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Hydrogen effects on the electrical and optical properties of p-i-n ZnO light emitting diodes 

(LEDs) were investigated. There were no diode characteristics or light emission observed from 

p-i-n ZnO LEDs unless the LEDs were annealed at 350 °C after fabrication. Annealed diodes 

showed band-edge electroluminescence at 385nm and a broad defect band with a peak at 930nm 

at room temperature. The effects of hydrogen plasma, moisture, water, and phosphoric acid 

solution on the annealed diode characteristics were investigated and significant degradation of 

electrical and optical properties were observed in all cases.  The plasma-enhanced chemical 

vapor-deposited (PECVD) SiO2 and SiNx passivation effects on p-i-n ZnO LEDs were also 

investigated. 

Depletion mode and enhancement mode indium zinc oxide (IZO) thin film transistors 

(TFTs) were fabricated on glass substrates using rf magnetron sputtering deposition at room 

temperature. Plasma enhanced chemical vapor deposited SiO2 or SiNx was used as the gate 

insulator. The depletion mode TFTs had a threshold voltage of -2.5V.  The drain current on-to-

off ratio was >105. The maximum field effect mobility in the channel was 14.5 cm2.V-1.s-1. A 

unity current gain cut-off frequency, fT, and maximum frequency of oscillation, fmax of 180 and 
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155 MHz, respectively, were obtained.  The equivalent device parameters were extracted by 

fitting the measured s-parameters to a device equivalent circuit model to obtain the device 

parameters; intrinsic transconductance, inductances, drain resistance, drain-source resistance, 

transit time and gate-drain and gate-source capacitance. The enhancement mode TFTs showed an 

excellent pinch-off and the threshold voltage was 0.75V.  The drain current on-to-off ratio of the 

e-mode TFTs was >106. The maximum field effect mobility in the channel was 39.7 cm2.V-1.s-1. 

Antibody-functionalized and Au-gated AlGaN/GaN high electron mobility transistors 

(HEMTs) were used to detect botulinum toxin. The antibody was anchored to the gate area 

through immobilized thioglycolic acid. The AlGaN/GaN HEMT drain-source current showed a 

rapid response of less than 5 seconds when the target toxin in a buffer was added to the antibody-

immobilized surface. The detection limit is less than 1ng/ml of botulinum.  The sensors could be 

recycled by washing with phosphate buffered saline (PBS) solution. When the sensors were 

properly stored at 4℃ for several months, they still could work well with an un-degraded 

sensitivity. By using a similar method, the bacteria, Perkinsus marinus (P. marinus), was also 

detected by a AlGaN/GaN HEMT-based sensor in sea waters. 
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CHAPTER 1 
INTRODUCTION 

1.1 Motivation 

1.1.1 ZnO Light-Emitting Diodes 

ZnO is attracting renewed interest for use in blue/UV light-emitting diodes (LEDs) with 

potential advantages over the III-nitride system due to the higher exciton binding energy, 

availability of high quality bulk substrates and ease of wet etching (1-5). After the device 

fabrication, ZnO LEDs degraded in DC characteristics and in electroluminescent intensity within 

days. For ZnO LED, it has proven difficult to obtain strong and reproducible 

electroluminescence due to the difficulties in producing high and stable hole concentration in the 

p-type ZnO layer (6-12). Much efforts have been put on increasing the hole concentration in the p-

type ZnO.   Limited works have been done on unwanted donor impurity diffusing into the ZnO 

during the fabrication and storage, and the p-type characteristics of the ZnO film would 

disappear, leading to the degradation of the ZnO LEDs in electric and electroluminescent 

properties.  For example, hydrogen may play a role in affecting the conductivity of ZnO films.  

Hydrogen is known to be a shallow donor in ZnO(13-37) and has been used to increase 

conductivity in n-type ZnO(16).  In this study, the effects of hydrogen passivation on ZnO LED 

degradation were investigated, which included how to recover the degraded ZnO LEDs and how 

to protect the recovered ZnO LEDs from degradation by hydrogen again. 

1.1.2 Indium Zinc Oxide Thin-Film Transistors 

Flexible electronics is emerging rapidly(38,39). These devices have the advantages such as 

low profile, light weight, small size, and better performance. In displays, thin film transistors 

(TFTs) are used as switching components in the active-matrix over a large area. Currently, liquid 

crystal displays (LCDs) mostly use amorphous Si as the channel in TFTs. However, due to low 
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mobility (<1 cm2/Vs)(40) and high process temperature (350℃)(40), amorphous Si-TFTs are not 

available for high resolution displays fabricated on cheap plastic substrates. Organic TFTs also 

have a very low mobility (< 1 cm2/Vs)(40) and may have reliability concerns(40). Oxide-based 

TFTs have mobility (10~50 cm2/Vs) that is at least 1 order higher (41,42)  than that of amorphous 

Si-TFTs and organic TFTs and can be deposited at room temperature. Because of the high 

electron mobility, oxide-based TFTs are not only available for switching active arrays for high 

resolution displays but also can replace driver-integrated circuits (driver ICs) that usually use 

crystalline silicon transistors. The integration of active arrays and driver ICs can reduce cost and 

provide a more compact display. In addition, oxide-based TFTs have other advantages such as 

room temperature deposition, higher transparency, better smoothness, etc.(43~45). Thus, the oxide-

based TFT based technology has a great potential to be used to realize the roll-to-roll type 

display. If this technology can be realized, it can not only replace the current amorphous Si-TFTs 

for LCDs, but also create new applications on various sets such as heads-up, windshield, 

electronic books or light weight computers thus changing the whole display industry.  

1.1.3 Botulinum Neurotoxin Biosensors 

Biological weapons are particularly attractive tools for terror because biological agents are 

available and easy to manufacture.  Only small amounts of toxins are required to cause large-

scale effects, and such attacks can easily overwhelm existing medical resources. Reliable and 

fast detection of biological agents in the field and in real time has proved to be challenging. 

Clostridium botulinum neurotoxins are among the most deadly toxins and are listed as a 

NIAID—Category A agent for bioterrorism potential. The lethal dose in unvaccinated humans is 

estimated at 1ng/kg(46,47). Conventional methods of detection involve the use of HPLC, mass 

spectrometry and colorimetric ELISAs; but these are impractical because such tests can only be 
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carried out at centralized locations, and are too slow to be used as the real time detection in the 

field(48-60). Another test for botulinum toxin detection is the ‘mouse assay’, which relies on the 

death of mice as an indicator of toxin presence(61). Clearly, such methods are slow and 

impractical in the field. In order to create a botulinum sensor with a fast response and low 

detection limit in field, the AlGaN/GaN high electron mobility transistors (HEMTs) were used. 

AlGaN/GaN HEMTs were successfully used for several medical senensing applications (62-75). 

This is due to a high electron sheet carrier concentration channel induced by both piezoelectric 

polarization and spontaneous polarization. Unlike conventional semiconductor field effect 

transistors, there is no intentional dopant in the AlGaN/GaN HEMT structure.  The electrons in 

the two-dimensional electron gas (2DEG) channel are located at the interface between the 

AlGaN layer and GaN layer and there are positive counter charges at the HEMT surface layer 

induced by the 2DEG.  Slight changes in the ambient can affect the surface charge of the HEMT, 

thus changing the 2DEG concentration in the channel.  Once the gate area of the HEMT sensors 

is immobolized with anti-botulnium antibodies, the sensors can be used to detect the botulinum 

toxin specifically with high sensitivity.   

1.1.4 Perkinsus marinus Biosensors 

Perkinsus species (Perkinsozoa, Alveolata) are the causative agent of perkinsosis in a 

variety of mollusc species. Perkinsus species infections cause widespread mortality in both 

natural and farmed oyster populations, resulting in severe economic loss for the shellfishery, and 

detrimental effects on the environment(76~80). Currently, the standard diagnostic method for 

Perkinsus species infections has been the fluid thioglycollate medium (FTM) assay detection(81). 

However, it takes several days to do the detection. Polymerase chain reaction (PCR)-based 

technique is also used to determine the Perkinsus species but it is more expensive, time-

consuming, and requires exquisite controls to assure specificity and accuracy(82). Clearly, such 

http://www.itis.gov/servlet/SingleRpt/SingleRpt?search_topic=all&search_value=Perkinsus&search_kingdom=every&search_span=exactly_for&categories=All&source=html&search_credRating=All�
http://www.itis.gov/servlet/SingleRpt/SingleRpt?search_topic=all&search_value=Perkinsus&search_kingdom=every&search_span=exactly_for&categories=All&source=html&search_credRating=All�
http://www.itis.gov/servlet/SingleRpt/SingleRpt?search_topic=all&search_value=Perkinsus&search_kingdom=every&search_span=exactly_for&categories=All&source=html&search_credRating=All�
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methods are slow and impractical in the field. Therefore, it is important to develop a fast , cheap, 

and easy-to-used biosensors to detect P. marinus. AlGaN/GaN HEMTs are very suitable for this 

bio-detection because it can fit all these requirements. 

1.2 Study Outlines 

In this dissertation there are three research topics presented. Chapter 1 introduces the 

motivations of these three topics: ZnO LEDs, Indium Zinc Oxide thin-film transistors, and 

AlGaN/GaN HEMT-based biosensors. Chapter 2 talks about the hydrogen effects on the optical 

and electrical properties of ZnO LEDs. It discusses why hydrogen can diffuse into ZnO films and 

act as shallow donors to degrade the ZnO LEDs and how we can eliminate the hydrogen effects 

and protect the ZnO LEDs. Chapter 3 discusses the fabrication and characterization of the 

depletion mode and enhancement mode indium zinc oxide thin-film transistors. DC and RF 

performance were measured to demonstrate the superior performance of these TFTs. Chapter 4 

presents the AlGaN/GaN HEMT-based botulinum neurotoxin biosensor and the Perkinsus 

marinus bacteria biosensor. It shows the response time, detection limit, reproducibility, 

recyclability and reliability. Chapter 5 gives a conclusion about this dissertation. 
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CHAPTER 2 
HYDROGEN EFFECTS ON ZINC OXIDE LIGHT-EMITTING DIODES  

2.1 Background 

ZnO is attracting renewed interest for use in blue/UV light-emitting diodes (LEDs) with 

potential advantages over the III-nitride system due to the higher exciton binding energy, 

availability of high quality bulk substrates and ease of wet etching (1-5). However, it has proven 

difficult to obtain strong and reproducible electroluminescence due to the difficulties in 

producing high and stable hole concentration in the p-type ZnO layer.(6-12) Much attention has 

been paid on how to activate the acceptor dopants in p-type ZnO and it is becoming clearer that  

the unwanted donor impurities, such as hydrogen, may play a role in influencing the conductivity 

of the  p-type ZnO(13-37). 

Hydrogen is known to be a shallow donor in ZnO(13-37) and has been used to increase 

conductivity in n-type ZnO(16).  Two donor activation energy are found, namely ED1 = 35meV 

and ED2= 66meV(20). When considering the thermal energy 25.7meV at room temperature 

(298K), it is obvious that the donor activation of hydrogen is quite low making the hydrogen a 

shallow donor in a ZnO film. It is predicted that interstitial hydrogen (2H or 1H) atoms introduce 

shallow states in ZnO films(14) . Experimental data of its nuonium counterpart from electron 

paramagnetic resonance has proved it(83).  

Hydrogen can be easily incorporated into ZnO during epi-layer growth and device 

fabrication.  Diffusivity and the diffusion activation energy were extracted from experiments 

incorporating  hydrogen (or deuterium) plasma, ion implantation or nuonium counterpart into 

bulk ZnO film(22). The activation energy for deuterium and hydrogen are 0.17eV+/-0.12eV and 

60meV, respectively, which are not very high compared to 1kT (25.7meV) at room temperature 

(298K)(22). It was also reported that the applied external electrical current or field can induce the 
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hydrogen migration in ZnO(84, 85). Since high p-type doping levels in ZnO are difficult to achieve, 

hydrogen may easily compensate the hole concentration in the p-type ZnO and convert it to n-

type.  Although hydrogen atoms can easily diffuse into ZnO films, they also can be driven out of 

the films by thermal annealing at 300-900 °C, as verified by experiments using secondary ion 

mass spectroscopy (SIMS)(22, 23, 84~87). If the p-type ZnO is compensated by hydrogen 

incorporation, a simple thermal annealing may reverse the process of hydrogen incorporation 

through the high diffusivity and the considerably low diffusion activation energy of hydrogen. 

With this approach, a hydrogen-degraded ZnO LED could be recovered. 

Plasma-enhanced chemical vapor-deposited (PECVD) SiNx and SiO2 have been widely 

used for passivating GaAs and InP LEDs and lasers (88). These dielectrics have also been used to 

passivate n-type Li- and Cu- doped ZnO to preserve the surface conductivity (89).  SiNx capped 

ZnO showed a surface channel existing either under vacuum or air ambient. SiO2 capped ZnO 

showed similar results but became unstable at high temperature (89). 

In this work, the effect of hydrogen on the electrical and optical properties of ZnO LEDs is 

investigated.   Hydrogen was intentionally introduced into the LEDs through hydrogen plasma 

treatments, exposure to air, dipping the samples into DI water or diluted H3PO4 solutions.  The 

current-voltage (I-V), light intensity and electroluminescence (EL) of the diodes were measured 

to characterize the effect of the hydrogen treatments. Moreover, we have also investigated the 

passivation effects of PECVD SiO2 and SiNx on ZnO-based heterojunction p-i-n LEDs. The 

diode current-voltage (I-V), electroluminescence (EL), and intensity-current (L-I) of the diodes 

were measured to characterize the passivation effects on ZnO LEDs.  Fourier transfer infrared 

(FTIR) spectroscopy was used to identify hydrogen incorporation in the dielectric film during the 

dielectric depositions and after post deposition annealing. 
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2.2 Hydrogen Effects on the Optical and Electrical Properties of ZnO Light-Emitting 
Diodes 

2.2.1 Experimental 

The LED structure consisted of 250 nm of P doped ZnO, 40 nm of i-Zn0.9 =Mg0.1O, 40 nm 

of i-ZnO, 40 nm of i-Zn0.9 =Mg0.1O, and 450 nm of Ga doped ZnO.  The epitaxial films were 

grown on c-plane sapphire substrates by pulsed laser deposition (PLD) at a substrate temperature 

of 700 °C.  Ga and P were used as the n- and p-type dopants, respectively.  Prior to LED 

epitaxial film deposition, an undoped ZnO buffer layer was deposited on the sapphire at 400ºC 

and a pressure of 20 mTorr as a nucleation layer.  This buffer layer was annealed at 650 °C.  The 

LED epitaxial films were grown in an oxygen partial pressure of 150 mTorr. Phosphorus-doped 

ZnO targets were fabricated using high purity (99.99955 %) ZnO mixed with P2O5(99.998 %) as 

the doping agent and the phosphorus doping levels was 0.5 at. %.  Gallium-doped ZnO targets 

were fabricated with high purity (99.99955 %) ZnO mixed with Ga(99.998 %) as the doping 

agent and the gallium doping level was 1 at. %.  The carrier concentration in the P and Ga doped 

ZnO layers were approximately 1 × 1017 cm-3 and 5 × 1019 cm-3, respectively, based on single 

layer Hall measurements. All targets were sintered at 1000°C for 12 hours in air.  The targets 

were ablated with a KrF excimer laser with the laser frequency of 1 Hz and energy density of 

approximately 1.5 J/cm2. 

Prior to the LED fabrication, the ZnO multilayered structures were annealed in a rapid 

thermal annealing (RTA) system at 850 °C for 1 min under an oxygen ambient to activate p-type 

dopant (88).  The carrier concentration and the mobility of holes were 1 ×1017 cm-3 and 1 cm2/V-

sec, respectively.  The LED fabrication started with device isolation and followed by p-mesa 

definition using dilute phosphoric acid solution.  Electron beam deposited Ni (20nm)/Au (80nm) 

and Ti (20nm)/Au(80nm) were used as the p- and n-Ohmic metallization. A schematic of the 
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LED diode is shown in Figure 2-1. The diode current-voltage (I-V) characteristics were 

measured at 300K using a probe station and Agilent 4145B parameter analyzer. The electro-

luminescence (EL) spectra and output power were measured using a spectrometer and Si 

photodiode, respectively. 

2.2.2 Results and Discussions 

As mentioned in the previous paragraph, the p-ZnO epitaxial films converted to p-type 

conductivity after the post-growth RTA procedure at 850 °C, which was confirmed with Hall 

measurements.  However, after the LED diodes were fabricated, the top p-ZnO layer became 

much more conductive, as seen in Figure 2-2 which shows the I-V characteristics measured from 

a transmission line pattern across a gap of 16 µm.   The conductivity of the n-ZnO was consistent 

with the 5.1× 1019 cm-3 doping level in the n-layer.  However, the conductivity of p-ZnO was 

much higher than the intentional doping of 1.1 × 1017 cm-3.   The conductivity of the p-ZnO 

decreased significantly after annealing at 350 °C under an O2 ambient for 90 seconds and further 

reduced to the range of a typical p-ZnO single epitaxial film for another 5 minutes annealing at 

350 °C.   There was only a slight decrease of the conductivity for the bottom n-ZnO layer after 5 

min annealing. 

The diode I-V characteristics and the EL intensity of the diode also showed significant 

differences before and after annealing at 350 °C for 5 minutes under an O2 ambient, as shown in 

Figure 2-3.  For the as-fabricated diode, the I-V curve was linear. There was no diode rectifying 

characteristic observed and no light emission either.  It appeared that there was no p-n junction 

existing in the diode structure as the I-V showed Ohmic-like characteristics. After the diode was 

annealed at 350 °C for 5 mins, electroluminescence emission was detected and the diode I-V also 

showed rectifying characteristics.   Apparently, the surface and mesa sidewalls of the top P-
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doped ZnO layer of the LED was converted to n-type during the diode fabrication and the 350 °C 

annealing restored the p-type of the P-doped ZnO layer. 

The phosphorus dopant has been suggested to have an amphoteric doping behavior in ZnO.  

All as-grown samples have n-type conductivity,(7) and a high temperature (850 °C) post 

annealing causes a carrier type conversion for the P-doped ZnO film into p-type material (88,90).  

However, the 350 °C annealing used in our experiment to restore the diode characteristics was 

too low to cause activation of the P acceptor state as suggested for the high temperature 

annealing conditions.  One of the possibilities of the cause of p-type ZnO converting to n-type 

during the fabrication and restoring with low temperature annealing was hydrogen incorporation 

at or near the surface.  Hydrogen was reported as a shallow donor in ZnO and the unintentional 

doping level of the hydrogen was around 6 × 1016 cm-3 (20).  The hydrogen can be easily 

incorporated into the ZnO epi-layers during the diode fabrication.  The n-type doping level of the 

Ga-doped layer in the LED was 5.1× 1019 cm-3.  The conductivity of this n-ZnO would not be 

affected by moderate hydrogen incorporation or the 350 °C annealing, as shown in Figure 2-2.  

The p-type doping of the LED was 1× 1017 cm-3, which could be easily compensated by the 

hydrogen either in the bulk or in the near-surface region of the film.  Thus the 350 °C anneal 

would have significant impact on the diode characteristics through compensation of the acceptors 

in the p-ZnO. 

In order to confirm the effects of hydrogen on the LED,  a deuterium plasma was 

performed to treat on the LED samples.  The plasma treatment was conducted in a Plasma Therm 

790 plasma enhanced chemical vapor deposition system with 30W of rf (13.56 MHz) power at a 

pressure of 900 mTorr. The substrate temperature was held at 100 °C for 75 minutes. The diode 

I-V characteristics and light emission before and after the plasma treatment are shown in Figure 
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2-4.  Although the diode characteristics did not become fully Ohmic, they displayed significantly 

higher leakage currents under reverse bias.  The diode turn-on voltage was less than 0.3V and the 

diode EL intensity almost disappeared completely.  The increase of leakage current in the reverse 

bias and the reduction of turn-on voltage indicated that the p-type carrier concentration had been 

compensated by the deuterium. 

Hydrogen may also be introduced from other common process steps, such as wet chemical 

etching or simple DI water rinse. Figure 2-5 A) shows the I-V characteristics for the diodes 

exposed to air for 96 hours after fabrication, dipped in DI water for 3.5 hours or exposed to 

H3PO4 solution (H3PO4 : H2O  = 1 : 4000 ) for 30 sec.  The diode characteristics in the forward 

bias region only changed slightly. However, the reverse leakage current increased noticeably 

after the treatments, which was also reflected in the diode EL intensity, as shown in Figure 2-5 

B).  There was 10-15% reduction of the EL for the diode exposed to air for 96 hours, 60% 

reduction for the diode dipped in DI water for 3.5 hours and 80% reduction for the diode expose 

to the H3PO4 solution for 30 sec.  With an annealing at 350 °C for 5 min, the diode EL intensity 

and I-V at reverse bias recovered for all the treated diodes.  This indicates that the hydrogen 

compensation effect is recoverable and that it is important to identify how to passivate the ZnO 

diode from degradation. 

Figure 2-6 shows the EL spectrum measured in the range from 350nm to 1050nm at 263 K 

for the annealed device and the device given the H3PO4 solution treatment. For the annealed 

device, a peak at 385nm resulting from band-edge emission was observed. There was another 

broad band peak ranging from around 500nm to 1000nm with the highest intensity at 930nm, 

which is usually ascribed to point defects in ZnO (89). It has been reported that metal/ZnO 

Schottky diodes exhibit the infra-red (IR) emission from defects, impurity centers or the 
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transition of hot carrier between states in the conduction band (89). The band-edge emission of the 

H3PO4 solution treated sample disappeared.  It is very important to eliminate hydrogen 

compensation effect to achieve band-edge emission in injection LEDs in the ZnO system. 

2.2.3 Summary 

In conclusion, hydrogen is a shallow donor which can degrade ZnO p-n diodes in terms of 

both electrical and optical performance. Deuterium plasma exposure was used to verify the 

hydrogen compensation effect on ZnO p-n diode characteristics. Moisture, water, and H3PO4 

solution can also introduce the hydrogen and degrade diodes. Eliminating the hydrogen 

compensation effect is necessary to achieve band-edge emission.  Non-hydrogen containing 

passivation layers will be needed for the ZnO based p-n diode.  

 

 

Figure 2-1.  Schematic of ZnO p-n light-emitting diode. 



 

23 

 
 
Figure 2-2.  I-V characteristics for n-type and p-type Ohmic contacts with and without thermal 

annealing at 350°C under an O2 ambient. 

 
 
Figure 2-3. I-V characteristics and electroluminescence intensity from a diode before and after 

thermal annealing at 350°C for 5 minutes under an O2 ambient. 
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Figure 2-4.  I-V characteristics and Electroluminescence of an annealed diode before and after 
D2 plasma treatment. 

A) 
 
Figure 2-5. Characteristics of an annealed diode, which was treated in air, water, and diluted 

phosphoric acid solution. A) I-V characteristics and B) Electroluminescence intensity  
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B) 
 
Figure 2-5.  Continued 
 
 

 
 
Figure 2-6.  Electroluminescence spectrum of an annealed diode with and without diluted 

phosphoric acid treatment. 
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2.3 Dielectric Passivation Effects on Zinc Oxide Light-Emitting Diodes 

2.3.1 Experimental 

The dielectric passivation effects on ZnO LEDs were studied through PECVD SiO2 and 

SiNx. The LED structure consisted of 250 nm of phosphorus (P) doped ZnO, 40 nm of Zn0.9-

Mg0.1O, 40 nm of i-ZnO, 40 nm of Zn0.9Mg0.1O, and 450 nm of gallium (Ga) doped ZnO.  The 

epitaxial films were grown on c-plane sapphire substrates by pulsed laser deposition at a 

substrate temperature of 700 °C.  Ga and P were used as the n- and p-type dopants, respectively.  

Prior to LED epitaxial film deposition, an undoped ZnO buffer layer was deposited on the 

sapphire at 400ºC as a nucleation layer.  This layer was annealed at 650 °C.  The epitaxial films 

were grown in an oxygen partial pressure of 150 mTorr.  P-doped ZnO targets were fabricated 

using high purity (99.99955 %) ZnO mixed with P2O5 (99.998 %) as the doping agent and the P 

doping level was 0.5 at.%.  Ga-doped ZnO targets were fabricated with high purity (99.99955 %) 

ZnO mixed with Ga(99.998 %) as the doping agent and the Ga doping level was 1 at.%.  The 

carrier concentration in the P and Ga doped ZnO layers were 1 × 1017 cm-3 and 5 × 1019 cm-3, 

respectively, based on single layer Hall measurements.  The targets were ablated with a KrF 

excimer laser with frequency of 1 Hz and energy density of approximately 1.5 J/cm2. 

Prior to the LED fabrication, the ZnO structures were annealed in a rapid thermal 

annealing (RTA) system at 850 °C for 1 min under oxygen ambient to activate the p-type 

dopants (90).  The carrier concentration and the mobility of holes were ~1017 cm-3 and 1 cm2/V-

sec, respectively.  The LED fabrication started with device isolation and followed by p-mesa 

definition using dilute phosphoric acid solution. The PECVD-SiO2 and SiNx of 300 nm were 

then deposited at 260 °C after mesa formation.  Photoresist was used as the mask for ohmic 

metal contact window opening on SiO2 or SiNx. Electron beam deposited Ni (20nm)/Au (80nm) 

and Ti (20nm)/Au(80nm) were used as the p- and n-Ohmic metallization, respectively.  Figure 2-
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7 shows a schematic of the LED A) and optical microscope plan view B).  The diode I-V 

characteristics were measured at 300K using a probe station and Agilent 4145B parameter 

analyzer. The electro-luminescence (EL) and L-I curves were measured with a Si photodiode.  

The EL spectrum was measured with a Princeton Instrument CCD.  FTIR spectroscopy was also 

used to identify the hydrogen incorporation in the dielectric film. 

2.3.2 Results and Discussions 

The phosphorus dopant has been suggested to have an amphoteric doping behavior in 

ZnO.  All as-grown samples have n-type conductivity and a high temperature (850 °C) post 

annealing causes carrier type conversion for the P-doped ZnO film into p-type material(7).  

However, after the LEDs had been fabricated, there were no diode characteristics or light 

emission observed.  It has been reported that annealing at 350 °C under an O2 ambient restores 

the diode characteristics and light emission(93).  Nevertheless, the 350 °C annealing used to 

restore the diode characteristics was too low to cause activation of the P acceptor state as 

suggested for the high temperature annealing conditions.  One of the possibilities of the cause of 

p-type ZnO converting to n-type during the fabrication and restoring with low temperature 

annealing was hydrogen incorporation at or near the surface of the ZnO.  The n-type doping level 

of the Ga-doped layer was 5.1× 1019 cm-3 and hydrogen had less impact on the n-type 

conductivity.  The p-type doping in the LED was 1017 cm-3, which could be easily compensated 

by the hydrogen either in the bulk or in the near-surface region of the film.  Although hydrogen 

atoms can easily diffuse into ZnO films, they also can be driven out of the films by thermal 

annealing at 300-900 °C (22~24).  Thus the 350 °C anneal would have significant impact on the 

diode characteristics through compensation of the acceptors in the p-ZnO. 

Figure 2-8 A) shows the I-V characteristics and an insert of L-I curves of PECVD SiO2 

passivated LED before and after annealing at 350 °C for 5 minutes under an O2 ambient.  There 
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were no diode rectifying characteristics and no light emission for the as- fabricated LEDs. The 

diode characteristics and the EL intensity appear after the 350 °C annealing.  Figure 2-8 B) 

shows the EL spectrum at 263 K for the annealed SiO2 passivated LED.  A peak at 385nm 

resulting from band-edge emission was observed and there was another broad band peak ranging 

from around 500nm to 1000nm with the highest intensity at 930nm, which is usually ascribed to 

point defects in ZnO. 

The annealed PECVD SiNx passivated LED exhibited very different I-V and L-I 

characteristics as shown in Figure 2-9 A). There was no light emission observed either before or 

after the thermal annealing and the LED showed very leaky diode characteristics after annealing.   

We used CF4 plasma to remove the SiNx passivation layer and there was still no light emission.  

Instead, the diode leakage current increased as shown in Figure 2-9 B). After annealing at 350 °C 

for 5 minutes under O2 ambient, the diode characteristics and the EL intensity appeared.  The 

precursors for the deposition of SiNx (SiH4, N2, and NH3) and SiO2 (SiH4 and N2O) dielectric 

films provide plenty of hydrogen to diffuse into ZnO and compensate the p-dopants.  It is not 

surprising that no diode characteristics or light emission was observed for as-fabricated LEDs.  

For the annealed LEDs, the difference of IV characteristics and LI curves between SiO2 and SiNx 

passivated LEDs may result from residual hydrogen in the dielectric. To confirm this, we 

measured the FTIR spectra for unpassivated, SiO2 passivated, and SiNx passivated LEDs. All 

these samples were annealed at 350 °C for 5 minutes under an O2 ambient before the FTIR 

measurements.  Figure 2-10 shows that the SiNx passivated LED has a significant concentration 

of hydrogen left, with absorption peaks at N-H(~3358cm-1) and Si-H (~2183cm-1) bonds, 

whereas no hydrogen bonding signals were detected either for unpassivated or SiO2 passivated 

LEDs. The detected H2O and CO2 peaks are commonly observed as surface contamination.  
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These results explain why the unpassivated and SiO2 passivated LEDs showed diode rectifying 

characteristics and light emission after the thermal annealing whereas not for the SiNx- 

passivated LEDs. 

2.3.3 Summary 

In conclusion, due to the high residual hydrogen concentration in SiNx films, post-LED- 

fabrication thermal annealing could not activate the diodes unless the SiNx was removed. SiO2 

has lower residual hydrogen and a simple post-diode-fabrication anneal was enough to activate 

the diode characteristics. 

A) 

B) 

Figure 2-7.  Graph of a ZnO based heterojunction LED. A) Schematic of the LED. B) Optical 
microscope plan view of the LED. 
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A) 

B) 

Figure 2-8.  I-V and light emission from a SiO2 passivated ZnO LED. A) I-V characteristics and 
L-I curves of the SiO2 passivated LED before and after thermal annealing at 350°C 
for 5 minutes under an O2 ambient.  B) EL spectrum of the annealed SiO2 passivated 
LED. 
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A) 

B) 

Figure 2-9.  I-V and light emission from a SiNx  passivated ZnO LED. A) I-V characteristics and 
L-I curves of a SiNx passivated LED before and after thermal annealing at 350°C for 
5 minutes under an O2 ambient.  B) I-V characteristics and L-I curves of a SiNx 
passivated LED after SiNx removal before and after thermal annealing at 350°C for 5 
minutes under an O2 ambient. 
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Figure 2-10.  FTIR spectra of the unpassivated, SiNx passivated, and SiO2 passivated LED. 
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CHAPTER 3 
ROOM TEMPERATURE DEPOSITED DEPLETION MODE AND ENHANCEMENT MODE 

INDIUM ZINC OXIDE THIN FILM TRANSISTORS 

3.1 Background 

Transparent conductive oxides (TCOs) were applied in many areas, such as the transparent 

electrodes used in liquid crystal displays, solar cells, and light emitting diodes because of their 

high electrical conductivity and high optical transparency(94~96). Oxide-based thin film transistors 

attract much attention due to their advantages such as high mobility, high electrical conductivity, 

and high visible transmittance(97~100). Amorphous or nano-crystalline n-type oxide 

semiconductors such as zinc oxide, zinc tin oxide, indium gallium oxide, and indium gallium 

zinc tin oxide demonstrate surprisingly high carrier mobilities (~10 cm2 /Vs)  even for 

amorphous films deposited at room temperature (100-117). Many transparent thin film transistors 

(TTFTs) were reported using crystalline ZnO(118,119), or polycrystalline SnO2
(120), and In2O3

(121). 

However, to realize the  transparent thin film transistor for flexible electronics, amorphous films 

are more suitable than crystalline type, because amorphous type oxide films have extra 

advantages such as low temperature deposition, good film smoothness, low compressive stress, 

and large area deposition by sputtering(43~45). An amorphous conductive oxide, InZnO (IZO), 

with a high carrier mobility (10~50 cm2/Vs)(41,42), was proved a promising TCO due to its good 

electrical properties and thermal stability.  

An amorphous or polycrystalline Si:H layer as the channel have been commonly used for 

most conventional TFTs in display applications. The standard Si-based TFTs have drawbacks 

such as light sensitivity, light-induced degradation and low field effect mobility (<1 cm2/Vs)(40). 

Therefore, Si:H TFT devices reduce the efficiency of light transmittance and brightness. Besides, 

both amorphous and polycrystalline Si:H TFTs require relatively high process temperatures 

(350℃ and 450℃, respectively)(40) making it difficult to fabricate these TFTs on plastics. One of 
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the methods to increase the efficiency and avoid high temperature is to use amorphous 

transparent oxides for the channels and electrodes, and fabricate TFTs at room temperature. 

Table 3-1 shows the major differences among amorphous IZO (α-IZO ), amorphous Si (α-Si ), 

and polycrystalline Si. Obviously, α-IZO has the advantages of high field effect mobility, high 

transparency, room temperature compatible processing, large area deposition by sputtering, 

plastics substrate available, and is a cheaper process(40). 

TCOs are composed of post-transition metal oxides with outer major quantum number n ≧ 

4(39,41). These TCOs exhibit n-type carriers(122,123). Oxygen vacancies dominate the carrier 

concentration in these TCO films. For these TCOs, the mobility is high even in the amorphous 

film and close to that of polycrystalline film. It is very different fromα-Si, which has an 

extremely low mobility (<1 cm2/Vs)(40) in amorphous type comparing to the several orders 

higher mobility in polycrystalline (30~300 cm2/Vs)(40) or in crystalline (>1000 cm2/Vs)(40). Table 

2 shows that some commonly used TCOs have this feature. Although there is more than one 

mechanism explaining the conduction behavior for these TCOs, the most widely accepted theory 

of carrier transport is the ns orbitals overlapping of these transition metal atoms(122,123). It was 

found only when the ns orbital overlap integral of the atomic metal wavefunction was large than 

0.4, then the metal oxide can be conductive(122,123). Although the study was based on the 

calculation of the crystalline metal oxide, it is still valid for amorphous films according to the 

observation from experimental measurements.  Equation 3-1 describes the ns orbital’s overlap 

integral. 

dVS ji χχ ⋅= ∫          (3-1)       

where iχ  and jχ  are Slater’s atomic wavefunctions. Figure 3-1 shows the calculation results of 
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the ns orbital overlap integral for various metal oxides(122,123). Below the value 0.4, metal oxides 

are very insulated while others are conductive with the value above 0.4. From table 3-2, it is very 

significant that carrier mobilities for those conductive oxides are not too much different between 

crystalline and amorphous films. 

Among various conductive oxides, the IZO system exhibits many advantages such as high 

field effect mobility, high transparency, room temperature compatible process, large area 

deposition by sputtering, plastic substrates available, and is a cheaper process for transparent 

TFTs(99,41,42,124,125). Other conductive oxides may not fit all the requirements for the flexible 

transparent TFTs. The first requirement is the film has to be transparent in visible region which 

means the bandgap Eg > 3 eV. CdO-PbO and AgSbO3 systems have a bandgap smaller than this 

requirement(126,127). The second requirement is the film must be amorphous and conductive as 

deposited in room temperature. CdO-CeO2 is very resistive (resistivity ~1x104 ohm-cm)(128) as 

deposited if no dopants are added in. In addition, Cd2+ ions are toxic against the environment(122). 

Amorphous In2O3 looks like a good candidate, however, when the oxygen ratio increases a little 

bit, it becomes polycrystalline(123,129). ZnO is always polycrystalline as deposited(125). In2O3-ZnO 

systems have a wide range of amorphous materials in In/Zn ratio and various oxygen partial 

pressure (130,122). Note that the change in oxygen ratio is very important because the carrier 

concentration can be adjusted by controlling the oxygen partial pressure or the O2/Ar ratio. α-

IZO has a considerable high mobility (10~50 cm2/Vs)(41,125,40) as deposited at room temperature 

which is at least one order higher than amorphous Si(40). Ga2O3-ZnO (GZO) system has a little 

bit lower mobility than IZO(125). GaInZnO (GIZO) also has a little bit lower mobility compared 

to IZO(122). The last candidate is ITO, which is widely used as electrodes in LEDs, solar cells and 

LCDs(131~133). Compared to ITO, IZO has a higher work function(101,134,135), higher transmittance 
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in the infrared region(136), and lower In concentration than ITO(134). A higher In concentration 

means higher price(134). Accordingly, the IZO is selected to fabricate the TFTs in this research. 

Table 3-1.  Comparisons of materials for TFT used in display applications. 

 α-IZO α-Si Poly-Si Organics 

Field Effect Mobility 

(cm
2
/V-s) 10~50 0.5 ~ 1 30~300 0.1 

Process Temperature (
℃) RT ~350 450 <150 

Transparency (%) >80 <20 <20 >80 

Substrate Glass/ Plastics Glass Quartz Glass/Plastics 

RT : room temperature, α-IZO : amorphous indium Zinc oxide, α-Si : amorphous Si, Poly-S : 
Polycrystalline Si 
 

 

Figure 3-1.  Wavefunction overlap integral of ns orbitals for various metal oxides. (123) 
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Table 3-2.  Comparisons of various conductive oxides. 

Materials Structure 
Hall 

Mobility 
(cm2/V-s) 

Bandgap 
(eV) 

Resistivity 
(Ω-cm) 

Carrier 
Conc. 
(cm-3) 

Temp. (
℃) Reference 

In2O3 Amorph. 51 3.75 3x10-4 4.1x1020 RT 123,129 

In2O3 Poly. 150  4x10-4 1x1020 200 129 

SnO2 Poly. 20.77 3.9~4.6 4.5x10-3 8.9x1019 150 137,138 

ITO Amorph. 27, 41 4.4 4.5~8x10-4 5x1020 RT 139,140 

ITO Poly. 16, 53 4.3 5.46x10-4 7.1x1020 RT/250 140 

ZnO Poly. 20 3.07~3.17 15.6 2x1016 RT 125 

GaZnO Amorph. 10 3.5~3.58 3x10-4 2x1021 RT 125 

GaZnO Single 
Cryst. 15~66 3.28 1.69x10-3 4x1019 900 141 

InZnO Amorph. 10~50 3.76~3.88 10-4~10-3 1021 RT 42,125 

InZnO Poly. 15~40  10-4~10-3 4~6x1020 500 41 

InGaO3(ZnO) Amorph. 21 3 3.85x10-3 7.7x1019 RT 122,123 

2CdO-PbO2 Amorph. 9 1.85 5.7x10-3 1x1020 RT 126 

AgSbO3 Amorph. 6.7 2.3 3.45 2.7x1017 500 127 

AbSbO3 Poly. 7.5  0.29 2.9x1018 675 127 

2CdO-CeO2 Amorph. 10~12 3.4 4.76x10-3 1x1020  128 

RT : room temperature, Temp. : temperature, Amorph : amorphous, Poly. : polycrystalline, 
Cryst. : crystal., ITO : indium tin oxide,  
 

3.2 Depletion Mode Indium Zinc Oxide Thin-Film Transistors 

3.2.1 Experimental 

The films were deposited on glass substrates (Corning EAGLE 2000) near room 

temperature by rf magnetron sputtering using 4 inch diameter targets of In2O3 and ZnO. The 

temperature at the substrate surface was ~ 40 °C after the a-IZO deposition, as determined from 



 

38 

temperature indicators attached to reference glass substrates. The working pressure was varied 

from 2-15 mTorr in a mixed ambient of O2/Ar.The percentage of O2 in the mixture was varied 

from 0-3%. At a percentage of 2.5 %, the film was obtained with carrier concentration of ~1018 

cm-3 and electron mobility of 17 cm2.V-1.s-1 from Hall measurements. The partial pressure of 

oxygen during the sputter deposition was found to be the dominant factor controlling the 

conductivity of the films. The sputtering power on the targets was held constant at 125W, 

leading to compositions of the films measured by x-ray fluorescence spectroscopy of In/Zn=0.5 

in atomic ratio. The typical thickness of the IZO films deposited was 150 nm, with a root mean 

square roughness of 0.4 nm measured over a 10x10 μm2 area by Atomic Force Microscopy. The 

films were amorphous as determined by x-ray diffraction and showed optical transmittance of 

~80% in the visible range. 

Top-gate-type TFTs using a-IZO channels and 50 or 95-nm-thick SiO2 gate insulators 

deposited by plasma enhanced chemical vapor deposition were fabricated as shown 

schematically in Figure 3-2 A). The SiO2 layers were also deposited without heating the 

substrates, making the entire process consistent with typical continuous-use temperatures of 

commercial plastic films for electronic devices. Figure 3-2 B) also shows a plan-view optical 

micrograph of a TFT with a channel length (L) of 36 µm and a channel width (W) of 100  µm. 

The TFT structure was defined using photolithography and lift-off processes. The drain and 

source electrodes were formed with electron-beam evaporated Ti (2 nm)/Au (80 nm), which were 

defined by lithography on the a-IGZO films. Separate measurements of the specific contact 

resistance from linear transmission line measurements showed values of 8 x10-5 Ω.cm2 for these 

contacts without any annealing. The dc characteristics of the transistors were obtained using an 

Agilent 4145B parameter analyzer. 
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3.2.2 Results and Discussions 

Figure 3-3 shows IDS-VDS characteristics from IZO transistors with 50 nm thick SiO2 gate 

dielectric. The transistor operates in depletion-mode with an appreciable drain current at zero 

gate voltage and exhibits excellent drain current saturation. Note that the curves do not show any 

evidence of decreasing separation between ID curves at larger currents. Such effects are 

commonly observed in oxide TFTs (99) and are attributed to either an electron injection barrier at 

the source contact or to mobility degradation due to interface roughness scattering as channel 

electrons are brought into closer proximity to the IZO/SiO2 interface. 

Figure 3-4 shows IDS and gm as a function of VGS for a device with 50 nm SiO2 gate. The 

sub-threshold voltage swing was 1.9 V/decade and the device had a threshold voltage of -6.5V. 

The latter is the gate voltage at the onset of the initial sharp increase in current in a log(ID)-VGS 

characteristic. The drain current on-to-off ratio was ~105. These results are competitive with past 

results on TFTs using room temperature sputter deposited amorphous InGaZnO4 as the channel 

material (43). The field-effect mobility was extracted from the ideal metal–oxide–semiconductor 

field effect transistor equation (43). A value of ~4.5 cm2.V-1.s-1 was obtained, lower than the Hall 

mobility of ~17 cm2.V-1.s-1 in the same layers. This is commonly observed in TFTs and suggests 

there is significant scattering of carriers by trapped charges at the IZO/SiO2 interface. A detailed 

discussion of the physical interpretations of mobility data extracted from oxide TFTs has been 

published previously (142). The extrinsic  transconductance was 0.55 mS/mm. 

The gate I-V characteristics from devices with two different gate dielectric thicknesses are 

shown in Figure 3-5. The leakage current is very small, in the 10-10A range, for both gate 

thicknesses and demonstrates that the low temperature deposition process produces acceptable 

quality SiO2 for TFT applications. The threshold voltage was decreased to -5.5V for the thicker 
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dielectric and the slope of the sub-threshold voltage swing was 0.87V/decade for the 95 nm thick 

dielectric. 

3.2.3 Summary 

In conclusion, IZO layers deposited at room temperature by sputtering is found to be a 

promising high mobility, n-type transparent TFT channel material. The IZO is amorphous under 

these conditions with excellent morphology and the TFTs operate in depletion mode with 

excellent on/off ratio. The low processing temperature suggests that IZO TFTs are promising for 

transparent or flexible electronics applications.  

A) 

B) 

Figure 3-2.  A depletion mode IZO TFT with SiO2 gate dielectric. A) Schematic of the IZO TFT. 
B) SEM plan view of completed device. 
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Figure 3-3.  IDS-VDS characteristics at 0V gate bias from IZO transistors with 50 nm thick SiO2 
gate dielectric. 

 

Figure 3-4.  IDS and gm as a function of VGS for a device with 50 nm SiO2 gate (the inset shows 
the data in log-linear form). 
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Figure 3-5.  IG-VG for devices with two different SiO2 gate dielectric thicknesses. 

3.3 RF Characteristics of Small Gate Dimension of Depletion Mode Indium Zinc Oxide 
Thin-Film Transistors 

3.3.1 Experimental 

The films were deposited on glass substrates (Corning EAGLE 2000) near room 

temperature by rf magnetron sputtering using 4 inch diameter targets of In2O3 and ZnO. The 

temperature at the substrate surface was ~ 40 °C after the a-IZO deposition, as determined from 

temperature indicators attached to reference glass substrates. The working pressure was varied 

from 2-15 mTorr in a mixed ambient of O2/Ar.The percentage of O2 in the mixture was varied 

from 0-3%. At a percentage of 2.5 %,we obtained films with carrier concentration of ~1018 cm-3 

and electron mobility of 17 cm2.V-1.s-1 obtained from Hall measurements. The partial pressure of 

oxygen during the sputter deposition was found to be the dominant factor controlling the 

conductivity of the films. The sputtering power on the targets was held constant at 125W, 
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leading to compositions of the films measured by x-ray fluorescence spectroscopy of In/Zn=0.5 

in atomic ratio. The typical thickness of the IZO films deposited was 150 nm, with a root mean 

square roughness of 0.4 nm measured over a 10×10 μm2 area by Atomic Force Microscopy. The 

films were amorphous as determined by x-ray diffraction and showed optical transmittance of 

~80% in the visible range. 

Top-gate type TFTs using 50 nm of α-IZO channels and 12.5 nm-thick SiNx gate 

insulators deposited by plasma enhanced chemical vapor deposit ion (PECVD) were fabricated 

as shown schematically in Figure 3-6 A). The SiNx layer was also deposited without heating the 

substrates, making the entire process consistent with typical continuous-use temperatures of 

commercial plastic films for electronic devices. In addition, the SiNX gate dielectric provided 

superior stability of device performance relative to SiO2 deposited under the same conditions(143). 

Figure 3-6 B) also shows a plan-view optical micrograph of a double finger TFT with a gate 

dimension of 1 µm × 200  µm. The gate to source and drain distance are 0.5 µm and 1.0 µm, 

respectively.   The TFT structure was defined using photolithography and lift-off processes. The 

drain and source electrodes were formed with electron-beam evaporated Ti (20 nm)/Au (80 nm), 

which were defined by lithography on the α-IZO films. The Ti/Au metallization was also used as 

the final metal contact.  Linear transmission line patterns were also fabricated on the same 

substrates.  Specific contact resistance and sheet resistance from the linear transmission line 

measurements were 7 × 10-5 Ω.cm2 and 0.9 MΩ/sq, respectively. The dc characteristics of the 

transistors were obtained using an Agilent 4145B parameter analyzer and the rf measurements 

were conducted with an Agilent 8510 network analyzer. 
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3.3.2 Results and Discussions 

Figure 3-7 shows typical drain current versus drain voltage, IDS-VDS, characteristics from 

the IZO transistors. The transistor operates in depletion-mode with an appreciable drain current 

of 2 mA/mm at zero gate voltage.  Figure 3-8 A) shows drain current, IDS, and transconductance, 

gm, as a function of VGS for an IZO TFT. A maximum transconductance of 7.5 mS/mm was 

obtained at Vds=3V and Vg=0V and this is the highest transconductance ever reported for IZO 

based TFTs(143,16,17).  The transistor has a threshold voltage of -2.5V, which is the gate voltage at 

the onset of the initial sharp increase in current in a log(ID)-VGS characteristic. The field-effect 

mobility was extracted from the ideal metal–oxide–semiconductor field effect transistor equation 

in the saturation region(43). A value of 14.5 cm2.V-1.s-1 was obtained, only slightly lower than the 

Hall mobility of ~17 cm2.V-1.s-1 in the thicker film of the same layers. This reduced value of field 

mobility relative to Hall mobility is commonly observed in TFTs and suggests that there is some 

scattering of carriers by trapped charges at the IZO/SiNx interface. A detailed discussion of the 

physical interpretations of the various types of mobilities extracted from oxide TFTs has been 

published previously in an IGO based TFT paper(142).  The drain and gate current are also plot in 

logarithmic scale verses gate voltage, as shown in Figure 3-8 B).  The gate leakage current is 2 × 

10-10 A and the drain current on-to-off ratio is >105. 

The measured s-parameters, estimated h21 and unilateral power gain of a typical IZO TFT 

are illustrated in Figure 3-9.  The TFT was biased at drain and gate voltage of 3V and 0V, 

respectively during the s-parameter measurements.  Unity gain cut-off frequency and maximum 

frequency of oscillation of 180 and 155 MHz, respectively, were achieved.  A simplified 

equivalent T-model for the IZO TFT, as shown in Figure 3-10, was used to extract the device 

parameters.  The extracted device parameters are listed in Table 3-3.  The extracted source and 
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drain resistance were consistent with the estimated resistance based on the transmission line 

measurements and drain I-V characteristics.  The simulated intrinsic transconductance was very 

close to the measured extrinsic transconductance. The low cut-off frequency of the IZO was 

limited by the fairly long transit time, 16 ps, low transconductance, and high parasitic 

resistances, which were resulted from low mobility and saturation velocity of the α-IZO channel 

layer.   However, this MHz range switching performance is sufficient for many display 

applications. 

3.3.3 Summary 

In conclusion, dc and rf characteristics of small gate length IZO TFTs were measured.  A 

T-model was used to extract the device parasitic parameters. This is the first report of rf 

performance for IZO TFTs.  The transistor showed good dc performance.  An extrinsic 

transconductance of 7.5 mS/mm was achieved, which is the highest ever reported.  The IZO thin 

film deposition and transistor fabrication were performed at room temperature, which makes this 

technology suitable for applications on flexible organic substrates. 

A) 

Figure 3-6.  An depletion mode IZO TFT with SiNx gate dielectric A)  Schematic of the TFT. B) 
optical  microscopy plan view of the TFT. 
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B) 

Figure 3-6.  Continued 
 

 

Figure 3-7.  Ids-Vds characteristics of a typical depletion mode IZO TFT with gate-dimension of 1 
µm × 200µm.  
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A) 

B) 

Figure 3-8.  DC characteristics of a typical depletion mode IZO TFT. A) Ids and gm as a function 
of Vgs at Vds=3V. B) The logarithmic scale of Ids and Ig verses Vg of the same device. 
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A) 

B) 

Figure 3-9.  RF characteristics of a depletion mode IZO TFT. A) Measured s-parameters of a 1 
µm × 200 µm gate-dimension of a depletion mode IZO TFT biased at Vds = 3 V and 
Vgs = 0 V. B) Calculated h21 and unilateral power gain based on measured s-
parameters. 
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Figure 3-10.  A simplified equivalent circuit of IZO TFT. 

Table 3-3.  Extracted device parasitic parameters using a T-model. 
Parameters Value 

gm (mS) 1.4 
Cgs (pF) 0.26 
Rds (Ω) 270 
Cds (pF) 0.01 
Cdg (pF) 0.11 
Rgs (Ω) 86 
Rg (Ω) 17 
Rs (Ω) 40 
Rd (Ω) 1100 
τ (pS) 16 

Lg (nH) 0.01 
Ls (nH) 1.7 
Ld (nH) 0.03 

 

3.4 Enhancement Mode Indium Zinc Oxide Thin-Film Transistors 

3.4.1 Experimental 

To fabricate enhancement mode IZO TFTs, the carrier concentration was determined by 

selecting a higher O2/Ar ratio for sputtering condition. The films were deposited on glass 

substrates (Corning EAGLE 2000) near room temperature by rf magnetron sputtering using 4 

inch diameter targets of In2O3 and ZnO. The temperature at the substrate surface was ~ 40 °C 

after the a-IZO deposition, as determined from temperature indicators attached to reference glass 
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substrates. The working pressure was varied from 2-15 mTorr in a mixed ambient of O2/Ar.The 

percentage of O2 in the mixture was varied from 0-3%. At a percentage of 3.1 %,we obtained 

films with carrier concentration of 1.5×1016 cm-3 and electron mobility of 10~20 cm2.V-1.s-1 

obtained from Hall measurements. The partial pressure of oxygen during the sputter deposition 

was found to be the dominant factor controlling the conductivity of the films. The sputtering 

power on the targets was held constant at 125W, leading to compositions of the films measured 

by x-ray fluorescence spectroscopy of In/Zn=0.5 in atomic ratio. The typical thickness of the IZO 

films deposited was 150 nm, with a root mean square roughness of 0.4 nm measured over a 

10x10 μm2 area by Atomic Force Microscopy. The films were amorphous as determined by x-

ray diffraction and showed optical transmittance of ~80% in the visible range. 

Top-gate-type TFTs using 20nm of a-IZO channels and 100-nm-thick SiO2 gate insulators 

deposited by PECVD were fabricated as shown schematically in Figure 3-11 A). The SiO2 layers 

were also deposited without heating the substrates, making the entire process consistent with 

typical continuous-use temperatures of commercial plastic films for electronic devices. Figure 3-

11 B) also shows a plan-view optical micrograph of a TFT with a channel length (L) of 1 µm and 

a channel width (W) of  2×100  µm. The TFT structure was defined using photolithography and 

lift-off processes. The drain and source electrodes were formed with electron-beam evaporated Ti 

(2 nm)/Au (80 nm), which were defined by lithography on the a-IGZO films. The dc 

characteristics of the transistors were obtained using an Agilent 4145B parameter analyzer. 

3.4.2 Results and Discussions 

Figure 3-12 shows IDS-VDS characteristics from IZO transistors. The transistor operates in 

enhancement-mode with an appreciable drain current after turn-on and exhibits excellent drain 

current saturation. The transistor can also pinch off nicely. 
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Figure 3-13 (a) shows IDS and gm as a function of VGS for the TFT. The sub-threshold 

voltage swing was 0.253 V/decade and the device had a threshold voltage of 0.75V. Figure 3-13 

B) is the gate voltage at the onset of the initial sharp increase in current in a log(ID)-VGS 

characteristic. The drain current on-to-off ratio was >106. These results are competitive with past 

results on TFTs using room temperature sputter deposited amorphous InGaZnO4 as the channel 

material (22). The field-effect mobility was extracted from the ideal metal–oxide–semiconductor 

field effect transistor equation (43). A high field-effect mobility value of 39.7 cm2.V-1.s-1 was 

obtained. The gate leakage current is very small, in the 10-10A range, as shown in the inset data 

of Figure 3-13 B). 

3.4.3 Summary 

In conclusion, enhancement mode TFTs with IZO channel layers deposited at room 

temperature by sputtering was fabricated. These TFTs show high mobility and high transparency, 

making them suitable for high resolution displays. The low processing temperature of the IZO 

TFTs suggests that they are promising for transparent or flexible electronics applications.  

 

Figure 3-11.  Schematic of an enhancement mode IZO-TFT. 
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Figure 3-12.  Ids-Vds characteristics of an enhancement IZO TFT with gate-dimension of 2 µm × 
200µm.  

A) 
Figure 3-13. Graph characteristics for enhancement mode IZO TFT measured at Vds=2V. A) Ids 

and gm as a function of Vgs. B)  The logarithmic scale of Ids and Ig verses Vg . 
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B) 
 

Figure 3-13. Continued 
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CHAPTER 4 
ALGAN/GAN HIGH ELECTRON MOBILITY TRANSISTOR-BASED BIOSENSORS 

4.1 Background 

AlGaN/GaN high electron mobility transistors (HEMTs) have shown promise for bio-

sensing applications(62-67), since they include a high electron sheet carrier concentration channel 

induced by piezoelectric polarization of the strained AlGaN layer and spontaneous polarization 

(62-75).  There are positive counter charges at the HEMT surface layer induced by the electrons 

located at the AlGaN/GaN interface.  Any slight changes in the ambient can affect the surface 

charge of the HEMT, thus changing the electron concentration in the channel at AlGaN/GaN 

interface.  

Biological weapons are particularly attractive tools for terror because biological agents are 

available and easy to manufacture, small amounts are required to cause large-scale effects, and 

attacks can easily overwhelm existing medical resources. Reliable detection of biological agents 

in the field and in real time has proved to be challenging. Clostridium botulinum neurotoxins are 

among the more deadly toxins and are listed as a NIAID—Category A agent for bioterrorism 

potential. The lethal dose in unvaccinated humans is estimated at 1ng/kg(46,47). Conventional 

methods of detection involve the use of HPLC, mass spectrometry and colorimetric ELISAs; but 

these are impractical because such tests can only be carried out at centralized locations, and are 

too slow to be of practical value in the field(48-60). Another test for botulinum toxin detection is 

the ‘mouse assay’, which relies on the death of mice as an indicator of toxin presence(16). Clearly, 

such methods are slow and impractical in the field. 

Perkinsus species (Perkinsozoa, Alveolata) are the causative agent of perkinsosis in a 

variety of mollusc species. Perkinsus species infections cause widespread mortality in both 

natural and farmed oyster populations, resulting in severe economic loss for the shellfishery, and 

http://www.itis.gov/servlet/SingleRpt/SingleRpt?search_topic=all&search_value=Perkinsus&search_kingdom=every&search_span=exactly_for&categories=All&source=html&search_credRating=All�
http://www.itis.gov/servlet/SingleRpt/SingleRpt?search_topic=all&search_value=Perkinsus&search_kingdom=every&search_span=exactly_for&categories=All&source=html&search_credRating=All�
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detrimental effects on the environment(76~80). Currently, the standard diagnostic method for 

Perkinsus species infections has been the fluid thioglycollate medium (FTM) assay detection. 

However, it takes several days to do the detection(81). Polymerase chain reaction (PCR)-based 

technique is also used to determine the Perkinsus species but it is more expensive, time-

consuming, and requires exquisite controls to assure specificity and accuracy(82). Clearly, such 

methods are slow and impractical in the field.  

In this syudy, antibody-functionalized Au-gated AlGaN/GaN high electron mobility 

transistors (HEMTs) were used for detecting botulinum toxin in buffer solution and Perkinsus 

Marinus (P. marinus) in sea waters, respectively. The botulinum toxin was specifically 

recognized through anti-botulinum antibody, anchored to the gate area. The range of 

concentration from 0.1 ng/ml to 100 ng/ml of botulnium was investigated. Waters from tanks in 

which Tridacna crocea were living and dead were tested for the existence of P. marinus. The P. 

marinus was also recognized through the anti-P. marinus antibody, anchored to the gate area. 

We demonstrated the P. marinus detection for field-deployable or potable sensor applications. 

4.2 Botulinum Neurotoxin Biosensor  

4.2.1 Experimental 

The HEMT structures consisted of a 3 µm thick undoped GaN buffer, 30Å thick 

Al0.3Ga0.7N spacer, 220Å thick Si-doped Al0.3Ga0.7N cap layer. The epi-layers were grown by a 

molecular beam epitaxy system (MBE) on sapphire substrates.  Mesa isolation was performed 

with an Inductively Coupled Plasma (ICP) etching with Cl2/Ar based discharges at –90 V dc 

self-bias, ICP power of 300 W at 2 MHz and a process pressure of 5 mTorr. 10 × 50 µm2 Ohmic 

contacts separated with gaps of 5 µm consisted of e-beam deposited Ti/Al/Pt/Au patterned by 

lift-off and annealed at 850 ºC, 45 sec under flowing N2. 400-nm-thick 4% Polymethyl 

Methacrylate (PMMA) was used to encapsulate the source/drain regions, with only the gate 

http://www.itis.gov/servlet/SingleRpt/SingleRpt?search_topic=all&search_value=Perkinsus&search_kingdom=every&search_span=exactly_for&categories=All&source=html&search_credRating=All�
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region open to allow the liquid solutions to cross the surface. The source-drain current-voltage 

characteristics were measured at 25°C using an Agilent 4156C parameter analyzer with the gate 

region exposed. 

Figure 4-1 shows a schematic device cross sectional view with the immobilized 

thioglycolic acid, followed by botulinum antibody coating. The Au surface was functionalized 

with the specific bi-functional molecule, thioglycolic acid. We anchored a self-assembled 

monolayer of thioglycolic acid, HSCH2COOH, an organic compound and containing both a thiol 

(mercaptan) and a carboxylic acid functional group, on the Au surface in the gate area through 

strong interaction between gold and the thiol-group of the thioglycolic acid.  The devices were 

first placed in the oxygen plasma chamber and then submerged in 1 mM aqueous solution of 

thioglycolic acid at 4 ℃. This resulted in binding of the thioglycolic acid to the Au surface in the 

gate area with the COOH groups available for further chemical linking of other functional 

groups.  X-Ray Photoelectron Spectroscopy and electrical measurements confirming a high 

surface coverage and Au-S bonding formation on the GaN surface have been previously 

published (73).  The device was incubated in a phosphate buffered saline (PBS) solution of 200 μ

g/ml botulinum polyclonal rabbit antibody for 18 hours before real time measurement of 

botulinum toxin subtype A acquired from Metabiologics Inc. 

After incubation with a PBS buffered solution containing botulinum antibody at a 

concentration of 200 μg/ml, the device surface was thoroughly rinsed off with PBS and dried by 

a nitrogen blower. The source and drain current from the HEMT were measured before and after 

the sensor was exposed to 100 ng/ml of botulinum toxin at a constant drain bias voltage of 500 

mV, as shown in Figure 4-2 A).  Any slight changes in the ambient of the HEMT affect the 

surface charges on the AlGaN/GaN.  These changes in the surface charge are transduced into a 
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change in the concentration of the 2DEG in the AlGaN/GaN HEMTs, leading to the decrease in 

the conductance for the device after exposure to botulinum toxin. 

4.2.2 Results and Discussions 

Figure 4-2 B) shows a real time botulinum toxin detection in PBS buffer solution using the 

source and drain current change with constant bias of 500 mV.  No current change can be seen 

with the addition of buffer solution around 100 seconds, showing the specificity and stability of 

the device. In clear contrast, the current change showed a rapid response in less than 5 seconds 

when target 1 ng/ml botulinum toxin was added to the surface.  The abrupt current change due to 

the exposure of botulinum toxin in a buffer solution was stabilized after the botulinum toxin 

thoroughly diffused into the buffer solution. Different concentrations (from 0.1 ng/ml to 100 

ng/ml) of the exposed target botulinum toxin in a buffer solution were detected. The sensor 

saturates above 10ng/ml of the toxin. The experiment at each concentration was repeated four 

times to calculate the standard deviation of source-drain current response. The limit of detection 

of this device was below 1 ng/ml of botulinum toxin in PBS buffer solution. The source-drain 

current change was nonlinearly proportional to botulinum toxin concentration, as shown in 

Figure 4-3.  Figure 4-4 shows a real time test of botulinum toxin at different toxin concentrations 

with intervening washes to break antibody-antigen bonds. This result demonstrates the real-time 

capabilities and recyclability of the chip. Moreover, Figure 4-5 shows the real-time test at room 

temperature of a used botulinum sensor, which had been stored in PBS (pH 7.4) at 4℃ for three 

months, still showed a very good sensitivity and reproducibility.   

4.2.3 Summary 

In summary, it has been shown that through a chemical modification method, the Au-gated 

region of an AlGaN/GaN HEMT structure can be functionalized for the detection of botulinum 
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toxin with a limit of detection less than 1 ng/ml. This botulinum sensor did not only have a low 

detection limit but also can be recycled and has a long term stability, sensitivity and reliability. 

This electronic detection of biomolecules is a significant step towards a field-deployed sensor 

chip, which can be integrated with a commercial available wireless transmitter to realize a real-

time, fast response and high sensitivity botulinum toxin detector. 

 

Figure 4-1.  Schematic of AlGaN/GaN HEMT sensor. The Au-coated gate area was 
functionalized with anti-botulinum antibody/ botulinum antigen on thioglycolic acid 
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A) 

B) 

Figure 4-2. DC response of the antibody-functionalized AlGaN/GaN HEMT to botulinum toxin  
A) I-V characteristics of AlGaN/GaN HEMT sensor before and after exposure to 
100ng/ml botulinum toxin. B) Drain current of an AlGaN/GaN HEMT versus time 
for botulinum toxin from 0.1 ng/ml to 100 ng/ml. 
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Figure 4-3. Change of drain current versus different concentrations from 0.1 ng/ml to 100 ng/ml 
of botulinum toxin. 

 

Figure 4-4.  The real-time test from a used sensor which was washed with PBS in pH 5 to refresh 
the sensor. 
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Figure 4-5.  The real-time test from a used sensor which had been fabricated for 3 months. 

4.3 Perkinsus Marinus Biosensors 

4.3.1 Experimental 

5nm thickness of  Au was deposited on the gate area of the AlGaN/GaN HEMT. The 

HEMT structures consisted of a 3 µm thick undoped GaN buffer, 180Å thick un-doped 

Al0.26Ga0.74N cap layer. The epi-layers were grown by a molecular beam epitaxy system (MBE) 

on Si substrates.  Mesa isolation was performed with an Inductively Coupled Plasma (ICP) 

etching with Cl2/Ar based discharges at –90 V dc self-bias, ICP power of 300 W at 2 MHz and a 

process pressure of 5 mTorr. 10 × 50 µm2 Ohmic contacts separated with gaps of 5 µm consisted 

of e-beam deposited Ti/Al/Pt/Au patterned by lift-off and annealed at 850 ºC, 45 sec under 

flowing N2. 400-nm-thick 4% Polymethyl Methacrylate (PMMA) was used to encapsulate the 

source/drain regions, with only the gate region open to allow the liquid solutions to cross the 
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surface. The source-drain current-voltage characteristics were measured at 25°C using an Agilent 

4156C parameter analyzer with the gate region exposed. 

Figure 4-6 shows a schematic device cross sectional view with the immobilized 

thioglycolic acid, followed by anti-P. marinus antibody coating. The Au surface was 

functionalized with the specific bi-functional molecule, thioglycolic acid. A self-assembled 

monolayer of thioglycolic acid, HSCH2COOH, an organic compound and containing both a thiol 

(mercaptan) and a carboxylic acid functional group, was anchored on the Au surface in the gate 

area through strong interaction between gold and the thiol-group of the thioglycolic acid.  The 

devices were first placed in the oxygen plasma chamber and then submerged in 1 mM aqueous 

solution of thioglycolic acid at 4 ℃. This resulted in binding of the thioglycolic acid to the Au 

surface in the gate area with the COOH groups available for further chemical linking of other 

functional groups.  X-Ray Photoelectron Spectroscopy and electrical measurements confirming a 

high surface coverage and Au-S bonding formation on the GaN surface have been previously 

published (73).  The device was incubated in a phosphate buffered saline (PBS) solution of 200 μ

g/ml anti-P. marinus rabbit antibody for 18 hours before real time measurement of the infected 

waters. 

After incubation with a PBS buffered solution containing anti-P. marinus antibody at a 

concentration of 200 μg/ml, the device surface was thoroughly rinsed off with PBS and dried by 

a nitrogen blower. The source and drain current from the HEMT were measured at a constant 

drain bias voltage of 500 mV before and after the sensor was exposed to the water from the tank 

1 that the clams died, as shown in Figure 4-7 A).  Any slight changes in the ambient of the 

HEMT affect the surface charges on the AlGaN/GaN.  These changes in the surface charge are 
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transduced into a change in the concentration of the 2DEG in the AlGaN/GaN HEMTs, leading 

to the decrease in the conductance for the device after exposure to botulinum toxin. 

4.3.2 Results and Discussions 

Figure 4-7 B) shows a real time P. marinus detection in PBS buffer solution using the 

source and drain current change with constant bias of 500 mV.  No current change can be seen 

with the addition of buffer solution around 100 seconds, showing the specificity and stability of 

the device. In clear contrast, the current change showed a rapid response in less than 5 seconds 

when 2ul of tank 1 water was added to the surface.  The abrupt current change due to the 

exposure of P. marinus in a buffer solution was stabilized after the antigen thoroughly diffused 

into the buffer solution. Continuous drops of the tank 1 water into a buffer solution were 

detected. The sensor saturates after several drops were added. Obviously, in tank 1, clams died 

and some P. marinus cells also died and release the specific antigens that were detected by the 

sensors. Figure 4-8 shows the real-time detection of the original water, in which the clams were 

alive. De-ionized water was intentionally added into the PBS on the sensor and there is no any 

current change. Once the original water was added, the sensor shows current drops. When more 

drops were added, the current continuously dropped. This indicates that very diluted 

concentration of specific antigens from the P. marinus were released into the original water. 

Before conducting the experiment, the original water was frozen at -70℃ to kill the P. marinus 

cells. This might be the easier way to extract the antigens from the cells.   Figure 4-9 A) shows a 

real time test of P. marinus in the water from tank 2. The sensor was then washed with PBS (pH 

7.4) and used to detect the P. marinus again. The recycled sensor still shows very good 

sensitivity as previously, shown as Figure 4-9 B). This result demonstrates the real-time 

capabilities and recyclability of this sensor. 
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4.3.3 Summary 

In summary, the Au-gated region of an AlGaN/GaN HEMT structure can be functionalized 

through the chemical modification with anti-P. marinus antibody to detect P. marinus in the 

infected waters directly. Due to the natural life cycle of P. marinus, the specific antigens were 

released into waters from P. marinus which provide the chance to detect the existence of P. 

marinus in waters. This simple electronic detection of P. marinus is the fastest, simplest and 

cheapest way to detect this bacteria and significantly steps toward a field-deployed sensor chip, 

which can be integrated with a commercial available wireless transmitter to realize a real-time, 

fast response and high sensitivity P. marinus detector. 

 

 

Figure 4-6. Schematic of AlGaN/GaN HEMT sensor. The Au-coated gate area was 
functionalized with anti-Perkinsus marinus antibody/ Perkinsus marinus antigen on 
thioglycolic acid. 
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A) 

B) 

Figure 4-7. DC response of the antibody-functionalized AlGaN/GaN HEMT to Perkinsus 
marinus-infected sea water. A) I-V characteristics of the sensor before and after 
exposure to the Perkinsus marinus-infected sea water from the tank 1. B) Drain 
current of an AlGaN/GaN HEMT versus time for P. marinus detection in the infected 
sea water from the tank 1. 
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Figure 4-8. Drain current of an AlGaN/GaN HEMT versus time for P. marinus detection in the 
original sea water. 
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A) 

B) 

Figure 4-9.  Real-time detection of P. marinus in an infected sea water from the tank 2. A) before  
B) after recycling the sensor with PBS wash. 
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CHAPTER 5 
CONCLUSIONS  

5.1 Hydrogen Effects on ZnO Light-emitting Diodes 

In this dissertation, hydrogen from different sources would  degrade ZnO LEDs on both 

optical and electrical properties. Hydrogen is a shallow donor, which can increase the 

conductivity of n-type ZnO films or compensate the p-type dopants in the ZnO films. Hydrogen 

easily diffused into ZnO films because of its high diffusivity. This high diffusivity can be 

explained by its small atomic weight and size. Hydrogen concentration can easily reach a 

concentration of 1017cm-3 in ZnO films by exposing the sample in the hydrogen-containing 

ambient. Due to the nature of difficulty to obtain high hole concentration in p-type ZnO films, 

hydrogen can convert p-type layer to n-type ZnO and the rectifying characteristics of diodes 

disappeared. During the processing, the sample was exposed to the solutions and plasma 

containing plasma and there was no light emission and no rectifying characteristics for the as 

fabricated LEDs. A thermal annealing at 350℃ recovered the diode rectifying characteristics and 

light emission. The annealed diodes showed band-edge electroluminescence (385nm) and a 

broad defect band with a peak at 930nm at room temperature. A hydrogen plasma was also used 

to deliberately introduce hydrogen into the annealed p-i-n ZnO LEDs to verify it’s the hydrogen 

passivation effect on diode characteristics. After the hydrogen plasma treatment, the diode 

reverse-bias leakage current increased, and both the turn-on voltage and the intensity of the 

electroluminescence decreased. Moreover, the effects of moisture, water, and phosphoric acid 

solution on the annealed diode characteristics were also investigated and a significant 

degradation of electrical and optical properties were observed in all cases. The high diffusivity of 

hydrogen makes hydrogen easily diffuse into ZnO films, but on the other hand, it makes 
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hydrogen be easily driven out of the ZnO films with a thermal annealing. Therefore, it is an 

important to encapsulate ZnO LEDs from the hydrogen passivation effect. 

The effectiveness of dielectric encapsulation for the ZnO LEDs was investigated. Plasma-

enhanced chemical vapor-deposited SiO2 and SiNx was used to encapsulate ZnO heterojunction 

light emitting diodes.  Post-dielectric deposition annealing was found to be very critical for 

obtaining good LED electrical and optical characteristics.  The SiO2 and SiNx had very different 

encapsulate effects in terms of the electrical and electro-luminescence characteristics of the 

LEDs.   Since hydrogen presented during SiO2 and SiNx deposition, there was a thermal 

annealing required to activate the ZnO LEDs after the dielectric deposition.  After thermal 

annealing, the SiO2 encapsulated ZnO LEDs showed diode IV characteristics and emitted light.  

However, the annealed SiNx- encapsulated ZnO LEDs showed leaky diode characteristics and no 

light emission.  We attributed these differences to the role of hydrogen on the LEDs. FTIR 

spectrum showed rich hydrogen residue in PECVD SiNx film while no hydrogen residue was 

found in PECVD SiO2 after the thermal annealing.  

5.2 Indium Zinc Oxide Thin Film Transistors  

Enhancement mode and depletion mode indium zinc oxide (IZO) thin film transistors 

(TFTs) were fabricated on glass substrates using rf magnetron sputtering deposition at room 

temperature.  Plasma enhanced chemical vapor deposited SiO2 or SiNx was used as the gate 

insulator. The enhancement mode TFTs showed excellent pitch-off and the threshold voltage 

was 0.75V.  The drain current on-to-off ratio was >106. The maximum field effect mobility in the 

channel was 39.7 cm2.V-1.s-1. The depletion mode TFTs had a threshold voltage of -2.5V.  The 

drain current on-to-off ratio was >105. The maximum field effect mobility in the channel was 

14.5 cm2.V-1.s-1. The frequency response are measured at VGS=0V and VDS=3V. The cut-off 
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frequency, ft, is 180MHz and the maximum oscillation frequency, fmax, is 155MHz. A T-model 

was used to extract the device parasitic parameters. 

5.3 AlGaN/GaN High Electron Mobility Transistor-Based Biosensors 

Antibody-functionalized Au-gated AlGaN/GaN high electron mobility transistors 

(HEMTs) were used for detecting botulinum neurotoxin and P. marinus bacteria. The botulinum 

toxin and the P. marinus were specifically recognized through the immobilized antibodies on the 

gate area. The HEMT based botulinum sensor detected a range of concentrations from 0.1 ng/ml 

to 100 ng/ml. The change of sensor drain current showed a saturation for the botulinum toxin 

concentration or above 10ng/ml. The P. marinus sensors were used to directly detect the specific 

protein in the waters where clams were living and dead. Both sensors showed fast response from 

5~30 seconds when exposure to the target species. These results demonstrated that the 

AlGaN/GaN based biosensors are promising for the applications of fast, highly sensitive, low 

cost and easy-to-used biosensings.  
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