSpot Beamline at the BESSY II 

synchrotron of the Helmholtz Zentrum Berlin during operation in single bunch mode, 

which yielded beam currents in the range of 10 to 20 mA. All measurements were 

performed with monochromatized 1-20 keV photons which were focused to a spot size of 

approximately 3 μm in diameter through a fixed silica capillary. Unless otherwise 

indicated, 7 keV photons are presented from this energy range. The photon flux was 

determined using a 5 cm long intensity-monitoring ionization chamber (IC Plus, FMB 

Oxford, U.K.) with a 10 mm electrode spacing. The chamber was placed before the 

capillary along with a calibrated correction for the transmission loss through the capillary. 
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Photocurrent mapping was achieved by translating the sample in front of the capillary. 

The photon flux was adjusted using a combination of an aperture and a series of Al filters. 



Material and Methods 
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3 The AlGaN/GaN Material System 

In this chapter, we introduce many of the concepts used in this thesis, such as the material 

system, device characteristics, solution gate operation, and high energy particle cross-

sections. Furthermore, we demonstrate new possibilities to significantly improve pH 

measurements through the use of high sensitivity devices. 

3.1 Overview of the Material Properties 

In this thesis, we study thin films of gallium-face (0001) GaN and GaN/AlGaN/GaN 

heterostructures grown on sapphire.21 Gallium forms a tetrahedral bond structure to 

nitrogen with a theoretical sp3- hybridization angle of 109.47°, as depicted in Figure 8a. 

When these tetrahedral blocks are stacked together, they can form either the binary cubic 

zinc-blend or the binary hexagonal wurtzite crystal structure. Since it is the 

thermodynamically stable phase and was solely used in this work, we will exclusively 

discuss the wurtzite structure whose stacking sequence is illustrated in Figure 8b. The 

sp3-hybridization defines the “ideal” wurtzite lattice. Here, the dipolar bonds of a 

symmetrical binary system are geometrically balance out, so that the net total polarity of 

the molecule is zero. For this reason, we can build a wurtzite structure without a 

macroscopic polarization, even though Ga and N have very different electro-negativities 

of 1.81 and 3.04 Pauling units, respectively. However, as soon as we consider the lattice 

as a finite entity, other contributions to the total crystal energy such as the surface charge 

become important. Indeed, the abrupt termination of the lattice breaks the tetrahedral 

symmetry at the surfaces, causing the crystal to distort as the charge throughout the 

structure compensates for the boundaries. Locally, this leads to the effect that the 

barycenter of positive and negative charge of the wurtzite structure no longer coincides. 

Thus, both the bond angles and lengths will minutely distort as the crystal relaxes into a 

new point of equilibrium and the tetrahedral symmetry breaks down, “spontaneously” 

polarizing the crystal at zero strain. 
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Figure 8 | Crystal Structure of GaN. a) Gallium forms a tetrahedral bond structure to nitrogen with a 

theoretical sp3- hybridization angle of α = β = 109.47°. b) As the tetrahedrons are assembled, the difference 

in electronegativity between Ga and N creates a periodic dipole throughout the lattice. c) The 

thermodynamically stable form of GaN is a binary hexagonal crystal structure, referred to as a wurtzite 

crystal, where the hexagonal cell is defined with unit vectors a and c, as depicted in d). 

Remarkably, this crystal relaxation, best realized by studying the wurtzite unit cell 

depicted in Figure 8c, only impacts the c axis of the unit cell by pushing the three lower 

nitrogen atoms, decreasing α and increasing β, while also decreasing the c/a ratio (Figure 

8d) at room temperature, leaving the hexagonal symmetry intact. This makes the non-

centrosymmetric wurtzite structure the highest symmetry compatible with the existence of 

spontaneous polarization. It is accepted that, if a crystal possesses pyroelectric 

characteristics, it will also be piezoelectric, where, in this case, tensile strain will add to 

the spontaneous polarization. While changing the degree of polarization by external 
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pressure can be used in itself for sensing applications, only the effects induced by creating 

additional polarization through growth-induced strain are of interest here.  

 

Figure 9 | Diagram of the Heterostructure Band-Alignment. A nextnano3 model of the 

GaN/Al0.25Ga0.75N/GaN heterostructure band alignment, with the conduction (CB) and valence band (VB) 

edges shown relative to the Fermi level (EF). 

It is common practice to form ternary alloys like AlxGa1-xN and InxGa1-xN, where x has a 

value between 0 and 1. This work only encompasses thin layers of AlxGa1-xN (≈ 20 nm) 

grown on GaN, which are under increasing tensile strain with increasing Al content, since 

both c and a are smaller than for GaN, correspondingly increasing the polarization. Since 

this is an n-type system, the bound positive polarization-induced interface charges, 

created at the Ga-face polarity GaN/AlGaN heterojunction, are screened by electrons, 

causing the formation of a 2DEG.126,127 To further illustrate this, the conduction (CB) and 

valence band (VB) edges were modeled (nextnano3, Germany) as shown in Figure 9. 

Here, the positive interface charge leads to a downward band bending that forces the 

conduction-band below the Fermi level (EF) at the heterointerface. Extremely high carrier 

mobilities arise from the spatial separation between the electrons in the two-dimensional 

channel and, for example, the ionized donor atoms and impurity centers, thereby reducing 

the ionized impurity scattering.128 The 2DEG densities in such channels are epitaxially 
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tunable over a large range from 1012 to 3×1013 cm-2, and typical low-field mobilities 

achieved at room temperature are in the range of 1500 cm2/V·s.  

3.2 Optimization and Characteristics of High Electron 

Mobility Transistors 

Devices can be created from the previously described heterostructures as illustrated in 

Figure 10. Here, active channel regions can be defined by, for example, ICP-RIE of hard-

baked lithographically patterned surfaces with chlorine gases.129 The goal is to etch down 

100 nm, removing the 2DEG that is usually located 30 nm below the surface and the 

surrounding conductive layers, so that only the highly resistive GaN:C buffer layer 

remains and the 2DEG is left intact under the thicker, somewhat faster etching, protective 

photoresist. 

 

Figure 10 | Illustration of a High Electron Mobility Transistor. A 3D illustration demonstrating a typical 

configuration for a device processed from a heterostructure wafer. The exploded view illustrates the highly 

resistive carbon-compensated GaN thin-film grown on a sapphire substrate (GaN:C Buffer Layer), the 

2DEG heterostructure with GaN capping layer that is grown on top (GaN/AlGaN/GaN (2DEG)), and the 

metal sandwich structure used to create ohmic contacts to the 2DEG (Ti/Al/Ti/Au Ohmic Contacts). 
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The mesa structure can then be contacted. Forming ohmic contacts to GaN has been a 

topic of considerable interest.130 In this work we use the Ti/Al system, which is believed 

to become ohmic by forming an n-type subsurface through the depletion of nitrogen from 

GaN during annealing at high temperatures, underneath a thin TiN or AlTi2N layer at the 

GaN/metal interface.131 The resulting strong band-bending is enough to allow an ohmic 

behavior through the tunneling of carriers.132 The oxidation of this layer and also the 

direct application of a protective Au layer, due to diffusion into the Ti/Al layer, causes the 

contacts to degrade. A metal with a high melting point is often used here to block this 

diffusion,133 and as Ti is reported to work well as a barrier material,134 Ti/Al/Ti/Au 

contacts were used throughout this work. Furthermore, SiO2/Ti/Au was used to 

electrically gate the devices, where Ti is used as a sticking layer.  

 

Figure 11 | Cyclic Source-Drain Current-Voltage Characteristics. The partial data set of cyclic source-

drain current as a function of source-drain voltage for devices with varying gate widths.  

There have been numerous accounts of how to achieve GaN-based nano-structures 

through growth135–137 with a 2DEG present.138 However, we focus on achieving small 

heterostructure devices by etching, and since it was recently shown to be successful down 

to sizes of tens of nanometers with the 2DEG kept intact,139,140 this technique offers a 

good outlook for future nano-scale devices. Here, various shadow masks were created, 

initially with arrays of 40 structures individually fitting on a 5×5 mm2 sample. Each array 

contained 24 contacted line and 16 transmission line method (TLM) structures. Together, 
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these arrays covered lengths between 4 μm and 2048 μm, and widths between 1 μm and 

1024 μm in multiple steps of two. 

 

Figure 12 | Cross Section and Conduction Path of the Heterostructure Layers. The extra conduction 

paths that are responsible for the leakage currents are shown with red arrows. 

Once the devices were created, cyclic measurements of the source-drain current as a 

function of source-drain voltage were performed. As an electric potential is applied across 

the source and drain contacts the electrostatic force causes the carriers to first accelerate 

and then reach a constant velocity due to scattering with impurities and lattice vibrations. 

As shown in Figure 11, the change in current as a function of applied potential is mostly 

a linear, or ohmic, relationship. However, as the carrier drift velocity increases, the 

kinetic energy passes the optical phonon energy, upon which the subsequent phonon 
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emission causes an abrupt saturation of the velocity. For the structures discussed in this 

thesis this effect occurs at source-drain voltages between 10 and 100 V, depending on the 

device geometry. Typical results between ±500 mV are shown in Figure 11. The devices 

exhibited ohmic behavior, and for each source-drain current-voltage data-set, the 

resistance and conductance were extracted from linear regression. As can be seen in 

Figure 11, these devices are characterized by large leakage currents, whereas an ideal 

zero gate width device should have an infinite resistance. The extra conduction paths 

responsible for this leakage current are illustrated in a cross-section of the stack structure 

in Figure 12. Since the current passing through the mesa is the sum of the currents from 

all of the layers, the background current depends on how far down the structure was 

etched and the width of the contacts in relation to the width of the mesa. In the case when 

the contacts are much wider than the mesa, which was the only reproducible way to 

contact structures of this size, the background current can become dominant and needs to 

be corrected for, together with the finite contact resistance of the ungated area between 

source and drain. 

 

Figure 13 | Breakdown of Channel Conduction vs. Channel Width. A non-linearity can be seen in the 

conductance vs. channel width plot, showing a fast decrease in the conductance, indicating that damage 

starts to dominate channel widths smaller than 3 μm. 

The dependence of the source-drain conductance verses channel width is plotted in 

Figure 13. As can be seen, an abrupt decrease of the conductance occurs for small 
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widths. This indicates that the 2DEG starts too depleted because of etching damage at an 

approximate width of 3 μm and is totally depleted at approximately 2 μm. If the last 

values of channel widths with a measurable conductance are projected on the linear 

extrapolation, a value of the smallest 2DEG width that can be obtained with this 

technique can be estimated to 250 ±100 nm for a 2 μm physical channel width. However, 

the smallest devices used in this work were wider than 10 μm to avoid the problem of 

lateral collapse. 

 

Figure 14 | Characteristics of a Metal Oxide Gated HEMT. Illustration of a metal-gated device together 

with a typical output characteristics, that is, of the source-drain current as a function of the gate-drain 

voltage. 

These devices were optionally gated with either a metal-insulator (SiO2/Ti/Au) or 

Schottky (Pt) contact as illustrated in Figure 14. The devices are normally depletion-

mode transistors, being in a switched-on state at zero gate-drain voltage, and the source-
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drain voltage as a function of source-drain current will retain the ohmic behavior seen in 

Figure 11. As indicated in Figure 14, if two floating DC power supplies are directly 

shorted to ground and drain on their low terminals and a constant voltage is supplied 

across source-drain, as the gate-drain voltage becomes more negative the corresponding 

upwards band bending pulls the 2DEG channel away from the Fermi level (Figure 9) 

shutting the device off. The corresponding plot can be seen in Figure 14 for source-drain 

voltages from 0-500 mV in 100 mV steps. As it can be seen, the device is not completely 

switched on at 0V. The maximum transconductivity, which is the position of largest slope 

is at a gate-drain voltage of -2.8 V, and the threshold voltage is at -3.2 V.  

3.3 A Novel Measurement System and an Overview of 

Solution-Gate Devices 

In order to analyze the gate potential response of (bio)molecularly modified SGHEMTs, a 

special measurement and automation system was constructed to regulate and change the 

environment of the devices in a controlled manner. This system was further used for 

characterizing the effects of operating solution gated devices under ionizing radiation. 

Here, we will make a brief description of the semiconductor/electrolyte interface.141  

Starting from the left of Figure 15, a semiconductor band structure is illustrated where EV 

is the valence band edge, EF is the Fermi level, E(C-F) is the difference between the 

conduction band edge and Fermi level, EC is the conduction band edge, and EBB is the 

degree of band bending. If we first consider the semiconductor in vacuum, usually a space 

charge layer is formed when the majority carriers from the semiconductor bulk are 

captured in surface states, which are caused by the abrupt termination of the crystal, and a 

space charge of uncompensated ionized donors or acceptors is built up in the 

semiconductor.142 When the surface is placed into contact with an electrolyte solution, 

free carriers of the semiconductor can additionally be transferred to redox ions with 

appropriate energy levels in the solution to compensate for an initial difference in the 

chemical potentials between the two phases.143 Furthermore, reactants in the solution may 

also alter the surface termination, leading to a change in surface charge. In what manner 
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the electrolyte will then interact with the surface can be described by the Gouy-Chapman-

Stern model, which is divided into two regions, the Helmholtz double layer and the Gouy-

Chapman layer.143,144 

 

Figure 15 | Qualitative Illustration of the GaN/Electrolyte Interface Energies. EV is the bulk valence 

band edge, EF is the Fermi level, EC is the conduction band edge, EBB is the band bending, E(C-F) is the 

difference between the conduction band edge and the Fermi level, ECGS is the drop predicted by the Gouy-

Chapman-Stern model, EREF is the standard electrode potential, and EVg is the gate-drain potential. 

The Helmholtz double layer consists of inner and outer Helmholtz planes and plays a 

major role in most electrochemical processes. The inner plane is formed by unsolvated 

ions which are adsorbed electrostatically or chemically to the solid surface, which 

together with the plane of closest approach for solvated ions forms the double layer 

(Figure 15). Beyond these two layers, in particular for solutions with low ionic 

concentrations, the charge of the solid surface may still not be completely shielded. In this 

case, a diffuse layer in which an excess of ions of one charge exists, extends from the 

outer Helmholtz plane into the solution and is referred to as the Gouy-Chapman layer. 

Eventually, the surface is completely shielded, the potential drop saturates and is 

designated as EGCS for the drop predicted by the Gouy-Chapman-Stern model. 

In this work, and generally in electrochemistry, it is important to use a reference 

electrode.145 This is because, if an arbitrary conductor is placed into the solution with a 

potential applied to it, EREF (Figure 15) would be a function of the current passing 
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through it. Here, an electrode whose potential does not vary with current is referred to as 

an ideal non-polarizable electrode. The Ag/AgCl reference electrode used in this work is 

robust and dose not polarize for small currents, keeping EREF constant, and therefore is 

widely used in electrochemistry. This electrode consists of a silver wire coated with silver 

chloride, which is immersed in a saturated solution of chloride ions and separated from 

the electrolyte by a porous frit. The relevant redox reaction is 

   (7) 

If too much current is passed in one direction through such an electrode, it will drive this 

process either completely to the right or left and it will start to polarize. To stop this from 

happening, the reference electrode is connected to a high impedance input and an inert 

non ideal electrode is place into the solution connected to a low impedance output well 

away from the other electrodes. This “counter” electrode is used to regulate a favorable 

potential measured by the reference electrode, in this work 0 V. The reference potential 

can be derived through the Nernst equation, 

   (8) 

where E0 is the standard electrode potential,  is the activity of Cl- ions, R is the gas 

constant, T is the temperature in Kelvin, F is the Faraday constant, and n is the number of 

electrons exchanged in Equation (7). This equation shows two important things; the 

temperature must be known or kept constant, and the concentration of chloride in the 

electrode chamber must be kept saturated or EREF will start to drift. Through the control of 

the potentiostat, the reference electrode represents system ground and the semiconductor 

potential can be offset relative to Ag/AgCl.  

A typical output and set-point values for a (bio)molecularly modified SGHEMT can be 

seen in Figure 16, together with a schematic of how the previously discussed electrodes 

were configured. The device responds to electrical and electrochemical changes, in a very 

similar manner to that of devices with gate oxides and metallization (Figure 14). We 

found that the most advantageous way of characterizing the devices in solution was to, for 

example, start with the source-drain voltage set to 0 V and sweep the gate-drain voltage at 

100 mV steps to -3.5 V. Here, the voltage is set and then the current is measured after a 
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predefined settling time has been reached. The advantage comes from this first line 

because the source-drain meter is at its most sensitive range and any deviation from zero 

current, due to a leakage path formed between the source-meter and the solution 

(potentiostat), will be detected here before the device is irreparably damaged. 

 

Figure 16 | Typical Gate-Drain SGHEMT Characteristics. Source-drain current as a function of the 

gate-drain voltage. The lower part shows the electrode configuration used in this work; Pt counter-

electrode, Ag/AgCl reference-electrode, and a SGHEMT as work-electrode. 

These gate-drain sweeps are made for every 10 mV source-drain step, producing a matrix 

of just under 1000 points. The data in Figure 16 shows the threshold potential at around -

3 V and that the device does not completely shut down. Since there is no current change 
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for gate voltages beyond the threshold potential, it is due to leakage current through the 

GaN buffer layers between the source and drain contacts. It is therefore usually due to a 

fabrication feature or persistent photocurrent, which is not detrimental to the 

measurements. To make a choice of the initial operating point we rely on the transposed 

matrix information of the source-drain current as a function of source-drain voltage. 

 

Figure 17 | Typical Source-Drain SGHEMT Characteristics. Source-drain current as a function of the 

source-drain voltage 

The result can be seen in Figure 17; the dependence is linear, showing that the contacts 

are behaving ohmically in this potential window. A suitable operational power level can 

be chosen by interpolation of the matrix. The optimum gate voltage set point would be at 

the largest value of the first derivative, which is around -2 V in Figure 16. However, the 

voltage set point used throughout this work, especially in conjunction with biomolecules 

functionalized on the surface, was kept at gate-drain voltages around -1 V. This window 

of operation is placed between the positive and small negative potentials that can cause 

anodic etching from the above bandgap light in the laboratory ambient, and large negative 

potentials that cause surface bound organic molecules to degrade.  

In contrast to the bulk semiconductor material it is based upon, the HEMT is a positive 

temperature coefficient (PTC) thermistor, increasing its resistance with increasing 

temperature. This is due to the temperature induced resistance increase, arising from 
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scattering processes, thereby requiring the gate voltage to increase in order to retain the 

same source-drain set-point current. Figure 18 shows the change in gate-drain voltage for 

different temperatures and the device shows a sensitivity of approximately 18 mV/°C. 

 

Figure 18 | Typical SGHEMT Temperature Dependence. The response, or change in gate-drain voltage, 

from cyclic temperature-dependent measurements showing a sensitivity of approximately 18 mV/°C. 

One use of such a device is to determine the concentration of specific ions in the 

electrolyte it is submersed in. Electrochemical impedance studies on n-type GaN 

electrodes found a linear pH dependence of the flatband voltage of 55 mV/pH,30 which 

was confirmed with thermally oxidized GaN/AlGaN/GaN devices at a nearly Nernstian 

pH-response of about 56 mV/pH in aqueous solutions.31 The term, Nernst, comes from 

the fact that the influence of the cell potential, , as a function of pH, ‘seen’ by the 

transistor is defined like previously through the Nernst equation as 

   (9) 

where E0 is a constant offset and can be ignored, aH+ is the activity of hydrogen ions, R is 

the gas constant, T is the temperature in Kelvin (here the equivalent of 25 °C), F is the 

Faraday constant, n the number of electrons exchanged, which here is one, and the 

constant 2.303 that comes from converting the natural logarithm to base 10. Thus, the 

closer the gate-drain voltage per pH is to 59.2 mV/pH (for room temperature) it fits a 
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Nernst behavior. We note that it is also important to consider using buffers to stabilize the 

electrolyte while titrating.145 

 

Figure 19 | Illustration of the Site-Binding Model. An illustration of the surface charge change as a 

function of pH predicted by the site-binding model. 

The surface charge dependence on pH can be explained by the site binding model.33,146,147 

It proposes that certain surface atoms such as oxygen are amphoteric, acting as both an 

acid and a base depending on the solution pH and the material specific dissociation 

constants. The main idea is illustrated in Figure 19. In basic conditions, for example, 

around pH 7-11, the metal oxide surface releases protons and becomes negatively 

charged, consequently decreasing the sheet carrier density of the 2DEG31,34 and 

increasing the channel resistance, requiring the control program to supply a more positive 

voltage to the gate in order to keep the source-drain current constant. As the pH is 

decreased into the acidic region, for example around pH 3-7, the metal oxide surface 

tends to accept protons, passing the point of zero charge where the oxidic surface is 

hydrogen-terminated and neutral, and ending with a more positive charge as an additional 

protons are bound to the surface. This positive charging of the surface causes the gate 

resistance to fall and a corresponding negative voltage to be applied to the gate to 

compensate. In Figure 20 a comparison of the change in gate voltage in dependence on 

pH, of GaN and hydrogenated diamond surfaces is shown. The points represent a 

complete pH cycle where the SGFET solution is titrated in both directions, for example, 

from acidic to basic and vice versa.  
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Figure 20 | SGHEMT vs. Diamond pH Dependence. The response, or change in gate-drain voltage, of 

cyclic pH measurements showing the difference between GaN (53.3 mV/pH at 10.6 °C) and diamond (25.9 

mV/pH at 22 °C) devices.  

As can be seen, hydrogenated diamond surfaces are also pH sensitive, but have a different 

detection mechanism.148 The difference in sensitivity between GaN and diamond devices 

are 53.3 mV/pH at 10.6 °C and 25.9 mV/pH at 22 °C, respectively, with no hysteresis. 

3.4 New Sensors with High Transconductive Gain Through 

Thinner Heterostructures  

In addition to optimizing the channel widths, we have investigated the influence of 

increasing the barrier height and decreasing the 2DEG-to-surface distance by replacing 

the AlGaN barrier with a thinner AlN barrier in SGHEMTs, to increase the devices 

transconductive pH sensitivity.105 This means optimizing the device to increase the largest 

value obtained by the first derivative of the source-drain current (Isd) as a function of gate-

drain voltage (Ugd), or transconductance maximum , which can be written as 

   (10) 
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where W is the width, L is length, Uds is the source-drain voltage, εr is the relative 

permittivity ε0 is the vacuum permittivity and z is the 2DEG-to-solution distance. Here, 

we optimize the transconductance by changing the mobility and the solution to 2DEG 

distance. 

 GaN/AlN GaN/AlGaN 

Layer 1 (Top) 3 nm GaN 3 nm GaN 

Layer 2 4.5 nm AlN 16 nm Al0.27Ga0.73 

Layer 3 GaN GaN 

Layer 4  GaN:Fe GaN:Fe 

Layer 5 (Substrate) 330 μm Sapphire 330 μm Sapphire 

Barrier Thickness 7.5 nm 19 nm 

 

Table 2 | Stacking thicknesses of two PAMBE-Grown Samples. 

The maximum mobility for a GaN/AlGaN 2DEG is known to vary between 800-2000 

cm2/Vs at room temperature, depending on growth technique and structure. Higher 

mobilities can be achieved by, for example, minimizing alloy scattering by placing an 

AlN spacer between the GaN and AlGaN, decreasing the 2DEG carrier concentration by 

varying the AlGaN thickness, changing the underlying carrier density in the GaN buffer 

by creating a highly resistive film with carbon compensation and using higher 

concentrations of Al in the AlGaN alloy (12% → 35%). Optimization of z, can be 

achieved by, for example, using the inverse polarity (N-face GaN) which places the 

2DEG on top of (instead of under) the AlGaN barrier. This, however, can only be easily 

achieved by PAMBE and not MOCVD, which is known to produce higher crystalline 

quality. N-face material is also known to be more unstable in aqueous solutions. Here we 

compare PAMBE-grown samples with different structures, which are listed in Table 2. 

The experimental results obtained from these samples are in agreement with Equation 

(10), as can be seen in Figure 21a. Here, the GaN/AlN samples, having a higher mobility 

and smaller 2DEG-to-surface distance, had a higher maximum transconductance of 131 

μS, or transconductivity of 17500 S/m, at a gate-drain voltage of -0.24 V and device 

shutdown voltage at -1 V. 
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Figure 21 | Transconductivity enhancement for devices with thin AlN barriers. The AlN device has a 

higher mobility and smaller 2DEG-to-surface distance than the AlGaN device, the results of which can be 

seen in a) the higher transconductivity and b) the source-drain current dependence on the gate solution’s 

pH. 

In comparison, the GaN/AlGaN samples, having a lower mobility and larger 2DEG-to-

surface distance, had a smaller maximum transconductance of 72 μS, or transconductivity 

of 3800 S/m, at a gate-drain voltage of -2.5 V and a 5 times larger device shutdown 

voltage at -5 V. 
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pH-induced changes in the surface potential were evaluated between pH 4 and 10 for the 

samples by regulating a constant source-drain current by changing the gate-drain voltage. 

The devices pH sensitivity was in good agreement with each other at approximately 52 

mV/pH, and exhibited good chemical stability and reproducibility. While the surface 

potential mainly depends on the chemical characteristics of the device surface, the pH-

dependence of the source-drain current at constant source-drain and gate-drain voltages is 

strongly affected by the electrical characteristics of the 2DEG, such as the 

transconductance. Figure 21b shows the devices source-drain current dependence on the 

solution-gates pH, where the gate-drain voltage was set to the highest point of  

transconductance at pH 7. Despite the devices inherent nonlinearity, a linear dependence 

was used to calculate the sensitivity of 6.6 μA/pH and 3.7 μA/pH for the GaN/AlN and 

GaN/AlGaN devices respectively. We note that increasing the transconductivity is 

advantageous in constant source-drain current mode as it increases the devices dynamic 

range. 

3.5 Overview of the Ionizing Radiation Cross-Section for 

GaN 

Ionizing radiation is radiation composed of particles that individually can liberate one or 

several electrons from an atom or molecule, producing ions. It is usually quantified as 

absorbed dose, which is a measure of the energy deposited per unit mass of medium and 

represented with the units Joule per kilogram (J/kg) or Gray (Gy). Therefore, the absorbed 

dose not only depends on the incident radiation but also on the absorbing material.  

Information about the material specific absorption for narrow beams of monoenergetic 

photons is tabulated as the mass attenuation coefficient, and can be obtained through the 

exponential power law  

   (11) 

where I0 is the incident intensity penetrating a material with a mass attenuation coefficient 

κ (cm2/g) with a material density ρ, and emerging with intensity I after passing the 
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material thickness x. The mass attenuation coefficient for gallium is plotted in Figure 22, 

using tabulated values of κ that can be found elsewhere,149,150 and clearly shows the 

electron core level transitions. 

 

Figure 22 | The Mass Attenuation Coefficient for Ga as a Function of Photon Energy. The atomic 

electron core level transitions can be clearly seen and are defined in the illustration. 

There is extensive work behind theoretically adapting κ to quantify the energy absorbed 

for specific processes. In this work we used the unmodified “direct” mass attenuation 

coefficient to create a model of the X-ray beam characteristics from known variables like 

the measured air kerma. However, we note that the mass energy-transfer coefficient, 

defined as “the sum of the kinetic energies of all those primary charged particles released 

by uncharged particles per unit mass”,149 while having a negligible influence in this work, 

gives a better description of kerma.   
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Figure 23 | Absorption of X-ray Radiation in GaN vs. Si. The absorption calculated for 3 μm of GaN and 

3 μm of Si calculated through the exponential power law. 

To illustrate the exponential power law, the cross-section for 3 μm of GaN was calculated 

between 10 eV and 30 keV, and the result is plotted in Figure 23. According to Moseley's 

empirical formula, since gallium has the largest atomic number, the K-shell transition 

energies at approximately 10 keV will be the highest within the system studied here. As 

the absorbance from the K-transition peak disappears beyond 20 keV, it becomes 

apparent why the 40-300 kV medical X-ray spectrum is expected to be poorly suited for 

thin films of GaN.74 As a reference point, since many state-of-the-art detectors are based 

on Si, its absorption is shown in comparison to GaN in Figure 23. Si has its K-shell 

transition energies at around 1.8 keV, illustrating the advantages of using a material with 

larger atomic numbers.   
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4  Hybrid GaN/(Bio)Molecular Interfaces 

In this chapter, we investigate the photo-degradation process used to create patterned 

regions of chemical functionality for self-assembled organosilane monolayers on GaN. 

Here, we study the energetic alignment between the semiconductor and organic molecules 

to support charge transport across the GaN/(bio)molecular interface and determine a new 

semiconductor alignment required for low energy photo-induced charge transfer 

ionization of alkyl chains well below the energy normally required for molecular 

cleavage. Furthermore, we used similar functional molecules to immobilize enzymes to 

the surface of SGHEMTs and show original results on the influence of the immobilization 

process on enzyme functionality in conjunction with a novel electrochemical and 

environmental control system. 

4.1 A New Photocatalythic Degradation Effect of Organic 

Films 

In the present work, silanization was performed using ODTMS to create SAMs of ODS 

on OH-terminated n- and p-type GaN as well as n- and p-type 6H-SiC. Although alkyl 

chain molecules decompose radically when subjected to high energy UV irradiation,151 

they remain stable when the wavelength is well below the molecular ionization energy. 

However, this stability can be compromised if a level is present to support an ionization 

charge transfer under lower energy excitation. For the current investigation, filtered light 

from a low pressure Hg lamp with a wavelength of 254 nm was used, corresponding to an 

energy higher than the bandgap of both GaN and 6H-SiC but below the threshold required 

for direct ionization or generation of ozone, atomic oxygen and hydroxyl radicals from 

air.152,153 

Primary characterization of the alkylsilane SAMs was performed by TDS and SWCA 

measurements. TDS confirmed previous analyses performed on ODS-functionalized GaN 
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and SiC, in that the desorption enthalpies of hydrocarbon fragments leaving the surfaces 

indicate strong covalent attachment of molecules. Essentially no desorption of 

physisorbed contaminants was observed after moderate heating.15,16  

 

Substrate Doping Native oxide ODS ODS + UV 

HEMT Undoped  < 10 ° > 100 ° ≈ 20 ° 

GaN n-type < 10 ° > 100 ° ≈ 20 ° 

GaN p-type < 10 ° > 100 ° > 100 ° 

SiC n-type < 10 ° > 100 ° > 100 ° 

SiC p-type < 10 ° > 100 ° > 100 ° 

 

Table 3 | Comparison of Static Water Contact Angles for Native Oxide, ODS-Functionalized and UV               

(> 3.4 eV) Illuminated ODS Functionalized, n- and p-type GaN and SiC. The accompanying image 

illustrates how the SWCA is obtained from the measurement photographs. 

Assessment of the hydrophobicity was carried out both before and after functionalization 

by SWCA measurements and the results are presented in Table 3. After hydroxylation, 

all samples exhibit contact angles of less than 10°. Following ODS functionalization, all 

contact angles exceeded 100°. In comparison, contact angles of up to 110° have been 

reported for high quality, dense ODS monolayers on oxidized Si surfaces.154 Following 

illumination at 254 nm a substantial reduction of the contact angle, from the initial value 

of >100° to a saturation value of 25° after 30 min of illumination, was observed for ODS-

functionalized n-type GaN and a nominally undoped (n-type) HEMT, whereas no 

significant changes were observed for the surfaces of p-type GaN, as well as n- or p-type 

SiC. The illumination time required for the contact angle reduction on n-type GaN could 

be accelerated to approximately 1 min by illumination through a water droplet covering 

the sample surface. Wavelength-dependent measurements were performed on n-type 

GaN, showing that above-bandgap illumination (energies larger than approximately 3.4 
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eV) is necessary for the contact-angle to saturate at approximately 25° within the 

aforementioned timeframe.   

 
Figure 24 | UV Illumination Through a Shadow Mask. a) A cross-sectional diagram of the GaN thin film 

/ ODS monolayer / shadow mask, illustrating how the patterned illumination is made. b)  Water 

condensation, formed on a patterned cooled surface, which produces a hydrophobicity pattern consisting of 

4 μm dots exemplified in c). 

No significant change of the contact angle was observed upon illumination with sub-

bandgap light. We note that the presence of low intensity near-UV light from the 

laboratory ambient, which contains wavelengths shorter than approximately 365 nm, was 

enough to slightly degrade the contact angle of n-type GaN, saturating at a value of 90°. 

For practical reasons, the remaining experiments were performed using samples exposed 

to laboratory light. The hydrophobic/hydrophilic contrast between as-prepared and 

illuminated surfaces is highlighted in Figure 24, in which an ODS-modified n-type GaN 

surface was selectively illuminated at 254 nm through a shadow mask and subsequently 

subjected to water vapor. The retention of the pattern fidelity after illumination 
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demonstrates the potential utility of UV-induced SAM degradation for selective spatial 

modification of surface properties.155  

 

Figure 25 | TUVDS Measurements of the Organosilane Degradation. The time-dependent partial 

pressure mass spectrum (41 amu, corresponding to C3H5) of functionalized n-type GaN along with the 

on/off times of UV illumination. 

Transient measurements of the partial pressures of specific masses under high vacuum 

during UV illumination, or Transient UV Desorption Spectroscopy (TUVDS), of n-type 

GaN were performed. The temporal evolution of the partial pressure mass spectrum of the 

most prominent ODS fragments15 from a functionalized n-type GaN sample upon 

exposure to UV illumination were recorded. The result for one such fragment, 41 amu 

corresponding to C3H5, is shown in Figure 25. We note that, owing to the pronounced 

sensitivity of the desorption rate on the presence of residual water on the surface, 

quantitatively reproducible TUVDS data are currently not available. Nevertheless, the 

modulation in magnitude of the partial pressure is synchronous with that of the UV source 

and only occurs in the presence of functionalized n-type GaN samples, proving the direct 

relationship between UV illumination and degradation of the covalently bound organic 

monolayer. Furthermore, the sensitivity of the measurement to residual water is consistent 

with the water acceleration effect observed during SWCA measurements.  



 
 

 

  

 61 
 

4.2 Characterization of the Degradation 

To more specifically understand the process of UV-induced changes in the SWCAs, we 

studied the impact of irradiation on the chemical and structural properties of the organic 

films. 

 

Molecule Mode Wavenumber (cm-1)  

CH3 Anti-Symmetric Stretch 2962 ±10 

CH2 Anti-Symmetric Stretch 2926 ±10 

CH3 Symmetric Stretch 2872 ±10 

CH2 Symmetric Stretch 2855 ±10 
 

Table 4 | Characteristic IR Vibrational Modes for Hydrocarbon Compounds. Infrared stretching 

vibrational modes of CH3 and CH2 together with their absorption wavenumber and graphical representation. 

Here, carbon atoms are yellow and hydrogen atoms are orange and the blue arrows indicate hydrogen 

movement away from carbon while the green arrows indicate hydrogen movement towards carbon.  

Here, we analyze ATR-FTIR absorption spectra between 3000-2800 cm-1 and study the 

anti-symmetric and symmetric vibration modes of CH2 and CH3. Their corresponding 

wavenumbers and a graphical illustration of the vibrations can be seen in Table 4.156 

Analyzing the peak positions gives information about the SAMs order. For example, the 

anti-symmetric CH2 peak has values for its crystalline phase at approximately 2915 cm-1, 

increasing to approximately 2926 cm-1 for its liquid phase. Furthermore, quantitative 

analysis of the calibrated ATR-FTIR spectral intensities provides a relative measure of 

the quantities of hydrocarbons on the surfaces. 
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Figure 26 | ATR-FTIR Spectra in the Region of Hydrocarbon Stretching Modes. Peaks correspond to 

the anti-symmetric CH3 (CH3 a-Sym), anti-symmetric CH2 (CH2 a-Sym), symmetric CH3 (CH3 Sym), and 

symmetric CH2 (CH2 Sym) stretching vibrations. a) n- and p-type SiC measured before and after UV 

irradiation showed no significant degradation of the monolayer. b) n- and p-type GaN measured before and 

after UV irradiation reveal significant degradation of the monolayer, including an almost complete 

disappearance of the CH3 mode, after UV illumination for the case of n-type GaN. 

The spectra of n- and p-type SiC and GaN before and after UV illumination can be found 

in Figure 26. All of the samples exhibit modes corresponding to anti-symmetric CH3 

(CH3 a-Sym), anti-symmetric CH2 (CH2 a-Sym), symmetric CH3 (CH3 Sym), and 

symmetric CH2 (CH2 Sym) stretching vibrations as indicated in Figure 26. We note that, 
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the lower spectral resolution used for the GaN spectra causes the peaks to overlap, and the 

weak signal from the symmetric CH3 peak is difficult to identify. The CH2 line positions 

for n- and p-type SiC and p-type GaN samples are red-shifted by approximately 2 cm-1 

relative to the liquid state, indicating partial ordering of the SAMs, since red-shifts of 4-5 

cm-1 are typically observed for highly ordered monolayers on SiO2.157 However, the anti-

symmetric and symmetric CH2 line positions for monolayers on n-type GaN are not 

shifted relative to those of liquid alkyl chains, indicating significant disorder within the 

SAM, in agreement with the relatively low SWCA after exposure to ambient light. 

Quantitative analysis of the calibrated ATR-FTIR spectral intensities provides a relative 

measure of the quantities of hydrocarbons remaining on the surfaces after illumination. 

The largest spectral intensities are observed immediately after functionalization of n- and 

p-type SiC and p-type GaN and very little change is observed upon illumination.  In 

contrast, the absorbance of the as-prepared ODS SAM on n-type GaN is significantly 

reduced relative to that of the p-type sample due to stray ambient near-UV light exposure 

during sample preparation. Following 254 nm UV illumination, a significant reduction of 

the total hydrocarbon absorption is observed, along with an almost complete 

disappearance of the CH3 vibrational mode from the end groups of the alkyl chain 

molecules.  

Complementary chemical analysis was performed using XPS. The XPS spectra are 

fingerprints of atoms and their chemical bonds, which enables the identification of the 

chemical nature of a surface. Here, we use this technique to gather detailed information 

regarding changes in the chemical composition of the adsorbed layers due to UV 

irradiation. Quantitative analysis of the calibrated spectral intensities provides a relative 

measure of the quantities of hydrocarbons on the surfaces. Since the attenuation length of 

the photoelectrons is in the order of a few nanometers, a change in layer thickness can be 

confirmed by analyzing the change of underlying substrate peak intensities in comparison 

to that of the layer. 
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Figure 27 | XPS Spectra of the C1s Core Level. a) n- and p-type SiC measured before and after UV 

irradiation showed no significant degradation of the monolayer. b) n- and p-type GaN measured before and 

after UV irradiation reveal significant degradation of the monolayer following UV illumination for the case 

of n-type GaN. 

Here, we evaluate the evolution of the C1s, Ga2p, N1s and O1s core signals for n- and p-

type GaN and for the C1s, Si2p, and O1s core levels for n- and p-type SiC upon UV 

illumination. In the C1s spectra, shown in Figure 27, the energetic shifts between the n- 

and p-type samples are due to the changes of the Fermi levels with doping, but the shift is 

reduced due to the oppositely directed surface band bending. It is common in XPS that 

each peak will be distorted with the convoluted information from slight shifts that are 
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caused by differences from individual binding energies. In the case of the C1s spectrum of 

the SiC samples (Figure 27a), a double peak is formed from the  peaks being shifted 

far enough to lower binding energies from the  peaks. If the  peaks became 

smaller due to loss of material, an enlargement of the  peaks would be expected due 

to the correspondingly smaller amount of attenuation by the layer. However, the C1s, Si2p, 

and O1s core level signals are unaffected by UV illumination, confirming the stability of 

ODS on SiC.  

 

Figure 28 | XPS Peak Height Comparison of Additional Core Levels. n-type GaN measured before and 

after UV irradiation reveals significant degradation of the monolayer following UV. 

While the core level signals originating from the organic SAMs for p-type GaN shows a 

similar stability to that of SiC, the non-UV-exposed n-type GaN already exhibited a 

reduced signal intensity due to ambient light exposure, while the UV-exposed sample 

exhibited significant additional degradation (Figure 27b), which is also consistent with 

the observations from ATR-FTIR measurements. Furthermore, following the UV 

degradation the C1s peak of the n-type GaN sample retains its width, despite the 

significant intensity reduction, indicating that the change is due to hydrocarbon 

desorption from the surface rather than chemical shifting of the binding energies. This is 

further strengthened by the loss of attenuation through the layer, seen as an increase in 

O1s, N1s, and Ga2p substrate core level signals for decreasing C1s, which are summarized 

as peak height bars in Figure 28. 
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Figure 29 | XRR Spectra of ODS/GaN Bilayers. a) p-type GaN before and after UV illumination. b) n-

type GaN before and after UV illumination. The obtained fitting parameters for the ODS film thickness are 

24Å, 24Å, 17Å, and 11Å for p-GaN, p-GaN UV, n-GaN, n-GaN UV, respectively. 

Quantification of the monolayer thicknesses of ODS on n- and p-type GaN upon UV 

illumination was achieved by XRR, which involves monitoring the intensity of an X-ray 

beam as a function of the specular angle. The measurement is started for an X-ray 

incident angle smaller than the critical angle of the sample, where the detector signal is at 

maximum due to total external reflection. Once it passes this angle, the beam penetrates 

the surface and the amplitude rapidly drops in a similar way to Fresnel reflectivity for 
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visible light. Here, “Kissing” fringes are generated by interfering reflections from the 

different interfaces and their periods are related to the thickness of the ODS layer. The 

absolute value of the scattering vector qz can be calculated from the X-ray’s wavelength λ 

and the specular angle θ as 

   (12) 

where k is the wave vector of the X-rays. The spacing , which represents the length of 

a period in Å-1, can de directly used to obtain the thickness of the ODS layer as 

    (13) 

This is illustrated in Figure 29a, where the data for the p-type samples both before and 

after illumination are presented. The fit gave an estimated monolayer thicknesses of 24 Å, 

which is in excellent agreement with the known molecular length of ODS.158 The SAM 

thickness for the as prepared n-type GaN, Figure 29b, was 17 Å and decreased to 11 Å 

following UV illumination, supporting the previous measurements. 

4.3 Explanation of the Cross Interface Charge Transfer 

Process 

As summarized in Figure 30, for all samples there exists a strong correlation between the 

observations from all different measurement techniques. Among the four different ODS-

functionalized samples, only n-type GaN showed a large degradation of the covalently 

bound SAM layer upon exposure to above bandgap light. The surface-bound and cross-

linked ODS molecules possess CH3 terminal groups. The combined observations of the 

CH2 degradation and almost complete loss of CH3 from ATR-FTIR spectra, the 

approximate halving of the layer thickness from XRR and the change of the hydrocarbon 

intensity from XPS demonstrate that the remaining (fully degraded) organic film is 

comprised of the remnants of the ODS molecules after degradation and that UV 

illumination does not simply reduce the aerial molecular density. Furthermore, the 
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absence of UV-induced degradation on p-type GaN as well as on n- and p-type SiC 

proves that the observed process is not inherent to the ODS monolayer itself but requires 

electronic interaction with the underlying substrate material.  

 

Figure 30 | Summary of the Degradation Measurements. Nnormalized changes of SWCA, XPS C1s core 

level intensity, ATR-FTIR spectral intensity, and XRR SAM thickness on n- and p-type GaN before and 

after illumination. Values are normalized to those found for p-type GaN prior to illumination (SWCA: 101°, 

XRR: 24 Å). 

Degradation of organic monolayers on solid surfaces under UV illumination has been 

well studied and widely exploited for patterning of SAMs.155 A range of radiation 

energies and materials systems have been used. Under UHV conditions, high energy UV 

illumination, originating from HeI and HeII emission, introduces defects into monolayers 

by formation of C=C bonds, but with no pronounced loss of hydrocarbons from the 

surface.159 Under ambient conditions, vacuum ultraviolet (VUV) radiation at 185 nm (7.2 

eV) can be sufficient for generation of highly reactive atomic oxygen or hydroxyl radicals 

from air, which oxidize surface-bound organic molecules.152,153 It has also been 

demonstrated that VUV radiation is sufficient for ionization or direct cracking of the C-C 

backbone of molecular monolayers.151 However, the filtered UV source used in the 

present work, at 254 nm (4.9 eV), intentionally does not have the energy required for 

either direct generation of oxidizing radicals from air or for direct ionization of aliphatic 

chains, as evidenced by the stability of monolayers on p-type GaN and n- and p-type SiC.  

Indeed, we have observed that monolayer degradation on n-type GaN occurs under 
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illumination by above bandgap light with energies as small as 3.4 eV.  Degradation of 

alkanethiol SAMs by near-UV illumination has also been observed and was primarily 

attributed to photo-oxidation of the thiol head-group rather than the aliphatic chain;160,161 

in the present case, the silicate interfacial binding structure is insensitive to similar 

processes.  In the special case of TiO2, rapid degradation of SAMs has also been 

extensively studied and is due to photocatalytic generation of hydroxyl radicals on the 

surface, followed by rapid oxidation of organic monolayers.162–164 However, it has been 

shown that these radicals are highly mobile on the surface and can yield remote oxidation 

as far as 20 μm away from the generation site.163,164 As demonstrated in Figure 24 no loss 

of pattern fidelity is observed following selective illumination through a shadow mask, 

consisting of a dot array with 4 μm feature sizes, proving that an analogous process does 

not play a significant role in the present degradation mechanism. 

In light of these observations, we propose a mechanism for photocatalytic degradation of 

ODS monolayers on n-type GaN based upon charge transfer between the highest 

occupied molecular orbital (HOMO) of the organosilane layer and the semiconductor 

valence band. Figure 31a-d show schematic diagrams of the proposed mechanism and 

corresponding energy level diagrams for n-type 6H-SiC and GaN. CPD/SPV 

measurements, calibrated using freshly exposed highly oriented pyrolytic graphite, reveal 

the surface valence band positions of GaN and 6H-SiC to be at -7.5 eV and -7.0 eV below 

the vacuum level, respectively.  The upward surface band bending of n-type GaN and 6H-

SiC, which is measured by SPV to be in the range of 0.4 - 0.5 eV for both materials, 

results in hole accumulation at the surface under UV illumination.  The GaN valence 

band position, at -7.5 eV, is much lower than that of 6H-SiC, at -7.0 eV, and is in close 

alignment with reported values for alkyl chain HOMO levels.165 We note that the typical 

method for determination of the HOMO level, ultraviolet photoelectron spectroscopy, 

could not be used in the present work since rapid UV-induced degradation would yield 

spurious results.159 So, the value was therefore obtained from the literature.165  
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Figure 31 | Band Diagram Explanation of the degradation Effect. a) An ODS / n-type GaN interface is 

exposed to above-bandgap light and electron-hole pairs are generated. b) Photo-assisted recombination 

cleaves the chain of a previously stable molecule. c) n-type SiC band alignment does not allow the charge 

transfer to take place. d) n-type GaN has the correct band positions to allow the recombination. 

This energetic alignment allows for UV-assisted electron transfer from the alkyl HOMO 

and recombination with a surface-accumulated hole in the semiconductor substrate. The 

loss of a bonding electron from the C-C backbone is analogous to excitation above the 

ionization energy and causes the molecule to crack or become very reactive, leading to 

the observed degradation. As a consequence, the energy threshold for this process is 

reduced to the GaN bandgap energy. In contrast, due to the downward band bending in p-
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type GaN and SiC, UV illumination results in surface accumulation of electrons instead 

of holes. In the absence of recombination sites, the molecular monolayers are stable under 

UV illumination, independent of energetic alignment. It is, however, evident that an 

alternate model may explain the experimental findings. It has recently been reported that 

mid-bandgap states in n-type GaN facilitate water splitting.166 Although a dominant role 

of these states in the UV-induced charge transfer is considered unlikely due to their 

comparably low concentration, the acceleration of the degradation process in the presence 

of water could indicate an indirect involvement that catalyzes the UV-induced 

degradation. For example, the charge transfer dipole would be significantly reduced due 

to enhanced screening in the presence of water. Referring to the water splitting 

mechanism,166 electron transfer to the oxygen redox level of the adsorbed water film 

could enhance electronic transitions from shallow donor states to unoccupied defect states 

and, therefore, also the flux of holes drifting to the surface. Direct chemical reactions of 

hydrogen peroxide or non-radical hydroxide, being two of the possible products of water 

splitting, appears unlikely as these species are not reactive enough to cause chemical 

cracking of the alkyl chain. The proposed degradation mechanism describes the charge 

transfer-induced destabilization of SAMs on n-type GaN. Subsequent oxidation of this 

reactive intermediate state under ambient conditions is reasonable to expect and may be 

accelerated in the presence of water.  

4.4 A New Analysis Showing the Impact of Immobilization 

on Enzyme Functionality 

In this work SGHEMTs are used as an indirect detector in a two-step process. Here, 

enzymes, immobilized on the non-metallized gate area, catalyze a specific substrate-

molecule through a biochemical reaction to form a detectable product. 
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Figure 32 | Catalytic Conversion of Penicillin. The catalytic conversion of benzylpenicillin to 

benzylpenicilloic acid by the enzyme penicillinase. 

If the reaction products are basic or acidic, the change of pH in the vicinity of a pH-

sensitive gate area would lead to a variation in the gate potential of the underlying 

transistor. However, the evaluation of these parameters places significant requirements on 

the measurement system since it must be capable of controlling the environment of 

SGHEMTs in such a manner that very stable data is produced for analysis. To this end, an 

advanced electrochemical and environmental control system was designed and 

constructed to evaluate hybrid (bio)molecular systems consisting of penicillinase-

modified SGHEMTs. 

 

Figure 33 | pH Characteristics of (Bio)Molecularly Functionalized SGHEMTs. This figure shows the 

pH sensitivity for an SGHEMT with a native oxide, one with APS and glutaraldehyde, and one with the 

complete functionalization up to the enzyme penicillinase. All of the devices show a high and linear pH 

dependence of approximately 57.6 mV/pH due to an approximate 50% monolayer coverage. 
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For this project the enzyme penicillinase was chosen as a model system.41,42 As illustrated 

in Figure 32, the  dissociation constants of benzylpenicillin allow it to be titrated into a 

neutral solution without changing its pH. However, if the gate of a SGHEMT is 

functionalized with penicillinase, a local conversion of benzylpenicillin to 

benzylpenicilloic acid would create an acidic microclimate on the gate. By this method, 

the impact of the immobilization process on enzyme functionality could be investigated 

by the comparison of SGHEMTs prepared by covalent immobilization and by 

physisorption of penicillinase on the gate area of the devices. The experiments were 

carried out with SGHEMTs with gate dimensions of 1.2×0.5 mm2 in a stirred 0.5 mM 

PBS solution containing 25 mM sodium chloride at pH 7.  

Initial reference measurements were carried out to make sure that the devices were still 

capable of detecting a pH change according to the site binding model,33,146,147 even when 

some sites are blocked by the functionalization molecules. This was achieved by titrating 

small amounts of the buffer solution containing high concentrations of hydrochloric acid 

or sodium hydroxide to give small changes to the pH of the bulk solution. The results are 

shown in Figure 33 and compare: 

� A device with its native oxide. 

� A device functionalized up to and including the cross-linker 

(APS+glutaraldehyde). 

� A device with the complete covalent binding procedure including the enzyme 

(APS+glutaraldehyde+penicillinase). 

All three functionalization stages showed a similar pH sensitivity of 57.6 mV/pH. This is 

attributed to an approximatly 50% monolayer coverage,15 which reduces both the ion 

sensitive sites and regulation sensitive areas by the same amount, allowing the device to 

not only retain its ion sensitivity but also a similar, but noisier, magnitude of the pH 

response.  
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Figure 34 | The Response of a Penicillinase-Modified SGHEMT. The transient response of a stabilized 

covalently bound enzyme (penicillinase) modified SGHEMT (black line) to changes in the substrate-

molecule concentration (benzylpenicillin) (blue line). 

These (bio)molecularly functionalized ion sensitive SGHEMTs could now be 

characterized with respect to their response to benzylpenicillin. Figure 34, shows the 

response of a stabilized covalently bound enzyme modified (penicillinase) SGHEMTs to 

changes in the substrate-molecule concentration, by titrating buffer solution containing 

200 mM benzylpenicillin. A monotonically increasing negative signal from -2 mV for 10 

μM to -124 mV for 2 mM, due to benzylpenicillin-induced acidification in the vicinity of 

the gate area, was observed with saturation occurring above 3 mM. Simultaneous 

measurements of the bulk pH revealed a change from 7.07 to 7.02 which, with a 

sensitivity of 56 mV/pH, would corresponds to a gate voltage shift of 2.8 mV over the 

entire experiment. This is due to the slight acidification of the bulk solution from the 

benzylpenicilloic acid produced on the sensor surface. 
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Figure 35 | The Device Response for Low Substrate-Molecule Concentrations. The red boxes indicate 

the manufacture-specified resolution limit of the digital-to-analogue converter employed for these 

measurements. 

Figure 35 displays the covalently bound enzyme-modified SGHEMTs response for low 

substrate concentrations, indicating that concentrations as low as 2 μM could be resolved 

with the measurement conditions applied here. While achieving higher resolutions from a 

systems standpoint might be possible (e.g. the height of the red boxes indicate the 

manufactur-specified limit for the data acquisition component of this system, which could 

easily be upgraded with a higher resolution unit) other variables, such as temperature, 

must be taken into account. For instance, the baseline noise calculated from this data is 

approximately 25 μVrms. If this should be calculated into temperature stability using the 

devices 18 mV/K temperature dependence found in Figure 18, it would correspond to 

requiring the variation of temperature to be of less than 1.4 mK. 

With the response to benzylpenicillin being established, we can investigate the 

possibilities to analyze the functional differences of a bio-chemical system on the surface 

of the devices. To investigate differences in the ways the biochemical system catalyzes 

product formation, we chose to compare covalently bound enzymes to physisorbed 

enzymes. In Figure 36 the SGHEMT response is shown as a function of substrate-

molecule concentration for five different covalently enzyme-modified SGHEMTs and 

three physisorbed enzyme-modified SGHEMTs.  
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Figure 36 | Difference Between Covalently Bound and Physisorbed Penicillinase. The enzyme-modified 

SGHEMTs gate voltage dependence on benzylpenicillin concentration for a) covalently bound and b) 

physisorbed penicillinase. 

For substrate-molecule concentrations below 300 μM, a reproducible linear response of 

152±8 μV/μM was observed for the covalently enzyme-modified SGHEMTs, as can be 

seen in Figure 36a. For higher substrate-molecule concentrations, variations in the 

saturation signal were found. In contrast, the physisorbed enzyme-modified SGHEMTs 

(Figure 36b) show large variations in both the low and high concentration regimes, 

indicating poor reproducibility of the respective immobilization processes. 
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To explain this behavior it has to be considered that the enzymatic reaction can be 

described by the two steps in the following equation.167 

   (14) 

Here, the enzyme A and substrate S (i.e. substrate molecules, not wafer substrate) form a 

reversible intermediate enzyme/substrate complex AS, which can irreversibly decay into 

the enzyme reaction product P. Under steady state conditions this leads to the Michaelis–

Menten kinetics, where the reaction rate has a linear dependence for small S 

concentrations and saturates for high S concentrations. m1, m−1 and m2 are the equilibrium 

constants of the respective reactions. Here, the dissociation constant for P differs from 

that of S, consequently in the case of penicillinase leading to the release of a proton from 

the product in neutral pH solutions. For small amounts of AS in comparison to A on the 

gate surface, all incoming S can form AS complexes if a high AS affinity and turnover 

frequency exists. In this regime, the resulting amount of AS does not depend on A but is 

solely a function of the S concentration (affinity regime). If we further assume steady-

state conditions, Equation (14) results in a linear relationship between the S 

concentration and the P concentration. For complete dissociation of the product, a 

logarithmic response of the SGHEMT would be expected. However, the linear 

dependence observed in Figure 36a is attributed to the influence of the pH-dependent 

buffer capacity, which has a maximum at pH 7.2, and to the weak acidity of the product 

with a pKa value of 5.2. This is because, for small S concentrations the change in proton 

concentration due to the enzymatic reaction is attenuated. That is, for increasing S 

concentrations the buffer capacity decreases and the resulting increase of proton 

concentration inhibits further dissociation of P. Therefore, the resulting linear slope of the 

response curve, as well as the resolution limit, is determined by the AS affinity, the A 

turnover frequency, the buffer concentration and pKa value. In addition, the SGHEMT 

signal is influenced by the diffusion rate of protons to the gate surface, which is 

attenuated for an increasing proton concentration at the gate. This effect was confirmed 

by a shift of the transition region between linear response and saturation to higher S 

concentrations with increasing buffer concentration (not shown). When the flux of S is 

larger than the amount the enzymes on the gate can catalyze into product per unit time, 
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the change in the product concentration is proportional to the gate enzyme density and 

turnover frequency of the catalytic reaction. This implies that the transition region, which 

is narrow for covalently enzyme-modified SGHEMTs, is shifted to a higher S 

concentration when the saturation signal increases, as visible in Figure 36a. Thus, it can 

be concluded that the covalent immobilization process shows a high reproducibility with 

respect to the AS affinity and varies in the density of immobilized enzymes. In contrast, 

physisorbed enzyme-modified SGHEMTs, Figure 36b, show a strong variation of the 

linear behavior for low substrate-molecule concentrations, a wider transition region, and a 

late onset of signal saturation. We attribute these effects to diffusion of the S and P 

through the enzyme multilayer.168 The reason for the lower average slope for low 

substrate-molecule concentrations could be a lower AS, possibly due to geometrical 

hindrance in the physisorbed multilayer or due to structural deformation of enzymes in 

direct contact with the GaN surface. The higher average slope for one of the physisorbed 

enzyme-modified SGHEMTs can be caused by slow diffusion of the product away from 

the SGHEMTs surface, resulting in strong acidification of the buffer solution.  
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5 Photoresponse for Ionizing Radiation Dosimetry 

In this chapter, we investigate the photoreseponse of advanced AlGaN/GaN 

heterointerfaces for ionizing radiation dosimetry and compare it to the response of GaN 

thin films. Here, we found new results exhibiting “photomultiplier” gains and 

independence of the well-known persistent photoconductivity for soft X-rays and high 

energy particles in the ultralow dose-rate regime. Furthermore, we study the multi-

functional device capabilities of simultaneous bio(chemical) sensing and ionizing 

radiation dosimetry using single SGHEMTs and the possibility to provide dosimetry via 

optical detection of the yellow luminescence of irradiated GaN. We expand this work to 

include energies in the medical X-ray spectrum to support future studies of radiation 

effects on cell systems grown on the surfaces of devices. We found that their pH 

sensitivity was retained during X-ray irradiation and that the fundamental characteristics 

can be used to separate the irradiation signal from the pH response without compromising 

operational stability. 

5.1 Spectral Dependence and Gain of HEMT Devices 

In order to characterize the energy dependence and gain of a HEMT to the medical X-ray 

spectrum, multiple series of dose-rate-dependent transport measurements were performed. 

Later in this chapter, we use highly characterized focused radiation beams in the form of 

20 MeV protons of the ion microprobe SNAKE at the Maier-Leibnitz-Laboratorium 

tandem accelerator,123–125 and 1-20 keV monochromatic X-rays  from the μSpot Beamline 

at the BESSY II synchrotron. For these systems the exponential power law, introduced in 

section 3.5, can be used to estimate the dose received by individual GaN layers and used 

to calculate the devices internal gain. However, in this section we use commercial 

medical X-ray systems with a fixed 40kV and an adjustable 50-300kV acceleration 

voltage.  
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Figure 37 | Device Calibration for X-ray Energy and Intensity. Source-drain current of an AlGaN/GaN 

HEMT as a function of dose-rate for three different Bremsstrahlung energies. The 40 kV series uses a 

different source and filter set. 

These X-ray sources have both broad energy and intensity distributions,169 which rely on 

a single ionization chamber calibrated to give the total dose rate. So in order to find the 

gain of the GaN device, the spectral intensity distribution of the beam must be calculated, 

adjusted to the measured dose rate and used to find the devices spectral absorption profile 

so that the total absorbed energy can be found and used to calculate the internal gain. 

Here, the results from three different acceleration voltages from the two different filtered 

Bremsstrahlung-derived beams were used; the 40 kV system using a 4mm Al and 

0.21mm Cu filter, and the 50-300kV system at 75 kV and 150 kV using a 4mm Al filter. 

Dose-rate-dependent transport measurements were then made by using the filtered beams 

to irradiate a device at different emission currents while measuring the photocurrent and 

the data used to calculate the gain. We note that the residual current, primarily a 

consequence of conduction through the open HEMT channel, of approximately 65 μA in 

darkness is subtracted throughout this section. 

In Figure 37, a compiled source-drain current response of a device at a fixed source-drain 

voltage of 80 mV and a floating gate potential is plotted versus pulsed irradiations of 40 

kV, 75 kV and 150 kV at various dose-rates. A monotonic increase of the source-drain 

current with X-ray dose-rate due to generation of photo-excited carriers is observed for 
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each series. The device ceases to have a saturated dependence for dose-rates below 0.3 

mGy/s. However, it retains a noticeable energy dependence, as a difference in slope of 

120 nA·μGy-1·s-1 and 82 nA·μGy-1·s-1 between the 40 kV and 75 kV data, respectively. 

The measurements correlate well for the same series of rising, falling and randomized 

pulse heights and have excellent reproducibility, without any noticeable permanent 

performance alteration after a total dose of several hundred Gy. Furthermore, apart from 

the higher dark current of the HEMT structure, devices with completely etched 2DEG 

channels, such that only the underlying GaN layers contribute to conduction, as well as 

carbon-compensated thin films, show similar X-ray sensing characteristics to that of the 

HEMT structure. Thus, the X-ray sensitivity is enabled by photoconductivity of the 

approximately 2.9 μm thick GaN-layer and does not require the presence of an 

AlGaN/GaN heterointerface. In comparison, MOSFET-based radiation detectors, which 

have become essential tools in radiology,59,170–172 reach their detection limits in the low 

mGy region,59,172 whereas the GaN devices could now expand this limit down into the 

nGy-regime. 

To be able to discuss the energy dependence and intrinsic gain of the devices, including 

also the viability of using GaN beyond 20 keV, an appropriate model for the filtered 

Bremsstrahlung spectrum is required. This is because the only independent information 

obtained for the X-ray beams was the air kerma rate Kair, which is defined as the energy 

absorbed per kg of air per second (J·kg-1·s-1). Therefore, it lacks information about 

spectral distribution and irradiated area, two quantities that have to be compensated for 

theoretically. Since all of the used source output intensities were attenuated, the 150 kV 

and 75 kV spectra were obtained on the same system with a 4 mm Al filter and the 40 kV 

spectrum was filtered by 4 mm of Al and 0.21 mm of Cu, a suitable description of the 

intensity reduction is needed. The exponential power law, Equation (11), was used 

to calculate the relative intensity transmission through these filters using mass attenuation 

coefficients obtained from the photon cross-section database,150 as 

   (15) 
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The mass attenuation coefficients are explicitly defined to represent narrow beams of 

monoenergetic photons. As a consequence of using them to describe a complete 

spectrum, we consider the monoenergetic portions to represent the partial photon energy 

spectrum dω, and thus can only be considered as an approximation. Furthermore, the 

intensity I and the mass attenuation coefficient κ are spectrally dependent, thus being 

represented by I(ω) and κ(ω), respectively. 

 

Figure 38 | Model of Radiation Attenuation Through a Filter Set. a) The 100 keV photon intensity as a 

function of transmission length through 4 mm of Al and 0.21 mm of Cu. b) The transmission as a function 

of photon energy after the 4 mm Al filter or the 4 mm Al plus 0.21 mm Cu filter.  
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Using Equation (15), the relative transmission of photons through the filter set was 

calculated and can be seen for 100 keV photons in Figure 38a, where the reduction of the 

sources output intensity  is plotted as it first propagates through 4 mm of Al 

followed by 0.21 mm of Cu. Using this information, the relative spectral transmission 

through the two filters, 4 mm of Al, and 4 mm of Al and 0.21 mm of Cu, can be 

calculated and is shown in Figure 38b. However, the established filter characteristics are 

shown for a constant source output intensity  across the entire spectrum and an 

estimation of how the real intensity  behaves is needed. It is an accepted approach 

to assume that an unfiltered Bremsstrahlung spectrum in vacuum has a linear relationship 

with intensity. Material specific transmission lines can be disregarded since the eventual 

application of the correct filters will significantly reduce their intensity. This linear 

spectrums intensity, illustrated in Figure 39 for a source set to 150 kV, will cease and 

become zero at voltages higher than the acceleration voltage, which directly corresponds 

to the maximum photon energy, but will increase for decreasing voltages. Multiplying 

this relative source intensity  with the calculated filter spectrum gives a relative 

transmission spectrum  (Figure 39) that, since the source output spectra is not 

known, needs to be correlated against the air kerma rate measurements made by the 

different systems ionization chambers after the filters. 

 

Figure 39 | Model of a Filtered Bremsstrahlung Spectrum. The resulting Bremsstrahlung spectrum (red 

line) after combining the filter calculation (black line) with the source output estimation (gray dashed line).    
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Since the only independent information obtained for the X-ray beam after the filters is the 

air kerma rate, Kair, the relative air absorbance after the filters was calculated from 

Equation (15) by using the relative Bremsstrahlung spectrum, as 

   (16) 

The dependence of the air kerma rate on mass can be recalculated to area, through the 

density of air and the 3 μm thickness used in the calculation to match the GaN thin film, 

giving the measured air absorption,  (J·m-2·s-1), as 

   (17) 

The measured air absorption  can be set equal to the integral of the relative 

absorption  over the spectrum multiplied by a factor R, as 

    (18) 

We note that, the photon energy and intensity dependencies of the detector must be taken 

into account, since the instruments were not recalibrated between the 75 and 150 kV 

measurements. Now a corrected value of the energy absorption in air, , can be 

obtained through 

   (19) 

and recalculated through Equation (16) to the spectrally dependent intensity after the 

filters so that the Bremsstrahlung spectrum of data plotted in Figure 37 can be recreated 

and plotted in Figure 40a. The accuracy of these spectra can now be partially determined, 

since the specifications of the 40 kV source listed a calibrated mean photon energy of 33 

keV after the filters. Here, the data shown in Figure 40a is in excellent agreement, 

predicting a mean photon energy of 33 keV. This, now plausible, representation of the 

transmission spectra can be used to calculate the intensity absorption characteristics of a 

typical 3 μm thin film of GaN. 
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Figure 40 | Calculation of the Absorbed Dose in GaN. The same color lines represent different emission 

currents  a) The calculated Bremsstrahlung intensity spectra after being transmitted through 4 mm of Al for 

the 150 kV and 75 kV acceleration voltages and 4 mm of Al and 0.21 mm of Cu for the 40 kV acceleration 

voltage. b) The spectral absorption of energy per GaN device volume. 

However, once the exponential power law is used here, we must observe that it only is 

valid for narrow beams of monoenergetic photons and the result only represents material 

changes in one dimension. As we are considering an irradiated area, the difference in 

material area density is missing and the fraction  is needed to represent the 

change in density, as 
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   (20) 

This equation can now be used to calculate the spectrally dependent absorption of the 

output intensity of the source (Figure 40a) by the device, and is plotted in Figure 40b. 

Here, it is apparent that a significant fraction of the original spectrum, especially the high 

energy portion, is not absorbed. Furthermore, there is a very different distribution, with 

peaks at 28.5 keV for 75 kV, 29.7 keV for 150 kV, and the highest energy peak of 32.2 

keV for the lowest acceleration voltage of 40 kV. We note that this is caused by the 

different filter sets, systems and intensities. From this, the total energy absorbed in a GaN 

device can be obtained from Equation (20) by integrating it over the photon frequency, 

as 

   (21) 

Since the ratio between the spectral absorption for GaN, , and for air, , 

stays the same for an X-ray source where only the intensity is modulated (i.e., changing 

the emission current and not the acceleration voltage), the following equation can be used 

   (22) 

The resulting energy per area per second or energy per mass per second for Equations 

(21) and (22), respectively, can be recalculated to represent the device area or mass, the 

energy converted into eV, and then dividing by the ionizing irradiation electron-hole pair 

formation energy of GaN, which is typically assumed to be on the order of three times the 

bandgap, or approximately 10 eV. This represents the number of electric charges excited 

per second and can be converted into Coulomb per second (electric current) and be used 

to find the gain of the devices. 
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Figure 41 | Energy Dependence of a GaN Device. The calculated response from the 40 kV X-ray source 

(dashed line) needed to be multiplied with (the gain of) 7·102 to fit the experimental data (squares). Using 

this gain, the calculated response from the 75 kV X-ray source (lower dashed line) fit very well to the 

experimental values (triangles) showing the energy dependence and validity of the model. 

The response of a semiconductor photodetector can be evaluated in terms of its quantum 

efficiency, η, and photoelectric gain, g, where η and g are defined as the number of 

electron-hole pairs generated per incident photon and the number of carriers passing the 

contacts per one generated pair, respectively.173 Here, we use the 40 kV spectrum, due to 

the linearity of the experimental data, and find the ratio between the calculated amount of 

generated electrons per second for each air kerma rate and the corresponding 

experimental data showing the amount of electrons measured per second. This ratio gives, 

by definition, the photoelectric gain, and was found to be g ≈ 7·102 carriers passing the 

contacts for each generated electron-hole pair produced by an incident (spectrally 

representative) photon for a 80 mV source-drain voltage. The experimental data and the 

theoretical values multiplied with the gain are plotted in Figure 41. The experimental 

data show a higher slope for the 40 kV spectra than for the 75 kV spectra, prior to going 

into device-dependent saturation. Although the fit was generated with data from the 40 

kV series, the model predicts the relative changes of the 75 kV data, supporting the 

validity of the theoretical model and showing the devices dependence on photon energy.  
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Figure 42 | Comparison of Absorption for GaN and Si. The relative absorption of energy from the 

incoming Bremsstrahlung spectrum after the filters (If) is compared for GaN and Si. 

The larger slope, or device sensitivity, of the 40 kV source can be explained by the model 

as the influence of its much narrower spectral distribution in a highly absorbing region. 

Little additional analysis is possible for the 150 kV spectrum with regard to this model, 

since its first data point is well into the nonlinear response region. Furthermore, while it 

might seem from, for example, Figure 40b that GaN has a large energy absorption in this 

X-ray spectrum, it must be noted that most of the energy is transmitted. To get a clear 

picture of by how much, the absorption of If in percent for both GaN and Si is presented 

in Figure 42. Even for the 40 kV spectrum, only 1.6% of the incoming energy is 

absorbed. However, since the device is only operated at 80 mV, it should be possible to 

increase the gain by several orders of magnitude by increasing the source-drain voltage. 

In contrast, Si has a much smaller absorption at these energies, but a 20 fold increase of 

film thickness would provide equal absorption and can exhibit gains of g ≈ 105 configured 

as a photomultiplier (SiPM).61 However, as will be discussed in the next section, we 

found that the 2DEG channels of HEMT structures can be used to radically increase the 

performance of the device. 
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5.2 Novel Simultaneous Solution-Gate and Dosimeter 

Single Device Sensors 

In addition to the characterization of X-ray response with a floating gate, we show that 

the transistors retain their sensitivity to potential changes at the GaN surface during 

irradiation with a solution-gate. Figure 43a shows the source-drain current as a function 

of the gate voltage for a constant source-drain voltage of 120 mV. The transistor was 

characterized at pH 4, pH 7 and pH 10, before, during and after X-ray irradiation with a 

dose-rate of 2.9 mGy/s at 150 kV. The devices display high reproducibility through 

multiple radiation/calibration cycles, showing that the devices do not degrade with 

negative gate voltages, even in basic environments that are known to etch GaN under 

anodic conditions, though not the cathodic conditions used in this work.174 The pH 

dependence is similar in both the non-irradiated and irradiated cases. It can also be seen 

that the irradiation response is mostly independent of the SGHEMT structure, as each 

complete characteristic curve is offset to higher currents during irradiation. This radiation 

dependent offset could be used under negative gate biasing below the threshold potential, 

at -3.5 V, to make dosimetry measurements with small dark currents. Moreover, since the 

irradiation increases the current, shifting the characteristic curve in the vertical direction, 

and the pH changes the voltage offset, shifting the characteristic curve in the horizontal 

direction, it should be possible to separate the two shifts from each other. However, since 

both the irradiation and the pH changes the current, recording the surface potential for 

constant source-drain currents cannot distinguish between the effects and a fundamental 

characteristic of the SGHEMT, such as the maximum transconductance, is needed as a 

regulation variable. In Figure 43b, the first derivative of the data in Figure 43a is plotted. 

Here, the position of the derivatives maximum on the gate-drain voltage axis stays in 

approximately the same position during irradiation and in darkness, but shows the voltage 

offset caused by changing the pH of the solution gate. Countering the pH-induced voltage 

shift with the gate-potential implies that any change in current should be representative of 

the photoresponse.  
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Figure 43 | Radiation-Dependent Characteristics of a SGHEMT. A GaN device in solution before, 

during and after X-ray irradiation with a dose rate of 2.9 mGy/s at pH 4, pH 7 and pH 10. a) shows the 

source-drain current-voltage curves in comparison to the first derivative or transconductance in b). The gray 

lines show the intermediate data of the two extremes represented by red and green lines. 

There is, however, an interesting occurrence: for some devices the transconductance 

maximum is smaller during irradiation. Moreover, the threshold potential seen between -3 

and -4 volts in Figure 43b, another fundamental characteristic of the HEMT that could 

have been used to track the surface potential offset, is rendered exceptionally difficult to 

use for regulation by this phenomenon. We note that persistent photocurrent and the 

charge transport across the semiconductor solution interface will interfere with these 

measurements. A deeper analysis of this effect is presented in Figure 44. 
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Figure 44 | A Possible Response from a SGHEMT 2DEG Channel. a) A comparison of the source-drain 

current as a function of the gate-drain voltage in darkness (black), under homogeneous 150 kV 

Bremsstrahlung irradiation of the gated channel (green), and subtraction of the off-state current from the 

illuminated curve (red). 

Here, the source-drain current response versus applied gate-drain voltage in darkness is 

plotted and is characterized by a threshold potential of approximately -3.5 V. 

Homogeneous 150 kV illumination of the gated device leads to a vertical shift of the 

curve which is primarily due to the photoconductive response of the GaN buffer layer. 

However, a plot of the response of the irradiated device, after subtracting its off-state 

current, reveals an additional horizontal shift along with a slight change of slope 

compared to the device measured in darkness. The resulting threshold potential shift of 

approximately 250 mV provides an indication that the device response is not purely 
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photoconductive when an AlGaN/GaN heterointerface is present. Furthermore, when this 

threshold shift is plotted as a function of the air kerma rate, it is almost completely 

saturated for all dose-rates. This provides the indication that this effect is likely to be 

highly sensitive in the ultra-low dose-rate regime. This mechanism will be discussed in 

detail in the next sections. 

 

Figure 45 | pH Dependence During Irradiation. Titration during a continuous irradiation with 150 kV X-

rays at a dose-rate of 1.4 mGy/s. The pH response is linear and yields a transistor sensitivity of 57 mV/pH. 

Nevertheless, the photoconductive buffer layer response dominates the total current in 

this dose-rate range. In order to ascertain whether a radiated device would linearly 

respond to pH in a similar manner as the non-radiated devices reported elsewhere,31 a 

transistor was continuously irradiated in an aqueous solution while the pH was varied by 

titration. To gain the surface charge difference per pH, the constant source-drain current 

mode of the electrochemistry system described in Sections 2.4 and 3.3 was used with a 

constant source-drain voltage of 120 mV. The regulated changes of the gate voltage are 

plotted as a function of the output from an X-ray shielded pH electrode in Figure 45. The 

slope, corresponding to a pH sensitivity of 57 mV/pH, was extracted by linear regression. 

We note that the in-going drift, caused by persistent photoconductivity, was subtracted 

from this data. This value is comparable to the sensitivity of 56 mV/pH without 

radiation31 and differs as a consequence of a slightly elevated operational temperature, 

since our experiments were performed at room temperature while the others were 
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controlled to 20 °C. We note that the dose-rate of 1.4 mGy/s inside the electrolyte 

solution was determined using the internal self-calibration curve of the GaN-device signal 

response in air shown in Figure 37.  

5.3 Separation of the Buffer Response from the 

Heterostructure Response 

One of the most compelling hints for a response of the 2DEG channel, shown in more 

detail in Figure 44, was that the response of the X-ray irradiated device, after subtraction 

of its off-state current, possesses an additional horizontal shift along with a slight change 

of slope compared to the device measured in darkness. In order to independently 

characterize the contribution of the device response associated with this change of the 

threshold potential, the ultra-low dose-rate regime was investigated. 

 

Figure 46 | HEMT Response to Focused X-rays. The photon-induced current, at 100 mV source-drain 

voltage and 106 Hz photon flux, yielding a response of approximately 200 nA, as a function of position. 

Successive forward and backward scans verified that the signal remained reproducible in magnitude and 

symmetry, independent of scan direction. The shape of the response matches the known geometry of the 

mesa structure. No response was detected from the buffer layer, including during turn-on and turn-off of the 

beam. 
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This was achieved in two separate sets of experiments, the first by 1-20 keV X-ray 

irradiation and the second, which independently confirmed the results shown here, by 20 

MeV proton irradiation.123–125 For both cases, micron-sized spots allowed for in-situ 

mapping of the device response as a function of position on the active channel. The 

devices were operated without additional cooling at room temperatures. As illustrated in 

Figure 46, a 3 μm diameter beam of 1-20 keV synchrotron X-ray radiation, shown here at 

7 keV, produces a current on a 500 μm wide device that is unexpectedly large compared 

to the direct charge extraction predicted by the energy deposition in the GaN film. 

Moreover, the scan indicates that the devices are over-dimensioned and would remain 

operational to much smaller sizes. The bi-directional scan across the active area reveals 

that the response is symmetric, reproducible in magnitude and in agreement with the 

known width of the mesa structure. Importantly, there was no evidence of a response 

from the buffer layer, despite the fact that both the contacts and scan were wider than the 

active channel. This observation was verified by placing the beam outside the active area, 

but between the contacts, and repeatedly switching the beam on and off, thus confirming 

that the observed signal is dependent only on the characteristics of the AlGaN/GaN 

heterostructure, which is located within the mesa region.  

 

Figure 47 | Interdigitated Electrode GaN Buffer Response to Focused X-rays. a) An illustration of a 

typical interdigitated electrode. b) The response of a traditional interdigitated electrode device based on a 

highly resistive iron-compensated GaN thin film is provided for comparison. In order to obtain a similar 

current response from this device, a 103 times larger source-drain voltage of 100 V and 105 times larger 

photon flux of 1011 Hz was required. 
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In order to provide a representative comparison of the response of this device to a more 

traditional structure, a photoconductive GaN dosimeter was fabricated by deposition of 

interdigitated electrodes on a highly resistive iron-compensated GaN thin film. As shown 

in Figure 47, a photoconductive response from the device was observed between the 

metallic contacts. However, in order to obtain a response equivalent to that of the HEMT 

structure, it was necessary to increase the source-drain voltage by a factor of 103, from 

100 mV to over 100 V, while simultaneously increasing the photon count rate by a factor 

of 106, from 105 Hz to 1011 Hz. As will be discussed below, the strikingly higher 

sensitivity of the AlGaN/GaN device is a direct consequence of the presence of the 2DEG 

channel. 

 

Figure 48 | Separating the HEMT Response from the GaN Buffer Response. A comparison of the 

current response as a function of photon intensity on and off the channel of the HEMT, accompanied with 

an illustration showing typical on- and off-channel beam positions. The threshold intensity for a detectable 

response is 105 higher for the buffer layer compared to the HEMT device. 
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A comparison of the response on and off the channel, as a function of the incident photon 

count rate, revealed that the signal arising from the HEMT can be separated from that 

generated within the nominally undoped GaN buffer layer, as shown in Figure 48. The 

threshold for response of the buffer layer, which occurs at a 105 larger photon flux than 

for the HEMT device, was also similar to that of the inderdigitated electrode. 

 

Figure 49 | Source-Drain Voltage-Dependent Response of HEMT Devices. a) The dependence of the 

photon response on the source-drain voltage reveals a linear behavior between ±1 V, where local hotspots 

cause a reproducible change in current which is shown in b). 
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Figure 49 shows the photon response as a function of source-drain voltage for a 20 μm 

wide floating gate device. For this device, ohmic behavior was retained well beyond the 

measurement window shown here of ±1 V and there was no detectable difference 

between subtracting the dark or the off-channel current, verifying that no contribution 

from the buffer was measured in this potential range. This gives an additional factor of 

over 10 in gain or a total intrinsic gain in the range of 107, which is calculated in Section 

5.4, for higher voltages than the set point of 100 mV used in this work for analysis of the 

response to photon (proton) irradiation. We note that, if the gain continues to linearly 

follow the transistor characteristics, this would allow for the gain to reach approximately 

109 as these devices were still ohmic at ±10 V. Furthermore, several different beam 

positions were characterized, exhibiting different current values for different beam 

positions as shown in Figure 49b.  Moreover, the current for each position was highly 

reproducible and the two-dimensional current map in Figure 49b shows the different 

positions used for the calibrations. This effect was only observed for devices with thin 

channels and is most likely produced by changing magnitudes of band bending across the 

surface of the floating gate due to, for example, lateral confinement, varying lateral 

damage, differing degrees of oxidation, or subsurface defects such as dislocations or 

roughness at the 2DEG wall interface. This indicates that a gate-potential dependent 

change of the gain of the device should be possible. Here, either a photoconductive 

response, which would be similar to the buffer response and offset the entire calibration 

curve to lower resistances, or a photovoltaic response, which like the pH response would 

shift the entire calibration curve along the gate-drain voltage axis, would be expected. As 

we will show, this system has both in almost equal measures in dependence on if the 

beam, when it is on the channel, is on or off the gate contact area. Figure 50a gives the 

gate-drain voltage-dependent response under X-ray illumination for the on-gate 

irradiation position.  
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Figure 50 | HEMT On-Gate Irradiation Response as a Function of Gate Voltage. a) The “on-gate” 

irradiated source-drain current response as a function of gate-drain voltage under 7 keV X-ray illumination. 

b) The transconductance as a function of gate-drain voltage in darkness. c) An illustration of the on- and 

off-gate beam positions. 

The close correlation between the transconductance of the device in darkness and its on-

gate current response to ionizing radiation, that can be seen by comparing Figure 50a 
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with Figure 50b, indicates that the observed signal is directly dependent on the 

fundamental transistor characteristics and gives experimental evidence for a photovoltaic 

response mechanism. However, as it can be seen in Figure 51, which gives the gate-drain 

voltage-dependent response under X-ray illumination for the off-gate irradiation position, 

the response for higher negative gate potentials after the turn-off threshold potential 

shows a photoconductive behavior. This is an interesting characteristic, since the 

maximum response occurs for high source-drain resistances, enabling high gain, low 

power operation with a large optimum voltage window that, for example, would fit 

exceptionally well to be powered from a simple Li-ion battery circuit, which has a 

nominal cell voltage of 3.6 V - 3.7 V. 

 

 

Figure 51 | HEMT Off-Gate irradiation Response as a Function of Gate Voltage. The “on-gate” 

irradiated source-drain current response of the device as a function of gate-drain voltage under 7 keV X-ray 

illumination. 
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5.4 Analysis of the Heterostructure Showing 

“Photomultiplier” Gain 

In order to quantify the HEMT structures gain, dose-rate-dependent transport 

measurements were performed. Here the X-ray intensity dependence, of a 20 μm wide 

floating gate HEMT device, on source-drain current was measured and the results shown 

in Figure 52. For photons, and similarly for protons, the device responses saturate at 

higher intensities, but the low dose-rate regimes show a linear response that can be 

evaluated, in the same way as for the buffer, in terms of its quantum efficiency, η, and 

photoelectric gain, g.173 To estimate η, knowledge of the deposited energy in the total film 

thickness (GaN/GaN/AlGaN/GaN) of approximately 3 μm is required.  

 

Figure 52 | Intensity-Dependent Response of the HEMT Device. The current response as a function of 

intensity of 7 keV photons. The dynamic range of the device covers photon strike rates from Hz to MHz. 

The linear portion reveals a gain of approximately 8.3×107 extracted electrons per photon at a source-drain 

voltage of 100 mV. 

The online X-ray transmission tool from the Center for X-ray Optics (CXRO, Lawrence 

Berkeley National Laboratory, CA, USA) was used to estimate the transmitted energy for 

1-20 keV X-rays through 3 μm of GaN with a density of 6.15 g/cm3, and an approximate 

deposited energy of 910 eV/photon was found. In comparison, SRIM 2008 was used to 

calculate the average energy loss of 5000 protons with an energy of 20 MeV through the 



 
 

 

  

 103 
 

3μm GaN/Al0.25Ga0.75N/GaN structure with corrected densities for GaN (6.15 g/cm3) and 

Al0.25Ga0.75N (5.43 g/cm3). The simulation indicated that 30 keV/proton of energy was 

deposited, the majority of which was due to energy transferred to target electrons or direct 

ionization. The electron-hole pair formation energy under ionizing radiation exposure is 

typically assumed to be on the order of three times the bandgap, or approximately 10 eV 

for the case of GaN, resulting in a net electronic excitation efficiency of η≈90 electron-

hole pairs/photon and η ≈ 2.9×103 electron-hole pairs/proton. The total current response 

of the devices under irradiation corresponded to 8.3×107 extracted electrons per photon 

and 1.5×109 extracted electrons per proton, at a source-drain voltage of 100 mV, 

respectively. Therefore, the calculated photoconductive (particle-induced) gain is g ≈ 

9.1×105 (5.3×105) carriers passing the contacts for each generated electron-hole pair 

produced by an incident photon (proton), or an average single electron-hole pair 20×log10 

gain of 117 dB,  in an open gate structure with a source-drain voltage of 100 mV. Given 

the simple models used for the estimation of the deposited energy, these independent 

values from photons and protons are in excellent agreement and strongly imply that the 

detection mechanism is the same. Furthermore, the overall dynamic range extends from a 

few counts per second to greater than 105 counts per second, which corresponds to an 

information depth of slightly less than 18 bits. We note that, this is not the full capability 

of the device, since the gain can be increased by shutting the gate down and increasing 

the source-drain voltage 

5.5 Explanation of the Heterostructure Gain 

Based on these data, it is possible to conclude that the mechanism is comparable to that 

reported for HEMT-based UV detectors76–84 as will be described below, but needs to be 

significantly extended. When an electron-hole pair is generated from the energy deposited 

by a high energy particle or absorbed from a photon, charge separation occurs due to the 

built-in electric field normal to the heterojunction plane. This is shown in Figure 53 

where a nextnano3 numerical simulation of the GaN/Al0.25Ga0.75N/GaN heterostructure 

band alignment is illustrated, with the conduction and valence band edges shown relative 

to the Fermi level. As a consequence, electrons drift to the 2DEG channel and holes drift 
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into the bulk and surface regions of the device. Since 3 μm of the material is nearly 

transparent for the energies used in this work, the absorbed energy is approximately 

constant as a function of depth through the structure and the majority of electron-hole 

pairs are generated within the much thicker GaN buffer layer. This charge separation and 

associated accumulation of electrons in the 2DEG channel gives rise to an internal 

photovoltaic effect, which leads to a shift of the threshold potential. As a result, the 

current response is proportional to the transconductance of the device, as presented for the 

on-gate irradiation in Figure 50. Furthermore, these excess electrons within the 2DEG 

channel, apart from changing the internal field, also lower the resistive path through the 

device via a secondary photoconductive effect.  

 

Figure 53 | Band Diagram Illustrating the Gain Mechanism. GaN/AlGaN/GaN heterostructure, in which 

CB, VB, and EF correspond to the conduction and valence band edge and Fermi level, respectively. During 

irradiation, separation of the generated electron-hole pairs occurs in the presence of the built-in electric 

field. As a result, electrons accumulate in the 2DEG channel and holes drift into the bulk and to the surface, 

resulting in long recombination times. The increased electron concentration in the 2DEG channel, as well as 

the change of the threshold potential due to excess positive charge from accumulated holes in the bulk lead 

to the observed ultrahigh gain and high sensitivity. 

This is most likely the reason why the threshold potential shift does not give rise to a 

constant potential offset at all applied gate-drain voltages. Furthermore, this leads to the 
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photoconductive characteristics for the off-gate irradiation seen in Figure 51, since the 

flow of generated electrons to the 2DEG is not affected by changes of the gate-drain 

voltage at this beam position. It should be noted that this effect is independent of the 

buffer layer photoconductive effect, which was discussed in Section 5.1. The device can, 

therefore, be operated at off-state potentials with very low power consumption in 

darkness. The response is further enhanced since the lifetimes of the generated electron-

hole pairs are dominated by recombination times within the 2DEG channel. Here, in the 

charge separated state, there is a very small concentration of holes within range of the 

2DEG channel and the carrier lifetimes are much longer, typically in the sub-millisecond 

range80,83 compared to a few nanoseconds175 for homogeneous GaN thin films. Due to the 

charge neutrality condition, the external circuit will supply the device with an additional 

electron for each electron that exits the device until recombination occurs. Thus, these 

longer lifetimes can lead to many orders of magnitude of gain. However, these longer 

carrier lifetimes necessarily lead to longer response times. Nevertheless, it is expected 

that these lifetimes can be tuned by, for example, appropriate choice of layer 

compositions and thicknesses, as in the case of the InGaAs/GaAs system,76 in order to 

provide an engineered balance between the device sensitivity and response time. 

Although the irradiation spot sizes are of the order of a few microns, the effects described 

above are not limited to the beam area since the observed magnitude of the saturated 

current change would require that the irradiated area be characterized by a negative 

resistivity. This indicates that when an electron is trapped within the channel, it is 

delocalized and free to move throughout the 2DEG along the applied electrical field, 

thereby changing the conductivity, charge and sheet carrier concentration of the entire 

channel. Thus, the built-in electric field must dominate over the applied potential, 

enabling the majority of holes to move deep into the quasi-neutral zone where charge 

neutrality is no longer a local phenomenon.76 Moreover, since it was possible to 

reproducibly resolve local inhomogeneities within the active area at the micron 

resolutions of the focused beams, it is possible to conclude that the response is generated 

locally but impacts the entire structure and that the devices could be miniaturized using 

conventional microelectronics techniques.  
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5.6 Transient Response 

Even in light of recent advances in growth that have led to improved film qualities, 

persistent photoconductivity in AlGaN/GaN heterostructures is a well-documented 

setback for this material system,176–179 and attributed to the high concentration of trap 

states, which are associated with capture of photo-excited electrons by broadly distributed 

deep defect-related acceptor levels. Long transient persistent photoconductivity, with 

decay time constants in the range of hours, has been ascribed to the transfer of 

photoexcited electrons from deep level impurities (DX-like centers) in the AlGaN barrier 

to the channel.180,181  

 

Figure 54 | Transient Buffer Response to X-rays. A collapsed view of a rising pulse irradiation train from 

1 mGy/s to 12 mGy/s where the on/off transients are exemplified.  

This is exemplified in Figure 54, where a collapsed view of the irradiation pulse trains on 

the devices with the medical Bremsstrahlung systems show the transient buffer response 

where the typical persistent photocurrent is evident. The shape of the pulse, especially of 

the on-transient, changes significantly as a function of increasing intensity, settling in 

seconds instead of hours. The same can be said for the off transients if the beam is not 

completely switched off but adjusted back to a pre-set background level of X-ray 

radiation. To further evaluate this, a device was illuminated with an Al Kα source, where 

for every change in emission current, the time the device current needed to settle was 
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measured, as presented in Figure 55. We note that this was realized during maintenance 

of the surface analytics chamber where the devices were operated at high vacuum 

pressures. 

 

Figure 55 | Response Settling Time of the Buffer. Settling time as a function of X-ray source emission 

current. Each level took approximately 4 s to adjust to by hand. 

The intensity changes were made by hand and the alteration in emission current required 

approximately 4 seconds to adjust. The linear response region stops at emission currents 

above approximately 2 mA, corresponding to settling times longer than 70 s, and the 

device response only became faster than the adjustment speed at 5 times higher power at 

11 mA. In comparison, a typical shutter time for a conventional medical X-ray system is 

approximately 200 - 500 ms, where a “full mouth scan”, that consists of 18 exposures, 

gives a dose of 9-12 mGy (90-122 μSv for skin with a weighting factor of 0.01).182 For 

GaN, staying on the border between the linear and saturated region, a dose rate of 0.3 

mGy/s (Figure 37) is expected for 70 s, effectively doubling the dose to 210 μSv for skin. 
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Figure 56 | Luminescence of GaN during irradiation. Pixel intensity counts from a low light camera for 

GaN fluorescence during irradiation. A comparison of n-type (Si doped) GaN, HEMT and C-compensated 

GaN at 150kV. The energy dependence of the HEMT structure is shown in b), and is similar for the other 

structures. 

These trap states are also responsible for the well-known “yellow luminescence” of 

illuminated GaN,166,183 which is attributed to an electronic transition between a shallow 

donor and a deep acceptor widely distributed around 2.2 eV below the conduction band 

minimum. The deep acceptors are not evenly distributed in the bulk but rather decorate 

grain boundaries.184 This effect is weak for these photon energies, but clearly observable 
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with a low-light camera. This can give an indication of the concentration of defects, but 

since it depends on the Fermi level position, a comparison of different samples should be 

made with caution since, for example, p-type GaN does not luminesce in this energy 

range even though such states are present. However, as shown in Figure 56, the average 

emission intensity is linear with the dose-rate and therefore has the possibility to provide 

dosimetry via optical-detection. Here, we show that it is a material specific property and 

therefore can be measured on n-type (Si doped GaN), HEMT and carbon-compensated 

GaN. As it is shown in Figure 56a for 150 kV, the three sample types have different 

sensitivities, the carbon compensation reducing the slope in comparison to the Si-doped 

sample and the intermediate HEMT structure, which contains both materials. Similar 

results were also obtained for 80 and 220 kV. Furthermore, the effect retains similar 

energy dependencies to the electrical measurements. As can be seen in Figure 56b, there 

is an energy dependent shift for the slope shown for a HEMT sample for 80, 150 and 220 

kV. A similar effect is obtained for the GaN:Si and GaN:C samples.  

These persistent photoconductivity effects result in response times that have limited these 

devices usefulness for real-time detection applications. Here, we make a comparison 

between the transient response of the buffer and the heterostructure. Figure 57 shows the 

behavior of an open gate device during illumination on the channel and the corresponding 

response of the buffer layer off the channel. The buffer layer response (Figure 57a) 

exhibited the expected behavior, with transient times comparable to those observed for 

the buffer. In contrast, the on-channel device response in the low dose-rate regime is 

characterized by very fast response times, as shown in Figure 57b. In this low dose-rate 

regime, deep level charge trapping does not have an observable impact on the overall 

response. Detailed characterization of the response time was not possible under the 

current experimental configuration, since our measurements were limited by the 20 ms 

maximum sampling speed of our instruments. However, even the instrument limited 

transients shown here are fast enough, for example, for medical imaging. 
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Figure 57 | Transients of the HEMT Device vs. the GaN Buffer. a) The transient photon response of the 

off-channel beam position on the buffer showing the typical long transient persistent photoconductivity. In 

comparison to a HEMT deviceis shown in b) exhibiting millisecond rise and fall times that are much faster 

than those observed for the buffer. Also note the different response scales in a) and b).   



 
 

 

  

 111 
 

  



Photoresponse for Ionizing Radiation Dosimetry 

 
 

  

112  

 

 



 
 

 

  

 113 
 

6 Summary 

In this thesis I have summarized our investigation of the interface between GaN wide 

bandgap semiconductor heterostructures and (bio)molecular systems functionalized on 

their surfaces for biosensing, bioelectronic and photoelectric applications, with a special 

emphasis on the processes associated with high energy ionizing irradiation including 

heterostructure photoelectric gain mechanisms.  

6.1 Conclusions 

Photocatalytic Degradation 

I have presented our findings in the pursuit to identify if a compatible energetic window 

for GaN or SiC can be found, within which it is favorable for a selection of organic 

systems to be actively charged or discharged by direct interaction with the 

semiconductor substrate?  

In conclusion: We demonstrated UV-induced photocatalytic cleavage of aliphatic 

molecules covalently bound to n-type GaN surfaces. The associated charge transfer leads 

to the degradation of the layer due to removal of bonding orbital electrons which is 

analogous to low energy photo-induced charge transfer ionization of the alkyl chains well 

below the energy normally required for molecular cleavage. We have proposed a model 

by which UV illumination of n-type GaN leads to surface accumulation of holes at an 

energetically favorable position for recombination with an electron abstracted from the 

HOMO of the organosilane ODS. Furthermore, we have shown that either an upward 

shift of the valence band maximum (as is the case for n-type 6H-SiC) or an opposite 

direction of surface band bending (p-type GaN), leads to a suppression of the charge 

transfer. This work demonstrates that the charge transfer can significantly reduce the 

ionization energy threshold for the removal of bonding orbital electrons from organic 

SAMs, which could be exploited for driving chemical reactions on surfaces. 
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Understanding such charge transfer phenomena will be vital in the emerging fields of 

molecular and biomolecular electronics since it could, for example, allow a selection of 

organic systems to be actively charged or discharged by direct interaction with the 

semiconductor substrate.  

Brief Comments on Device Miniaturization 

In an initial avenue of this work, we developed techniques to create devices with 

enhanced sensitivity, resolution and stability. We have optimized processing techniques 

to reproducibly create devices with single micrometer widths. These methods were used 

throughout this work and enabled the use of devices down to sizes of 20 μm. We found 

that the lateral damage, caused by techniques like ICP-RIE and FIB, results in a nonlinear 

decrease in the 2DEG conductance as a function of width for devices thinner than 7 μm 

and total current collapse occurred at 2 μm instead of 0 μm as predicted by the 

linear/ohmic model. However, this method was used to reliably create 2DEGs with an 

active width estimated to 250 ±100 nm for 2 μm physical channel widths. Furthermore, 

we show the characteristics of the devices when operated in metal-insulated gate and 

solution gate modes. We note that devices with 64 nm widths have been fabricated with 

similar methods,139 which would be a very interesting continuation of this work.  

Novel Sensors based on Sensitivity-Enhanced HEMTs 

Next, we have investigated the question whether the reduction of the heterostructure 

barrier thickness through the use of AlN/GaN-based HEMT structures can give 

significant advantages, without sacrificing stability, in comparison to AlGaN/GaN 

devices to merit further investigation as a replacement?  

In conclusion: We have chosen to analyze the devices as ISFETs and successfully 

constructed a novel electrochemical and environmental control system, which was built to 

the specifications required to analyze (bio)molecularly modified AlGaN/GaN SGHEMTs. 

We show that this system is capable of measuring a stable and reproducible pH response 

from both GaN and diamond devices at 53.3 mV/pH at 10.6 °C and 25.9 mV/pH at 22 °C, 

respectively, and a temperature dependence of approximately 18 mV/°C for the 

SGHEMTs. This system was used to demonstrate the enhanced sensing capabilities of 
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GaN/AlN/GaN HEMT structures as pH-sensitive SGHEMTs. This was achieved by using 

the recent progress of PAMBE to improve upon the transconductive sensitivity of the 

devices, by decreasing the 2DEG-to-surface distance by replacing the AlGaN layer with 

an AlN spacer. We found that the thinner 7.5 nm AlN device exhibited a 

transconductivity of 131 μS in comparison to 72 μS of the thicker 19 nm barrier devices, 

which are comparable to those used throughout this work, with no negative impacts to the 

device performance. 

Enzyme Functionality Analysis on Immobilization 

Then, we have studied if it is possible through a systematic comparison with respect to 

the techniques applied for enzyme immobilization, to distinguish between their effects 

on enzyme activity and functionality? 

In conclusion: We used the enzyme penicillinase as a model system and compared its 

response for covalent immobilization on APTES-modified AlGaN/GaN SGHEMTs and 

drop-coating on the transistors surface. The control system was shown to be a stable 

platform for electronic analysis of enzyme activity and was able to produce high quality 

data-sets where the differences between covalently bound and physisorbed enzymes on 

the device surfaces are easily identified. Here, we show that the covalently bound 

enzymes exhibited high reproducibility with respect to the enzyme/substrate-molecule 

affinity, which resulted in a sensitivity of 152±8 μV/μM of penicillin in 0.5 mM PBS 

buffer. Furthermore, we show the possibilities to analyze a bio-chemical system on the 

devices surface by predicting the presence of an enzyme (sub)monolayer for the 

covalently immobilized enzymes, evidenced by comparison to the properties of 

physisorbed multilayers. 

Heterostructure Gain Mechanism  

Moving to dosimetry applications, we examined whether GaN can overcome difficulties, 

such as long transient persistent photoconductivity, and be used for high energy 

ionizing radiation dosimetry?  
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In conclusion: We investigated the photoreseponse of advanced AlGaN/GaN 

heterointerfaces, comparing it to the response of GaN thin films. We found that, even in 

light of recent advances in growth that have led to improved film qualities, GaN is still 

plagued by, for example, long transient persistent photoconductivity with settling times 

between minutes and hours. Furthermore, the trap states associated with the yellow 

luminescence of irradiated GaN are still numerous enough to allow dosimetry via optical-

detection. We also propose a model to explain the detection mechanism and energy 

dependence of the devices and through it calculate an unsaturated internal gain of just 

below 103 carriers passing the contacts for each generated electron-hole pair produced by 

an incident (spectrally representative) photon for a 80 mV source-drain voltage. However, 

while evaluating the photoresponse of the devices there were many indications of a 

separate response mechanism due to the presence of a 2DEG channel. This response is in 

complete saturation at the intensities used with the Bremsstrahlung sources in the medical 

X-ray bandwidth. We note that such 2DEG responses are known, as they have been 

reported for UV detection. However, we found that a detailed study of the heterostructure, 

conducted in the ultralow dose-rate regime, gave a far more detailed insight into the 

mechanism, which is also applicable for UV radiation, for particle energies hitherto not 

previously investigated. Here, we show that the AlGaN/GaN HEMT structure exhibits 

pronounced “photomultiplier” gain under ionizing radiation, yielding extremely large 

sensitivities in ultralow dose-rate regimes. The gain was proven to be similar for X-rays 

in the 1-20 keV range and for 20 MeV protons, and the device employed obeys the 

material specific absorption cross-section predicted through the exponential power law 

using tabulated mass attenuation coefficient values. This ‘ultrahigh’ gain can be described 

by charge separation within the heterostructure. Similar mechanisms for UV light were 

reported to have a photovoltaic nature. However, the only way to satisfactorily explain 

our results was through extending this model to include a combination of photovoltaic 

and photoconductive effects. Importantly, the more photoconductive portion of the 

response allows the HEMT devices to function best during small current operation when 

the channel is completely shut down by, for example, application of a negative gate-drain 

voltage. This allows for low power, unsaturated single electron-hole pair “photomultiplier 

gains” of 107 at single Volt potential differences, operated at room temperature. 
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Furthermore, this response mechanism is virtually unaffected by the charging of trap 

states. Instead the transients are dominated by the recombination times of the electrons 

trapped in the 2DEG channel. Here, part of the high gain comes from decreased channel 

resistance during these millisecond transient times. A certain tuning of gain verses 

transient time should be possible through heterostructure design. Moreover, the GaN 

device is characterized by a dynamic range of response of 18 bits per second for each 

pixel and reacts to both spectral energy and intensity. The devices exhibit an extremely 

high stability, having been operated for several months with total exposures of several 

hundred Gy with no evidence of any permanent performance alteration. Thus, together 

with the exceptional new capabilities for high sensitivity and resolution real time 

monitoring, which is competitive with and complements state-of-the-art detectors, these 

devices are extremely promising for future ionizing radiation detector technologies in 

applications ranging from high energy physics to medical imaging. Indeed, such a device 

could have high spatial, temporal, energy, and dose resolutions to high energy ionizing 

radiation and, in this case, could help facilitate rapid detection of harmful radiation 

breaches, reduce the dose required for medical imaging, enable the study of possible 

radiation effects on cell systems, and complement existing technologies for high energy 

particle experiments. 

New Study on Multi-Functional Device Capabilities 

Combining these topics and in conjunction with the study of real-time changes in 

physiological signals of cells prior to, during and after exposure to ionizing radiation, we 

investigated if it is possible to make simultaneous chemical sensing and ionizing 

radiation dosimetry using single devices.  

In conclusion: We have made a detailed characterization of simultaneous chemical 

sensing and ionizing radiation dosimetry using single devices. To this end, based on the 

successful development of processes and instrumentation for precisely controlling and 

monitoring solution gate devices and collaborative interests in enabling the study of 

possible radiation effects on cell systems grown on the surfaces of devices, we expand 

our work to include energies in the medical X-ray bandwidth. Here, we demonstrate the 

stability of the device in solution during X-ray irradiation and found that SGHEMTs 
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operating in electrolytes retain their pH sensitivity of 57 mV/pH. Furthermore, the 

devices simultaneously show a stable and  reproducible response to X-ray radiation in the 

dose-rate range from 1 μGy/s to 10 mGy/s and the energy range from 10 keV to 150 keV, 

with a slope of 82 nA·μGy-1·s-1 for 75 kV. Moreover, our findings suggest that the 

fundamental device characteristics could be utilized for separating the irradiation signal 

from the pH response without compromising the operational stability of the device. Such 

devices are well-suited for combined hard radiation and ion-sensitive measurements in a 

range of harsh environments and thus also for future integrated radiation dosimetry and 

bio-sensing medical applications. Furthermore, since the SGHEMTs were found to be 

“blind” in the buffer region to focused low dose rate beams, seeding cells on arrays and 

stressing them with irradiation on a blind spot of the device could be an excellent way to 

continue this work while studying cellular communication. 

6.2 Outlook 

Charge Transfer to Complex Molecules 

We have demonstrated charge transfer between a SAM of simple aliphatic chains and a 

semiconductor surface and identified the energetic window within which it is favorable. 

However, there are many unanswered questions on this system as the details of the multi-

step reaction are not fully known. Further experiments would help to understand the 

specific contribution of water to the suggested reaction mechanism and if preliminary 

data from the electrical manipulation of surface band position, which shows that applying 

more than a certain surface potential with the electrochemical cell causes the monolayer 

degradation as seen by a current spike and a change in SWCA, is relevant to the discussed 

effect. Understanding such charge transfer phenomena will be vital in the emerging fields 

of molecular and bio-molecular electronics. As the information gathered in this thesis has 

already been applied to ongoing projects where the goal is to achieve charge transfer 

between semiconductors and complex biological systems, this is already being 

demonstrated. Very encouraging results have been achieved with Rhodobacter 

Sphaeroides and photosystem which is beyond the scope of this thesis. However, a brief 
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introduction will be given to the preliminary results collected from the the fluorescent 

barrel protein mtSapphire, which is the light-emitting component of the jellyfish 

Aequorea Victoria, illustrated in Figure 58. We chose mtSapphire because it is one of the 

most bleach resistant, and it has one of the widest spectrally separated absorption and 

emission peaks at 399 nm and 511nm, respectively. This, in contrast to the photocatalytic 

work reported in this thesis, has the potential to exemplify the charge transfer visually. To 

this end photo-bleaching speeds were compared by illuminating mtSapphire on a GaN 

and on sapphire (Al2O3) by using a fluorescence microscope. 

 

Figure 58 | Bleaching Curve of mtSapphire. Bleaching curves of mtSapphire on a sapphire and GaN 

substrate indicates an energetic alignment between the complex molecule and the semiconductor. 

Illustration of the fluorescent protein mtSapphire provided by the Max-Plank-Institute for Neurobiology. 
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The results are depicted in Figure 58, and what seems to be successful charge transfer 

can be seen as a much faster bleaching speed of the biomolecule on GaN in comparison to 

sapphire. This preliminary result gives a solid direction to continue this work. 

Furthermore, the demonstrated photocatalytic reduction of molecular ionization levels 

could also be exploited for driving chemical reactions on surfaces. 

Polymer-Brush Functionalized SGHEMTs 

In a similar way to the penicillinase-modified SGHEMTs, other active molecules could 

be used to functionalize the surface with end groups that react to environmental changes. 

This technology holds great future promise in, for example, the development of lab-on-

chip environments. The outlook for this work is limited only by nature’s enormous 

diversity of functional (bio)molecules and our own creativity. However, recent interest in 

polymer-brushes makes them an exemplary point for continuation. Not being as selective 

as enzymes, polymer-brushes make up for this due to their vast possibilities for 

customizable functionalities. Indeed, polymer-brushes can respond to different external or 

internal stimuli, such as pH, solvent, ions, temperature, radiation, electric or magnetic 

fields.185 Here, we study the time-dependent effects of poly-DMAEMA, which has a pKa-

dependent change in charge that subsequently causes a variation in its hydrodynamic 

volume. As can be seen in Figure 59, the pH dependence of the device before 

polymerization with 10 min titration steps is compared with the same device after 

polymerization with the same rate of titration and standard deviation limited titration 

steps. In a basic solution, at pH 10, the molecules should be in a collapsed state 

(decreased hydrodynamic radius).185 As its environment is titrated towards low pH values 

(high ionization), the poly-DMAEMA brushes passes its pKa value and stretches 

(increasing in hydrodynamic radius). In a similar manner to the previously studied 

system, which compares the thinner covalently bound penicillinase to the thicker 

physisorbed layers, the diffusion constants change when the polymer-brush layer 

expands. 
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Figure 59 | pH Dependence of Polymer-Brush Functionalized SGHEMT. The graph shows how the 

change in hydrodynamic volume of polymer-brushes as a function of pH impacts the diffusion 

characteristics at the molecular/semiconductor interface. A comparison between a non-functionalized 

(reference) and a poly-DMAEMA-functionalized device titrated at a fast constant time interval (poly-

MAEMA fast) and a slow standard deviation triggered titration (poly-MAEMA Std. Dev.) is shown. An 

illustration of the molecular structure is also provided. 

Since the pH of the bulk solution continues to change and the initial smaller slope for the 

transistor is cause by much longer transients (not shown), the polymer-brush layer is, for 

the most part, prohibiting the bulk solution from reaching the gate. This conclusion is 

further strengthened when forcing the system to fulfill a preset standard deviation value, 

only continuing with the next titration when any drift has settled. Here, the slope goes 

back almost to the initial characteristics of the device without polymer-brushes, but at the 

cost of much longer waiting intervals between titrations for small pH values. 

 



Summary 

 
 

  

122  

 

Attenuated X-ray Response (Imaging) 

We found that advanced AlGaN/GaN heterointerfaces could be used to overcome many 

of the shortcomings of single GaN thin films, exhibiting “photomultiplier” gains, 

millisecond response times at room temperature at single Volt operational potential 

differences. These devices can be structured, as well as miniaturized, using conventional 

microelectronics techniques that allow for fabrication of integrated two-dimensional pixel 

detectors. Furthermore, it would seem that the necessity of increasing the arrays 

complexity by gating could be avoided as enhancement mode transistors can be made by 

decreasing the width of the device.139 However, partially removing the barrier layer to 

create the gate recess,186 implanting fluorine ions into the barrier under the gate,187 or 

selectively inserting a p-type AlGaN or GaN layer under the gate,188 are also options to be 

considered. Here, a suite of experiments were performed in order to fully assess the 

efficacy of these devices as versatile tools for online X-ray dosimetry and imaging for 

medical and technical applications. Many of these results are only applicable to the buffer 

response and can be found elsewhere.112 While the heterostructure response is faster and 

more sensitive than the buffer response, they seem to share the same energy dependence. 

So a comparison can be made for imaging, where we demonstrate the devices capabilities 

for dosimetry and spatial resolution, while making attenuated measurements through a 

human phantom torso and imaging the wrist segment of a human phantom. Here, a 

particularly important aspect of X-ray imaging is the optimization of spectral energy and 

intensity to adjust for the best image contrast and brightness. It is also a solid indication 

that the device is sensitive to and will detect the higher photon spectral energies that can 

be seen as the change in transmission due to energy-dependent attenuation of a material. 
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Figure 60 | X-ray Contrast Calibration of GaN Devices. Schematic illustration of the sensor arrangement 

behind 2.5 cm thick slices from an Alderson radiation phantom for contrast and brightness calibration. 

Here, the difference between human spine and the tissue equivalent in which it is embedded can be 

measured, providing for total shielding depths of 2.5 cm and 5 cm for each material. As expected, the X-ray 

transmission through soft tissue equivalent material and human bone is altered by the incident energy and 

material thickness. 

To demonstrate this, four HEMT-sensors were placed in the mid-torso region of a human 

irradiation phantom composed of both soft tissue equivalent material and a natural human 

spine, as shown in Figure 60. Devices were placed to show the X-ray attenuation through 

2.5 and 5 cm of each. Figure 60 shows the response from the devices at the same air 

kerma rate at three different energies, requiring the emission current for the acceleration 

voltages 125, 80 and 50 kV to be adjusted to 2, 6 and 16 mA. Bone material is known to 

exhibit a higher mass attenuation coefficient than soft tissue, especially at energies below 

100 keV,189 and the expected difference between them is clearly observed. 
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Figure 61 | X-ray Image of a Human Phantom Wrist Segment. a) 8-bit X-ray gray scale contour maps 

recorded using GaN-HEMTs (the total device pixel size is indicated white and the active area blue) of a 

human phantom wrist segment in comparison to the optical picture in b). 

Once the optimum parameters have been selected to match the material-specific shielding 

properties due to energy dispersive X-ray absorption within the phantom, the response to 

small changes in attenuation and the capabilities of the device for lateral resolution could 

be evaluated by creating an X-ray image of the wrist section of a human phantom. While 

such devices have the potential to be straightforwardly miniaturized in order to form high 

density pixel arrays for imaging purposes, our fabricated chips were 5×3 mm2 and only 

contained a single device, thus limiting the pixel dimensions to this size. To boost the 

spatial resolution, an automated two-dimensional translation stage was used to create the 

images. Several hundred pictures were taken at different offsets from the center position 

of each pixel with an acquisition time of 200 ms and the data were recombined into a 

single image by interpolation and averaging. This technique better utilizes the intentional 

2.8×1 mm2 active area of the device, and gives additional data to further enhance the 

image in post processing. The two-dimensional data were plotted into 8-bit X-ray gray 

scale contour maps to resemble a standard X-ray photograph in Figure 61a, and an 

optical picture of the corresponding human phantom segment is provided in Figure 61b. 
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Figure 62 | High Resolution HEMT X-ray Image of a Flashlight Bulb. a) A microscope image of the 

bulb shows the approximately 3×3 mm object with a 50 μm thick spiral filament. b) The 2D and 3D images 

show the plotted X-ray data. Here the spiral filament is clearly visible and in the surrounding area the 

increase of current shows an absence of material indicating that the center is hollowed out to form a sealed 

cavity. 

The differences between tissue, bone and air, as well as the distances between specific 

features and joints, can be clearly identified. Furthermore, close inspection of Figure 61 

reveals that segments of the phantom tissue appear as vertical lines in both pictures. This 

shows that while thin films of this material were expected to be poorly suited for X-ray 

dosimetery at energies higher than 20 keV,74 there still seem to be a working range 

beyond that estimate. In comparison, to demonstrate the imaging capabilities of the 
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heterostructure, the 3×3 mm2 light bulb of a small flashlight, depicted in Figure 62a, was 

scanned. The scanning resolution was set to 10 μm × 10 μm using a high quality beam 

with a focal point diameter of about 3 μm. The result can be seen in Figure 62b, where 

the 2D and 3D images show the plotted X-ray data. Here the spiral filament clearly 

visible and in the surrounding area the increase of current shows an absence of material 

indicating that the center is hollowed out to form a sealed cavity. This image easily shows 

the superior device characteristics of the heterostructure over the buffer response. 
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