Development of GaN Diodes with NiN
Electrodes for Power Electronics and
Temperature Sensing Applications

NiN BWM4E%F T2 7—zL 7 bp=2 ARV
BELYYY7HGAN XA A— FOWR

@Tﬁﬂfﬁ%ﬁ—"?ﬁ

Tokushima University

Department of Electrical and
Electronic Engineering

2RI

March 2020






Abstract

Schottky barrier diode (SBD) is a critical device of antenna-rectifier (rectenna) circuit
in the microwave wireless power transmission systems, which is widely used in electric
vehicle power charging, energy harvesting systems, power source, and in-building
wireless power distribution. Gallium nitride (GaN)-based materials exhibit many
extraordinary features, including large bandgap, higher breakdown field, higher electron
mobility and higher electron saturation velocity, accordingly GaN-SBDs have attracted
much attention for improving the efficiency of microwave wireless power transmission
system. However, the most common Ni anode is reported to form a Ni-N alloy (a mixture
of Ni3N, NiN and so on) after thermal treatment, resulting in the degradation of stability.
This is required more stability materials to replace the Ni for the Schottky contact
applicaion. Moreover, GaN-based electronic devices have shown the excellent thermal
stability and strong temperature dependence, meaning that it can be a possible candidate
for temperature sensing. In this thesis, we discussed the synthesis and application of
nickel nitride (NixN) for GaN electron devices application. Meanwhile, we also
investigated the GaN based pn diodes and SBD diodes for temperature sensor application.

NixN films were deposited by magnetron reactive sputtering under varying N> partial
pressure (P(N2)) conditions range from 0.005 to 0.184 Pa. With the increasing P(N»), the
deposition rate decreases while the resistivity and root mean square roughness increased.
X-ray diffraction (XRD) and X-ray photoelectron spectra (XPS) indicate that Ni4sN and
NizN phases dominate the films at low and medium P(N3), respectively. In addition, Ni2N
phase can be also obtained at high P(N2). The Ni/N ratio evaluated from the energy
dispersive X-ray spectrum is consistent with the NixN phases showed in the XRD spectra
of different P(N2). Comparing with the GaN diodes with Ni anode, the Schottky barrier
height and turn-on voltage of the Schottky barrier diodes with NixN anode are increased
with 0.03~0.18 eV and 0.03~0.15 V, respectively. Capacitance-voltage curves
demonstrated that good interface quality with no obvious hysteresis is realized.

Especially, Ni3N anode diodes obtained at medium P(N>) possess a high barrier height
and a low reverse leakage current and are regarded as a promising anode material. The
temperature-dependent current voltage characteristics demonstrate that the Ni3N-SBDs

have better thermal stability than that of Ni-SBDs, owing to the suppression of interface



reaction between Ni and GaN. In addition, the thermal stability of GaN diode with NizN
anode is potential for temperature sensing application with the sensitivity of
approximately 1.3 mV/K.

P-NiO/n-GaN pn diodes and TiN/GaN SBDs were investigated extensively by varying
the device diameter and current level. For the NiO/GaN pn diode, it is demonstrated that
the series resistance and ideality factor dominate the sensitivity at the fully-turn-on state.
However, the series resistance weakly influenced the sensitivity of the TiN/GaN SBDs
temperature sensor at the fully-turn-on state. After subtracting the component of series
resistance, the sensitivity decreases and increases with the increased device diameters for
the p-NiO/n-GaN pn diodes and TiN/GaN SBDs temperature sensors, respectively.

For both type temperature sensors, in the sub-threshold state, a good linear relationship
between sensitivity and the corresponding current density have been observed for devices
with different diameters. A low current density is corresponding to the high sensitivity.
The NiO/GaN pn diodes and TiN/GaN SBD presenting good thermal stability and
linearity from 25 to 200 °C are promising candidates for temperature sensing application.

We also investigated the NiN/GaN SBD for temperature sensor application. While in
the sub-threshold region, a good linear relationship between sensitivity and the
corresponding current density hav been observed for a 200um diameter NiN/GaN SBD
temperature sensor. Comparing whih TiN, Ni and NiN electrode GaN SBD temperature
sensor, the NiN electrode device shows a near-ideal theoretical sensitivity of a GaN SBD
temperature sensor which is calculated by the TE model from GaN based SBDs.

We fabricated NiN-gated A1GaN/GaN HFETs by magnetron reactive sputtering with a
Ni target in an ambient Ar and N> mixture gas. Gete leakage current characteristics shows
that the reverse leakage current of NiN-gated HFETs is approximately reduced by one
order of magnitude and the ON/OFF drain current ratio increases two order of magnitudes
comparing with the conventional Ni-gated HFETs. The temperature-dependent gate
leakage current-voltage characteristics demonstrate that the NiN-gated HFETs have better
thermal stability.

Keywords: GaN, Magnetron reactive sputtering, NiN, SBD, Temperature sensor.
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Chapter 1: Introduction

Chapter 1: Introduction

§1.1. Background

§1.1.1. Wireless power transmission

In recent years, with the development of the Internet of Things (IoT), large number of
information is exchanged over the Internet, and barriers to information communication
have further dropped, a vast community is about to be born based on the [oT. On the other
hand, the number and performance of sensors and communication devices required for
information collection and communication are expected to increase explosively, in which
wireless power transmission is attracting attention as one of the power supply
technologies due to its crucial role in these areas. Wireless power transmission is an
epoch-making technology which can transmit power to other places without electrical
contact, and makes it possible to freely constrain physical equipment such as power cords

for electrical and electronic equipment.

Fig. 1-1. Schematic diagram of IOT (left) and (right) wireless power transmission.

In generally, wireless power transmission can be classified into two kinds which are
non-radiative coupling-based charging and radiative radio fequency (RF)-based charging
[1]. The non-radiative coupling-based charging consists of magnetic resonance coupling
[2], inductive coupling [3] and capacitive coupling [4] three techniques. For the radiative

RF-based charging, it consists of non-directive RF power transfer and directive RF power
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beamforming [5]. Due to the technical limitation [1], wireless charging is usually realized
through three techniques, that are magnetic inductive coupling, magnetic resonance

coupling, and RF radiation.

S Primary coil

S Secondary coil

Receive
antenna  Wireless Energy Harvester

aH P H

(C) Impendence Voltage Capacitor
matching Multiplier

————1 —

Transmit
Antenna -,

RF input

Fig. 1-2. Models of wireless charging systems for inductive coupling (a), magnetic resonance

coupling (b), and RF radiation (c). [1]

Fig. 1-2 (a) shows the reference model of inductive coupling wireless charging system
which is based on magnetic field induction that delivers electrical energy between two
coils. For the inductive coupling, its typically operating frequency is in the kilo Hertz
range. In order to enhance charging efficiency, the secondary coil should be tuned at the
operating frequency [6]. Due to attenuate quickly for larger quality values of the
transferred power [7], the quality factor is usually designed in small values [8]. Because
of lack of the compensation of high quality factors, the effective charging distance is
generally within 20cm [6]. Although the transmission range is limited, the effective
charging power may be very high even kilowatts for the electric vehicle charging. [9, 10]
Advantages of magnetic inductive coupling include safety, convenient operation, and
high near range efficiency. Therefore, it is suitable for mobile devices and is very popular.

Magnetic resonance coupling [11] is shown in Fig. 1-2 (b), which is based on
evanescent-wave coupling which creates and transfers electrical energy between two
resonant coils by varying or oscillating magnetic fields. Since the two resonant coils

operating at the same resonant frequency are firmly coupled, high energy transmission
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efficiency can be achieved while leakage to non-resonant externalities is small. For
example, a new prototype [12] has been shown to achieve a maximum power transfer
efficiency of 92.6% over a distance of 0.3 cm. Due to the nature of resonance, magnetic
resonance coupling also has the advantage of immunity to the surrounding environment
and line of sight transfer requirements. Additionally, magnetic resonance coupling can be
applied between one transmit resonator and a number of receive resonators, identifying
that can charge multiple devices [13-17] at the same time.The typically operated
frequency of the magnetic resonance coupling is in the megahertz frequency range,
therefore the quality factor is typically high. As the charging distance increases, the high
quality factor is conducive to reduce the sharp drop in the coupling coefficient, thereby
reducing the charging efficiency. Consequently, it is possible to extend the effective
power transfer distance to meter range.

Diffused RF/microwave are used as a medium to carry radiant energy for the RF
radiation[ 18], furthermore, the typically travels speed is the velocity of light in the the
line of sight, and the Typical RF/microwave frequencies range from 300 MHz to 300 GHz
[19]. As shown in Fig. 1-2 (c), for a microwave power transmission system, the power
transmission starts with the AC-to-direct current (DC) conversion, followed by a DC-to-
RF conversion through Hetero-junction Field Effect Transistor (HFET) or magnetron at
the transmitter side. After propagating through the air, the RF/microwave captured by the

receiver rectenna are rectified into electricity again, through an RF-to-DC conversion.

Table 1-1 Comparison of different wireless charging techniques.

Wireless charging Magnetic resonance

Inductive coupling

RF radiation

technique coupling
Charging multiple devices Long effective charging
simultaneously on different distance
Advantage Simple implementation power Suitable  for  mobile
High charging efficiency applications
Nonline-of-sight charging Miniaturization
Effective charging mW~kW W~kW 0.1~several W
power
Power transfer 70~90% 40~90% 50~90%
efficiency
Operating From 300MHz to
kHz range MKz range
frequency #rang “rang 300GHz
Effective charging From a few millimeters to a From a few centimeters to a Typically within several
. . tens of meters, up to
distance few centimeters few meters

several kilometers
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The RF-to-DC conversion efficiency is highly dependent on the accuracy of the
impedance matching between the antenna and the voltage multiplier, the captured power
density at receive antenna, and the power efficiency of the voltage multiplier that converts
the received RF signals to DC voltage [20]. The advantage of the RF radiation is long
effective charging distance and suitable for mobile applications, and the effective
charging distance is typically within several tens of meters, up to several kilometers. The

summary of the three wireless charging techniques is shown in Table 1-1.

§1.1.2. Rectenna circuit

In microwave wireless power transmission system, the antenna-rectifier (rectenna) is
considered to be a key section in microwave circuit, which is adopted to convert the RF
to DC or opposite [21-23]. Fig. 1-3 shows the schematic diagram of a rectenna circuit, in
which receiveing antenna, band reject, rectifier, DC bypass filter and load can be
integrated in to a chip. In this case, it is suitable for reducing power consumption and the
overall size, and can be widely used in the mobbile applications. Among them, the
rectifier is a key device in the rectenna circuit, which is mostly realized by a Schottky
barrier diode (SBD). However, some demands, such as low power losses [24], high
breakdown voltage [25], low resistance and low parasitic capacitance are raised for
rectenna circuit. SBD as the critical device of rectenna circuits in microwave wireless
power transmission systems, is also widely used in energy harvesting systems, power

source, and in-building wireless power distribution, is facing a new challenge.

Band reject
filter

MA— | M4 line

DC bypasss——
filter

peo
Ty

antenna (SBD)

Fig. 1-3. Schematic diagram of a rectenna circuit.
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§1.1.3. Semiconductor materials from Si to GaN

Semiconductor materials can be traced back to the 19th century, which have a long
history from discovery to development, from use to innovation. In 1930, the production
of cuprous oxide rectifiers was successful and widely used, and semiconductor materials
began to receive attention. Since the first germanium semiconductor transistor was
invented by John Bardeen and Walter Brattain in 1947, the semiconductor industrial has
had a booming development [26]. In the late 1950s, the development of thin film growth
technology and the invention of integrated circuits, the microelectronics technology was
further developed. Then, silicon (Si) became the dominated semiconductor with the
standard CMOS process [27, 28]. In 1960s, the second generation of semiconductor
materials represented by gallium arsenides (GaAs) materials were used to make
semiconductor lasers, solid-solution semiconductors, and development in infrared, which
expanded application of semiconductor materials. With the rapid development of mobile
communication technology since the 1990s, semiconductor materials such as GaAs and
indium phosphide (InP) have become the focus of high-speed high-frequency and high-
power excitation optoelectronic devices. However, Si or GaAs material is limited for
application in high temperature, high power and high frequency situation for that all these
processes tend to consume extra power, generate heat and finally make the device failed
at a rising temperature [29]. In recent years, research on new semiconductor materials has
made breakthroughs. The advanced semiconductor materials represented by Gallium
nitride (GaN) have begun to show superior superiority and are called the new engine of

the communication and 10T industry.

§1.1.4. The properties of GaN

GaN is a extremely stable and hard high melting point [II- V semiconductor compound
whcih is insoluble in water and acids at the room temperature. As show in Fig. 1-4, GaN
mainly consists of zinc-blende (ZB) and hexago nal wurtzite (WZ) structure. Two kinds
types structures exist Polarization properties, but the ZB type is metastable structure. Due
to the strong polarization properties and more stablility, the WZ GaN is predominantly

used in research and industry [31].
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Fig.1-4. Two types ZB (left) and WZ (right) crystal structures of GaN.

For the WZ form, each nitrogen atom is bonded to four gallium atoms and vice versa
in a tetrahedral bond configuration. Due to all gallium-to-nitrogen bonds parallel to the
[0001] (Ga-face) or [0001] (N-face)axis pointing in the same direction, uniaxial
anisotropy about this axis is present, resulting in net spontaneous polarization along the
same axis (shown in Fig. 1-5). The Ga-face and N-face of the GaN film have different
physical and chemical properties. Compared with the N-face polarized film, the surface
of the Ga-face polarized film is smoother, and the heteropolar structure of its polarization
group nitride is superior to the plane polarization. Thus the base heterostructure currently

studied is basically Ga-face polarized wurtzite structure[32, 33].

Ga-Face N-Face

[0001]
[0001]

Fig. 1-5. Three-dimensional stick-and-ball illustration of “wurtzite” GaN grown in the Ga-face (left)
and N-face (right) direction [34]
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Table 1-2. Properties of main semiconductors

Si GaAs  6H-SiC GaN
Bandgap (eV) 1.12 1.42 3.21 3.4

Lattice constant (nm) 0.543 0.565 0.308 0.319

Dielectric constant 11.9 12.9 10.32 10.4
Thermal conductivity (W/cmK) 1.56 0.46 4.9 1.3
Electron mobility (cm?/Vs) 1450 8000 400 1200 (bulky
2000 (2DEG)
Breakdown field (V/cm) 3x105  4x10° 3x10° 3.3x10°

The table 1-2 shows the properties of main semiconductors, comparing with other
semiconductors. The GaN has these properties:

1. GaN is a direct bandgap semiconductor with a large band gap. From the Table 1-1,
the band gap width of GaN (3.4 eV) is much larger than that of Si, GaAs and InP. Due to
fewer intrinsic carriers at high temperatures and high radiation, intrinsic temperature of
GaN-based materials is very high, which is very beneficial for manufacturing high
temperature and high power devices. Therefore, compared with Si and GaAs devices, the
operating temperature of GaN-based devices is much higher.

2. GaN has high breakdown field of 3.3 X 10° V/cm which is about ten times compaing
with the GaAs and Si. This property shows that the GaN is very suitable for preparing
high-voltage electronic devices. It is also the physical basis for the application in high-
voltage switching diodes which is widely required in the power electronic industry.

3. GaN has high electron mobility, implying that the GaN has good carrier transport
properties and can be applied to the preparation of high-frequency microwave electronic
devices.

Due to its excellent performances, GaN-based power devices such as transistors and
rectifiers are promising candidates for the next generation high-efficiency power
converters. Accordingly, GaN-SBDs have attracted much attention for improving the
efficiency of a microwave wireless power transmission system. GaN-based electronic
devices have shown the excellent thermal stability and strong temperature dependence,

meaning that it can be a possible candidate for temperature sensing application.
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Table 1-3. The parameter comparison table between Si, GaAs and GaN.

Parameters and Test Conditions (HSMgiZ 86X) (M ASSEAISIS 17) (C[;ﬁ}l)
Total Capacitance at 0V at IMHz (pF) 0.3 0.045 0.35
Series Resistance at +10 mA () 6 4 5.2
Forward Voltage at +1 mA (V) 0.35 0.7 0.25
Breakdown Voltage (V) 4 7 36

Time constant (pS) 1.8 0.18 1.82

Cut-off frequency (GHz) 88 880 87.5

V- fe (VTHZ) 0.352 6.16 3.15

For the GaN-based SBD, the excellent performance is present due to the properties of
GaN materials. The table 1-3 shows the parameter comparison of there types ( Si-, GaAs-
and GaN-based) SBDs. Due to utilization of the diode with large area, the parameters of
the GaN is less than that of GaAs, which is expected to become higher in dot-type diode
with small area and lower capacitance value. From the table, the significant high
breakdown voltage is observed for GaN compared to Si and GaAs. Combine the high
breakdown voltage with ever-increasing cut-off frequency, the optimized GaN-based
diode has the significant promising to beyond the GaAs diode for power switching

applications.

§1.2. Technology and current research of GaN based electronic devices

§1.2.1. GaN based SBD

GaN-based diodes mainly include PN junction diodes and SBD. The characteristics of
PN junction diodes are electrons and holes participate in conduction at the same time.
Their breakdown voltage is high, reverse leakage current is small, but the turn-on voltage
is large. The GaN SBD formed by metal-GaN contact, which has only one kind of carrier
participating in conduction. Its recovery time is short, the on-resistance and turn-on
voltage are small, but its leakage current is large, and breakdown voltage is small. The
energy-band diagrams [35] and a structure typical planar structure of n-type GaN-based

SBD are show in the Fig. 1-6.
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Fig. 1-6. (a) Energy-band diagrams of metal/n-GaN Schottky contact and (b) typical planar structure
of GaN-based SBD.

The Schottky barrier height (SBH) @3 is defined by the difference between the metal
work function and the electron affinity of the semiconductor. In this case, for a n-type
GaN, the metals with high work function are usually used for the anode-contact in the n-
GaN-based SBDs. In the past years, the studies have invested many metals such as
Platinum (Pt), palladium (Pd), gold (Au), Titanium (Ti), Wolfram (W), Nickel (Ni) et al
[36-40] for n-GaN SBD application. The SBH and the turn-on voltage are in the region
of 0.5~1.2 eV and 0.3~0.9 V, respectively. Nowadays, due to its relatively high work
function, good adhesion as well as low cost, Ni is most commonly used as Schottky
contact in the GaN-based SBDs [37, 41-44]. However, the Ni anode is reported to form
Ni-N alloy (a mixture of Ni3N, NisN and so on) after thermal treatment, resulting in the
degradation of stability [37, 45]. In this case, researchers are devoted to study more
stability schottky-contact materials.

In 2010, metal nitride such as titanium nitride (TiN), molybdenum nitride (MoNy)
and zirconium nitride (ZrNx) were synthesized by reactive sputtering under the argon and
nitrogen and used for GaN based Schottky contact application.[46] These metal nitrides
were identified as metalloid and displayed more higher SBH comparing with the pure
metal. Especially for the ZrNx contact, the ideality factor and SBH were improved after
annealing at 800 C for 30 s.

In 2013, TiN employed as Schottky contact was used in the HFET and showed good
thermally stability [47]. Further research on TiN SBD was reported in 2014 [48], in which

several TiN films are deposited using different N»/Ar reactive/inert sputtering gas ratios,
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thereby varying the nitrogen content present in the sputtering gas. After thermal treatment
at 850 °C for 1 min, the TiN and MoN electrodes still exhibit rectifying characteristics,

while the MoSiN degrades to an ohmic-like contact.

§1.2.2. Temperature sensor application

With the development of technology, temperature sensors, as one of the most widely
used sensors, have been widely used in medical, industrial, aviation and civil fields.
Nowdays, temperature sensing is a challenging task in the harsh nvironment such as high
radiation levels. The most common temperature sensors among all commercially
available sensors, which are being used in harsh environments, are optical sensors,
thermocouples, resistive temperature detectors, thermistors, and semiconductor
temperature sensors.[49, 50] Comparing with other tranditional temperature sensors,
semiconductor temperature sensors have many advantages such as high sensitivity, small
size, low power consumption, and strong anti-interference ability [51], which are suitable
for applications in harsh environments and easier integration in the integrated circuits (IC)
and optoelectronic integrated circuit (OEIC). On the other hand, the semiconductor
temperature sensor is more capable of temperature detection in electrochemical and
photolytic water with its excellent performance. Therefore semiconductor diodes such as
Schottky barrier diode (SBD) and pn diode (PND) are commonly used for temperature
sensor application.

However, in the field of high temperature measurement, temperature sensors based on
traditional semiconductor materials (Si and GaAs) have gradually failed to meet the
requirements of social development. For example, when it comes to high temperature
detection, the semiconductor characteristics of Si will change, which makes operating

environment of most Si-based devices not suitable to exceed 150 “C. [52, 53] GaN-based

electronic devices have shown the excellent thermal stability and strong temperature
dependence, which shows the great potential in temperature sensing application. The
sensing ability of a diode temperature sensor bases on the quasi-linear dependence of

forward voltage on temperature, requiring good thermal stability and linearity. Their

-10 -
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capability of high-temperature operation allows a higher junction/ambient temperature,

which is beneficial to simplify the cooling solution.

Table 1-3. The comparison of sensing properties for different types of temperature sensors.

Temperature Current  Temperature  Sensitivity
Types Ref.s
sensor range (A) range (K) (mV/K)
LED (InGaN/AlGaN)  DH 0.01-0.1 300-400 2.3 [54]
LED (InGaN/AlGaN) DH 105-10°10 20-550 5.8~6.5 [55]
HEMT (GaN/AlGaN)  SH 9(V) 298-523 6.5 [56]
HEMT (GaN/AlGaN) SH 12 (V) 298-523 0.350 [57]

PN diode (GaN/SiC) ~ SH 103105  300-650 1522  [58]

In 2004 [54], Y. Xi et al reported a double-heterostructure (DH) GalnN/AlGaN
ultraviolet (UV) light-emitting diodes (LEDs) for temperature sensor application. The
sensor sensitivity is 2.3 mV/K at a given current of 10 mA. In their study, a theoretical
expression of the temperature coefficient of the diode forward voltage is developed. The
three main contributions to the temperature coefficient are the intrinsic carrier
concentration, the bandgap energy, and the effective density of states. In 2018 [55], V. A.
Krasnov et al also reported the GaInN/AlGaN LEDs temperature sensor. They employed
a commercial NICHIA NLPB500 blue LED, and obtained a higher sensitivity of 6.5
mV/K.

In 2013 [56], A. M. H. Kwan et al reported a HEMT based integrated over-temperature
protection circuit, in which 6.5 mV/K sensitivity was obtained at the voltage of 9 V. In
the next year [57], they reported another AlIGaN/GaN HEMT integrated temperature
sensor with highly linear and a sensitivity of 0.35 mV/K at 12 V.

In 2017 [58], S. Madhusoodhanan et al reported a GaN/SiC single heterojunction (SH)
diode temperature sensor. In their study, four diameters devices were fabricated and
measured for sensor application, and sensitivity of 2.25 mV/K was obtained from a 400
um diameter device at the forward current of 1mA.

The comparison of these GaN-based temperature sensors focused on the LEDs and
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HEMTs is listed in Table 1-3. For the diodes temperature sensors, there are many reports
related SiC based [59-62]. However, SiC SBDs temperature sensors are difficult to
integrate on the GaN based IC system for detecting temperature in situ. However, there

are few reports about the GaN diodes temperature sensors.

§1.2.3. The AlIGaN/GaN HFET

AlGaN/GaN HFET is an important representative of GaN electronic devices which is
also named as high electron mobility transistor (HEMT). Due to its application prospects
in the high temperature, high frequency, high power fields, AlIGaN/GaN heterostructure
becomes one of the hot spots in recent years. From the perspective of output power and
frequency, AIGaN/GaN HFETs are very suitable for high-frequency and high-power
applications such as wireless communication base stations, radar and automotive
electronics. In the aerospace, nuclear industry, military electronics, which require high
chemical and thermal stability, AIGaN/GaN HFET is also one of the ideal candidate

devices.

(a) / (b)
S Gate D e S - /'/

i-GaN |
i-AlGaN

SDEG )
i-GaN I
AlGaN AlGaN

Fig. 1-7. (a) A typical AlGaN/GaN HFETs Structure, (b) the band diagram of the AlIGaN/GaN

2DEG

heterostructure.

The typical AIGaN/GaN HFET structure was shown in Fig. 1-7 (a). The epitaxial layers
were usually grown on a Si, silicon carbide SiC or sapphire substrate by metal organic
chemical vapor deposition (MOCVD) or molecular beam epitaxy (MBE).[63, 64] The
epitaxial layers from bottom to top are nucleation layer, i-GaN channel layer, i-AlGaN
barrier layer, and cap layer. Due to the strong polarization effect of AlGaN/GaN
heterostructure, the density of 2DEG for the undoped AlGaN/GaN heterostructure can be
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as high as ~10" /ecm?, which has one order of magnitude higher than that of the
AlGaAs/GaAs heterostructure [65].

In our previous work, Ni and TiN electrodes are normally used to develop GaN
Schottky diode. TiN has lower turn-on voltage and comparable breakdown voltage
comparing with Ni. However, the reverse leakage current is relative higher [66]. To

suppress the reverse leakage current, new gate structure is necessary.

§1.3. Motivation of this research

Currently, most commercial SBDs are Si-based or GaAs-based. However, the
traditional GaAs- and Si-based commercial SBDs could not meet the development of the
microwave wireless power transmission technology, which requires high conversion
efficiency under high frequency and high voltage operation. In order to meet the
requirement of the microwave wireless power transmission technology development,
GaN-based SBD is investigatived and has been used in the rectenna circuits.

Generally, the characteristics of the power devices exhibiting temperature dependence
will be compromised as the junction/ambient temperature varies during operation. In
additoon, high temperature environment operation as well as the self-heating effect of a
power device will obviously arise the junction temperature, and then deteriorate the
device peformance. Therefore, the thermal stability of the device and its performance at
different temperatures become especially important.

Ni has been widely cited on SBDs dute to its relatively high work function as well as
low cost. However, Ni anode GaN SBD appears degradation after thermal treatment due
to Ni-N alloy (a mixture of Ni3N, NiN and so on) in the inter face of Ni and GaN layer.
We previous investigated the electrical performance of SBDs with TiN contact fabricated
by reactive sputtering. The TiN SBDs have a lower turn-on voltage compared with Ni
SBDs and better sensitivity for temperature sensing application. However, the SBDs with
TiN electrode suffer from a problem of relatively larger reverse leakage current. In this
case, there is an urgent requirement for a Schottky contact material with better thermal
stability and lower leakage current.

In addition, it is necessary to investigate the temperature characteristics of GaN-based

SBDs. And based on its temperature sensitivity research, it is also necessary to explore
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the application in temperature sensors. Moreover, the temperature sensor on GaN is not

investigated extensively.

§1.4. Outline of thesis

This thesis reports on the Synthesis and Application of NiN for GaN Electron Devices.
This thesis is divided into four parts:

In chapter 2, Nickel nitride (NixN) films were deposited by magnetron reactive
sputtering under varying N> partial pressure (P(N2)) conditions range from 0.005 to 0.184
Pa. With the increasing P(N>), the deposition rate decreases while the resistivity and root
mean square roughness increases. X-ray diffraction (XRD) and X-ray photoelectron
spectra (XPS) indicated that Ni4N and Ni3N phases dominate the films at low and medium
P(Ny), respectively. In addition, NiN phase could be also obtained at high P(Nz). The
Ni/N ratio evaluated from the energy dispersive X-ray spectrum is consistent with the
NixN phases showed in the XRD spectra of different P(N>).

In chapter 3, NixN films which prepared by magnetron reactive sputtering at different
pressure ratios of Ar and N> mixture gas, were employed as anode material for GaN SBD
application. Compared with the GaN diodes with Ni anode, the SBH and turn-on voltage
of the SBDs with NixN anode are increased with 0.03~0.18 eV and 0.03~0.15 V,
respectively. Capacitance-voltage (C-V) curves demonstrate that good interface quality
with no obvious hysteresis is realized. NizN anode diodes obtained at medium P(N>)
possess a high barrier height and a low reverse leakage current are regarded as a promising
anode material. In addition, The temperature-dependent current-voltage (I-V-T)
characteristics demonstrate that the NiN-SBDs have better thermal stability than that of
Ni-SBDs, owing to the suppression of interface reaction between Ni and GaN.

In chapter 4, p-NiO/n-GaN pn diodes and TiN/GaN SBDs were investigated
extensively by varying the device diameter and current level. For the NiO/GaN pn diode,
it is demonstrated that the series resistance and ideality factor dominate the sensitivity at
the fully-turn-on state. However, the series resistance weakly influences the sensitivity of
the TiN/GaN SBDs temperature sensor at the fully-turn-on state. After subtracting the

component of series resistance, the sensitivity decreases and increases with the increased
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device diameters for the p-NiO/n-GaN pn diodes and TiN/GaN SBDs temperature sensors,
respectively. A maximum sensitivity of 2.58 mV/K is achieved for the p-NiO/n-GaN pn
diodes with a diameter of 100 pm at 20 mA. While, a maximum sensitivity of 1.22 mV/K
is achieved from the 300 um diameter device at the given current of 20 mA for the
TiN/GaN SBDs temperature sensors.

For both type temperature sensors, in the sub-threshold state, a good linear relationship
between sensitivity and the corresponding current density havd been observed for devices
with different diameters. A low current density is corresponding to the high sensitivity.
The NiO/GaN pn diodes and TiN/GaN SBD presenting good thermal stability and
linearity from 25 to 200 °C are promising candidates for temperature sensing application.
Moreover, The leakage current in the reverse bias region versus temperature (Sin) of the
TiN/GaN SBD also presents a sensitivity of approximately 48 mA/K and shows weak
dependence on the diameter and bias voltage.

We also investigated the NiN/GaN SBD for temperature sensor application. While in
the sub-threshold region, a good linear relationship between sensitivity and the
corresponding current density have been observed for a 200um diameter NiN/GaN SBD
temperature sensor. A low current density is corresponding to the high sensitivity. Based
on those result, it demonstrates that the sensitivity of a Schottoky barrier diode is
correlated with the current density (/p/4). Finally, the theoretical sensitivity of GaN-based
SBD temperature sensor is calculated by the TE model. By comparing whih TiN, Ni and
NiN electrode GaN SBD temperature sensor, the NiN electrode device shows a near-ideal
sensitivity of a GaN SBD temperature sensor.

In chapter 5, we fabricated NiN-gated AlIGaN/GaN HFETs by magnetron reactive
sputtering with a Ni target in an ambient Ar and N> mixture gas. Gete leakage current
characteristics shows that the reverse leakage current of NiN-gated HFETs is
approximately reduced by one order of magnitude and the ON/OFF drain current ratio
increases two order of magnitudes comparing with the conventional Ni-gated HFETs. The
temperature-dependent gate leakage current-voltage characteristics demonstrate that the
NiN-gated HFETs have better thermal stability.

The conclusions of the dissertation and the future plans to improve the performance of

the devices are given in Chapter 6.
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§2.1. Introduction

Metal nitrides have the advantages of easy preparation, corrosion-resistance, chemical
and thermal stability, and excellent catalytic activity [1-5], which are widely used in the
fields of energy storage (super-capacitors and lithium-ion batteries) [6], electrochemical
water oxidation [7], resistive random access memory cells [8], and electronic devices [9-
12]. In our previous study, metal nitrides demonstrated good Schottky contact
characteristics as well as good thermal stability on GaN, showing great potential for harsh
environment applications [9, 11, 12]. Among those materials, TiN-anode GaN SBD with
low turn-on voltage to breakdown voltage ratio is also attractive to develop microwave
power rectification circuits [12]. However, the GaN SBDs with TiN electrodes have a
problem that the reverse leakage current was relatively high as compared with the Ni
electrodes GaN SBDs.

Nickel nitrides (NixN) are important metallic materials that have been widely used in
many areas [3, 6, 8, 13]. It is reported that NixN can avoid interface reaction between
anode and GaN, and possesses a high work function [13], showing the potential to serve
as the SBD anode to reduce leakage current. However, NixN films synthesized by
chemical vapor deposition, sputtering and highly reactive azides or hydrazine [13-16]
present different phases, such as Ni4N, Ni3N, and Ni2N. Among those methods, sputtering
is the much more suitable technique to obtain necessary phase by simply adjusting the

pressure ratio of Ar and N».

Fig. 2-1. Interstitial positions, partially occupied by nitrogen atoms, in (a) NigN, (b) NizN and (c)
NizN. [14]
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Fig. 2-1 shows the crystal structures of (a) Ni4N, (b) NizN and (c) NizN. [14] The crystal
structures of NisN, NisN and Ni;N are face-centered cubic (fcc), hexagonal close packed
(hep) and body-centered cubic (bcc), respectively. Among them, NizN and Ni;N are
relatively stable in the room temperature.

In this chapter, NixN films were prepared by magnetron reactive sputtering at different
pressure ratios of Ar and N> mixture gas. With the increasing P(N>), the deposition rate
decreases while the resistivity and root mean square roughness (RMS) increase. XRD and
XPS indicate that NisN and Ni3N phases dominate the films at low and medium P(N>),
respectively. In addition, NioN phase can be also obtained at high P(N2). The Ni/N ratio
evaluated from the energy dispersive X-ray spectrum is consistent with the NixN phases

showed in the XRD spectra of different P(N>).

§2.2. Synthesis of NixN films at room temperature
§2.2.1. Reactive sputtering technology

Reactive sputtering is a process that allows compounds to be deposited by introducing
a reactive gas (typically Oz or N») into the plasma, which is typically formed by an inert
gas such as argon (most common), xenon, or krypton. In this process, the reactive gas is
“activated” by the plasma and chemically reacts with the target material which is
subsequently deposited on the substrate. Composition control of the resultant film is
achievable by controlling the relative amounts of the inert and reactive gases. Oxides,
nitrides, carbides and mixtures of all three are typically generated by reactive sputtering.
The object of the reactive sputtering process is to create thin films of closely controlled
stoichiometry and structure. The reactive sputtering can be divided to be RF mode and
DC mode, and the substrate is set at room or high temperature.

Fig. 2-2 shows the reactive magnetron sputtering in this study (left) and schematic of
reaction chamber (right). Sputtering technology bombards the target (approximately 10°
to 10% eV) atoms by colliding a certain amount of kinetic energy (approximately 10* to
10° eV) with high-voltage ions into the target and side of the substrate required by the
film Method of forming the required material. Generally, the adhesion is high, and the
film stress is larger than that obtained by vapor deposition. Fig. 2-2 shows the magnetron

sputtering system used in this thesis. In magnetron sputtering, electrons are confined
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around the target by a magnetic field generated by a magnet directly below the target,
thus the sputtering amount of the target can be increased and plasma damage to the
substrate can be reduced. In this thesis, the distance between the target and the substrate

is about 10 cm.

gas inlet

n

. '“-_ viewing substrate = =
window _,,.(/ TT rT“)

argon ion —-Q_I 1 IJ, I)

target

gas vent —

Fig. 2-2. The reactive magnetron sputtering in this study (left) and schematic of reaction chamber

(right).

§2.2.2. Deposition of NixN film

In this thesis, all the NixN films were formed on (100) Si or sapphire substrates at the
room temperature by reactive magnetron sputtering with RF model. Pure Ni target
(99.99%) was reactively sputtered in an Ar and N> mixture ambient. The deposition

processes of NixN films are shown in Fig. 2-3.

[ Background vacuum: 2x10~ Pa ]

Pre-sputtering
Pure Ar, 10min

}
Pre-sputtering
Ar-N, mixture, 10 min

4

Reactive sputtering
Ar:15 scem (0.107 Pa) Ni.N
N,:0~40 scem (0~0.184 Pa) Ix

Power=75 W Si (sapphire)

Fig. 2-3. The deposition process (left) and schematic (right) of NixN film on Si or sapphire substrate.
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Before the films sputtering, we clean the substrates by using acetone and pure water to
remove the organic impurities. The chamber background vacuum is kept below 2 X 107

Pa.

The next step is 10 min pre-sputtering to clean the surface of the Ni target. In this step,
the power is kept at 150 W, the gas is Ar with a flow rate of 30 sccm.

Then, changing the power to 75 W, and Ar flow rate to 15 sccm which converted into
Ar partial pressure is 0.107 Pa. While the N3 is inlet the reaction chamber with a flow rate
varied from 1 to 40 sccm which converted into P(N>) are varied from 0.005 to 0.18 Pa
(0.005, 0.014, 0.023, 0.046, 0.069, 0.115 and 0.184 Pa). This step is to stabilize the
reaction chamber environment.

Finally, keeping the conditions of the previous step and sputtering the NixN and Ni
films. The depiction times are 4800, 4800, 4800, 4900, 5400, 6000, 6000, and 6000 s for
the P(N2) of 0, 0.005, 0.014, 0.023, 0.046, 0.069, 0.115 and 0.184 Pa, respectively.

The thickness of the NixN films are obtained from the average value of 5 points in the

different areas by using profile-system.

Table 2-1. Deposition conditions of NixN films with different flow rates.

Flow rate /sccm  Partial pressure/Pa P(Ny)/ Timels Thickness/nm
Ar N, Ar N, (P(N2)+P(Ar)) (measured)
0 0.000 0.00 4800 200
1 0.005 0.04 4800 181
3 0.014 0.11 4800 198
5 0.023 0.18 4900 185
15 0.107
10 0.046 0.30 5400 184
15 0.069 0.39 6000 189
25 0.115 0.52 6000 173
40 0.184 0.63 6000 150

§2.3. Characteristics of NixN films at room temperature

§2.3.1. Deposition rate and resistivity of NixIN films
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The deposition rate (calcuited by thickness divide growth time) versus the P(N>) is
shown in the Fig. 2-4. The deposition rate is 2.4 nm/min for Ni film sputtered in the pure
Ar ambient environment. With the P(N») increasing, the deposition rate decrease slowly
to around 1.5 nm/min. The introduced nitrogen will nitridize the target surface and

decrease the sputtering yield, resulting in the decrease of sputtering rate.
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Fig. 2-4. Deposition rate of the NixN films deposited at different P(N>).

The measurement resistivity method mainly includes transmission line mode (TLM),
Hall and four-probe method. In this thesis, four-probe method was seclected to measure
the NixN films resistivities by using a bridge structure current which is shown in Fig. 2-
5. In order to accurately measure the resistivity of NixN, the NixN film was deposited on
the sappire substrate. The process was following the standard photolithography
technology. Firstly, sapphire substrates were cheaned by using acetone and pure water.
Secondly, realizing the pattern of bridge circuit on sapphire substrate by photolithography
development technology. Then, sputtering NixN films with diffferent P(N>). Finally,
removing NixN films other than bridge structure patterns by lift-off technology.

As shown in the Fig. 2-6 (a), the line width (#) of the bridge structure is set to 3, 6. 9,
12, and 15 pm and the line length (L) is set to 400 um. In the Fig. 2-6 (b), a constant
current is supplied by two probes (from electrode 1 and 4) and a second set of probes are

used to measure the voltage drop (from electrode 2 and 3). The total resistance is given
by
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Vv L
R="2=p — 2-1
» Py ¢ )
where V23=V>—V3, L4 is the current flowing from contact 1 to contact 4, ps the sheet

resistance, L the length, W the width.

To minimize the stander error, we designed a series of width (W=3, 6,9, 12 and 15 um),

then

R= Ps (2'2)

W + AW
where, AW is the line width error fromed by the fabrication process. Then, merge

equation (2-1) and (2-2).
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Fig. 2-5. (a) Optical image of NixN bridge structures, the W is 3, 6, 9, 12, and 15 pum from top to
bottom, (b) a bridge sheet resistance test structure, (c) a example of calculating NixN film resistivity

(@ 0.069 Pa) .

From the slope of the %~W plotting (Fig. 2-5 (c)), we can deduce the p; and the

buck resistance by multiply the py with the thickness of the film (¢).

The resistivity values of the NixN films deposited with different P(N») are shown in
Fig.2-6. The resistivity of the pure Ni film is approximately 8.9 uQcm, which is slightly
higher than that of the bulk Ni (6.9 pQcm) due to the existence of grain boundary and
impurity. As the P(Nz) increasing, the resistivity increased first and then saturated at a
value of approximately 110 pQcm, which is very closed to that of NixN film reported by
other groups. [16-18 ]
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Fig. 2-6. Resistivity of the Ni,N films deposited at different P(N>).

§2.3.2. The phases of NixN films

The XRD is used to measure the crystal internal structure. The X-rays are irradiated on
the crystal lattice, and diffraction occurs, then the internal structure of the crystal is
analyzed by analyzing the diffraction pattern [19]. In this thesis, the phase identification
of deposited films were performed by XRD analysis using a Siemens D500 diffractometer
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supplied with software Diffracplus with Ni-filtered Cu Ka radiation and a scanning speed
of 0.022u/s. The phases were identified according to the JCPDS-ICDD-PDF data base.
[20]

The patterns of the NixN films deposited on Si substrates are given in Fig. 2-7. In Fig.
2-7 (a), there are six curves from the bottom to the top corresponding to the JCPDS 10-
0280 (N1), JCPDS 36-1300 (Ni4N), and NixN film at P(N2) of 0, 0.005, 0.014 and 0.023
Pa, respectively. For the Ni film, two peaks are generally observed at 44.5° and 51.8°,
which are assigned to the (111) and (200) patterns of Ni, respectively. The Ni (111) and
(200) peaks of NixN film with P(N2) of 0.005 Pa shift to a lower diffraction due to the
nitrogen incorporation.[ 18] In addition, the increase in the resistivity also identifies the
nitrogen incorporation. When the P(N3) increases to 0.014 and 0.023 Pa, the nitrogen
incorporation is much more stronger, and the peak at 50.5° is identified to be Ni4N (200)
peak. Meanwhile, the intensity of the Ni (111) pick is so weak that it is not easy to be

identified. Therefore, the Ni metal has been transformed into NisN-dominated phase with

a relatively low P(N>).
LLA b
@ e e ] ) ¢
JL 2 A *2 0.184
L 0023 ~—|
8
Aj\\ 0014 a uu a 0115
—~ — a » ,; W\"
z u > \‘LL
< 0.069
> a a
> . A 0.005 = o
n [~ ——— c —l
c 3
% c
= o - 0.046
\"A.-L__;\J.L._ O — u -
W L1
—~——] (101) o —
(111) @ Ni,N (JCPDS 36-1300) | (1110) (0.02) aNiN ([14)
I (2(I>0) 211) (3|11) (110)(002)|(111) a Ni,N (JICPDIS O4—08i0)
111 n - [
( Il ) (2?0)11 Ni (JCPDS 10-0280) (1ill) (2(30) 0 Ni,N (ICPDS 36_13(:0)
35 40 4550 55 80 85 90 35 40 45 50 55 80 85 90
20 (degress) 20 (degress)

Fig. 2-7. XRD patterns of NixN elaborated at different P(N>), (a) in the low regime (0, 0.005, 0.014
and 0.023 Pa), (b) in the medium and high regime (0.046, 0.069, 0.115 and 0.184 Pa).
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Fig. 2-7 (b) shows the XRD patterns of the NixN films at low P(N>) (0.046, 0.069, 0.115
and 0.184 Pa) as well as NigsN (JCPDS 36-1300), NisN (JCPDS 10-0280) and Ni;N [14]
patterns. The curves of the medium P(N2) (0.46 and 0.069 Pa) were dominated by the
peaks at around 39°, 42.1° and 44.5°, which are corresponding to the NizN (JCPDS 10-
0280) patterns. Besides, a peak at 49° is identified to the NisN (200) peak. While for the
P(N>) of 0.115 Pa, excepting the Ni3N peak, there is an insignificant peak appeared at
40.5° which belongs to the peak of Ni2N (101) pattern. When the P(N>) increases to 0.184
Pa, the NioN (101) peak become much visible, and a new peak at 46°, which is identified
to be the Ni2N (110) peak, appears. None the less, the NizsN (111) peaks at 44.5° could be
also distinguished. These mean that there are two NixN phases presenting in the film with

P(N2) form 0.115 to 0.184 Pa.

§2.3.3. The surface morphologies of NixN films

(a)

. 1.8 nm
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(d)
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0.0 nm

o0

() S N
T T
~

RMS (nm)

0 _Qoo -0 -9

0.00 005 010 015 020

P(N)

Fig. 2-8. (a)~(h) AFM images (1umx1pum) of the Ni and NixN films deposited with P(N2) from 0.005
Pa to 0.184 Pa, (i) RMS roughness of different P(N>).
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The surface morphologies of the NixN films at different P(N2) obtained by atomic force
microscopy (AFM) are shown in Fig. 2-8 (a-h) and the corresponding root mean square
(RMS) roughness are summarized in Fig. 2-8 (1). The surface of the Ni film is very smooth
presenting an RMS of 0.20 nm. For the films grown with the P(N2) lower than 0.069 Pa,
the surfaces are still smooth with the RMS roughness of 0.22, 0.39, 0.46 and 0.55 nm,
respectively. While for the NixN films with the P(N2) of 0.115 and 0.184 Pa, the RMS
roughness shows abrupt increase. Observed from Fig. 2-8 (g) and (h), NioN grains are

agglomerated to larger mass and increase the surface roughness.
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Fig. 2-9. Particle size obtained using XRD and AFM as a function of the P(N2) for NixN films.

The average particle size calculated from XRD using Scherer equation is plotted in
comparison with that obtained from atomic force microscope (AFM) (Fig. 2-9). The
variation of grain size versus P(N2) shows a similar tendency for the both methods.
However, the particle sizes obtain by AFM are larger than that of XRD due to the particle
agglomeration in surface.[18] For the Ni film, the particle sizes obtained by XRD and
AFM are 21.0 and 40.3 nm, respectively. At low P(N2), the low deposition ratio can help
to enhance the Ni diffusion and form the uniform NisN film with a relatively small grain
size. As the P(N2) becomes higher than 0.023 Pa, the well-crystalline NizN phase
dominates in the films and the grain size increases.[18] However, further increase P(N>)

would cause the degradation of crystalline quality and enhance the formation of Ni2N
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phase. Then, the particles size decreased slightly again.

§2.3.4. The chemical compositions of NixN films

The chemical composition of the NixN films obtained at different P(N>) was analyzed
by XPS system (ULVAC-PHI5000) equipped with a spherical capacitor analyzer and
monochromatic Al Ka radiation source (hv=1486.6 e¢V). The Cls, with photoelectron
binding energy at 284.8 eV, is used for charge correction. The samples were pre-sputtered

for 3 min using Ar" to eliminate the surface impurities under an acceleration voltage of 1

kV.
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Fig. 2-10. (a) Wide scan range, (b) Ni 2ps32, and (c) N 1s XPS spectra for the NixN films with P(N>)
of 0, 0.023, 0.069 and 0.184 Pa

Fig. 2-10 shows the XPS spectra of the typical NixN films with P(N2) of 0, 0.023, 0.069,
and 0.184 Pa. Obviously, only the Ni signal is detected for the Ni film while N signals are
showed for other samples (Fig. 2-10(a)). Ni 2ps.2 peaks of N form Ni films and N'* form
NixN with P(N>) of 0.023, 0.069 and 0.184 Pa were around 852.4~852.7 eV (Fig. 2-10
(b)), which was in consistent with previous reports.[3, 21-23]

However, these Ni 2p3» peaks have positive shift with the increasing P(N2) due to the
formation of N-Ni bonds. [3, 24] As shown in Fig.2-5 (¢), N 1s peak was clearly shown
in the spectra for the NixN films but not for the Ni film. The peak at 398 eV is N-N
bonding, and the Ni-N bonding energy is 397.25, 397.4, and 397.5 eV for NixN films with
P(N2) 0of 0.023, 0.069 and 0.184 Pa, respectively, which correspond to the NisN, NizN as
well as mixture of NizN and Ni;N. [22] A weak peak at around 400 eV showed in NixN
film with P(N2) of 0.184 Pa may originate from the N-O bond, corresponding the O 1s
peak in the Fig. 2-10 (a). It worth noting that the peak shift is relatively slight and the
obtained films in our experiment are mixture of different phases (confirmed from the
XRD results). Therefore, it is very difficult to de-convolute the XPS spectra and obtain

the precise composition.

§2.3.5. The atom proportion of NixN films

We used XRD and XPS to evaluate phase composition of the NixN film. XRD curves
are effective to determine the different kinds of phases, but it is difficult to determine the
exact composition of every NixN phase in a mix phase sample.

The core level spectra of Nls and Ni2p measured by XPS is also used to further
evaluate the composition of NixN phase. By comparing the binding energies of Ni and
NixN in the literatures, we identify that Ni2p3;» peaks positive shifts gradually with the
increasing P(N2) due to the formation of N-Ni bonds. In addition, N1s peaks located
around 397.4 eV of sample with different P(N) are also shown similar tendency.
Observed from the XRD results, the obtained films in our experiment are mixture of
different phases. However, it is very difficult to de-convolute the XPS spectra and obtain
the precise composition.

Therefore, we measure the sample composition and incorporated contamination by the
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Co-calibrated EDX (Horiba Emax X-Act: ex-270) using SEM (Hitachi SU1510), and the
analysis software is Emax-evolution. The accelerate voltage and sampling time are 15 kV
and 50 s, respectively. The NixN samples fabricated for EDX measurement are 500 nm
thick NixN layer on the 6mmx6mm Si substrates. The equipment was calibrated by Co-
standard sample before measuring the NixN samples. The composition of N, Ni, O, and

C is deduced from the average of 6 different points for every NixN samples.

Table 2-2. The normalized atom proportion of N, Ni, O, and C for NixN samples with different

P(N), standard deviation is shown in the parentheses.

P(N,) /Pa C /% N /% 0 /% Ni /% Ni/N
0 4.9 (0.16) 0.0 (0) 1.3 (0.06) 93.8 (0.26) 0.00
0.005 4.6 (0.13) 5.0 (0.17) 0.8 (0.11) 89.6 (0.22) 0.06
0.014 4.6 (0.14) 10.9 (0.12) 0.5 (0.16) 84.1(0.18) 0.13
0.023 4.6 (0.21) 13.2 (0.26) 0.6 (0.10) 81.7 (0.16) 0.16
0.046 4.0 (0.26) 17.8 (0.15) 0.8 (0.06) 77.3 (0.20) 0.23
0.069 4.0 (0.12) 20.7 (0.11) 0.5 (0.14) 74.9 (0.17) 0.28
0.115 3.7(0.11) 24.2 (0.13) 3.5(0.06) 68.6 (0.13) 0.35
0.184 2.9 (0.13) 27.3 (0.10) 6.0 (0.06) 63.8 (0.14) 0.43
)
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Fig. 2-11. The ratio of Ni/N with different P(N»).

Table 2-2 shows the normalized atom proportion of N, Ni, O, and C for NixN samples
with different P(N2). The samples were exposed in air ambient after sputtering, O, C and

N contamination will inescapability absorb on the surface. The C proportion is about 3~5%

-35-


javascript:;

Doctoral Degree Thesis for Tokushima University

in the NixN films. The O proportion is about 1% in the NixN samples with low P(N>).
However, the value of O proportion with P(N2) of 0.115 and 0.184 Pa increased to 3.5%
and 6%, respectively, implying the O atom is easily absorbed in the NixN films with high
P(N2). This result is consistent with the Ols peak in the XPS spectrum. Fig. 2-11 shows
that the Ni/N ratio increased with the increasing P(N2). Meanwhile, the Ni/N ratio is also

consistent with the NixN phases showed in XRD spectra.

§2.4. Conclusion

In this chapter, NixN films were deposited by magnetron reactive sputtering under
varying P(N2) conditions range from 0.005 to 0.184 Pa. With the increasing P(N2), the
deposition rate decreased while the resistivity and root mean square roughness increased.
XRD and XPS indicate that NisN and Ni3N phases dominate the films at low and medium
P(N>), respectively. In addition, Ni2N phase can be also obtained at high P(N2). The Ni/N
ratio evaluated from the energy dispersive X-ray spectrum is consistent with the NixN

phases showed in the XRD spectra of different P(N>).
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Chapter 3: NixN film for GaN-based SBD Application

§3.1. Introduction

Schottky barrier diode (SBD) is the critical device of antenna-rectifier (rectenna) circuit
in the microwave wireless power transmission systems, which is widely used in electric
vehicle power charging, energy harvesting systems, power source, and in-building
wireless power distribution. [1-3] However, the traditional GaAs- and Si-based
commercial SBDs could not meet the development of the microwave wireless power
transmission technology, which requires high conversion efficiency under high frequency
and high voltage operation. Gallium nitride (GaN)-based materials exhibit many
extraordinary features, including large bandgap, higher breakdown field, higher electron
mobility and higher electron saturation velocity, accordingly GaN-SBDs have attracted
much attention for improving the efficiency of microwave wireless power transmission
system.[4-6]

Metal nitrides with high thermal stability were reported to replace the conventional
metals as Schottky contact on GaN [7, 8], owing to its potential in suppression interface
reaction between metal and GaN. For example, the most common Ni anode is reported to
form a Ni-N alloy (a mixture of Ni3N, NiN and so on) after thermal treatment, resulting
in the degradation of stability. [4, 9] We previous investigated the electrical performance
of SBDs with TiN contact fabricated by reactive sputtering. [1, 10] The TiN SBDs have
a lower turn-on voltage compared with Ni SBDs and better sensitivity for temperature
sensing application. However, the SBDs with TiN electrode suffer from the problem of
relatively larger reverse leakage current.

In chapter 2, we synthesize NixN by using magnetron reactive sputtering at different
pressure ratios of Ar and N> mixture gas in which the NixN films show different NiN
phase appeared. It was reported that NixN can avoid interface reaction between anode and
GaN, and possesses a high work function, showing the potential to serve as the SBD
anode to reduce leakage current. Therefore, it is very necessary to explore the application
of NixN on Schottky contact.

In this chapter, NixN films, prepared by magnetron reactive sputtering at different

-390 .-



Doctoral Degree Thesis for Tokushima University

pressure ratios of Ar and N> mixture gas, were employed as anode material for GaN SBD
application. Comparing with the GaN diodes with Ni anode, the SBH and turn-on voltage
of the SBDs with NixN anode are increased with 0.03~0.18 eV and 0.03~0.15 V,
respectively. C-V curves demonstrate that good interface quality with no obvious
hysteresis was realized. Ni3sN anode diodes obtained at medium P(N>) possess a high
barrier height and a low reverse leakage current and are regarded as a promising anode
material. In addition, The I-V-T characteristics demonstrate that the NiN-SBDs have
better thermal stability than that of Ni-SBDs, owing to the suppression of interface

reaction between Ni and GaN.

§3.2 Devices structure and fabrication

The n-GaN epitaxial layers, grown by MOCVD on (0001) sapphire substrate, was used
in this experiment. The vertical structure (shown in Fig.3-1 (a)) of the wafers consisted
of a thin nucleating layer, a 3.5 um thickness n-type GaN layer (doping concentration:
2x10"%cm), and a 1pm Si-doped Schottky contact layer (doping concentration: 1.6x10
cm™) from bottom to top. We adopted standard lithography process to fabricate the
NixN/GaN SBDs and the fabrication process flow chart is shown in Fig. 3-2.

At the beginning of fabrication, the GaN wafers were cleansed by SPM
(H2SO4:H20,=4:1), acetone and pure water were used for removing the organic and
inorganic matters.

By using a standard photolithography technology, cathode electrode of Ti/Al/Ti/Au
(50/200/40/40 nm) multi-layer were deposited on the n-GaN epitaxial layers by reactive
sputtering.

After the lift-off process, the samples were annealed under 850 °C for 3 min in a N2
ambient to from the ohmic contacts.

The Schottky electrode fabrication process was based on the standard
photolithography and lift-off technology. Before the deposition of the Schottky electrode,
the wafers were soaked in diluted HCI with 5 min for removing the possible oxide layer
on the wafer surface formed by the Oz plasma ashing.

Then, the NixN/Au (100/30nm) Schottky electrode was deposited by using reactive
sputtering in an Ar and N> mixture ambient. The Ar partial pressure was kept at 0.11 Pa,

while the P(N2) were varied from 0.005 to 0.18 Pa (0.005, 0.014, 0.023, 0.046, 0.069,
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0.115 and 0.184 Pa).

n-GaN (1.6E16)1 1 m

Fig. 3-1. The schematic cross section (a) and optical photo (b) of the circular SBDs.

Cleaning wafers
(SPM , acetone and pure water)

Photolithography
(Ohmic pattern)

Ohmic sputter
Ti/Al/Ti/Au (50/200/40/40 nm)

RTA
850 °C 2min

Photolithography
(Gate pattern)

Ni(N)/Au (100/30) sputtering
Fig. 3-2. The schematic fabrication process of the Ni(N)/GaN-SBDs.
As shown in Fig. 3-1 (b), circular Schottky anode (diameter of 200 pm) was

surrounded by ohmic contacts with a distance of 5 um. For comparison, we also fabricated

samples with Ni electrode under the same process.

§3.3. NixN/GaN SBDs characteristics

§3.3.1. I-V characterization
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In order to obtain average value, we measured more than 20 different devices randomly
to obtain the current-voltage characteristics at room temperature. Then, the arithmetic
mean and the standard deviation were adopted to determine the average value and error
bar, respectively. The I-V characteristics of the NixN/GaN SBDs were measured under the
room temperature by using the semiconductor parameter analyzer Agilent 4155. As
shown in the Fig. 3-3, the voltage range of the /-J curves measured by double-sweep
mode is from -10 to 2 V for the reverse and forward. The voltage step is set 0.02~0.2 V,
and the protection current threshold is set to be 0.1 A.

All samples show the good rectification characterization at all P(N2). When the P(N»)
is 0.046 and 0.184 Pa, the leakage current of the Ni(N)-SBD measured at -10V is slightly
decrease compare with the Ni-SBD, and even samples with P(N2) of 0.005, 0.014 and
0.115 Pa show that leakage current is bigger than Ni-SBD. It's worth noting that, the
leakage current at the P(N2) of 0.023 Pa shows significant decrease. However, the curve
of the I-V current at reverse area has significant jitter and is not very smooth, although we
have tested multiple devices. When the P(N2) is 0.069 Pa corresponding to NizN phase,
the device shows good rectification characterization, and the curve is smoother and the

hysteresis is better.

Voltage (V)

Fig. 3-2. I-V curves of circular diodes with different P(N>).
The SBH and ideality factor n were extracted by fitting the forward-biased /-V curves

of the diodes using the thermionic emission (TE) model [11] which is given in equation

(3-1)5
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_ w2 [ qVv 3-1

| =AAT exp[ T j{exp(k_r) 1} (3-1)

Amgm*k?
h3

where A, is the effective diode area, 4 * the effective Richardson constant, 26.9 Acm’

A" = (3-2)

K2 for GaN, T'the absolute temperature in kelvin, ¢ the electron charge, & the Boltzmann
constant, and ¢p the effective barrier height from the metal to the semiconductor. The
effective Richardson constant is given in equation (3-2), where m* is the effective mass
for GaN: m™=0.20, m¢=1.82x1073! kg, my the electron rest mass, / the Planck’s constant
(h=6.6261x 1034 Js).

When qV >3KT, then exp{%] >1, the forward current density can be obtained

from equation (3-1), which is following:

J :A*Tzexp( ?(flﬁ_“)e p( ij (3-3)

Solving (3-3) to:
av CW%
InJ =——+In(AT 3-4
nkT ( ) G-4)
where, J(=1/A,) is the current density of the SBDs.

Then, we select the linearity region for linear fitting, the ideality factor n can be

calculated from the slope (%) of'the linear fitting. Meanwhile, the SBH ¢, is obtained
n

from the intercept ( In(A*T 2 )— % ) of the linear fitting.

Fig. 3-3. shows the logarithmic and linear current density verses voltage characteristics
of the NixN/GaN SBDs in forward bias region. With increasing of the P(N2), the curves

show positive shift in the forward bias region.
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Fig. 3-3 I-V characteristics of Ni(N) SBDs in the forward bias region with linear and logarithmic

coordinates.

The turn-on voltages, defined as the voltages corresponding to a current of 1mA, are
0.77,0.80, 0.83, 0.85, 0.88, 0.93, 0.92, and 0.89 V for the devices with P(N2) of 0, 0.005,
0.014, 0.023, 0.046, 0.069, 0.115 and 0.184 Pa, respectively, as shown in Fig. 3-4 (a) and
Fig. 3-4 (b).
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Fig. 3-4. (a) Turn-voltage and specific on-resistance, (b) ideality factor and SBH of NixN/GaN
SBDs.

The reference Ni-GaN SBDs present a SBH of 1.03 eV and ideality factor of 1.12. The
ideality factor of all samples with P(N>) from 0 to 0.184 Pa are concentrated between 1.04
and 1.27, which indicates that the thermionic emission transport mechanisms is dominant.
SBH of the samples increases with the partial pressure and reaches the highest value, and
then decreases. The highest SBH of 1.21 eV is obtained with P(N2) of 0.069 Pa,
meanwhile the ideality factor is 1.09. Comparing with the pure nickel GaN SBDs, all the
samples with different P(N2) show that the SBH has a certain improvement.

However, the increasing of SBH does not means the obvious suppression of leakage
current in the reverse bias region. The samples with P(N2) of 0.005, 0.014, and 0.115 Pa
even show a higher leakage current than that of Ni-SBD. A possible reason is that the
obtained films are the mixture of Ni and NigN with small grain size. The high density of
grain boundary will increase the leakage current. While for the Ni3sN dominated film
formed at a P(N2) of 0.069 Pa, the good crystalline quality and large grain size are
beneficial for improving the interface with high SBH and ideality factor, resulting in a

leakage current that was two orders of magnitude lower than the Ni-SBDs.

§3.3.2. C-V characteristics

The C-V curves were measured in double-sweep mode (@ 1MHz) for samples obtained
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at different P(N2), as shown in Fig. 3-5. It demonstrated that no obvious hysteresis was
observed in all curves, implying the good interface quality. Moreover, we also measured
the C-V curves under different frequencies (Fig. 3-6). The C-V curves are smoother under
higher frequency and mild fluctuation under lower frequency. However, no obvious
hysteresis was observed in all curves.

In fact, the plasma induced by high bias just surrounds the metal target, while the
substrate is placed on a water cooling copper hold. The distance between target and
substrate is adjusted to about 10 cm. Furthermore, we chose a relative lower growth rate

to deposit the films. Therefore, the sputtering process generate relatively slight damage

on the surface.
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Fig. 3-5. The double-sweep mode C-V curves of samples obtained at different P(N2) samples.
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Fig. 3-6. The high and low frequency double-sweep mode C-V curves of samples obtained at

different P(N>) samples.

§3.4. Thermal stability of NizN/GaN SBD

Thermal stability is a very important performence for a electronic device. Thus, it is
necessary to analyze the thermal stability of the NiN/GaN SBD. Based on the previous
discussion, when the P(N>) is kept at 0.069 Pa, relative pure NisN phase dominate in the
NiN Film. Meanwhile, the NiN/GaN SBD shows a significant leakage current reduction.
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§3.4.1. Characteristic of NisN/GaN SBD at room-temperature
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Fig. 3-7. (a) I-V characteristics of the circular device, (b) I-V characteristics of NiN- and Ni-SBDs in

the forward bias region.

The I-V characteristics of the NiN- and Ni-GaN SBDs are shown in Fig. 3-7 (a). When
thermionic emission theory was used, the SBH of the NiN- and Ni-SBD are deduced to
approximately 1.19 eV and 1.03eV, respectively. Meanwhile, the values of ideality factor
(n) were 1.10 and 1.13 for the NiN- and Ni-SBD, respectively. The reverse leakage current
of the NiN device is approximately two orders of magnitude lower compared with the Ni-
SBD. Moreover, the calculated reverse current is far less than the measured one, implying
other mechanism such as trap-assisted tunneling process dominate the reverse leakage
current. [12] From the Fig. 3-7 (b), the turn-on voltages, defined as the voltages
corresponding to a current of 1mA, are approximately 0.79 and 0.95 V for the NiN-SBD
and Ni-SBD, respectively.

The C-V characteristics of the Ni- and NiN-SBDs are shown in Fig. 3-8. The
capacitances obtained at zero bias are about 3.73x1077 and 3.12x10"7 F/cm ™ for the Ni
and NiN SBDs, respectively. The SBH can be also determined by the C-V method [11],

and it is given by

h(CV)=QVy +(E-E)

where, V5 is the built-in voltage, which can be extrapolated from the line of 1/C? versus
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V' (as shown in the inset of Fig. 3-8). E. is the conduction-band energy and Eris the fermi

energy.
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Fig. 3-8. C-V characteristics and 1/C? versus applied voltage for NiN and Ni SBD (inset) at room

temperature with 1MHz sampling frequency. The red line and the blue line are the linear fit curves

(inset).

The energy difference between the conduction-band energy and fermi energy is given
by
k_T |n( N c

E,~E, = v
d

)
(3-3)

where, T'1s 300K, N, is the effective density of the state in the GaN, and Ny is the donor
concentration which can be calculated form the C-V measurements, and the Ns of N1 and
NiN samples are 1.70 and 1.62x107'® cm™, respectively. From the C-¥ method, the SBH
of the Ni and NiN SBDs are 1.0 eV and 1.2 eV, respectively. Those values are slighter
higher than that derived from /- measurements. This is ascribed to that the capacitance
in C-V method is insensitive to potential fluctuation, resulting in a homogeneous SBH
over the whole Schottky area. While for the /-J measurement, the current flows through

the region of low SBH at zero-bias dominate the current.

§3.4.2. Characteristic of NisN/GaN SBD at different temperature

-49 -



Doctoral Degree Thesis for Tokushima University

10"
@
[ - = 25°C 1Ist
10° f 75°C
4 -+ - 25°C 2nd
5 ——125°C
—~107F — = 25°C 3rd —~
< <
~ [ —175°C ~
§107r - - --.25°C 4th =
et et
S S
> >
O O

/i

2 0.00
6 -4 -2 000 04 08 12 16
Voltage (V)
1.15 1.30
(c) —m—n
110 Rl Q——"1%5
. B . " .
—
S =
2105} T 11.20S
“— -0.03} w
> P T
=100} ~ -0.06} ~ {1.150
< < , n
3 — -0.09fg
0.95F -0.12L— . . 411.10
120 123 1.26
SBH (eV)
0.90 = . . 1.05

25 50 75 100 125 150 175
Tempertaure (°C)

Fig. 3-9. (a) I-V characteristics of NiN SBD measured at different temperature in the reverse bias
region, (b) /-V characteristics of NiN SBD in the forward bias region, (¢) SBH and n values of NiN

SBDs measured under different temperatures, (inset of ¢) SBH versus 1/n-1.

For evaluating the thermal stability, the devices were heated from 25 °C to 75 (125 and
175) °C, and then cooled down to 25 °C for measurements of the /-7 curves of the NiN-
SBD. As shown in Fig. 3-9 (a), the NiN SBD shows good rectification characterization at
all temperatures. After each thermal treatment, the leakage current under -10 V can return
to the initial value (3.6E-10 A) measured at 25 °C, which confirms that the device has

very good thermal stability.
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Fig. 3-9 (b) shows the forward bias region of the /-V characteristics with linear and
logarithmic coordinates. With increasing temperature, the turn-on voltage shows negative
shift (Fig. 3-9 (b)), but it can still return to the original value after each thermal treatment.
Fig. 3-9 (c) shows the SBH and n values of NiN SBD measured at different temperatures.
When the temperature is increased from 25 °C to 75, 125, and 175°C, the SBH increases
from 1.19 eV to 1.22, 1.24, and 1.25 eV, respectively, and the n value decreased from 1.10
to 1.07, 1.05, and 1.03, respectively. From the inset of Fig. 3-9 (¢), the plot of SBH versus
n presents a good linear relationship. This is usually ascribed to the inhomogeneous SBH
of the Schottky contact. The SBH inhomogeneous behavior is a common phenomenon
and the possible mechanism have been ascribed to many factors, such as the gate metal
[13], surface morphology of the material [ 14], surface defect, the metal deposition process.
[15, 16] In our experiment, the sputtering ratio of the Schottky electrode is very slow
(approximately 0.33 A/s). Therefore, the RMS is relatively small and the contact between
the Schottky electrode and the GaN is relatively homogeneous. A possible reason for this
barrier height inhomogeneous may be ascribed to the high dislocation density of the GaN
material on sapphire substrate due to the large thermal and lattice mismatch.

The temperature dependency results of Ni SBD are shown in the Fig. 3-10, in which
the n and the SBH also show the inhomogeneous behavior. The Ni SBD was observed
weak degradation which appeared after 175 °C thermal, which was consistent with the
results of our previous studies [9, 10]. The poor thermal stability of Ni-SBD may be cause
by the mixtures of NisN, NizN and Ni presenting in the interface of Ni/GaN after
annealing [4]. From the temperature dependence of the Ni- and NiN-SBDs, we
demonstrated that the NiN Schottky electrode by sputtering can help to suppress the
interface reaction, the NiN-SBDs show better thermal stability accordingly.
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Fig. 3-10. (a) I-V characteristics of Ni SBD measured at different temperature in the reverse bias
region, (b) I-V characteristics of Ni SBD in the forward bias region, (c) SBH and n values of Ni

SBDs measured under different temperatures, (inset of ¢) SBH versus 1/n-1.

Fig. 3-11 shows the forward voltage at different currents (20, 40, 60, 80 and 100 mA)
versus different temperatures. For the temperature sensor, the sensitivity is defined by the
slope of the V-T profile. By linear fitting the V-T profile, the sensitivity of the NiN-SBD
is deduce to approximately 1.3 mV/K, which is higher than the Ni-SBD (around 1.1 mV/K)
and TiN-SBD (around 1.0 mV/K) with the same size [10].
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Fig. 3-11. Forward voltage at different currents versus different temperature for the (a) NiN- and (b)
Ni-SBD.

§3.5. Conclusion

NixN films deposited by magnetron reactive sputtering under varying P(N2) conditions
range from 0.005 to 0.184 Pa were used for SBD application. Comparing with the Ni GaN
sample, the SBH of the NixN SBDs shows an increase of 0.03~0.18 eV with different
P(N2). No obvious hysteresis observed in all samples C-V curves, demonstrating the good
interface quality in the Schottky contact. The Ni3N film with good crystalline quality and
large grain size is beneficial for improving the interface with high SBH and low ideality
factor, resulting in a leakage current that was two orders of magnitude lower than Ni-SBD.

Finally, the Ni3sN/GaN SBD shows good rectification characterization at different
temperatures without any obvious degradation after thermal treatment. The sensitivity of
NiN-SBD varies slightly at different current levels is 1.3 mV/K and shows the potential

for temperature sensing application.
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Chapter 4: GaN-beased Diode for Temperature Sensor
Application

§4.1. Introduction

High temperature environment operation as well as the self-heating effect of a power
device will obviously arise the junction temperature, and then deteriorate the device
peformance. Semiconductor diodes such as SBD and PND are commonly used for
temperature sensor application. [1, 2] The sensing ability of a diode temperature sensor
bases on the quasi-linear dependence of forward voltage on temperature, [3] requiring
good thermal stability and linearity. GaN based power devices show excellent
performance and are widely used in space, high radiation, high temperature and other
harsh environmen bacause GaN has advantages of wide-bandgap, high breakdown
voltage, radiation-resistant and high temperature stability. [4-5] However, the GaN-
compatible temperature sensor that can monitor the device temperature in-situ is not
investigated extensively. [6]

In this chapter, we employ NiO and TiN electrodes for the GaN-based PND and
temperature sensors application to investigate the correlation between anode area and
sensitivity. The contribution of series resistance shows very different between NiO/GaN
PND and TiN/GaN SBD temperature sensors in the fully-turn-on state. In the sub-
threshold region, the sensitivities of both NiO/GaN PND and TiN/GaN SBD temperature
sensors are determined by forward current density, in which a larger current density
correspond to a lower sensitivity. What's more, based on the theoretical analysis of the
TE mode, we found the NiN electrode SBD temperature sensor shows the high linear and

near-ideal sensitivity of the GaN-based SBD temperature.

§4.2. NiO/GaN PND temperature sensor

NiO is a 3d transition metal oxide [7-8] and a typical direct wide bandgap p-type
semiconductor. The bandgap of the NiO film is usually 3.6~4.0 eV [9-11]. Due to its
unique electronic structure, NiO has shown excellent application prospects in many fields
such as transparent conductive films, gas sensors, UV detectors and electrochromic

devices, etc. [11-18].
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Recently, NiO has been reported with an excellent chemical stability in GaN-based
optoelectronic and electronic devices [19, 20]. The outstanding rectifying behavior and
good thermal stability of p-NiO/n-GaN heterojunction diode is suitable for the microwave
power rectification [21], meaning that it can be a possible candidate for temperature

sensing.

§4.2.1. Theoretical modeling of a p-NiO/n-GaN heterojunction diode

Under a forward bias (Vr), the diode current (/p) is expressed as the following equation
when Vr>3kT/q [22, 23]:

9B q(Ve —Rslp)

_ A*a kT nkT
I, =Ae e @1)

Where, n, k, q, Rs and T are the ideality factor, Boltzman constant, electronic charge,
series resistance and Kelvin temperature, respectively. Rslp is voltage drop across series
resistance (Ry). A =AgXNpy(Dup/tnp)"?, where A and X are the junction area and
transmission coefficient for the interface, respectively, Npp, D, and 7., are the donor
impurity concentration, diffusion constant and electron life-time in GaN, respectively.
Since these parameters are temperature-dependent, A* can be expressed as A*=ACT,
where C is a constant and 7 a process-dependent parameter [22]. E, is the band gap of n-
GaN.
Then the Ip can be simplified to

7@ q(Ve—Rslp)
— r KT nkT
I, =ACT'e “e (4-2)

Solving for V' yields

Ve =Eg+ IDRS+M(InI—DfrInT
q Al

C j (4-3)
According to some reports [22, 24], the nonlinear part of equation (4-3) has vanishingly
small effect until very high temperature. Hence, the Vr drop is approximately a linear

function of temperature at a constant current.

§4.2.2. Device structure and fabrication
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100/150/200/300 um

Ohmic contact

n-GaN (1.6E16) 1 um

(a) (b)

Fig. 4-1. Schematic cross-sectional (a) and optical (b) images of the NiO/GaN diode temperature

sensors with diameters of 100, 150, 200 and 300 um, respectively.

The device structure is shown in the Fig. 4-1, and the fabrication process is based on
standard lithography process, which follow the description in chapter 3. The NiO anode
electrodes (followed our previous study [21]) with diameters of 100, 150, 200 and 300
um were deposited by reactive sputtering with a Ni metal target. In order to facilitate
probe measurement, thick Au (Ni/Au 30/200 nm) was deposited on all the electrode

surface at last.

§4.2.3. Characteristics and discussion
(1) Sensitivity at the fully-turn-on state

Fig. 4-2 (a) shows the typical forward bias /-V characteristics in linear coordinate of
the diode with a diameter of 150 um. The /-V curves with an obvious temperature
dependence shift negatively when the temperature increases from 25 to 200°C with a step
of 25 °C. The corresponding » and Ry at different temperatures are fitted and summarized
in Fig. 4-2 (b). The fact that the n values close to 2 implies that the recombination current
dominates. The decrease of the n and R, values at higher temperature as well as the linear
negative shift of the turn-on voltages were caused by the thermally excited carriers and

enhanced current diffusion [25].
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Fig. 4-2. (a) I-V characteristics of a 150 pm diameter NiO/GaN diode temperature sensor at the fully-
turn-on state, (b) the series resistance and # versus temperature, solid lines are the linear fitting. (c)
V’r at current from 20 to 100 mA versus different temperatures. The temperature sensitivities are

obtained by calculating the slopes of the linear fitting curves.

To evaluate the sensing ability of the pn diode, the curves of Vr versus temperatures at
the currents of 20, 40, 60, 80 and 100 mA are shown in Fig. 4-2 (c). The voltage in the
fully-turn-on range decreases linearly with the increasing temperature at different specific
current levels. As shown in Table 2-1, the sensitivities of the NiO/GaN diode temperature

sensor are 2.84 mV/K at 20 mA and 4.29 mV/K at 100 mA, which are significantly larger
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than that of Ni, TiN or NiN- GaN SBD temperature sensors (the typical value is below
1.4 mV/K). From equation (4-3), the voltage drop across the Ry also has contribution on
the sensitivity. By fitting the R, versus temperature, the slope of dRy/dT is approximately
28.7 mQ/K with a coefficient of determination (R?) of 0.957. Therefore, the sensitivities
caused by the Ry (Sgs) at 20, 40, 60, 80 and 100 mA are 0.56, 1.13, 1.69, 2.26 and 2.82
mV/K, respectively (Table 4-1). Then, after subtracting the contribution of the R;, the
sensitivities of the diode are approximately 2.28, 2.18, 2.06, 1.82 and 1.48 mV/K,
respectively. It worth noting that the slopes of the VT curves are negative, indicating
that the natural logarithm part in equation (4-3) is negative. The reason could be that /p/4
is smaller than 1 at a relatively small current density. Therefore, a lager current density

will decrease the absolute value of In(/p/4), resulting in a relatively lower sensitivity.

Table 4-1 Sensitivity, R’ and Sgs calculated from the linear fit of the experiment measurement in

fully-turn-on state for a 150 um diameter device.

Ip S RZ SRS S—SRS
[mA]  [mVI/K] [mV/K] [mV/K]
20 2.84 0.995 0.56 2.28
40 3.31 0.986 1.13 2.18
60 3.75 0.983 1.69 2.06
80 4.07 0.978 2.26 1.81
100 4.29 0.977 2.82 1.47
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Fig 4-3. (a) Vr-T curves for the device with different diameter at /p of 20 mA, (b) sensitivity and

Srs versus diameter.

Table 4-2 Sensitivity, R? and S, calculated from the linear fit of the experiment measurement at Ip of

20 mA for different diameter devices.

Diameter S 5 Sks S-Sk n
[um] [mV/K] [mV/K] [mV/K] @ RT
100 3.19 0.984 0.61 2.58 2.80
150 2.84 0.995 0.56 2.28 2.23
200 2.69 0.988 0.46 2.23 2.03
300 2.48 0.979 0.41 2.07 1.80

Furthermore, the effect of the anode diameter on the sensitivity of diode was
investigated. The forward voltage-temperature (Vp-T) profiles (@ Ip=20 mA) of the
devices with anode diameters of 100, 150, 200, and 300 um are shown in Fig. 4-3 (a).
Meanwhile, the dRy/dT of the devices shows the similar decreasing tendency with the
increasing of device diameter. Combining the slope of VT and the Rs-dT curves (Fig. 4-
3 (b)), the sensitivities of the devices decrease as the increasing anode diameter (area)
(Table 4-2). Theoretically, the increase of area (4) at a specific current level will decrease
the Ip/A value while increase the absolute value (sensitivity) of In(/p/4) in equation (3).

Therefore, one possible reason for the decreasing sensitivity is ascribed to the decrease
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of n at larger diameter. It is worth noting that the slopes of n versus 7 are 0.007, 0.005,
0.004 and 0.003 /K for 100, 150, 200, and 300 um devices, respectively. Therefore, the n
values show a relatively weak temperature dependence but may play an role in the

sensitivity decreasing.

(2) Sensitivity at the sub-threshold region
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001} ® ,,:55555:1:}1},:.;:-3'
1E-3 ¥ ;33:215’::3:}3}'/
[ .;:i:ﬁigx/f/ s
/¥ /./
< 1E4 I' 200°C /.;;5:;,%:;:/ —=—25°C
= %9 —e—50°C
+— » or
% 1E'5 l' /‘;MI/ A 75 oC
st AN/ o
S 1E-6 AN oo —v—-100°¢C
> l- o /:/ / /A/./ 25°C 125 °c
© . /:/ /’/Y° a
E7f S —<—150°C
LA _ 0
o yd /& »—175°C
IE8F /) S ,
/) /,/Y?A o —e—200°C
1E_9 ) o N ' ' ' '
0.6 0.9 1.2 15 18
Voltage (V)

1.2}8

Voltage (V)

o
o

4 » » » »
300 325 350 375 400 425 450 475
Temperature (K)

Fig. 4-4. (a) Logarithm I-V curves of a 150 um device and (b) is the forward voltage versus
temperature at sub-threshold state with specific Ip levels of 1 nA, 10 nA, 100 nA, 1 pA and 10 pA,
respectively.

Based on the discussion above, the contribution of Ry can’t be ignored in the fully-turn-
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on state when the current level is relatively large. Therefore, it is necessary to investigate
the sensitivity in the sub-threshold voltage region. Fig. 4-4 (a) shows the logarithmic plots
of the forward bias /-V curves from 25 to 200 °C. Then, the VT profiles at specific Ip
levels of 1 nA, 10 nA, 100 nA, 1 pA and 10 pA are obtained, respectively, as shown in
Fig. 4-4 (b). It can be seen that the sensitivity varies from 1.60 to 2.20 mV/K with the
current decreasing from 10 pA to 1 nA. The variation tendency of the sensitivity in the
low current range is opposite to the fully-turn-on range. In this range, the /p below 10 pA
will result in a vanishingly small Szs < 0.0002 mV/K which can be ignored. Thus, a better

linear sensitivity with R? values larger than 0.994 is obtained.
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Fig. 4-5. (a) Forward voltage versus temperature for the devices with different diameters at /p of 10
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nA, (b) measured sensitivity versus Ip density of the different junction area NiO/GaN pn diode

temperature sensors.

The V-T profiles of the 100, 150, 200, and 300 um devices at /p=10 nA are shown in
Fig. 4-5. From the fitted linear line, sensitivities of the 100, 150, 200, and 300 um devices
are 2.05, 2.08, 2.11 and 2.18 mV/K, respectively, which shows a positive linear
correlation with the junction area (inset of Fig. 4-5(a)). To understand this variation trend,
the sensitivity versus forward current density of different devices are shown in Fig. 4-5
(b). Good linear relationship between sensitivity and In(/p/4) is observed from four
different diameters. Furthermore, different diameter devices are all arranged with one
linear relationship. These results can also be theoretically analyzed from equation (4-4).
When we ignore the /R, and Eg [26], we can get

dVe oc |I‘]I—D
dT A (44

The sensitivity versus the In(Ip/4) is linear, as shown in Fig. 4-5 (b). Meanwhile, the
relatively larger sensitivity at a relatively lower forward current density (smaller /p/4) is
also observed, which also accords with the results of different diameters at a given

forward current of 10 nA, as shown in Fig. 4-5 (a).

§4.3. Correlation between anode area and sensitivity for the TiN/GaN
SBD temperature sensor

TiN is commonly employed as anode or gate material in GaN-based electronic devices,
showing very good interface conditions and thermal stability.[27] In our previous study,
[28, 29] GaN SBDs with TiN anode were fabricated and evaluated at different
temperatures. Good rectifying characteristic with relatively small interface state density
was confirmed in the temperature range from 25 to 200 °C. Furthermore, we also
presented the feasibility of temperature sensing application. A sensitivity of
approximately 1.0 mV/K was obtained which varied slightly versus current level, series
resistance and diode area. [29] However, the relationship among those parameters was
not evaluated in detail. It was reported that, for a p-NiO/n-GaN PND temperature sensor,
the series resistance dominated the sensitivity at the fully-turn-on region, while the current

density dominated the sensitivity in the sub-threshold regions.[30] Therefore, a clear
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interpretation of the relationship among those parameters is also beneficial to realize a

GaN SBD temperature sensor with high sensitivity.

§4.3.1. Device structure and fabrication

TiN anode SBD temperature sensors with four kinds of diameter were fabricated on n-
GaN wafer which is similar to the NiO/GaN PND (shown in Fig. 4-6). The fabrication
process is based on standard lithography process, which also follow the description in
chapter 3. The TiN anode electrode was reactively sputtered using a pure Ti metal target
in a N2 and Ar mixed gas ambient, in which the flow rate of Ar and N> are 15 and 3 sccm,
respectively [28, 29]. Finally, Ni/Au layers with thickness of 30/200 nm were deposited
on all the electrode surface. In order to improve the contact property, post rapid thermal
annealing (300 °C, 10 min) was conducted before device characterization. Fig. 4-6 (b)
shows the optical images of the TiN SBD temperature sensors with diameters of 100, 150,
200 and 300 pum, respectively. After measuring the /- property at room temperature, the
sample was retrieved and the temperature was adjusted to the set temperature (stabilized

for 5 min). Then, the /-V curve was measured again until 200 °C.

100/150/200/300 1 m

u

Ohmic TiN 30nm
n-GaN (1.6E16) 1.13pm

Fig. 4-6 (a) Cross-sectional schematic and (b) optical images of the TiN SBD temperature sensors

with diameters of 100, 150, 200 and 300 pm, respectively.

§4.3.2.Theoretical modeling of the Schottky diode
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Fig. 4-7. Typical temperature-dependent /-V curves under reverse and forward bias of a 200 um

diameter device.

1-V characteristics of SBDs were recorded at the temperature from 25 to 200 °C with a
step of 25 °C. As shown in Fig. 4-7, the typical I-V curves of the device with a diameter
of 200 um show good rectification characteristic and strong temperature dependence. The
leakage current increases with the increasing temperature, implying that the thermionic
emission dominates the leakage current. [25] Following the thermionic emission (7E)

theory, when Vr >3kT/q, the forward current (/p) can be simplified to:

3 —> _q@, qVe —R1
I, =AAT exp[ T jeXp(—nkT ] (4_5)

Where ¢s, Ae, T, q, n, k, V, A" and Ry are the SBH, Schottky contact area, Kelvin
temperature, electronic charge, ideality factor, Boltzmann constant, bias, Richardson
constant and series resistance, respectively. Rs/p is voltage drop across series resistance.

Solving for Vryields

=n +ﬂ n lo_|. n +
Ve =ng, ] {l (&A*] 21 (T)} IR, w6

As discussed in the previous reports, [22, 24] the effect of temperature on the nonlinear
part In(7) of equation (4-6) is vanishingly small until very high temperature. Hence, the

Vr for an idea diode at a constant current drops linearly versus the temperature.

§4.3.3. Characteristics and discussion
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(1) Sensitivity at the fully-turn-on state
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Fig. 4-8. (a) I-V-T curves of a 200 pm diameter temperature sensor under forward bias. (b) The

deduced n and SBH versus temperature. Inset of (b) is the variation of Rs versus temperature.

As shown in Fig. 4-8 (a), the I-V-T curves show a strong temperature dependence,
shifting negatively with the increasing temperature. The n, ¢» and Ry, calculated from the
thermal emission theory, versus temperature are shown in Fig. 4-8 (b). Due to the barrier
inhomogeneous behavior, the n value decreases with the increasing temperature, while
the SBH increases with the increasing temperature. But both of the temperature
dependence are relatively weak. It worth noting that the product of n and ¢, (first term in
equation (4-6)) is nearly constant versus temperature due to the opposite trendence of ¢,
and n. Besides, the R, appears positive temperature tendency with a slope value (dRy/dT)
of approximately 0.9 mQ/K by fitting the R,-T curves.

Vr-T Plots at the given current levels of 5, 10, 15, 20, 40, 60, 80 and 100 mA are shown
in Fig. 4-9, in which the dot lines are the linear fitting of experimental data based on the
best-calculated linear model (/7 (7)). [31, 32] The sensor sensitivity (S) is calculated from
the slope of the fitting line. Usually, coefficient of determination (R’) is used for

quantifing the sensor linearity, which can be alculated by the following equation:

(Mm% )]

[V (1) (1,)]

|'M3

i
N

R? =

w'Ma

N

(4-7)

Where, Vr (T;) 1s the measured forward voltage of each temperature, Ve is the
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average value of forward voltage, fi (7i) is the voltage value on the fitted line at a

particular temperature (7;), m is the number of the temperature points and equals to 8 in

m 2

this work; Therefore, the 2L )] is the regression sum of squares and

2

[Ve (T)-Ve ()]

Ms

[N

is total sum of squares.
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Fig. 4-9. Vp-T curves at the given current levels of 5, 10, 15, 20, 40, 60, 80 and 100 mA. The dot

lines are the linear fitting of experimental data.
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Fig. 4-10. (a) R’ and rmse(T) versus the Ip at the given current, (b) Speasure and Sgs versus the Ip at the

given current level.

The obtained R’-Ip plot for the fully-turn-on region is reported in Fig. 4-10 (a). It

demonstrates that all the data show good linearity (R°>0.9998) in the relatively lower
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current range (from 5 to 20 mA), showing a maximum R’ of 0.99994 at 15 mA. Although
the linearity showed slight degradation in the higher current range (from 40 to 100 mA) ,
the R’ values are still larger than 0.994.

From S. Rao report, [33] the root mean square error of temperature (rmse (7)) is a
parameter to evaluate the temperature error and linearity, which is -calculated by dividing

the root mean square error of voltage drop (rmse (7)) by the sensitivity as follows

2[\/': M- fo (T, )]2

rmse(T) = m

s (4-8)

Where, m is the number of the measurement data. The plot of rmse (T) versus Ip,

showing opposite trendence with R?, is also shown in Fig. 4-10 (a). The rmse (T) is below
0.78 K in the lower current range (from 5 to 20 mA) and the minimum value is 0.48 K at
15 mA. In the higher current range (from 40 to 100 mA), the rmse (T) value incesased
from 1.24 to 4.12 K. This result indicates that the sensor operates more accurately at
relatively small current density.

The measured sensitivity (Smeasure) calculated from the slope of the f; (7) is reported in
the Fig. 4-10 (b). It shows that the Speasure decreases with the increasing current level in
the fully-turn-on region, resulting in a maximum value of 1.25 mV/K at 5 mA. From

equation (4-6), the variation of In(7) versus temperature in logarithmic part of

nKT b | n
TMF] ” (T)} is relatively small until very high temperature. Hence, the logarithmic part

()
is dominated by = \A” /. Generally, the slopes of the V-T curves are negative, implying

that the logarithm part in equation (4-6) is smaller than zero. However, The sensitivity
contribution by Ry (Sgs) equal to Ip*(dRs/dT), which are calculated at the given current of
5, 10, 15, 20, 40, 60, 80 and 100 mA, are 0.0045, 0.0090, 0.014, 0.018, 0.036, 0.054,
0.072 and 0.090 mV/K, respectively (Fig. 4-10 (b)). Therefore, the sensitivity
contribution by Rq is positive and the effetive sensitivity of the diode is equal to the sum
of Skrs and Smeasure. Finally, we can find that the sensitivity of diode decreases with the
increasing current levle because of absolute value of In(/p/A4) decreases at the lager current

level, which will result in a relatively lower sensitivity.
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Fig. 4-11. (a) Voltage versus temperature curves of different diameter devices at the given current
of 20 mA, (b) R’ and rmse of devices with different diameter at 20 mA, (c) sensitivities (@ 20 mA)

and n (@ room temperature) of the different diameter devices.

Fig. 4-11 (a) shows the VT curves of four devices with different diameters (100, 150,
200 and 300 um) under a curent level of 20 mA. In order to obtain average value, 5
devices with the same size but different location were measured. As shown in Fig. 4-11
(b), high linearity was confirmed for the sensitivity, in which the average R value is above
0.9987 for all devices as well as low standard deviation (stdev <0.0004). The 200 pm
device shows highest R? value of 0.9998 (£0.00016). Besides, the corresponding rmse of
the four kinds of devices show a opposite tendence with R’, in which the values are below
2.0 K (£0.21 K). Based on the discussion above, the dRy/dT are 4.2, 2.3, 0.9 and 0.6 mQ/K
for 100, 150, 200 and 300 um diameter temperature sensors, respectively. Then, the Sgs
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at 20 mA is ralatively small (< 0.084 mV/K) comparing with the Speasure. After ignoring
the cuntribution of Ry, the sensitivity shows increasing tendence with the increasing anode
diameter (Fig. 4-11 (c)), even the ideality factors n present opposite correlation with the
Schottky contact area. The possible reason is that a larger diameter will increase the

absolute value of In(/p/4) in equation (4-6), resulting in a relatively higher sensitivity.

(2) Sensitivity at the sub-threshold region
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Fig. 4-12. (a) Logarithmic /-V-T curves of a 200 um diameter temperature sensor under forward bias,

(b) the corresponding Vr-T curves at different given current levels.

As shown in Fig. 4-12 (a), I-V-T curves of the 200 um diameter temperature sensor are
plotted in logarithmic coordinates, in which negative shift was also observed with the
increasing temperatures. The profiles of Vr-T as well as their linear fitting lines are shown
in Fig. 4-12 (b). The temperature sensitivities at the given current levels of 1E-3, 3E-4,
1E-4, 3E-4 and 1E-5 A are deduced to approximately 1.33, 1.40, 1.47, 1.54 and 1.62 mK/V,
respectively. The sensivity versus current level in the sub-threshold region appeares
decreasing tendence, which is in agreement with that of the fully-turn-on state.

In sub-threshold region, the contribution of n¢, and IR, (smaller than 0.005 mV/K) can
be ignored. Then, we can notice that the sensitivity shows strong correlation with the

current density (Ip/A.) as

diocll‘l I—D
dT
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Therefore, a lager current density at a specific diameter will decrease the absolute value
of In(/p/A), which will result in a lower sensitivity. On the other hand, a larger area at a
given current level corresponds to lower current density and then larger sensitivity, which
is accorded with the measured resuslts in Fig. 4-13 (a). Sensitivities of 1.22 (0.007), 1.27
(0.002), 1.32 (0.012) and 1.37 (0.021) mV/K are obtained by fitting the lines of 100, 150,
200, and 300 um devices, respectively. This positive correlation with the diode area is
consistent with equation (4-9). The realitionship between sensitivities of the four diameter
sesnors and In(/p/A.) was further confirmed in Fig. 4-13 (b), presenting a good linear
realitionship with a high overall R of 0.986. However, the fluctuation of ideality factor

for diodes with different areas causes a slight variation in slope.
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Fig. 4-13. (a) Voltage versus temperature for the devices with different diameters at the given current
of ImA, (b) measured sensitivities versus current density of different diameter TiN schottky diode

temperature sensors.
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(3) Reverse region

In the reverse bias region, the leakage current is temperature-dependent, implying that
it is potential for sensing application. As shown in the inset of Fig. 4-14, exponential
relationship was confirmed between the leakage current (/-) and the temperature.
Consequently, In(/,) versus temperature is linear. The sensitivity of din(7,)/dT (Si) are
0.0473, 0.0478, 0.0484, 0.0492 and 0.0499 at -10, -8, -6, -4 and -2 V, respectively, while
R? are 0.9939, 0.9934, 0.9928, 0.9923 and 0.9913 at -10, -8, -6, -4 and -2 V, respectively.
Therefore, Sin shows slight decreasing tendency with the increase of reverse bias; R’
shows slight increasing tendency with the increase of reverse bias. Leakage current and
In/, (@ anode voltage of -6 V) versus temperature for devices with different diameters
are shown in Fig. 4-14. From the fitting lines, the Si, are 48.4, 48.1, 48.9 and 48.8 mA/K,
while the linearity R’ are 0.9928, 0.9930, 0.99284 and 0.9925, for devices of 100, 150,
200 and 300 pum, respectively. This implies that the influence of the Schottky contact area

is weak. The possible mechanism can be explained by TE model, in which the reverse

l, :A;_A*Tzexp(—q—%

99,
. In(1,) oc =2
ij. Then, we can obtain )

leakage current is represented as KT,
implying the In(/;) only shows direct relationship with the SBH. Therefore, the sensitivity

does not depends on the Schottky contact area or bias voltage.
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Fig. 4-14. Leakage current and In/, versus temperature for the devices with different diameters. Inset
is the leakage current and In(/,) versus temperature of a 200 pm diameter device at different anode

voltages.
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§4.4. High linear and near-ideal NiN/GaN SBD temperature sensor

In sections 2 and 3 of this chapter, we discuss the NiO and TiN electrode GaN SBD
temperature sensor, the sensitivity shows strong dependence with forward current density.
In order to avoid the self-heating effect of the device during the ambient temperature
detection, the diode temperature sensor should be operated in the lower current level of
sub-threshold region [22, 26]. Usually, the threshold voltage of SBD is approximately one
third to half of the GaN PND, implying that the SBD temperature sensor is more suitable
for in-situ monitoring during GaN device integration. However, TiN/GaN SBD
temperature sensor cannot perfectly meet requisition in the lower current level of sub-
threshold region due to its lower threshold voltage.

In chapter 3, NiN film deposited and used for the anode electrode material of a GaN-
based SBD, which show high threshold voltage good thermal stability. These superior
performances allow the NiN/GaN SBD well meet the temperature sensor requirements in

sub-threshold regions.

§4.4.1. NiN/GaN SBD temperature sensor in sub-threshold region

0.1
—_ 012V
001y ooy
1E-3F NiN @ 200um
7o 1E-4f i
200 °C
— 1E-5 |
c
g 1E-6}
O 1E7} ¢
1E-8f
1E-9 [
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Voltage (V)

Fig. 4-15. Double sweep I-V-T curve of a 200 um NiN/GaN SBD temperature sensor

The stability is an important performance indicator of the temperature sensor, which
has proved that the NiN/GaN-SBD temperature sensor has good thermal stability under

variable temperature conditions in chapter 3. The retraced stability of the current at the
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same temperature is also an important indicator for a temperature sensor. Double sweep

I-V-T curve of a 200 um NiN/GaN SBD temperature sensor is shown in Fig. 4-15. The

curve with bias sweeping from negative to positive (0—1.2 V) and the curve with bias

sweeping from positiv

e to negative (1.2—0 V) are substantially coincident, indicating

that the device presents good hysteresis stability.
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Fig.4-16. Forward voltage at given currents versus different temperature for the NiN anode SBD

with a radius (r) of 100 pm.

Table. 4-3. Sensitivity of NiN/GaN SBD temperature sensor at given current form double sweep

curves.
0—1.2V 1.2—-0V
Ip/A Sensitivity R2 Sensitivity R2
(mK/V) (mK/V)
1E-4 2.543 0.9993 2.564 0.9995
1E-5 2.359 0.9995 2.374 0.9996
1E-6 2.174 0.9996 2.187 0.9994
1E-7 2.010 0.9996 2.007 0.9997
1E-8 1.823 0.9995 1.824 0.9996
1E-9 1.626 0.9996 1.627 0.9996

The profiles of V-T

temperature sensitivitie

as well as their linear fitting lines are shown in Fig. 4-16. The

s calculated from the fit line of the double sweep I-V-T curve at
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the given current levels of 1E-9, 1E-8, 1E-7, 1E-6, 1E-5 and 1E-4 A are listed in Table 4-.
The sensitivities of (1.2—0 V) and (0—1.2 V) show very closed value, and the sensitivity
versus current level in the sub-threshold region appears decrease tendency. The linearity

of the double sweep curves are presenting a good linear relationship with a high overall

R? 0f 0.9993.

§4.4.2. Theoretical sensitivity of GaN-based SBD temperature sensor

Based on the discussion in sections 2, when the 7 close to 1, n and ¢, show weak and
opposite temperature dependence. Thus, the first item (ngp) value is very small, and can
be ignored. In sub-threshold region, Ip is less than 1E-3 A corresponding a Sks smaller
than 0.001 mV/k, so the third item of equation (4-6) also can be ignored.

Thus, the equation (4-6) can be solved for:

dVF:“_k[m 'Ez-zj (4-10)
daT gl AAT

Solving (4-10) to:

dVF:“—kln'—D—ﬁ(lnA*T%z) (4-11)
ar g A d

When the SBD follow the TE mode, the ideality factor » is set to 1. The second item
value of equation (4-11) vary from 1.44 to 1.51 mV/K when the temperature increases
from 25 to 200 °C, namely, the second item of equation (4-11) can be set a constant with

a value of 1.482+0.028 mV/K in the temperature region from 25 to 200 °C.

Then, the ideal sensitivity of GaN-based SBD temperature sensor is:

Ve _Kinlo a8 muk (4-12)
ar q A

§4.4.3. The ideal GaN-based SBD temperature sensor

From the equation (4-12), the sensitive shows a linear relationship versus the In(/p/4.),
and this linear relationship is proven in the previous section. The theoretical curve can be
calculated from equation (4-12) by substituting the 4.=nr?, where, 7 is constant of 3.1416,
r is radius of the anode. In our study, we employ TiN, Ni and NiN electrode to verify the
theoretical sensitivity of GaN-based SBD temperature sensor, the /-V-T curves and V-T
curves (@ 25, 75, 125, 175 and 200 °C) of TiN, Ni and NiN/GaN SBD temperature
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sensors are shown in Fig.4-17 and 4-18, respectively.

— = Ni

NiN

1E-9F/ 7 Diameter @ 200um
’
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Fig. 4-17. I-V-T curves of TiN, Ni and NiN/GaN SBD temperature sensors.
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Fig.4-18. Forward voltage at given currents versus different temperature for the NiN, Ni and TiN

anode SBD with a radius (r) of 100 pm.

The I-V-T curves of TiN, Ni and NiN electrode are distributed from left to right due to
their different turn-on voltage. For comparing their sensitivity and linearity, we list the
measured results of three types electrode in the table 4-4. Compare with the Ni and
TiN/GaN SBD temperature sensor, the NiN/GaN SBD temperature sensor shows higher

sensitivity and linearity at the same forward current.

-78 -



Chapter 4: GaN-beased Diode for Temperature Sensor Application

Table. 4-4. Sensitivity and R’ of NiN, Ni and TiN/GaN SBD temperature sensor at given current

NiN Ni TiN

Ip/A Sensitivity R? Sensitivity R’ Sensitivity
(mK/V) (mK/V) (mK/V)
1E-9 2.54 0.9993 231 0.9995 -
1E-8 2.36 0.9995 2.08 0.9992 -
1E-7 2.17 0.9996 1.95 0.9988 -
1E-6 2.01 0.9996 1.78 0.9988 -
1E-5 1.82 0.9995 1.59 0.9985 1.62
3E-5 _ _ ) ) 1.56
1E-4 1.62 0.9996 1.45 0.9981 1.47
3E-4 - - - - 1.40
1E3 _ ] ; ; 1.32
Current (A)

1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3

3. — —

=
3
T

=

Sensitivity (mV/K)

@ NiN

@ Ni
Lof @ TiN

= |deal line
05 = = Fittted line
0.0

14 12 10 -8 -6 -4
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Fig. 4-19. The measured sensitivities versus In(/p/4.) and current of 200 pm diameter NiN, Ni and

TiN/GaN SBD temperature sensors and the ideal line is calculated from equation (4-12).

Fig. 4-19 shows the measured sensitivities versus In(/p/4.) and current of 200 pm
diameter NiN, Ni and TiN/GaN SBD temperature sensors. The ideal line calculated from
equation (4-12) is shown with a red line, which is closed to the fitted line of NiN/GaN
SBD temperature sensor. This approximation to the theoretical value is more obvious at
lower current, this also mean that the TE mode dominate in the NiN/GaN SBD. The

measured sensitivity of Ni/GaN SBD is smaller than the theoretical value, this cause by
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there are other activation model such as phonon-assisted tunneling also contribute to the
current [34]. For the TiN/GaN temperature sensor, the narrow sub-threshold range case
by lower SBH and lower turn-on voltage, which lead to the measured sensitivity deviate

the theoretical value.

§4.5. Conclusion

The temperature-sensitive p-NiO/n-GaN diodes were investigated extensively by
varying the device diameter and current level. It is demonstrated that the series resistance
and ideality factor dominate the sensitivity at the fully-turn-on state. After subtracting the
component of series resistance, the sensitivity decreases with the increased device
diameters, which is ascribed to the relative ideality factor. A maximum sensitivity of 2.58
mV/K was achieved for the device with a diameter of 100 pm (at 20 mA). While for the
sub-threshold state, a good linear relationship between sensitivity and the corresponding
current density has been observed for devices with different diameters. A low current
density is corresponding to the high sensitivity. The NiO/GaN diodes presenting good
thermal stability and linearity from 25 to 200 °C are promising candidates for temperature
sensing application.

TiN anode GaN SBDs were also fabricated with different diameters for temperature
sensor application. The I-V-T curves shift regularly versus temperature with a slight
barrier inhomogeneous behavior. Taking account of the contribution of series resistance
and barrier inhomogeneous, the sensitivity increases with the increasing diode diameter
in the fully-turn-on region. A maximum sensitivity of 1.22 mV/K was achieved from the
300 um diameter device at the given current of 20 mA. In the sub-threshold region, the
sensitivity and current density shows a good linear relationship, in which the low
sensitivity is corresponding to a high current density. Based on those result, it
demonstrates that the sensitivity of a Schottoky barrier diode is correlated with the current
density (Ip/4). The leakage current in the reverse bias region versus temperature (Sin) also
presents a sensitivity of approximately 48 mA/K and shows weak dependence on the
diameter and bias voltage.

While in the sub-threshold region, a good linear relationship between sensitivity and
the corresponding current density has been observed for a 200pm diameter NiN/GaN

SBD temperature sensor. A low current density is corresponding to the high sensitivity.
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Based on those result, it demonstrates that the sensitivity of a Schottoky barrier diode is
correlated with the current density (/p/A4).

Finally, the theoretical sensitivity of GaN-based SBD temperature sensor was
calculated by the TE model. By comparing whih TiN, Ni and NiN electrode GaN SBD
temperature sensor, the NiN electrode device shows a near-ideal sensitivity of a GaN SBD

temperature sensor.
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Chapter 5: NiN Gate AlIGaN/GaN HFETs

§5.1. Introduction

In the past years, due to their wide band gap, low intrinsic carrier concentration, high
electronic mobility, and high saturation velocity, GaN and its related AlGaN/GaN
heterostructure Field-effect transistors (HFETs) have been extensive inveatigated for
application in the high-power, high-frequency, and high-temperature areas [1-3].
Meanwhile, researcher always devote their attention to improve performance of the
HFETs and related devices [1, 4, 5]. However, the high performance HFETs devices are
not only affected by the high quality epitaxial wafers, but also affected by the performance
of the metal contacts as well as the gate materials.

For the gate material, it is required to meet low leakage current and better thermal
stability. In now days, metals such as Cu, Ni and NiN are usually used for gate materials
in the HFETSs [6-9], in which Ni is the most conventional gate metal due to its lower cost
and higher SBH. However, Ni is easily occurred reactive interface reaction in the Ni/GaN
contact result in the instability after annealing [10, 11]. In chapter 3, we demonstrated the
NiN synthesized by optimizing the sputtering condition showed high SBH and low
leakage current used as Schottky electrode on the n-GaN, but there are few reports about
the application on HFETs.

In this chapter, AlGaN/GaN HFETs with NiN electrode were prepared by magnetron
reactive sputtering in an ambient of Ar and N> mixture gas in which the P(N>) is kept at
0.069 Pa. Comparing with the convention Ni-gated HFETs, the NiN-gate HFETs have
lower gate leakage current and larger ON/OFF ratio. In addition, the NiN-gated HFETs
show the good thermal stability.

§5.2. Device structure and fabrication

The epitaxial layers of AIGaN/GaN used in this experiment were grown by MOCVD
on a4 inch silicon substrate, including a 2 nm i-GaN surface layer, a 25 nm AlGaN barrier
layer, a 2 um 1-GaN channel layer and a nucleation layer.

The device fabrication process was based on a standard photolithography technology

-85 -



Doctoral Degree Thesis for Tokushima University

(Fig.5-1 (a)). At the beginning of fabrication, the GaN wafers were cleansed by SPM
(H2SO4:H20,=4:1), acetone and pure water were used for removing the organic and
inorganic matters. Firstly, the devices were isolated by inductively coupled plasma (ICP)
etching with SiCls gas. Then, the ohmic contact was deposited on the surface of the wafers
with Ti/Al/Ti/Au (50/200/40/40 nm) by reactive sputtering. After the lift-off process, the
wafers were annealed at 850°C for 3 minutes in N> ambient to form the ohmic contacts.
Before the deposition of the gate, the wafers were soaked in diluted HCI with 5 min for
removing the possible oxide layer on the wafer surface formed by the O; plasma ashing.
Then, gate was fabricated using NiN /Au (100/30 nm), in which the gate length and width
are 4 and 50 um, respectively. For comparison, we also fabricated conventional Ni-gate

HFET samples with the same structure.

Au 30nm
S NiN(Ni) 100nm D

i-GaN 2nm
I-AlGaN 25nm

Fig. 5-1. The structure schematic (a) and micrograph (b) of HFET.

§5.3. Devices performances
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Fig. 5-2. The gate leakage characteristics (a) and forward characteristics (b) of the Ni- and NiN-
gated AIGaN/GaN.

The gate leakge characteristics were measured on the HFETs from -10 to 2 V. In the
reverse bias region as shown in Fig 5-2(a), the leakage current of the NiN-gated HFET is
one order magnitudes lower compared with the Ni-gated HFET. In addition, as shown in
the Fig 5-2(b), the gate turn-on voltage has positive shift, from 0.8V for Ni-gate HFET to
1.1V for NiN-gate HFET. The positive shift of gate turn-on voltage is owing to the larger
work function of the NizN material.

The Fig. 5-3 shows the output characteristics of the NiN and NiN-gated HEFM, and
the gate voltage is swept from -5 to +2 V. Both devices show the normal drain current-
voltage characteristics, and compared with the Ni-gate HFETs the NiN-gate HFETs have

a larger drain current.
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Fig. 5-3. The output characteristics of the Ni- and NiN- gated AIGaN/GaN HFETs.

As shown in Fig. 5-4, the transconductance and the drain current of the NiN-gated
HFETs are higher than that of the Ni-gated HFETs. In addition, The threshold voltage
(determined at drain current of ImA/mm) of Ni and NiN HFET are about -3.9 and -4.1 V
at the drain voltage of 10 V, respectively, which is anomaly with the theory of higher
barrier height of gate corresponding higher threshold voltage. [12, 13] This anomaly
phenomenon is mainly due to the poor wafer uniformity, even though small positive

threshold voltage might have happened owing to the higher barrier height of NiN gate
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Fig. 5-4. The transfer characteristics of the Ni- and NiN- gated AlIGaN/GaN HFETs.

Fig. 5-5 (a) shows the subthreshold slopes and ON/OFF drain current ratios of Ni- and
NiN-gated HFET. Due to the decreased gate leakage, the ON/OFF ratio of drain current
for NiN-gated HFET (approximately 107) increased two order of magnitude compare with
Ni-gated HFET (approximately 10°). The subthreshold swing (SS) values of NiN-gated
and Ni -gated HFETs are 106 and 176 mV/dec, respectively. The smaller SS value for
NiN-gated HFET imply that less interfacial state density existed in the NiN-gated HFET

and the improved trapping behavior at the interface promote the gate control ability.
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Fig. 5-5. The subthreshold slopes and ON/OFF drain current ratios of Ni- and NiN-gated HFET.
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For evaluating the thermal stability of the gate leakage current, the devices were heated
from 25 °C to 175 °C by the step of 25 °C for measuring the characterization which are
shown in Fig. 5-6 (a). The NiN-gated HFET shows good rectification characterization at
all temperatures. The leakage current in the reverse voltage region shows strong
temperature dependence, in which the leakage current is increased with increasing of the
temperate. Fig. 5-6 (b) shows the Arrhenius plots of leakage of NiN device. The and the
gate leakage current at -10 V shows a linearity vs. the 1000/T, in which the increased rate
of leakage current at -10V is about 3x10'° A/K from 25 °C to 175 °C. After the
measurement at 175 °C, the NiN-gated HFET had no obvious degeneration. In addition,
after the measurement at 175 °C, we found the Ni-gated HFET had degeneration, in which
the gate leakage current degenerated about 1 order of magnitude this result is also

consistence with our previous report. [14]
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Fig. 5-6. (a) Temperature dependent gate leakage and Arrhenius plots gate leakage of NiN-HFET

The Poole-frenkel (FP) emission model is often used to explain the leakage current

mechanism, which is given by:

q qE
Jpr = E ——| @ -
pr = QMo neXp|: KT [¢b o I|
o Eexp 9 |9E _ad
KT\ 7ze, KT

ocV exp(a\/\7 - q%J
T kT

(5-1)
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where, Jpr is the Poole-frenkel current density, no, i, @», En, q, k and T are carrier density,
effective carrier mobility, the trap state depth, the applied electric field, elementary charge,
the Boltzmann constant and the temperature, respectively. As shown in Fig 5-7, the plots
of In(1/V) vs. reverse voltage at different temperatures present a good linear relationship,

implying the conduction mechanism is most likely due to Poole-frenkel emission. [15]
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Fig. 5-7 Plots of In(Z/V) vs. reverse voltage at different temperatures.

§5.4. Conclusion

We have fabricated NiN-gated AlGaN/GaN HFETs by magnetron reactive sputtering
with a Ni target in an ambient Ar and N> mixture gas. Gete leakage current characteristics
showed that the reverse leakage current of NiN-gated HFETs was approximately reduced
by one order of magnitude and the ON/OFF drain current ratio increased two order of
magnitudes comparing with the conventional Ni-gated HFETs. The temperature-
dependent gate leakage current-voltage characteristics demonstrate that the NiN-gated

HFETs have better thermal stability.
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Chapter 6: Conclusions and Future Works

§6.1. Summary and conclusions

NixN films were deposited by magnetron reactive sputtering under varying P(N3)
conditions range from 0.005 to 0.184 Pa. With the increasing P(N>), the deposition rate
decreased while the resistivity and root mean square roughness increased. XRD and XPS
indicate that NisN and NisN phases dominate the films at low and medium P(N2),
respectively. In addition, NioN phase can be also obtained at high P(N2). The Ni/N ratio
evaluated from the energy dispersive X-ray spectrum is consistent with the NixN phases
showed in the XRD spectra of different P(N2). Compared with the GaN diodes with Ni
anode, the SBH and turn-on voltage of the SBDs with NixN anode were increased with
0.03~0.18 eV and 0.03~0.15 V, respectively. C-V curves demonstrate that good interface
quality with no obvious hysteresis was realized.

Ni3N anode diodes obtained at medium P(Nz) possess a high barrier height and a low
reverse leakage current and are regarded as a promising anode material. Compare with
the Ni-SBDs, NiN-SBDs show much better rectification characterization, in which the
SBH and the turn-on voltage increase 0.2 eV and 0.18V, respectively, and the leakage
current is reduced by two orders. The I-V-T characteristics demonstrate that the NiN-
SBDs have better thermal stability than that of Ni-SBDs, owing to the suppression of
interface reaction between Ni and GaN. In addition, the thermal stability of GaN diode
with NiN anode is potential for temperature sensing application with the sensitivity of
approximately 1.3 mV/K.

p-NiO/n-GaN pn diodes and TiN/GaN SBDs were investigated extensively by varying
the device diameter and current level. For the NiO/GaN pn diode, it is demonstrated that
the series resistance and ideality factor dominate the sensitivity at the fully-turn-on state.
However, the series resistance weakly influenced the sensitivity of the TiN/GaN SBDs
temperature sensor at the fully-turn-on state. After subtracting the component of series
resistance, the sensitivity decreases and increases with the increased device diameters for
the p-NiO/n-GaN pn diodes and TiN/GaN SBDs temperature sensors, respectively.

For both type temperature sensors, in the sub-threshold state, a good linear relationship
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between sensitivity and the corresponding current density had been observed for devices
with different diameters. A low current density was corresponding to the high sensitivity.
The NiO/GaN pn diodes and TiN/GaN SBD presenting good thermal stability and
linearity from 25 to 200 °C are promising candidates for temperature sensing application.

We also investigated the NiN/GaN SBD for temperature sensor application. While in
the sub-threshold region, a good linear relationship between sensitivity and the
corresponding current density had been observed for a 200um diameter NiN/GaN SBD
temperature sensor. By comparing whih TiN, Ni and NiN electrode GaN SBD
temperature sensor, the NiN electrode device showed a near-ideal theoretical sensitivity
of'a GaN SBD temperature sensor which was calculated by the TE model from GaN based
SBDs.

Finally, the NiN was employed as gate electrode on AlGaN/GaN HFET. The NiN
HFET shows good performance good thermal stability, low leakage current and high
ON/OFF drain current ratio.

§6.2. Suggestion for future works

NixN films have been success employed for the Schottky contact, and shown the better
rectification characteristic and thermal stability. In the future works, I think we should
focus on the following:

1. Further optimize the NiN deposition situation.

2. Study the application for high voltage devices.

3. Study the application of NiN on free-standing substrate.
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