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Abstract

Nowadays, reduction of energy losses in power conversion systems is strongly required to-
ward sustainable society. Silicon power devices have been playing the main role in power
electronics as a commodity. However, owing to research and development for a long time,
Silicon power devices have faced the material limit determined by its physical properties,
and it is difficult to improve the device performance drastically.

Gallium Nitride (GaN), which is a direct bandgap semiconductor with a bandgap of
3.42 eV, is one of the most promising candidates as a material for the next-generation
power devices. Owing to its high critical electric field (~3 MV /cm) and high electron mo-
bility, on-resistance of GaN devices can be reduced to 1/1000 compared to Si devices. So
far, due to the lack of GaN freestanding substrates, GaN has been grown on foreign sub-
strates such as sapphire, Silicon, and Silicon Carbide. Heteroepitaxial GaN includes a lot of
crystal defects and its devices are dominated by effects of the defects. Thus, GaN devices
have lateral structure to avoid effects of defects such as AlGaN/GaN high electron mobility
transistors. On the other hand, recently, GaN freestanding substrates become available and
GaN wvertical devices fabricated on GaN native substrates have attracted much attention.
Using this homoepitaxial GaN, it is expected that we can pull out and investigate the ma-
terial property of GaN unleashed from the effects of the defects. Although there have been
some reports on GaN-on-GaN devices which showed excellent performances, fundamental
studies on material properties and device physics using GaN-on-GaN are still limited.

An impact ionization coefficient is one of the most important physical properties in a
semiconductor material. Since impact ionization coefficients determine breakdown voltage
and safe-operating area of a power device, its value is essential to be determined toward
precise designing and characterization of a power device. However, for GaN, there are no
precise data of the impact ionization coefficients due to the difficulty of the measurement.

For the determination of the impact ionization coefficients, a test device with high
avalanche capability and low reverse leakage current is needed. Edge termination to per-
fectly eliminate electric field crowding at the device edge is necessary. In addition, the
measurements of both an electron-injected photocurrent by illumination for a p-type side
and a hole-injected photocurrent by illumination for an n-type side are required. However,
it is impossible to inject holes from the n*-side in GaN, since the light penetration depth

and the carrier diffusion length are much shorter than the thickness of the substrate.
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In this dissertation, the author studies on avalanche breakdown characteristics in GaN
power devices. In Chapter 1, the author describes the background of this study and the
main unresolved issues of GaN power devices. After that, the purpose of this study is
shown.

In Chapter 2, the author proposes the beveled-mesa termination as an edge termination
for GaN devices. Using TCAD simulation, the author quantitatively shows the design strat-
egy of the beveled-mesa termination that a shallow beveled-mesa and a lightly doped p-layer
are effective to alleviate electric field crowding. In addition, GaN p-n junction diodes with
negative beveled-mesa termination are demonstrated, which clearly showed the alleviation
of electric field crowding.

In Chapter 3, the breakdown characteristics of the GaN p-n junction diodes with double-
side-depleted sallow bevel termination, in which electric field crowding does not occur, were
investigated. The fabricated devices showed low reverse leakage current, high avalanche ca-
pability, increase in the breakdown voltage with elevating temperature and uniform lumines-
cence at breakdown. These are strong evidences that uniform (nearly ideal) avalanche break-
down occurs in the devices. The devices exhibited the breakdown field of 2.8-3.5 MV /cm,
which are the best among all the GaN devices reported previously.

In addition, the GaN p*/n~ and p~/n™ junction diodes were fabricated and their break-
down characteristics were investigated. The breakdown characteristics in GaN did not
depend on the conduction types of the drift layers. This result indicates that the difference
between the impact ionization coefficient of electrons and that of holes is not so large. This
is consistent with the results in Chapter 5.

In Chapter 4, the optical absorption induced by the Franz-Keldysh effect in GaN devices
under high electric field was investigated. Under sub-bandgap illumination, a photocurrent
in GaN p-n junction diodes significantly increased with increasing reverse-bias voltage. The
increase was prominent as the wavelength approached to the fundamental absorption edge
of GaN. The author calculated the photocurrent with consideration of the absorption co-
efficients in depletion layer as a function of electric field, and the voltage and wavelength
dependences of the photocurrent were successfully reproduced well.

In Chapter 5, the author proposes a novel method to measure the impact ionization
coefficients of electrons and holes. Utilizing the above- and sub-bandgap illuminations for
GaN p~/n" junction photodiodes, the electron-injected and hole-injected (Franz-Keldysh-
induced) photocurrents were obtained, respectively. Based on the elaborate calculation of
the unmultiplicated photocurrents, the multiplication factors were extracted with a wide
range precisely. By analyzing the obtained multiplication factors, the impact ionization co-
efficients of electrons and holes in GaN were extracted separately. The simulated avalanche
breakdown characteristics using the obtained data well reproduced the experimental data,
indicating that the obtained impact ionization coefficients are precise and reliable.

In Chapter 6, the author summarizes this study and shows the future prospects.
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Chapter 1

Introduction

1.1 Background

The invention of semiconductor-based solid-state devices is one of the greatest innovations
in the human history. Large scale integrated circuits (LSI) based on complementary metal-
oxide-semiconductor (CMOS) technology enabled a variety of electrical products such as
computers and smart phones, and they keep evolving. The spread of the Internet to the
people has been changing our society significantly and drastically.

The role of semiconductor devices is not limited to the logic and memory operations.
Semiconductor devices play a role of “transformation of energy”. Electrical energy can be
transformed to optical, thermal and mechanical energy, and their inverses can be also trans-
formed by, for example, light emitting diodes, solar cells, Seebeck thermocouple devices,
Peltier devices, piezoelectric sensors and actuator devices, etc. Of course, the transforma-
tion from electrical energy to electrical energy is possible and very important.

The electrical power conversion through semiconductor devices, “power electronics”,
which converts electric power itself (voltage, frequency, etc.) into the suitable form so
that electrical power can be transmitted and supplied with minimum energy loss, is a key
building block in our society. However, the efficiency of power conversion is typically 85-95%
using currently available technology, which is not high enough, because approximately 10%
of the electric power is lost as heat at every power conversion. In general, the efficiency
of power electronics is mainly limited by the performance of semiconductor power devices.
Reduction of energy losses in power devices is one of the most crucial issues of this century.

Power devices have only two roles as a rectifier or a switch working as “ON” or
“OFF”. A diode and a transistor, which consist of p-n junction, Schottky and Ohmic
(metal/semiconductor) junction, and/or MOS structure, are used as a rectifier and a switch,
respectively. Power devices are desired to work as 0 {2 conductors at the ON-state and
oo 2 resistors at the OFF-state without breakdown. However, an actual device has on-
resistance (Roy), turn-on voltage (Voy,), breakdown voltage (Vi) and reverse leakage current.

Hence, energy losses intrinsically occur in power electronics.
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Major applications of power devices include power supplies, motor control, heating,
robotics, electric/hybrid vehicles, traction, lighting ballasts, and electric power transmis-
sion, as shown in Fig. 1.1 [1]. The development of high-voltage and low-loss power devices
is also essential for the construction of future smart grids.

Nowadays, Silicon (Si) is commonly used to fabricate a power device owing to the avail-
ability of high-quality and large-area wafers. Furthermore, the demand to the logic appli-
cation has boosted the enormous amount of fundamental studies in both material physics
and process technologies in Si. Owing to long-standing of research and development more
than 50 years, Si power devices such as metal-oxide-semiconductor field effect transistors
(MOSFETS) and insulated gate bipolar junction transistors (IGBTs) are used in low power
systems such as consumer electronics, and high power systems such as motor control in
railway or electric vehicles. However, Si power devices have been matured and faced to the
material limit. Although there have been attempts to overcome the classical-physical limit
by introducing novel device structures, it is getting extremely difficult to improve the per-
formance of the Si power devices significantly. Toward the sustainable society in the future,
drastic reduction of energy losses in power conversion systems, which Si cannot realize, is
needed.

For unipolar devices with non-punch-through structure, both R,, and Vg are determined

by a thickness and a doping concentration of a voltage-blocking layer and written as

1 d Wy Ee
=Ly o , 1.1
enpy A B 2 (1.1)
Then, there is the trade-off relationship between R,, and Vi, which can be written as [2]
4V:2
RopA=—2_. 1.2
esh L (12)

e, n, i are the elementary charge, a carrier concentration and a carrier mobility, respec-
tively. d and A are a thickness of a voltage-blocking layer and a device area, respectively.
Wy, is a depletion layer width at breakdown. FE., is the critical electric field, which is defined
as the maximum electric field in a semiconductor device at the ideal breakdown. &4 is the
dielectric constant of a semiconductor. This relationship strongly depends on E., because
R, is proportional to EC_TS. It should be noted that this unipolar limit of R, versus V}, is
for the resistance of the voltage-blocking layer. The resistance of an actual power device
includes other parasitic components which are not negligible.

For power devices, the breakdown mechanism is basically “avalanche breakdown”. Under
high reverse bias, carriers are accelerated, and when they obtain energy sufficiently higher
than the bandgap, they cause impact ionizations and generate electron-hole pairs. The
generated carriers also cause impact ionization continuously, resulting in carrier multiplica-
tion. When the bandgap is wide, a carrier needs high energy to cause an impact ionization,
resulting in high critical electric field (small impact ionization coefficients). Recently, new
semiconductor materials with a wide-bandgap have attracted much attention as promising

candidates for the next-generation power devices.
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Figure 1.1: Major territories of individual unipolar and bipolar power devices for Si and
SiC in terms of the rated blocking voltage.
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1.2 Wide-Bandgap Semiconductors: “Beyond Si”

Silicon Carbide (SiC), Gallium Nitride (GaN), Gallium Oxide (Gay0O3), Diamond, etc.
are known as wide-bandgap semiconductors, which are promising candidates as a “Beyond
Si” material for the high Vg and low R,, power devices owing to their high F... Table 1.1
shows the physical properties of Si, GaAs, 4H-SiC and GaN. Both SiC and GaN have
approximately E. ~3 MV /cm, which is 10 times higher than that of Si. The SiC and GaN
devices can endure the same breakdown voltage using 1/10 of the thickness and x100 of
the doping concentration compared with Si devices. Thus, the on-resistance can be reduced

to about 1/1000 of Si devices at a given breakdown voltage as shown in Fig. 1.2.

Silicon Carbide

SiC is a IV-IV compound material with unique physical and chemical properties. Among
the numerous SiC “polytypes”, 4H-SiC has been the choice for power devices owing to the
availability of high-quality epitaxial wafers and superior physical properties [3].

As a material for power devices, 4H-SiC has many exceptional superiorities as below:

e Availability of high-quality bulk and epitaxial wafers
Owing to extensive studies in the last two decades [4], high-quality and large (4”-6")
4H-SiC epitaxial wafers are commercially available nowadays. The dislocation density
is relatively low (3000-6000 cm™~2). The stacking fault density is very low (<1 cm™2).

Both n- and p-type control across a wide doping range (10*-10' ¢cm™3) is available.

e Mature process technology
Formation of selective n- and p-type regions by ion implantation is possible. The
ability of SiC to form silicon dioxide (SiO;) as a native oxide is also another important
advantage for device fabrication. In addition, deep-trench etching and filling epitaxial
regrowth [5] has been studied toward 4H-SiC superjunction MOSFETSs [6].

e Long carrier lifetime
Owing to the indirect bandgap and low defect density, a (minority) carrier lifetime
in 4H-SiC is relatively high. A major lifetime killer was identified as the Z;/, center
(carbon vacancy, V) [7, 8], and lifetime control in us order is achieved. This enables
the conductivity modulation in bipolar devices, resulting in the drastic reduction of

on-resistance (the switching loss increases).

e High thermal conductivity
While a device operation, cooling is the very important issue. High thermal conduc-
tivity enables simplification of cooling system, resulting in miniaturization of the total
size of the power module. It should be noted that the low intrinsic carrier concentra-
tion is also great merit for high temperature operation, resulting in simplification of

cooling system.
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Table 1.1: Physical properties of Si, GaAs, 4H-SiC and GaN (data given at room temper-

ature).

Property Si GaAs 4H-SiC GaN
Crystal Structure Diamond Zincbrende 4H Wurtzite
Lattice Constant a=3.09 a=3.19

5.43 5.65
(A) c=10.08 c=5.19
Band Structure Indirect Direct Indirect Direct
Bandgap (eV) 1.12 1.42 3.26 3.42
Electron Mobility 1000 (L ¢) 1300 (bulk)
1350 8500
(cm?/Vs) 1200 (|| ¢) 2000 (2DEG)
Hole Mobility
450 400 120 30
(cm?/Vs)
Electron Saturation
1x107 1x107 2.2x107 2.7x107
Velocity (cm/s)
Critical Electric
0.3 0.3 2.6-2.8 ~3
Field (MV/cm)
Thermal Conductivity
1.5 0.46 4.9 2.0
(W/cmK)
9.7(Lc)  95(Lc)
Relative Permittivity 11.9 12.8
103 (| ¢) 104 (] o)
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Figure 1.2: Electric field distribution in a one sided abrupt junction for Si and a wide-
bandgap material (SiC, GaN) at the same breakdown voltage. Owing to about 10 times
higher critical electric field (~ 3 MV/cm) of SiC and GaN than that in Si, the thickness
of the voltage-blocking layers for SiC and GaN power devices can be reduced tenfold and
the doping concentration can be increased by two orders of magnitude compared with the
Si counterpart with the same blocking voltage. The trade-off relationship between on-
resistance and breakdown voltage for a wide bandgap material roughly calculated by using
Ee = 3 MV/cm and p = 1000 cm?/Vs is shown compared with “Si Limit” [24].
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In recent years, the 1 kV-class Schottky barrier diodes and the MOSFETSs are commer-
cially available by several vendors. Recently, SiC power devices are used in the inverters
of the TESLA cars. The intensive studies of SiC bipolar devices toward ultra high voltage
(>10 kV) are also on going and PiN diodes [9-11] and switching devices [11-14] have been
demonstrated. The remaining issues, such as bipolar degradations caused by recombination-
enhanced dislocation glide phenomena [15], very low MOS channel mobility [16, 17] and
reliability, have been faced and intensively studied [18-23]. In addition, the reduction of

wafer&process costs are also the significant issue toward more expansion of the market.

Gallium Nitride

GaN is a III-V compound material with unique physical and chemical properties. GaN has
a direct bandgap of 3.42 eV which is wider than that of Si (1.12 eV) and 4H-SiC (3.26 eV).
The availability of the alloys and heterostructures of nitride families, GaN, InN and AIN,
is a notable superiority for electronic and optical device applications. So far, the study
on GaN-based materials has been mainly performed for an application to optical devices,
blue light emitting diodes (LEDs) and laser diodes (LDs). As you know, Prof. Akasaki,
Prof. Amano and Prof. Nakamura were awarded the 2014 Nobel Prize in Physics “for the
invention of efficient blue light-emitting diodes which has enabled bright and energy-saving
white light sources.” [25-27]. Nowadays, GaN-based blue, white and green LEDs and violet
laser diodes are commercially available, which are brightly illuminating our living world.

At an AlGaN/GaN heterostructure, a two-dimensional electron gas (2DEG) is induced by
the combination of the internal spontaneous and piezoelectric polarization fields and band
offsets [28-30]. The high electron mobility and saturation velocity of electrons in the 2DEG
with the high breakdown voltage allows high frequency RF amplifiers, and fast high-voltage
switching. GaN-based high electron mobility transistors (HEMTSs) are making an impact
in the arenas of microwave electronics for communications, and power electronics.

These GaN-based devices have been fabricated on foreign substrates such as sapphire, Si
and SiC. Owing to the differences of the lattice mismatch and thermal expansion between
GaN and substrates, a lot of crystal defects are unintentionally introduced. The devices
basically take lateral structure to avoid the effect of the many crystal defects. The device
characteristics suffered from the effect of the crystal defects. Thus, fundamental properties
are not still investigated due to the difficulty to characterize the intrinsic GaN.

Recently, it has become possible to fabricate high-quality GaN freestanding substrates
by several methods [31-34]. Homoepitaxial GaN grown on a GaN bulk substrate (GaN-on-
GaN) becomes available. Since the critical electric field is considered to be related to the
bandgap, the critical electric field in GaN is expected to be higher than that in 4H-SiC. The
electron mobility is also higher. Owing to these superior and unique properties, GaN has a
great potential to realize more energy-efficient power devices compared to Si and 4H-SiC.

In the next section, the author briefly describes the history and the current status of GaN.



8 Chapter 1. Introduction
1.3 Gallium Nitride (GalN)

1.3.1 History of GalN as a Material for Optical Devices

Since GaN has a direct bandgap of 3.42 eV and the alloys with InN (0.6 ¢V) and AIN (6.2 eV)
can cover a remarkably wide spectral range from deep-ultraviolet to infrared regions (200—
1800 nm) according to the bandgaps as shown in Fig. 1.3, these nitride materials have
attracted much attention as a material for a blue LED. However, crystal growth of GaN
was almost impossible due to the lack of a lattice-match substrate. The melt growth of
GaN is also almost impossible due to the high vapor pressure of nitrogen.

In 1969, Maruska and Tientjen at first time synthesized single-crystal GaN on sapphire
substrate, which is stable at high temperature (>1000°C) ammonia ambient, by hydride
vapor phase epitaxy (HVPE) [35]. The obtained GaN surface had very rough like a ground
glass. The undoped crystals have a very high inherent electron concentration (~ 10 cm™3),
which is probably related to a high density of nitrogen vacancies. They tried to realize p-
type conducting GaN using Ge as the dopant, but the results were difficult to reproduce.

In 1986, Amano et al. reported on high quality GaN grown on sapphire substrates
by metal organic vapor phase epitaxy (MOVPE) using low-temperature AIN buffer lay-
ers [36]. The obtained GaN thin films had optically flat surfaces free from cracks. In
1989, Amano et al. realized distinct p-type conduction in Mg-doped GaN by the low-
energy electron-beam irradiation (LEEBI) treatment [37]. The hole concentration of
~ 2 x 10 cm™ and the hole mobility of ~ 8 cm?/Vs were obtained by the Hall-effect
measurement at room temperature. The GaN p-n junction LED with strong near-band-
edge emission was demonstrated for the first time. These two breakthroughs unleashed the
potential of GaN and made the beginning of the intensive researches and developments.

In 1994, Nakamura et al. in Nichia Chemical Industries, Ltd. demonstrated high bright-
ness InGaN/AGaN double-heterostructure blue LEDs [38]. Owing to quantum well struc-
ture, high brightness and high quantum efficiency were achieved. The InGaN blue, green and
yellow LEDs were also demonstrated in 1995 [39]. In 1996, InGaN-based multi-quantum-
well-structure blue LDs were also demonstrated [40].

Although high quality GaN thin films were achieved by a low-temperature AIN buffer
layer [36], the crystal still included high dislocation density of 10%-10'® cm™~2 [41-43]. It was
well known that a dislocation in a semiconductor act as a lifetime killer, and an efficiency of
a LED is decreased by defects [44, 45]. Nonetheless, InGaN-based LEDs exhibited high effi-
ciencies [38]. Narukawa et al. reported that the self-formed In-rich regions act as quantum
dots and excitons are localized [46, 47]. Chichibu et al. concluded that this anomalous high
efficiency is attributed to nano-scale potential fluctuations originating from the intrinsic
compositional modulation of InGaN with an extremely short carrier diffusion length [48].

Owing to the breakthroughs followed by the intensive studies for several decades, nitride

semiconductors have made miracle progress and been developed.
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Figure 1.3: Bandgap energy and a-axis lattice constant of III-nitride semiconductors.
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A GaN-based LED fabricated on a sapphire substrate which including high threading
dislocation density became a commodity. On the other hand, high dislocation density was a
serious problem for GaN-based LDs, which need high current density (~kA/cm?) operation.
It was revealed that dislocations deteriorate the lifetime of a GaN-based LD [49]. Due to
the demand for a GaN-based LD with long lifetime, the studies on GaN bulk substrates

with low dislocation density became active around 2000.

HVPE method

The hydride vapor phase epitaxy (HVPE) method for growth of a GaN bulk crystal has been
studied for long years [31, 32, 50-52]. Owing to its high growth rate (several hundreds pm /h—
1 mm/h), a HVPE method is considered to be suitable for the growth of a thick GaN
layer. The main issues are suppression of crack generation and reduction of threading
dislocation density (TDD). In 1997, Usui et al. succeeded to grow a crack-free GaN thick
layer over 20 ym with a TDD of ~ 107 cm™2 on a GaN /sapphire template by facet initiated
epitaxial lateral overgrowth (FIELO) using a SiOq stripe mask [50]. Oshima et al. developed
a void-assisted separation (VAS) method for fabricating large-diameter freestanding GaN
wafers [52]. GaN/sapphire templates with a TiN nano-net were used as starting substrates
for HVPE growth of thick GaN layers. Nano-voids formed under TiN reduce the stress
between GaN and sapphire, which enabled very thick GaN layers. The mirror-like surface
without cracks were obtained. The TDD was 5x10° cm™2. In 2018, Fujikura et al. in
SCIOCS successfully realized macrodefect-free, large (2-6 in.) and thick +c-oriented GaN
bulk crystals by the VAS method as shown in Fig. 1.4 [32]. By using hardness control
with HVPE condition adjustment, the nanoindentation hardness of the GaN crystal was
found to be increased drastically from its original value below 20 GPa up to 22 GPa. As a
result, crack-free GaN bulk crystals with a diameter of 55 mm after cylindrical gliding and

thickness over 6 mm were obtained. The TDD was ~ 10° cm™2.
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Figure 1.4: Sequence of the void-assisted separation (VAS) method used for reduction of

the stress between sapphire and GaN grown by HVPE reported in Fujikura et al. [32].
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Ammonothermal method

In the ammonothermal method, GaN is synthesized in NHj solvent with various ammonoba-
sic mineralizers at around 600°C under 800-5000 atmospheric pressure using the noble-metal
coated autoclave [33, 53-55] as shown in Fig. 1.5. It is possible to grow large-diameter seeds
with excellent structural properties. Owing to the supercritical condition close to the equi-
librium, repeatable and highly controlled re-crystallization process are achieved. The growth
temperature is relatively low. Moreover, as the long-duration processes are possible, one
can grow large crystals and slice them in arbitrary directions. Mikawa et al. reported on the
GaN ingot with extremely low TDD (<10* cm~2) grown by supercritical acidic ammonia
technology (SCAAT™) [54], in which the noble metals were less than detection limits. The
remaining issue is reduction of oxygen impurities (~ 10! cm™2) incorporated into the GaN
crystal. In addition, a large autoclave which can endure high pressure (>800 atmospheric

pressure) is required toward the growth of large-diameter GaN wafers.

Na flux method

In the Na flux method, GaN can be synthesized in relatively low pressure (~ 30 atmo-
spheric pressure) at 600-800°C in a Na-Ga mixed melt, in which the solubility of nitrogen
is enhanced compared to a Ga melt [56-62]. In 1997, Yamane et al. synthesized GaN single
crystals for the first time [56]. In 2008, Kawamura et al. found that a carbon additive
could suppress the unfavorable generation of polycrystals in a crucible without reduction
in the yield of GaN in the Na flux method [58]. The growth rate was also enhanced up
to ~20 pm/h owing to the formation of C-N bonds. In 2014, Imade et al. reported that
low-curvature (a radius of curvature >100 m) and large-diameter (2 in.) GaN wafers with
a TDD of 10? cm™2 by the multi point seed (MPS) method [59]. However, the lattice con-
stants of the GaN wafer grown by this technique expanded due to oxygen incorporation in
pyramidal facets. Very recently, Imanishi et al. succeeded in suppressing pyramidal facet
growth by promoting lateral growth at the initial growth as shown in Fig. 1.6, and the

oxygen concentration was drastically reduced to 1.5x10'7 cm™ [61].

Owing to these intensive studies, GaN freestanding substrates are commercially available
from several vendors. However, the cost is still very expensive, and GaN electronic devices

are also still mainly fabricated on cost-effective foreign substrates such as Si and SiC.
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Figure 1.5: Schematic of the GaN bulk crystal growth by an ammonothermal method.
The figure was made based on [33].
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Figure 1.6: Schematic drawings of surface flattening process by promoting lateral growth
of Na-flux method reported by Imanishi et al. [61, 62].
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1.3.2 GalN-on-Si Power Devices

Since only nitride semiconductors can realize high bright blue LEDs and there are no com-
petitors, GaN on sapphire substrates has been able to make a good business. However, in
terms of the power device application, Si power MOSFETs and Si IGBTs have been already
widespread and they exhibit excellent cost performance. GaN power devices need to win the
cost-performance competition, not only the performance. Reduction of the fabrication cost
should be a critical issue for the GaN power devices to make them commercially available.

Table 1.2 shows the available substrates for GaN devices and their sizes and costs. Al-
though the lattice mismatch between Si and GaN is slightly larger than that between sap-
phire and GaN, Si substrates are very large and very cheap. Therefore, GaN power devices
fabricated on Si substrates (GaN-on-Si) have been intensively studied in a few decades.

Use of Si substrates drastically reduces the fabrication costs; however, cracks and large
bowing of epitaxial films caused by the mismatches of thermal expansion and lattice constant
between III-V nitride and Si is technical obstacles. In 1999, Ishikawa et al. reported that a
single crystal GaN thin film was successfully grown on a Si(111) substrate by MOVPE [63].
The AlGaN/AIN intermediate buffer layers could relaxes the stress caused by large lattice
mismatch between the epitaxial layers and the Si substrate, which improved the quality
of GaN [64-67]. Although the high quality GaN epitaxial layers on Si substrates became
available, the threading dislocation density is still very high (>10% cm™2). To avoid the
effect of dislocations, GaN-on-Si devices usually have lateral structure.

There have been a lot of reports on AlGaN/GaN HEMTs utilizing 2DEG with high elec-
tron density and high electron mobility [67-77]. The typical device structures are shown in
Fig. 1.7. In principle, the characteristics of HEMTs are the normally-on, since 2DEG exists
without gate bias. However, the normally-off operations for high-power switching applica-
tions are strongly needed from the viewpoint of the safe operation. Toward normally-off
operation, the recessed gate, p-GaN gate and MOS gate structures have been proposed.
Kaneko et al. reported that normally-off gate injection transistor (GIT) using recessed p-
GaN gate structure [71, 78]. In this device, the current collapse was also suppressed by hole
injections from drain-connected p-region as shown in Fig. 1.8. However, in p-GaN gate struc-
ture, gate leakage current becomes large over 3 V. Recently, Nakazawa et al. demonstrated
20 A/730 V AlGaN/GaN MIS-HFET using AION gate insulator, serving normally-off oper-
ations [79]. Nowadays, 600 V-class GaN-on-Si power transistors are commercially available
by several vendors (Panasonic, Transphorm, GaN Systems, etc.).

For power device application, vertical structure is better due to sustaining high breakdown
voltage without enlarging chip size [80], suitability to have peak electric field away from the
surface (easier to manage electric field), and superior thermal performance [81]. Therefore,
GaN-on-Si vertical power devices also have attracted attention, and several groups have
reported on GaN-on-Si vertical power devices [82-89]. In these devices, the reduction of

reverse leakage current originating from high dislocation density is the crucial issue.



1.3. Gallium Nitride (GaN)

15

Table 1.2: Available substrates for GaN devices and their sizes and costs. The lattice

mismatch between GaN and substrates, and the thermal conductivity are also shown.

Substrate  Available Size  Cost/cm?

Lattice Mismatch Thermal Conductivity

Si 300 mm (12 in.)  ~$0.08
Sapphire 100 mm (4 in.) ~$2.2
SiIC 150 mm (6in)  ~$6

GaN 50 mm (2 in.) ~$100

—17% 1.5 W/em-K
+15% 0.42 W/em-K
+3.4% 4.9 W/em K

0% 2.0 W/em-K
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Figure 1.7: The typical device structure of an AlGaN/GaN HEMT on a Si substrate.
Owing to internal spontaneous and piezoelectric polarization fields and band offsets, 2DEG
with the high electron mobility and high saturation velocity is induced in the heterostruc-
ture. The diagram of the AlGaN-based buffer layer is also shown, which reduces the stress
between GaN and Si.
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Figure 1.8: Device structures of (a) the hybrid-drain-embedded GaN GIT [78] fabricaed
on a Si substrate and (b) the AlGaN/GaN MIS-HFET using AION gate insulator fabricated
on a Si substrate [79]
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1.3.3 GaN-on-GalN Power Devices

Recently, it has become possible to obtain high quality GaN freestanding substrates due
to the demand as the substrates for blue/violet laser diodes with long lifetimes. The cost
of a GaN substrate is still very expensive (about three orders of magnitude higher than
the cost of a Si substrate per unit area). However, the growth of GaN bulk crystals have
kept being developed, and large-size (4-6 in.) and high-quality (TDD~ 10* cm™2) GaN
bulk substrates become available by HVPE [32]. The studies on the liquid phase growth of
GaN bulk crystals (Ammonothermal method [55], Na flux method [61]), which are suitable
for mass production of large crystals, have also been performed. It is expected that large-
diameter and high-quality GaN substrates will be available with lower cost in the future.

The use of GaN substrates enables homoepitaxial growth of GaN layers. The lattice mis-
match between the substrate and the epilayer is 0%; therefore, high quality GaN epilayers
can be obtained without buffer layers which are crucial in GaN-on-Si devices. It is expected
that the full potential of GaN can be unleashed in homoepitaxial GaN [90, 91], which is
contrast to GaN-on-Si devices including a lot of crystal defects. In addition, the vertical
structure can be employed to GaN-on-GaN due to a conductive GaN substrates [80]. GaN
power devices fabricated on GaN freestanding substrates (GaN-on-GaN) also have attracted
great attention as the next generation power devices.

In recent decades, here have been a number of reports on GaN-on-GaN power devices.
In 2002, Johnson et al. fabricated GaN vertical Schottky barrier diodes (SBDs) using
200 pm thick GaN freestanding substrates [92]. The breakdown voltage of 160 V and
1.7 mQem? as initial results. In 2007, Kanechika et al. demonstrated a vertical insulated
gate AlGaN/GaN heterojunction FET fabricated on a GaN freestanding substrate [93].
A clear transistor operation with a specific on-resistance of 2.6 mQem? and a threshold
voltage of —16 V was obtained. In 2008, Kodama et al. demonstrated GaN-based trench
gate MOSFET. Owing to the dry etching followed by the anisotropic wet etching using
tetramethylammonium hydride (TMAH), smooth U-shape trench structures were success-
fully obtained [94]. The normally-off operation with a threshold voltage of 10 V and break-
down voltage of 180 V which occurred at the gate insulator film was obtained. In 2010,
Saitoh et al. demonstrated extremely low on-resistance of 0.71 mQcm? and high break-
down voltage (1.1 kV) GaN-on-GaN SBDs [95]. In 2013, Chowdhury et al. demonstrated
a GaN current aperture vertical electron transistor (CAVET) fabricated on a GaN bulk
substrate using Mg-ion-implanted current blocking layers, which exhibited the breakdown
voltage of 250 V and the on-resistance of 2.2 mQecm? [96]. In 2014, Nie et al. demonstrated
1.5 kV/2.2 mQcm? vertical GaN-on-GaN transistors [97]. In 2015, Nomoto et al. demon-
strated GaN-on-GaN p-n diodes (PNDs) with 3.48 kV and 0.95 mQcm? using beveled-long
field plate edge termination [98]. Kizillyali et al. fabricated 4 kV and 2.8 mQcm? vertical
GaN PNDs with low leakage currents using Ar-implantation-based junction termination

extension, which showed high avalanche capability [99]. Ohta et al. also fabricated vertical
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GaN PNDs with high breakdown voltage over 4 kV using field plate edge termination [100].
Oka et al. demonstrated 1.8 mQem? GaN-based trench MOSFETSs for 1.2 kV-class opera-
tion [101]. In 2016, Nomoto et al. fabricated 1.7 kV/0.55 mQem? GaN-on-GaN PNDs with
high avalanche capability and positive temperature coefficient of breakdown voltage [102].
Shibata et al. reported 1.7 kV /1.0 mQecm? normally-off vertical GaN-on-GaN transistor with
regrown p-GaN/AlGaN/GaN semi-polar gate structure [103]. In 2017, Li et al. designed
and fabricated GaN-on-GaN trench junction barrier Schottky (JBS) rectifiers using epitaxial
p-n junctions and etched Schottky junctions [104]. Zhang et al. also demonstrated vertical
GaN JBS rectifiers by selective ion implantation [105]. Sun et al. fabricated GaN-on-GaN
FinFETs with breakdown voltage of 800 V and on-resistance of 0.36 mQcm? [106]. In 2018,
Wang et al. fabricated GaN PNDs with partially compensated edge termination, which
exhibited the breakdown voltage of 1.68 kV and the on-resistance of 0.15 mQcm? [107].
Ji et al. fabricated large-area in-situ oxide GaN interlayer-based vertical trench MOSFET's
(OG-FETSs) [108]. The breakdown voltage of 350 V and the on-resistance of 7.6 mQcm? were
obtained, although a single unit cell device exhibited the breakdown voltage of 700 V and
the on-resistance of 0.98 mQcm?. In 2019, Oka et al. successfully demonstrated the 100 A
operation of large-area (3 mmx3 mm) GaN-on-GaN trench MOSFETSs with a current dis-
tribution layer [109]. The breakdown voltage of 730 V and the on-resistance of 1.8 m{cm?
were achieved in the large-area GaN device. Tanaka et al. demonstrated 1.2 kV/1.4 mQcm?
GaN-on-GaN planar MOSFET fabricated by an all ion implantation process [110].

Figure 1.9 shows the benchmark plot of breakdown voltage versus on-resistance for
state-of-the-art GaN-on-GaN power devices: SBDs [95, 111], PNDs [99, 102, 112, 113],
MOSFETs [101, 109], FinFETs [106, 114] and heterojunction FETs [97, 103, 115]. The
Si unipolar limit and the GaN unipolar limit roughly calculated using E. = 3 MV /cm,
e = 1000 cm? /Vs and &5 = 10.4¢q are shown as the black solid line and the red broken
line, respectively. Since the conductivity modulation is not clearly observed in GaN PNDs
due to very short carrier lifetime [91], the data of the reported GaN bipolar PNDs are also
plotted. These devices exhibited excellent performances!, which are close to the roughly
calculated GaN unipolar limit. However, there are many unsolved issues to develop GaN

power devices.

Tt should be noted that the on-resistance of a power device depends on the device size: the effect of
current spreading in an epilayer and a substrate significantly decreases the on-resistance for a small-size

device.
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1.4 Key Issues for GalN Power Devices

Although a number of GaN-on-GaN power devices have been reported, almost all papers
mainly have discussed the device performance (breakdown voltage, on-resistance, threshold
voltage, etc.). Since a homoepitaxial GaN layer is less affected by defects, intrinsic charac-
teristics of GaN is expected to be obtained. For example, Suda et al. reported the nearly
ideal current-voltage (I-V') characteristics in GaN-on-GaN SBDs [90]. The forward and
reverse [-V characteristics can be explained by thermionic emission and thermionic field
emission as shown in Fig. 1.10, respectively. Hu et al. reported that textbook-like I-V
characteristics with diffusion current and Shockley-Read-Hall recombination current were
observed in GaN-on-GaN PNDs [91]. Sawada et al. reported on the Hall-effect measure-
ment for homoepitaxial n-GaN [116]. A remarkably high electron mobility of 1300 cm?/Vs

at 300 K for carrier concentration of 2x10% e¢m™3

was achieved, which is limited by the
polar optical phonon scattering, not the scattering by dislocations. Toward developing GaN
power devices more, fundamental studies on material science, device physics and process

technology in GaN are essential. The main issues are described below.

Bulk crystal growth

Large-diameter, high-quality and low-cost GaN freestanding substrates are essential to make

a business of GaN-on-GaN power devices.

Epitaxial growth

Wide-range doping controllability, high growth rate, and elimination of unintentionally
doped impurities and intrinsic defects are required. The MOVPE system is usually used for
epitaxial growth of GaN. However, carbon atoms originating from the precursors (trimethyl-
gallium) are unintentionally incorporated into GaN (~ 10'% cm™3). Recently, HVPE is also
proposed for epitaxial growth of GaN. Fujikura et al. reported a high-purity semi-insulating
GaN layer with a carrier concentration of 2x10* ecm™3 grown by quartz-free HVPE [117].

In addition, regrowth is key technology to expand the freedom of the device fabrication.

Selective p-type doping by Mg ion implantation

Selective p-type doping is key technology to expands the freedom of the device fabrica-
tion. For example, formation of low-resistivity region for ohmic contacts, p-body layer for
double-implanted MOSFETSs, p-islands for junction barrier Schottky (JBS) [104, 105] and
merged PiN-Schottky (MPS) rectifiers [118], and edge termination structure such as junc-
tion termination extension [10, 24]. Owing to recent intensive studies [119-121], clear p-type

conduction by Mg-ion implantation has been achieved very recently.
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Etching

Etching is a key technology for fabrication of GaN power devices and has been used in
many processes, such as the recess-gate for normally-off operation [122], mesa isolation
for each device on a wafer [123], edge termination for p-n diodes [124, 125], and trench-
gate fabrication for vertical MOSFETs [101]. Dry etching is usually used. However, dry
etching induces the damage near the etched surface [126-128]. The reduction of etching
damage is needed, and TMAH wet etching after dry etching has been performed in many
reports [94, 129, 130]. Photoelectrochemical etching is also proposed as a damageless wet
etching technique [131-134]

Control of MOS interface

Since normally-off transistors require a positive gate voltage to be turned on, a MOS gate
is absolutely necessary to suppress the forward gate current flow. For GaN, SiO, [135, 136],
Al,O5 [137], AISIO [138] and AION [139] have been mainly investigated as a gate oxide.
Recently, Hashizume et al. reported on the effect of post metallization annealing (PMA) on
interface properties of Al,O3/GaN structures [137]. The C-V curves were well improved
and the interface state density was significantly reduced by PMA at most 4x10*° cm=2eV 1.
There have been several reports on a channel mobility in GaN over 100 cm?/Vs [135, 136,
140], which is much higher than that in 4H-SiC. The characterization and improvement of

MOS channel characteristics and the reliability of gate oxide films are needed.

Understanding of fundamental properties

The study on fundamental physical properties such as doping characteristics, carrier mo-
bility, saturation drift velocity, crystal defects (point defects, dislocations, etc.), impact
ionization coefficients, etc. are very important scientifically and practically.

Sawada et al. reported that the Hall-effect measurement in homoepitaxial n-GaN lay-
ers for many samples with various donor concentrations systematically in detail [116, 141].
Figure 1.11 shows the temperature dependence of hole concentration and hole mobility in
homoepitaxial p-GaN. The electron mobility is mainly limited by polar optical phonon scat-
tering and ionized impurity scattering for >200°C and <200°C, respectively. The carrier

3 can be explained

compensation for samples with donor concentrations below 5x 10 cm™
by residual carbon and the electron trap E3 (E¢ — 0.6 V). For samples with higher donor
concentrations, it was found that a proportional relationship between donor concentration
and compensating acceptor concentration, indicating the self-compensation effect by a third
compensation source as shown in Fig. 1.12.

Horita et al. reported that the Hall-effect measurement in homoepitaxial p-GaN layers
for samples with various Mg concentrations [142]. Figure 1.13 shows the temperature de-
pendence of hole concentration and hole mobility in homoepitaxial p-GaN. Due to the deep

activation energy of Mg (~ 220 meV), the acceptors were not fully ionized in these temper-
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ature range. The sample with [Mg] of 3.8x10' ¢cm™ shows the anomalous characteristics,
the mechanism of which may be hopping conduction [143], at low temperature (<250°C).
The hole mobility of the lightly Mg-doped GaN samples with [Mg] less than 4x10*"cm =3
saturated ~ 30 cm?/Vs with decreasing [Mg], which may be limited by phonon-scattering.

Narita et al. investigated the effect of carbon on the hole mobility and hole concentra-
tion in homoepitaxial p-GaN [144] by the Hall-effect measurement. Figure 1.14 shows the
hole concentration and Hall-effect mobility versus temperature for samples with varying [C].
With increasing [C], the increase in the compensation donor concentration and the decrease
in the mobility at low temperature were observed, which indicated that carbon atoms in
p-GaN act as ionization donors and cause carrier compensation. Based on the deep-level
transient spectroscopy (DLTS) measurements, it was revealed that carbon on the nitrogen
site (Cx) having two different charged states (0/ —1 and +1/0) can compensate an electron
and a hole in n-type and p-type GaN layers, respectively.

The point defects in GaN have been investigated by DLTS-based studies [145-147].
Tokuda et al. performed the deep-level-transient-spectroscopy (DLTS) study on GaN, and
major electron and hole traps, E3 (Ec—0.58 ¢V), H1 (Ey+0.88 eV), etc. were reported [145].
Kanegae et al. proposed the method to measure the hole trap in n-GaN in precise utilizing
sub-bandgap photoexcitation [147, 148].

The effect of the dislocations on the device characteristics was well investigated [149-153].
Usami et al. investigated the correlation between dislocations and leakage current in reverse-
biased homoepitaxial p-n junction. Based on the combination studies of emission microscope
observation, cathodoluminescence observations, observation of etch pits using KOH etching
and transmission electron microscopy, closed-core pure screw dislocations having the Burg-
ers vector = le cause leakage current [149]. In the subsequent study, it was found that a
large leakage current is generated by nanopipes formed from screw dislocations, and the
device yield can be improved by suppressing the transformation of screw dislocations to
nanopipes by increasing the growth pressure as shown in Fig. 1.15 [151]. In addition, it is
also observed that the dislocations cause reverse leakage current in GaN p-n junction but
do not effect on avalanche breakdown voltage [153].

As mentioned above, there are a number of crucial issues for GaN power devices, and
many researchers have been tackling these issues. Some of crucial issues still remain. Es-
pecially, the impact ionization coefficients are very important, since they determine the
breakdown voltage and safe operating area of a power device. For GaN, although there
have been a few reports [154-156], there are no precise values of the impact ionization
coefficients due to the difficulty to measure. The accurate device simulation of avalanche
breakdown is still lacking, and the critical electric field in GaN, which determines the unipo-
lar limit (R, vs. V) of GaN, is still not clear.

In this dissertation, the author focuses on the study on avalanche breakdown in GaN.
In the following section, the author describes the main issues and the current status of the

study on avalanche breakdown in GaN.
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1.5 Study on Avalanche Breakdown in GalN

The mechanism of breakdown in a semiconductor power device is usually dominated by
impact ionization of carriers and its avalanche phenomenon. Figure 1.16 shows the band
diagram of a semiconductor to which high electric field is applied. When a reverse bias volt-
age applied to a power device is increased, the electric field in the depletion region increases,
resulting in acceleration of the mobile carriers to higher velocities. With further increase
in the electric field, the mobile carriers gain sufficient kinetic energy from the electric field,
so that their interaction with the lattice atoms produces the excitation of electrons from
the valence band to the conduction band. This is referred to as the “impact ionization”.
Since the electron-hole pairs created by impact ionization also undergo acceleration by the
electric field in the depletion region, they participate in creation of further pairs of elec-
trons and holes. Consequently, impact ionization is a multiplicative phenomenon, which
produces a cascade of mobile carriers being transported through the depletion region lead-
ing to a significant current flow through it. The device is unable to sustain the application
of higher voltage due to the rapid increase of current, which originates from the avalanche
multiplication diverging to the infinity. This is referred to as the “avalanche breakdown”.

Ideally, the avalanche breakdown voltage in a power device is determined by the electric
field distribution in the depletion layer and the impact ionization coefficients. The electric
field distribution is determined by the doping (space charge) concentration, the thickness
of the voltage-blocking later and the dielectric constant. For GaN, the dielectric constant
(es) was investigated by various methods [157-162]. The most cited values for the limit-
ing low-frequency &4 are 10.4+0.3 for €l and 9.540.3 for ', determined by the analysis
of the angular dependences of the infrared reflectivity and absorption [157]. Kane et al
determined &4 of 10.640.3 for e/l in the kHz frequency range by the capacitance-voltage
measurement [158]. Thus, the value of e, = 10.4¢¢ seems to be reliable. However, the
value of the impact ionization coefficients in GaN are still missing.

The impact ionization coefficients, defined as “the number of electron-hole pairs gener-
ated by a carrier progressing under electric field per unit distance,” are one of the most
important physical properties in a semiconductor material. For accurate device simula-
tion of avalanche breakdown in GaN power devices, the values of the impact ionization
coefficients are essential. The experimental determination of the impact ionization coeffi-
cients is very challenging. Since it is impossible to measure impact ionization coefficients
directly, the impact ionization coefficients are obtained by the photomultiplication mea-
surements [163-165]: the avalanche multiplications of optical beam-induced currents for
electron-injection and hole-injection conditions are measured and analyzed in a reverse-
biased device. Although the studies for other mature semiconductor materials have been
performed, the method cannot be diverted for GaN. The author describes the main issues

of the experimental determination of impact ionization coefficients for GaN.
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Reduction of leakage current

In GaN-on-Si power devices, the reverse leakage current is very large and increases with
reverse bias voltage [82, 83]. The very large current flows before ideal avalanche breakdown
voltage, which limits the breakdown voltage of the device. To measure avalanche multipli-
cation clearly, a device with low reverse leakage current is need. GaN-on-GaN devices with

low threading dislocation density can overcome this issue.

Edge termination to alleviate electric field crowding

In an actual device with a finite size, electric field crowding occurs at the junction edge,
which causes the local and premature breakdown at the position where electric field crowd-
ing occurs [24, 166]. When a premature breakdown occurs in a device, high current density
flows at the local point and significant Joule heating causes the destruction of the devices
(catastrophic breakdown). To apply high electric field and to measure the avalanche mul-
tiplication, a device with good edge termination which can alleviate electric field crowding
sufficiently is needed. It should be noted that a device with good edge termination can
endure the Joule heating at breakdown and the same breakdown characteristics can be

reproduced, which allows the reliable measurement of the avalanche multiplication.

Fundamental study on avalanche breakdown

Although some reports estimated the breakdown electric field under the assumption of
electric field crowding [99, 102], the experimental value of breakdown electric field (peak
electric field in the depletion layer at the breakdown) in GaN power devices is still missing.
Based on the study on edge termination, the fabrication and characterization of GaN power
devices without electric field are needed. The fundamental data of avalanche breakdown
in GaN power devices are very important, which allows to compare the data with the

theoretical critical electric fields simulated by using the impact ionization coefficients.

Measurement method of electron- and hole-injected photocurrents

To obtain impact ionization coefficients of electrons and holes, the measurements of electron-
injected and hole-injected photocurrents are needed. Since GaN is a direct bandgap semi-
conductor, both the penetration depths for above-bandgap light and carrier diffusion length
are extremely short (<1 pm). A thickness of a GaN substrate is several hundreds um;
therefore, it is impossible to obtain hole injection from the back side illumination.

The measurement method itself needs to be considered and established. In this disser-
tation, the author investigates the unique sub-bandgap absorption induced by high electric
field, which is known as the Franz-Keldysh effect [167, 168]. The novel measurement method

of avalanche multiplication utilizing the Franz-Keldysh effect is proposed.
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1.6 Purpose and Outline of This Study

The purpose of this dissertation is understanding the avalanche breakdown characteristics
in GaN to determine the impact ionization coefficients and the critical electric field. Toward
accomplishing the purpose, the author studies the edge termination to alleviate electric field
crowding, the breakdown electric field in GaN p-n junctions, the photocurrent induced by
the sub-bandgap optical absorption induced by the Franz-Keldysh effect, and the impact
ionization coefficients in GaN.

In Chapter 2, the author simulates electric field distribution in the beveled-mesa structure
with various acceptor concentrations and mesa angle using TCAD, and the design space of
the beveled-mesa edge termination is presented accordingly and fabricated using currently
available GaN device processing technologies. Based on the simulation result, the negative
bevel GaN p-n junction diodes were fabricated with shallow bevel angles and various Mg ac-
ceptor concentrations. Breakdown voltages and breakdown electric fields were investigated
with respect to the Mg concentrations.

In Chapter 3, the author investigates breakdown characteristics in GaN p-n junction
diodes with various epitaxial structures. At first, the author proposes the double-side-
depleted shallow bevel termination, where the doping concentrations of p- and n-layers are
comparable and the depletion layer extends to the both p- and n-sides. Based on the results
in Capter 2, electric field crowding does not occur in this structure. The GaN p-n junction
diodes with various doping concentrations are fabricated and the reverse current-voltage
characteristics were investigated in detail. The author also fabricates GaN p-n junction
diodes with one-side abrupt p™/n~ and p~/n* junctions. For these devices, vertical deep-
etch termination is formed to avoid electric field crowding. The conduction-type dependence
of a breakdown characteristics for n- and p-type drift layers is investigated.

In Chapter 4, the reverse-voltage dependence of photocurrents in a Ni/n-GaN Schottky
barrier diode and a GaN p-n junction diode under sub-bandgap illumination are investi-
gated. Although the wavelength of the irradiated light is longer than the GaN absorption
edge, significant increases in the photocurrents were observed and the increases were more
prominent as the wavelength was closer to the absorption edge. The author calculated the
photocurrent considering the optical absorption induced by the Franz-Keldysh effect in the
depletion layer based on the theory of the electroabsorption and compared with the exper-
imental data. The voltage, wavelength and temperature dependences of the photocurrent
induced by the Franz-Keldysh effect in GaN devices are discussed.

In Chapter 5, the author proposes the novel method to measure an avalanche multipli-
cation utilizing the Franz-Keldysh effect. The Franz-Keldysh effect has a unique signature:
sub-bandgap optical absorption induced by the Franz-Keldysh effect selectively occurs at
high electric field region. In addition, the photocurrent induced by the FK effect is very
predictable as discussed in Chapter 4. These signatures may be useful to solve the issues to

measure the impact ionization coefficients in GaN. At first, the voltage dependence of the



32 Chapter 1. Introduction

Franz-Keldysh-induced photocurrents in the GaN p-n junction diodes with the double-side-
depleted shallow bevel termination fabricated in Chapter 3 is investigated. The devices
are free from electric field crowding and exhibited low reverse leakage current and high
avalanche capability, which allow to measure the photocurrents up to near the breakdown
voltages. The method to extract an avalanche multiplication factor in the Franz-Keldysh-
induced photocurrent is presented and discussed. After that, the photomultiplication mea-
surements were conducted for a GaN p~ /n* junction diode under above- and sub-bandgap
illuminations. For the above-bandgap illumination, the light is absorbed at near surface,
and the generated electrons diffuse and reach the depletion layer edge, resulting in elec-
tron injection. For sub-bandgap light, selective absorption near the p-n junction interface
(high electric field region) due to the Franz-Keldysh effect, resulting in hole injection. The
electron- and hole-injected photocurrents are analyzed in detail based on the physics, and
multiplication factors are extracted. By analyzing the multiplication factors, the impact
ionization coefficients are obtained. The obtained data and the simulated breakdown char-
acteristics in GaN are discussed. The critical electric field and the trade-off relationship
between on-resistance and breakdown voltage are presented.

Finally, in Chapter 6, the author summarizes this dissertation and suggests the future

outlooks.
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Chapter 2

GaN p-n Junction Diodes with

Beveled-Mesa Termination

2.1 Introduction

The high critical electric field and high electron mobility of GaN make it a promising
candidate for next-generation power devices. Recently, it has become possible to obtain
high-quality GaN bulk substrates by several methods [1-4], and vertical GaN devices fabri-
cated on GaN substrates have attracted much attention. Therefore, there have been many
reports on vertical GaN devices with high breakdown voltage and low on-resistance [5-28|.

All semiconductor devices have a finite size and have a surface and a junction edge. Then,
electric field crowding spontaneously occurs by a presence of a curled equivalent potential
at the edge. Under high reverse bias voltage, high electric field at the edge causes local
premature breakdown before parallel-plane junction reaches the one-dimensional uniform
breakdown. To enhance the breakdown voltage closer to the uniform breakdown, edge ter-
mination to alleviate electric field crowding at the device edge is essential.

Although the reported GaN devices exhibited high breakdown voltage [10, 13, 25|, elec-
tric field still remained at the device edge and the premature breakdown occured. To
improve breakdown voltage, avalanche capability and reliability of GaN power devices, the
fundamental study on edge termination is essential with consideration of currently available
process technology for GaN power devices. In addition, a good edge termination which
can sufficiantly alleviate electric field crowding allows to measure an avalanche breakdown
up to the ideal paralell-plane junction breakdown. This enables the fundamental study on
avalanche breakdown in GaN without the effect of electric field crowding. In this section, the
author introduces typical edge terminations, and the discusses applicability to GaN power

devices. There are a lot of configurations of edge terminations [29] as shown in Fig. 2.1:
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Dielectric insulator _ .
Anode Implanted p-region Anode Implanted p-rings

n*-type substrate n*-type substrate n*-type substrate
Cathode Cathode Cathode
(a) Field Plate (b) Junction Termination Extension (c) Floating Field Rings
Anode Anode Anode

D
Depletion layer

n*-type substrate

n*-type substrate n*-type substrate

Cathode Cathode Cathode

(d) Vertical Deep Etch Termination (e) Negative Beveled-Mesa (f) Positive Beveled-Mesa

Figure 2.1: Examples of fundamental edge termination structures: (a) field plate, (b)
junction termination extension, (c) floating field ring, (d) vertical deep etch termination,
(e) negative beveled-mesa, (f) positive beveled-mesa. Reducing curvature of depletion layer

edge gives alleviation of electric field crowding at the edge.
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Field Plate

The field plate (FP) structure consists of matal-insulator-semiconductor (MIS) around the
junction edge as shown in Fig. 2.1(a). The electric field at the edge can be modulated by
the application of a bias voltage to the metal. Practically, the FP is formed by extending
the connect metal for the p*-region over the field insulator at the edge of the junction. The
application of a negative bias to the p*-region to reverse bias the p-n junction also provides
a negative bias to the FP, resulting in an expansion of the depletion region along the
surface. The reduction of electric field crowding at the cylindrical junction will increase the
breakdown voltage. However, it should be noted that a high electric field can be produced
at the edge of the FP, which results in premature breakdown of the device at the FP edge.

Junction Termination Extension

The junction termination extension (JTE) is formed by selective doping of p-region with a
relatively low acceptor concentration around the junction edge as shown in Fig. 2.1(b). If
the charge within the p-region is too low, it has little impact on the electric field distribution
and the electric field crowding will occur at the edge of the pT-region. If the charge is too
high, it will merely serve as an extension of the p*-region and electric field crowding will
occur at the JTE edge. The precise control of the JTE dose is essential to maximize the
breakdown voltage. If the depleted JTE length is much longer than the depletion layer width
of the main junction, the surface electric field can be reduced to below that for a parallel-
plane junction. Consequently, the breakdown voltage of this termination can approach to

the ideal parallel-plane junction breakdown.

Floating Field Rings (Multiple-Zone JTE)

The multiple floating field rings termination is an elegant approach to improve the perfor-
mance of the edge termination. For example, in the case of Si, the decrease in the JTE
dose along the way from the main junction to the exterior can be obtained by a single
implantation process using a mask with a variable window size which forms the smaller
effective doping concentration for a narrow window, combined with a suitable annealing
step to diffuse the dopant sideways between the windows. In principle, the use of multiple
floating field rings allows increasing the breakdown voltage of planar junctions arbitrarily
close to the parallel-plane breakdown voltage by the addition of a very large number of
rings. However, in practice, the addition of floating rings occupies more space, resulting in

a large die size and cost.

Vertical Deep Etch Termination

Mesa isolation with vertically deep mesa can also alleviate electric field crowding at the
junction edge to form one-dimensional electric field profile. When the etching depth is

shallower than the depth of the depletion layer edge in the deeper side (in n-type region),
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electric field crowding occurs at the mesa bottom. On the other hand, when the etching
depth is deeper than the depth of the depletion layer edge, electric field crowding does not
occur in the device. Therefore, a etching technology to form a moat isolation deeper than

the depletion layer edge at the breakdown is needed.

Beveled-Mesa Termination

There are two configurations of beveled-mesa structure; the positive bevel and the negative
bevel, as shown in Fig. 2.1(e) and (f). For the p-n junction with tapered-mesa structure,
the negative bevel is defined as that where the space charge concentration in the upper-side
layer is higher than that in the lower-side layer. Due to the lack of a p-type GaN bulk
substrate, for GaN, the conduction type of a drift layer determines the position of the p-n
junction interface and extension direction of the depletion layer. In the negative bevel de-
vice, the depletion layer at the surface (W) is not wider than that at the bulk. Therefore, it
is counterintuitive to make use of a negative bevel termination in power devices. However,
it is known that a reduction of the surface electric field can be obtained through the use of

a shallow bevel angle combined with a low space charge concentration in the upper layer.

For mature semiconductors such as Si and SiC, JTE-based structures are often em-
ployed [30-34], since the charge within the p-region can be precisely adjusted with the ion
implant dose, providing better control and uniformity over the charge at the edges of the
junction. Niwa et al. reported a 4H-SiC PiN diode with space-modulated two-zone JTE as
shown in Fig. 2.2 [31, 35, 36]. The lateraly tapered profile of the sophisticated JTE was
realized by space-modulation of floating field rings, which enlarged the tolerance to the de-
viation of effective JTE dose compared with a conventional JTE. Owing to the JTE, electric
field at the surface was well suppressed, resulting in the record breakdown voltage of 21.7 kV
(81% of the ideal breakdown voltage). Saitoh et al. developed V-groove trench gate SiC
MOSFETs with a double reduced surface field (RESURF) JTE formed by sequential ion
implantations combined with regrowth as shown in Fig. 2.3 [34]. The RESURF effect is well
obtained with the reduction of the JFET resistance owing to a high n-type doping density in
a surface drift layer. The breakdown voltage of 1.6 kV (94% of the ideal breakdown voltage)
was achieved with the low on-resistance of 2.4 mQcm?. In Si vertical superjunction devices
such as CoolMOS, lateral/surface superjunction types can also be employed as shown in
Fig. 2.4 [33, 37, 38|, which minimize the area taken by the termination and increase their
immunity to parasitic charges.

So far, selective doping of p-region by Mg ion implantation for GaN had been considered
to be challenging (or impossible). Nevertheless, recently, Mg ion implantation into GaN and
its thermal treatment have been tenaciously studied and developed [39-42]. Sakurai et al.
has reported that a high activation (>70%) of Mg ions implanted into a homoepitaxial GaN
achieved by 1673 K annealing in ultra-high-pressure (1 GPa) nitrogen ambient without a

protection cap layer [42]. Clear p-type conduction with hole concentration of 3.6x10' cm ™3
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and hole mobility of 24 cm?/Vs at 300 K were confirmed by Hall-effect measurements. This
is the strong evidence that selective p-doping by Mg ion implantation into GaN is possible.
In addition, very recently, Tanaka et al reported that GaN-on-GaN double implanted (DI)-
MOSFET fabricated by all ion implantation process [28]. However, it is still a fundamental
research stage and there are no report on GaN devices with JTE structure using Mg ion
implantation.

The reported GaN devices have other edge terminations without selective p-type doping,
such as FP-based termination [7, 12, 13, 24, 25], ion-implantation isolation [9-11, 16, 43], ion
implanted bilayer edge terminations [14, 15, 44], hydrogen plasma edge termination [16, 45],
etc. Zhang et al. reported 1200 V/1 mQem? GaN vertical Fin power FETs with FP ter-
mination [25]. Figure 2.5 shows the device structure. The electric field distribution in the
device under the reverse bias of 1200 V was simulated. It was observed that the extremely
high electric field over 8 MV /cm was applied to the edge of the oxide film, which caused the
premature breakdown. The peak electric field at the parallel-plane junction was estimated
to 2.3 MV /em. Kizilyalli et al. reported high voltage vertical GaN p-n junction diodes
with ion-implantation isolation. Figure 2.6 shows (a) the device structure, (b) schematic
drawing of the edge termination [46, 47], (c) top view image of the device and (d) corre-
sponding simulated electrostatic potential elucidating the effect of the JTE implants [10].
An edge termination structure spreads the potential applied to the anode over a distance
which is greater than the drift region thickness by a factor of about 4.5. The process uses
two separate implant steps, which can form the modulated p-type rings. Owing to the
edge termination, the device exhibited high breakdown voltage of 4 kV with high avalanche
capability. However, it was noted that the net donor concetration in the drift layer was
difficult to be determined, and the estimated breakdown electric field had a large error
(2.0-2.7 MV /cm). Dickerson et al. reported GaN vertical p-n junction diodes with a bilayer
edge termination, which consists of nitrogen-implanted compensated i-region and remained
p-region as shown in Fig. 2.7(a) [44]. The implant plofile can be controlled by changing
the implantation energy. Figure 2.7(b) shows the simulated breakdown voltage versus the
thickness of the remained p-region (¢,). When ¢, is too thin, electric field crowding occurs
at the edge of the main junction as shown in Fig. 2.7(c). When ¢, = 26 pm, electric field is
well spread between main junction and the termination edge, resulting in highest breakdown
voltage. When ¢, is too thick, electric field crowding occurs at the termination edge. The
optimized device exhibited the high breakdown voltage of 2.6 kV. However, the variation
of the breakdown voltage in the same wafer is large due to the variations in p*-epilayer
thickness, which could vary up to ~ 20% [44].

These edge terminations suppressed electric field crowding at the device edges, so that
high breakdown voltages and high figure-of-merits were realized. However, electric field
crowding still remained and premature breakdown occurred in these devices. To improve a
breakdown voltage approaching to the ideal parallel-plane breakdown voltage, the study on

edge termination which can eliminate electric field crowding is required.
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Figure 2.2: (a) Schematic cross section of a 4H-SiC PiN diode with SM-JTE [31]. Effective
JTE dose can be modulated by designing the width and interval of floating rings. (b) I-V
characteristics of the diode, (c¢) Simulated breakdown voltage vs. JTE1 dose. Optimal dose
ranges can be widened by SM-JTE. (c) Electric field profiles inside the JTE region.
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FinFET under reverse bias of 1200 V, and (c) the simulated electric field profile along the
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Mesa structure, which is formed by etching process, can be also used as edge termination.
Basically, an epitaxial layer needs to be etched down to a substrate to avoid an depletion
layer reaching the mesa bottom (in other words, the mesa height needs to be longer than
the depletion layer width at the breakdown). Thus, breakdown voltage of a device with
mesa termination is limited by the etching process technology. A GaN device with an even
thin drift layer exhibits high breakdown voltage owing to its high critical electric field (for
example, parallel-plane breakdown voltage of 600 V can be realized by drift layer thickness
of ~5 um and doping concentration of ~ 3x10'® cm™3). Thus, mesa termination is poten-
tially useful for GaN power devices with relatively low breakdown voltage.

In this study, the author proposes the beveled-mesa termination for GaN power devices.
The two-dimensional electric field distributions in the beveled-mesa structure with vari-
ous acceptor concentrations and mesa angle were investigated by using TCAD simulation,
and devices were designed accordingly and fabricated using currently available GaN device
processing technologies. The negative bevel GaN PNDs were fabricated with shallow bevel
angles and various Mg acceptor concentrations. Breakdown voltages and breakdown electric
fields are experimentally investigated with respect to the Mg concentrations in upper-side

p-layers.
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2.2 Device Design by TCAD Simulation

The two-dimensional electric field distribution in the bevel mesa is investigated using Sen-
taurus TCAD. Figure 2.8 shows a schematic cross section of a vertical GaN p-n junction
diode with beveled-mesa termination. In the simulation, the non-punch through condition
is considered (the thicknesses of epitaxial layers (d,, dy) are sufficiently thick). A target

breakdown voltage of 500 V was set. The parallel-plane breakdown field can be written as

_ [2e(Va—W,) NNy
P Eq N, + Ny’

E

P

(2.1)

e, Va, VB, N., Nq are elementary charge, built-in potential, breakdown voltage, an acceptor
concentration in a p-layer and a donor concentration in an n-layer, respectively. For GaN,
the dielectric constant (e5) was investigated by various methods [48-53]. The most cited
values for the limiting low-frequency e, are 10.440.3 for €/l and 9.540.3 for £+, determined
by the analysis of the angular dependences of the infrared reflectivity and absorption [48].
Kane et al determined e, of 10.640.3 for !l in the kHz frequency range by the capacitance-
voltage measurement [49]. In this study, the author uses the value of ¢, = 10.4¢g. In the
simulations, NqN,/(Ngq + N,) of 5.15x10' cm™ is maintained to keep the parallel-plane
breakdown voltage at 500 V (E,, = 3.0 MV/cm). The ratio of an acceptor concentration
to a donor concentration (IV,/Nq) and a mesa angle § are varied.

Figure 2.9 shows the simulated electric field distributions for N, of (a) 1x10'"® cm™3,
6x10'" cm™3 and 2x10'7 ecm™® with 6 of 30°. The electric field profiles along the p-n
junction interfaces are also shown. With decreasing N,, an expansion of the depletion layer
to the p-side comes to be wider. Then, an electric field crowding becomes significantly
reduced and the position where the maximum electric field occurs moves to the inside.
Figure 2.10 shows the simulated electric field distributions for 8 of (a) 30°, (b) 10°, and (c)
1° with N, of 2x10'7 e¢m™3. With decreasing 6, the depletion layer at the surface becomes
wider and mainly expands to the p-side. Then, surface electric field is remarkably reduced.

Figure 2.11 shows E,,/Emax as a function of NV, /Ny for # = 1-30°. For the negative bevel
(Na./Nq > 1), a suppression of electric field crowding can be obtained by a combination of
small NV,/Ng and small 6. For example, for 0 = 10°, E,,/Emnax > 95% can be obtained
when N,/Ng4 < 4. For the positive bevel (N,/Ng < 1), electric field crowding does not
occur. Here, the author mentions an applicability of the beveled-mesa termination for GaN
power devices. The relationship shown in Fig. 2.11 does not depend on NqN,/(Nq + N,)
and an applied voltage as far as non-punch-through condition and sufficient deep etching
are satisfied, confirmed by the TCAD simulations. A breakdown voltage of a device with
the same 0 can be increased with maintaining N,/Ng by changing doping concentrations,
epitaxial thicknesses, and an etching depth. Recently, it is now possible to control a Mg
doping level of ca. 1x10'7 ecm™ [54-56]; thus, for § = 10°, the beveled-mesa termination is

practically suitable for devices with relatively low breakdown voltages (up to 1.2 kV-class).
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Cathode

Figure 2.8: Schematic cross section of a GaN p-n junction diode with beveled-mesa ter-
mination (0° < 6 < 90°).
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Figure 2.9: Simulated 2-D electric field distributions of the beveled-mesa structures for

acceptor concentrations of (a) 1x10'® ecm™2, (b) 6x10'" cm™ and (a) 2x10'7 cm™ with

mesa angle of 30°. The electric field profiles along the p-n junction interfaces are also shown.
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Figure 2.10: Simulated 2-D electric field distributions of the beveled-mesa structures for
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Figure 2.11: Simulated relationship between electric field crowding (Epp/ Emax) vS. Na/Na.
With decreasing N, /Ng and 0, electric field crowding comes to be alleviated. When N, /Ny <
1, electric field crowding does not occur.
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2.3 Fabrication of GaN p-n Junction Diodes with
Shallow Beveled-Mesa Structure

To confirm the effect of the beveled-mesa termination on suppression of electric field crowd-
ing and demonstrate a nearly ideal avalanche breakdown, three negative bevel GaN p-n
junction diodes were fabricated with a shallow bevel angle (ca. 10°) and various Mg con-
centrations (PN1-3). The device structure is shown in Fig. 2.8. The fabrication process
flow is shown in Fig. 2.12. The 5 pm thick n-layers, 2 um thick p-layers, and 0.2 pum thick
pT-layers with Mg concentration of 8x10' cm™2 were grown by metalorganic vapor phase
epitaxy (MOVPE) on GaN bulk substrates grown by hydride vapor phase epitaxy (HVPE).
Photolithography with thick photoresist (AZP4620, MicroChemicals) was performed first,
followed by high-temperature post bake (200°C, 3 min) using a hot plate. This post bake
causes thermal reflow of the patterned photoresist, which produces a lens-like structure
with an edge angle of approximately 10° [57, 58]. Here, a Cly-based inductively coupled
plasma-reactive ion etching (ICP-RIE) was performed. Under a conventional etching condi-
tion, the selectivity of the GaN/photoresist was almost unity. The edge part of the lens-like
photoresist mask was translated to GaN, and a beveled-mesa angle of approximately 10°
was successfully formed. The mesa height was 3.5 ym. The formation of a smooth mesa
surface without structural defects was confirmed by scanning electron microscopy (SEM)
observations as shown in Fig. 2.13. The anode and cathode electrodes were formed by the
deposition of Ni/Au on the epitaxial layer and Ti/Al/Ni on the backside of the substrate,
respectively. Finally, sintering process was performed for 10 min in 550 °C, Oy ambient to

obtain p-ohmic contacts. The contact resistance of ~1 m{cm?

was obtained by transfer
length method (TLM), and the devices showed good rectifying characteristics.

By secondary ion mass spectrometry (SIMS), the uniform distributions of Si in the
n-layers and Mg in the p-layers were confirmed along the depth as shown in Fig. 2.14.
The capacitance-voltage (C-V') characteristics of PN1-3 were measured at the frequency
of 500 kHz, and clear linearity was observed in all the devices in the C~2-V plots from
0 V to near breakdown voltage as shown in Fig. 2.15, which indicates that the donors in
the n-layers and the acceptors in the p-layers are uniformly distributed along the depth as
expected from the SIMS results. From the analyses of the slopes in the C~2-V plots using
the below relationship

N.Nq 2

e 2.2
N, + Nq gseA2 (dC2/dV)’ (2:2)

NoNg/(N, + Ng) of 5.5x10'6 5.7x10%%, and 6.1x10* ¢cm™3 were obtained. It should be

noted that a junction area (A) was elaborately determined from a mesa bottom diameter, a

mesa angle, an etching depth and a p-layer thickness. The obtained N,Nq/(N, + Nq4) were
almost the same as [Mg][Si]/([Mg]+[Si]) for each device. These results suggest that the
compensations by carbon atoms or other sources are negligible. The doping concentrations
in PN1-3 obtained by SIMS and C'-V measurements are summarized in Table 2.1.
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Table 2.1: Doping concentrations in the fabricated GaN PNDs (PN1-3) obtained from
SIMS and C-V measurements. [Mg][Si]/([Mg]+[Si]) and N,Nq/(N,+ Ng) are almost same

for all the devices, indicating the compensation effect by carbon atoms or other sources are
very low and negligible.

[Meg] [S] [Mg][Si]/([Mg]+[Si])  NaNa/(Na+ Na)

(cm™3) (cm™3) (cm™3) (cm™3)
PN1 2.6x10'7 7.0x10' 5.5x10'6 5.5x1016
PN2 3.4x10'7 6.9x10' 5.7x10'6 5.7x1016

PN3 4.8x107 6.9x10% 6.0x 10 6.1x1016




2.3. Fabrication of GaN p-n Junction Diodes with Shallow Beveled-Mesa Structure 63

(a) Epitaxial growth (b) Resist mask patterning (c) Thermal Reflow
o~-GaN tr|1ick photoresiTt > ~
p-GaN

n-GaN |:> |:>
I ]

(d) Dry etching (e) Formation of Electrodes

R =
—> —>
I ]

Ti/Al/Ti/Au

Figure 2.12: Fabrication process flow of a GaN p-n junction diode with beveled-mesa

termination.
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Figure 2.13: Scanning electronic microscope (SEM) image of the beveled-mesa surface.
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2.4 Breakdown Characteristics in GalN p-n Junction
Diodes

2.4.1 Reverse Current-Voltage Characteristics

The breakdown characteristics of the fabricated GaN p-n junction diodes with negative-
beveled mesa termination were measured. To avoid air sparking, the devices were dipped
into liquid fluorinert. Figure 2.16 shows the reverse current-voltage (/-V') characteristics
for GaN p-n junction diodes with junction diameters of 450 um. The reverse leakage cur-
rents were very small in all the devices. Breakdown voltages of 425, 385, and 345 V were
obtained for the PN1, PN2, and PN3 devices, respectively. Variations of the breakdown
voltages among the devices in the same wafer were very small. All the devices exhibited
high avalanche capabilities: the same breakdown characteristics can be reproduced many
times without catastrophic breakdown. Figure 2.17 shows the breakdown voltages and
parallel-plane breakdown fields for the PN1, PN2, and PN3 devices as a function of the
Mg concentration. The breakdown voltage and breakdown field increased with a decrease
in the Mg concentration, which indicates that suppression of electric field crowding was
successfully achieved using a lightly doped p-GaN layer. This tendency corresponds well to
the relationship between E,,/Eyax and N,/Ng obtained by the simulations (Fig. 2.11). The
breakdown field of 2.86 MV /cm was obtained for PN1. Based on the simulation, Ey;,/Eax
was approximately 96% (N,/Ngq = 3.7, 6 = 10°).

2.4.2 Temperature Dependence of Breakdown Voltage

The temperature dependences of the breakdown voltages in the devices were also investi-
gated. Figure 2.18 shows (a) the reverse I-V characteristics of PN1 at 223, 298, and 373 K
and (b) the temperature dependence of the breakdown voltage in PN1. The breakdown
voltage increased with elevating temperature, which is the signature of an avalanche break-
down: carriers come to be difficult to obtain high energy owing to the increasing phonon
scattering rate with elevating temperature. The breakdown field also increased with elevat-
ing temperatures from 2.86 MV /cm at 298 K to 2.90 MV /cm at 373 K.

2.4.3 Electroluminescence at Breakdown

At an avalanche breakdown process, many electron-hole pairs are generated and their re-

combinations occur, which results in electroluminescence [59]. Figure 2.19 shows images of
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Figure 2.19: Luminescence at the breakdown for PN1 and PN2 at various current level
obtained by cooled-CMOS camera (exposure time: 1 s). Ring electrodes were used for

luminescence observations.
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breakdown luminescence in PN1 and PN2 at various current levels obtained by a cooled-
CMOS camera. Ring electrodes were used for observation of the luminescence. For PN1,
uniform luminescence at the entire periphery was observed at low current level (<1 mA),
while the area emitting light increased with the current level and luminescence at the in-
side of the ring electrode was observed. This indicates that the breakdown in PN1 may be
close to the uniform avalanche breakdown [60, 61] which will be discussed in Chapter 3,
although electric field crowding still remains at the edge. In contrast, for PN2 (and PN3),
luminescence started to be observed at the several parts of the devices periphery. Although
the area emitting light also increased with the current level, luminescence at the inside of
the ring electrode was not observed. This reflects the localized avalanche breakdown and
current crowding due to stronger electric field crowding. The inhomogeneous breakdown

could be due to the slope shape which may not be perfectly smooth.

2.5 Discussion

Effect of Dry Etching Damage

The dry etching may induce the point defects near the surface. Kawahara et al reported
that the significant compensation or deactivation of acceptors occurs in p-type 4H-SiC after
dry etching, which may be caused by introducing a large amount of hydrogen and oxygen
atoms. This can be recovered by high temperature annealing. However, various kind of
defects are generated by RIE into 4H-SiC and the average of total defect concentration of
5% 10 ecm™3 in the region ranging from 0.3 ym to 1.0 um remains even after annealing [62].

To investigate the effect of the dry etching on GaN, the cross sectional carrier distributions
in the fabricated beveled-mesa structure was investigated by non-linear dielectric microscopy
(SNDM) [63]. Figure 2.20 shows the obtained cross-sectional carrier distributions from
the SNDM measurement. A presence of holes is clearly confirmed in the p-layer and the
disappear of holes by dry etching is not observed. At the surface, carriers are not detected.
This may be the surface depletion or the measurement problem. If a surface depletion exists,
the electric field crowding does not occur, confirmed by TCAD simulation. Thus, dry etching
damage near the surface is considered not to effect on the space charge distribution and

breakdown characteristics.

Termination Area of Beveled-Mesa Structure

Area efficiency of an edge termination is important because edge termination increase a
device size, device cost and R,,A. The termination length of the beveled-mesa structure
(Ipm) can be written as gy = degen/tan(f). Thick p-layer (deep degen) and small 6 increase
Igm. In this study, lgy was about 20 pm (deten, = 3.5 1 and 8 = 10°). Considering this

relationship, the area efficiency can be discussed and compared with other edge terminations.
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Reduction and Control of Mesa Angle

Small N,/N4q and small mesa angle are effective to reduce electric field crowding in the
beveled-mesa structure. In particular, the beveled-mesa termination is useful for trench
MOSFETS, since a p-body layer can be used for the p-layer for the termination. However,
the N, in the p-body layer is required to be optimized for MOS interface characteristics
such as threshold voltage. In addition, a thick and low Mg-doped p-layer has high resistance
because of low hole mobility. Therefore, especially for a practical application, N,/Nq is
usually larger than unity. To alleviate electric field crowding more, extremely small angle
(~ 1°) is needed. To reduce and control the mesa angle, there are two strategies: (1)
reducing an angle of the mask at the edge part, (2) reducing the selectivity of GaN/mask.
For (1), an optimization of post bake condition, multiple etching to form effective small
angle mesa [64, 65] or gray scale lithography (modulation of illumination dose at the edge)
are possible ways to reduce an angle of the mask. For (2), changing a material of the
mask or etching condition are possible ways. The author tried to reduce the selectivity by
reducing the gas ratio of Cly/BCl;. Then, small angle of 7° was achieved. However, the
etched surface came to be very rough and depositions of many reaction products and their
micro-masking via dry etching were observed simultaneously. Optimization of the etching

condition without deteriorating the etched surface is needed.

Vertical Deep-Mesa termination

Very recently, Fukushima et al. reported on a vertical GaN p-n junction diode with deeply
etched mesa termination, which exhibited high avalanche capability [61]. Figure 2.21 shows
the simulated electric field distributions in the p-n junction diode with reverse bias of
800 V for various mesa depths. When the etching depth is shallower than the depth of the
depletion layer edge in the deeper side (in n-type region), electric field crowding occurs at
the mesa bottom. On the other hand, when the etching depth is deeper than the depth
of the depletion layer edge, electric field crowding does not occur in the device. Therefore,
an etching technology to form a moat isolation deeper than the depletion layer edge in the
deeper side at the breakdown is needed. Fukushima et al. performed ICP-RIE with pure
Cly gas using an Ni/Ti/Ni/Ti/Ni (50 nm/25 nm/100 nm/25 nm/100 nm) stacked metal
mask, which realized the very high etching selectivity of GaN/mask [61]. The device with
the etch depth of 10.8 um exhibited the breakdown voltage of approximately 900 V and the
breakdown electric field of 2.4 MV /cm.

In the Chapter 3, the author also fabricates GaN p-n junction diodes with vertical deep-
etch termination using Cly-based ICP-RIE using a SiOs mask. Although the high electric
field exists at the p-n junction interface of the mesa surface, GaN p-n junction diodes with

avalanche capability are achieved using a polyimide passivation layer.
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2.6 Summary

In this work, GaN p-n junction diodes with negative beveled-mesa termination were de-
signed and fabricated. The author quantitatively found that small N,/Nq and small 6 are
effective to alleviate electric field crowding confirmed by TCAD simulation. The break-
down voltage of the fabricated devices increased as the Mg concentration was decreased.
The devices exhibited high avalanche capability and the positive temperature dependence
of the breakdown voltage. For the devices with the highest breakdown voltage of 425 V, a
parallel-plane breakdown field of 2.86 MV /cm was achieved. This edge termination is useful
for GaN power devices with relatively low breakdown voltage, as well as devices employed

for fundamental studies on the breakdown characteristics.
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Chapter 3

Breakdown Electric Field in GaN p-n

Junction Diodes

3.1 Introduction

Under high electric field, carriers are accelerated and cause impact ionization, resulting in
generations of electron-hole pairs. The generated carriers are also accelerated, repeat to
cause impact ionization and carriers are multiplicated like avalanche in a depletion layer.
Avalanche breakdown is defined as “an avalanche multiplication factor becomes infinity” [1].
Thus, parallel-plane breakdown voltage, which means intrinsic avalanche breakdown in a
semiconductor without electric field crowding, is determined by epitaxial structure (a thick-
ness and a space charge concentration) and impact ionization coefficients. Here, it is worth
to note that the critical electric field, which is the maximum electric field at the parallel-
plane breakdown, is a strong function of space charge concentration.

For mature semiconductors such as Si, GaAs and 4H-SiC, avalanche breakdown character-
istics and impact ionization coefficients are well studied [2-15]. The theoretical breakdown
voltage for parallel-plane p-n junction can be simulated using the impact ionization coeffi-
cients. Then, the critical electric field and a depletion layer width at a breakdown are also
obtained. Figure 3.1 and Figure 3.2 show breakdown voltage and critical electric field for Si
and 4H-SiC p-n junctions, respectively. These curves were simulated for non-punch-through
condition using the impact ionization coefficients [2, 15], and well reproduce the experimen-
tal data of avalanche breakdown in devices without electric field crowding. It is obvious
that the critical electric field of 4H-SiC is approximately 5-8 times higher than that of Si
at the same doping concentration. Figure 3.3 shows a doping concentration and a required
thickness of a drift layer versus breakdown voltage for Si and 4H-SiC. For example, a device
with breakdown voltage of 1 kV needs Ny = 1.6x10* cm™3 and tg,4 = 91 pm for Si. For
the same breakdown voltage 4H-SiC device, Ng = 2x10'® cm™ and tg4¢ = 7.7 pum are
needed. These fundamental data of avalanche breakdown are very important, since these

data give a design space of an drift layer in a power device for a required breakdown voltage.
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There are several reports on an breakdown characteristics in GaN Schottky barrier
diodes [16-19]. Bandi¢ et al. demonstrated heteroepitaxial GaN Schottky rectifiers fab-
ricated on a sapphire substrate with breakdown voltage of 450 V. From the experimental
results, they estimated the maximum breakdown electric field of (2.2£0.7) MV /cm [16].
Johnson et al. fabricated GaN Schottky rectifiers with Mg-implanted guard ring edge termi-
nation using GaN freestanding substrates grown on sapphire substrates. The devices showed
the breakdown voltage of 160 V and the maximum breakdown electric field of 2.1 MV /cm
at room temperature. However, the breakdown voltage showed a negative temperature co-
efficient, suggesting that a large number of surface and bulk defects caused a premature
breakdown before the parallel-plane avalanche breakdown [17]. Saitoh et al. demonstrated
homoepitaxial GaN Schottky barrier diodes fabricated on GaN freestanding substrates with
excellent performance [18]. The device, which has 5 pm thick n~-GaN layer with the Si
concentration of 8x10' cm™3 and the field plate edge termination, showed the breakdown
voltage of 1100 V. As shown in Fig. 3.4, this breakdown was limited by a large leakage
current. The maximum breakdown electric field is estimated to be at most 2.5 MV /cm
considering the punch-through (trapezoid-shape) electric field distribution.

Owing to high electric field at the Schottky interface, the thermionic field emission (TFE)
current [20, 21] should become significant as shown in Fig. 3.5, which was calculated using
the formula based on the TFE model [20, 21| with consideration of image force lower-
ing [22]. Therefore, a large reverse leakage current flows before avalanche breakdown, and it
seems to be difficult to characterize avalanche breakdown voltage in GaN using a Schottky
junction. To avoid a large leakage current induced by the TFE, a trench metal-insulator-
semiconductor (MIS) barrier Schottky (TMBS) [23, 24] and a junction barrier Schottky
(JBS) [25-27] rectifiers have been proposed. Hasegawa et al. demonstrated a GaN TMBS
rectifier maintaining low leakage current at 200°C with blocking voltage of 750 V [24].
Significant reduction of leakage current compared to a simple Schottky barrier diode was
observed owing to reduction of electric field at the Schottky junction using the TMBS struc-
ture. Nonetheless, Ozbek and Baliga reported on a Pt/n-GaN Schottky barrier diode with
a high-resistive amorphous layer formed by Ar implantation as an edge termination. It
is described that the device, which has 4 pym thick i-GaN layer with the carrier density
of 1x10" cm™3, showed the breakdown voltage of 1650 V with the implantation dose of
2x10' cm~2. Then, the high reverse leakage current due to the implantation damage was
observed (> 1 mA at the reverse bias of 50 V), as shown in Fig. 3.6. They estimated the
maximum breakdown electric field of 3.75 MV /cm in the device. However, as mentioned
above, it seems to be impossible to achieve such high electric field (> 3 MV /cm) using a
Schottky junction.

GaN p-n junction diodes with avalanche breakdown have been reported from many in-
stitutions [28-32]. Kozodoy et al. investigated the effect of dislocations on the reverse I-V/
characteristics in GaN p-n junction diodes fabricated on sapphire substrates using lateral
epitaxial overgrowth (LEO) [28]. In the devices fabricated on the LEO region (the threading
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dislocation density (TDD) of < 10° cm™2) showed significant reduction of leakage current
compared to the devices in the window region (TDD of ~ 4 x 108 cm™2). However, the
breakdown voltage for both devices were the same (90 V), and the peak electric field was ap-
proximately 2 MV /cm. Kizilyalli et al. reported on the GaN p-n junction diode fabricated on
low TDD (~ 10* em™2) bulk GaN substrates, which showed breakdown voltage of 4 kV [29].
They estimated the maximum electric field of 2.0-2.7 MV /cm assuming a net doping con-
centration of 2-5x 10 ¢cm ™. Nomoto et al. demonstrated 1.7 kV and 0.55 mQcm? GaN p-n
junction diodes on bulk GaN substrates with avalanche capability [30]. The non-uniform net
doping concentration (9x10°-2x10'® cm™3) was obtained from C—V measurement, and the
maximum electric field of 2.6 MV /cm was estimated for a punch-through condition. This
device also showed positive temperature coefficient of breakdown voltage.

The impact ionization coefficients in GaN have been studied [33-36]. However, the varia-
tions in these data are very large. In addition, there are no systematic data of an avalanche
breakdown in GaN for various doping concentration, since it is difficult to achieve parallel-
plane (uniform) avalanche breakdown without electric field crowding. Therefore, breakdown
characteristics as a function of a doping concentration were not discussed in the litera-
tures [33-36] owing to the lack of the fundamental data of an avalanche breakdown in GaN.

In this study, the author investigates breakdown characteristics in GaN p-n junction
diodes with various epitaxial structures. At first, the author proposes the double-side-
depleted shallow bevel termination, where the doping concentrations of p- and n-layers are
comparable and the depletion layer extends to the both p- and n-sides. Based on the results
in Capter 2 (Fig. 2.11), electric field crowding does not occur in this structure. The GaN p-n
junction diodes with various doping concentrations are fabricated and the reverse I-V char-
acteristics were investigated in detail. The author also fabricates GaN p-n junction diodes
with one-side abrupt p™/n~ and p~/n™ junctions. For these devices, vertical deep-etch
termination is formed to avoid electric field crowding. The conduction-type dependence of

a breakdown characteristics for n- and p-type drift layers is investigated.

3.2 GaN p-n Junction Diodes with
Double-Side-Depleted Shallow Bevel Termination

3.2.1 Device Fabrication

Figure 3.7 shows the device structure of a GaN p-n junction diode with doubles-side-depleted
shallow bevel termination. Four samples with various n- and p-layers (PN1-4) were prepared
in this study. The p*-layers, p-layers, and n-layers were grown by metal-organic vapor phase
epitaxy (MOVPE) on GaN(0001) bulk substrates grown by hydride vapor phase epitaxy
(HVPE). The epitaxial layers are designed and prepared as Si concentrations in n-layers

and Mg concentrations in p-layers are comparable. Figure 3.8 shows the depth profiles of
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Figure 3.7: Schematic cross section of a GaN p-n junction diode with double-side-depleted
shallow bevel termination proposed in this study. A donor concentration in an n-layer and
an acceptor concentration in a p-layer are comparable, and the depletion layer extends to
the both n- and p-layers. Shallow beveled-mesa reduces electric field at the mesa surface.

In this structure, electric field crowding does not occur as shown in Fig. 2.11.
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the Mg and Si concentration measured by secondary ion mass spectrometry (SIMS) in the
epilayers. Mg in the p-layer and Si in the n-layer are uniformly distributed along the depth
direction. It is a well known problem that carbon atoms are unintentionally incorporated
from a precursor (trimethylgallium, Ga(CH)s3) into GaN, which act as the compensation
defects [37-39]. Owing to the optimized growth condition [40], the C concentrations in this
study are very low (< 5 x 10'® cm™3), as shown in Fig. 3.8. The doping concentrations
and thicknesses in PN1-4 obtained by SIMS are summarized in Table 3.1. The shallow
beveled-mesa structures were formed by Cly-based inductively coupled plasma-reactive ion
etching with a thick photoresist mask [15, 41]. The mesa angles and mesa heights were
approximately 12° and 3.6 um, respectively. The anode and cathode electrodes were formed
by the deposition of Ni/Au on the epitaxial layers and Ti/Al/Ni/Au on the backside of
the substrates, respectively. The fabrication process has been described in Chapter 2 and
elsewhere [42-44].

3.2.2 Capacitance-Voltage Measurement

Capacitance-voltage (C-V') characteristics of PN1-4 were measured at the frequency of
500 kHz up to near breakdown voltage. The devices with diameter of 450 um were used. In
the analysis, e; = 10.4¢q [45, 46] was used. Figure 3.9 shows the C—V characteristics of PN1—-
4 as the C~2-V plots. A clear linearity for each device was observed, indicating that the
donors in the n-layers and acceptors in the p-layers are almost uniformly distributed along
the depth directions, as expected from the SIMS results. The net doping concentrations
(NalN4/(Na+Nq)) obtained from the C—V measurements are listed in Table 3.1, which show
good agreement with [Mg][Si]/([Mg]+[Si]) obtained by SIMS for all devices, indicating that

the compensations by other impurities and intrinsic defects are almost negligible.

3.2.3 Breakdown Characteristics

Reverse I-V characteristics of PN1-4 were measured using a Keysight B1505A semicon-
ductor parameter analyzer. To avoid air sparking, the devices were dipped into fluorinert
while the measurements. Figure 3.10 shows the reverse I-V characteristics of PN1-4 (in
linear scale). The devices showed low leakage current and soft breakdown. The same char-
acteristics were reproduced many times without a catastrophic breakdown, suggesting high
avalanche capability in the devices. The breakdown voltages of approximately 480, 385, 250
and 180 V were obtained for PN1, PN2, PN3 and PN4, respectively. Figure 3.11 shows the
electric field distributions for the parallel-plane junctions of PN1-4 at the breakdowns cal-
culated by assuming that Si and Mg are fully activated and ionized (N, = [Mg], Nq = [Si])
and using €; = 10.4eq [45, 46]. The breakdown electric fields, which are defined as the
parallel-plane maximum electric field, of 2.8, 2.9, 3.2 and 3.5 MV /cm were obtained for
PN1, PN2, PN3 and PN4, respectively. With increasing doping concentration, the break-
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Table 3.1: Thicknesses and doping concentrations in PN1-PN4 obtained from SIMS and

C-V measurements.

dy dn  [Mg] [5i] [Mg][Si]/([Mg]+[Si])  NalNa/(Na+ Na)
(pm) pm  (cm™3) (cm™3) (cm™3) (cm™3)
PN1 3.3 3.3 1.2x10'7 7.6x10'¢ 4.7x10' 4.7x10%
PN2 25 25 1.4x10Y7 1.2x10Y7 6.5x 1016 6.4x 10
PN3 20 20 27x10'7 2.1x10'7 1.2x10%7 1.2x10%7

PN4 15 1.5 3.9x10'7 4.1x10'7 2.0x107 1.9% 107
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Figure 3.11: The calculated electric field distributions for the parallel-plane junctions of
PN1-PN4 at the breakdowns. The breakdown electric fields of approximately 2.8, 2.9, 3.2
and 3.5 MV /cm were obtained.
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down electric field increased. It is worth to stress that these values are very reliable, since
the author confirmed that the net doping concentrations and their uniform distributions
along the depth directions by both SIMS and C-V measurements in wide voltage ranges.
Figure 3.12 shows the two-dimensional electric field distribution calculated by TCAD
simulation for the beveled-mesa edge of PN1 under the reverse bias voltage of 480 V rep-
resentatively. The depletion layer extends to both the p-layer and the n-layer, since the
Mg concentration in the p-layer is comparable to the Si concentration in the n-layer. The
electric field at the mesa surface is reduced due to the small mesa angle [47]. The electric
field profile along the p-n junction interface is shown in Fig. 3.13. The maximum electric
field is almost equal to the electric field at the parallel-plane region. In other words, electric

field crowding does not occur, as mentioned in Chapter 2 (Fig. 2.11).

3.2.4 Temperature Dependence of Breakdown Voltage

The temperature dependence of the breakdown characteristics in PN1-4 were measured.
The temperature of the stage to which the devices were attached was controlled in the
range of 223-373 K. Figure 3.14 shows the reverse I-V characteristics of PN1-PN4 at 223,
298 and 373 K. With elevating temperature, the increase in the breakdown voltage was
observed for all the devices. This positive temperature coefficient of the breakdown voltage
is a signature of an avalanche breakdown: the phonon scattering rate in a semiconductor
increases and carriers come to be hard to obtain sufficient energy to cause impact ionizations
(impact ionization coefficients decrease) with elevating temperature. Figure 3.15 shows the
temperature dependences of the breakdown voltages in PN1-4. It is observed that the
breakdown voltage monotonically and almost linearly increased with elevating temperature.
For example, in PN4, the breakdown voltage increased from 182 V at 298 K to 203 V at 573
K. Parallel-plane breakdown electric field reached 3.74 MV /cm at 573 K. The temperature

dependence of the impact ionization coefficients in GaN will be discussed in Chapter 5.

3.2.5 Electroluminescence at Breakdown

The strong luminescence is observed at the breakdown, since many electron-hole pairs are
generated by impact ionizations in the depletion layer and large current flows. When an
avalanche breakdown occurs at the electric field crowding point, localized luminescence is
observed there [48]. Figure 3.16 shows the pictures of PN4 at (a) 0 V, (b) —180 V, —100 pA,
and (c¢) —180 V, —1 mA. For taking these pictures, ring electrodes (the junction diameter
of 450 pum) were used. In contrast to the result in Chapter 2 (peripheral luminescence in
beveled-mesa region as shown in Fig. 2.19), nearly uniform white luminescence in the entire
p-n junction was observed in PN1-4. This is the strong evidence that the uniform (nearly
ideal) avalanche breakdowns occurred, i.e., successful suppression of electric field crowding,.

Althoug the luminescence was observed at the entire p-n junction, the intensity of bright-
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Figure 3.12: Two-dimensional electric field distribution in PN1 under the reverse bias of
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(c) -180 V, -1 mA

Figure 3.16: Pictures of PN4 at (a) 0 V, (b) —180 V, —100 pA, and (¢) —180 V, —1 mA
taken by a cooled-CMOS camera. To observe luminescence, ring electrodes were used only
this measurement. At the breakdown voltage, nearly uniform electroluminescence in the
p-n junction was observed. This breakdown luminescence was also observed in PN1-3. This

is the strong evidence that the uniform avalanche breakdowns occurred.
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ness was not perfectly uniform. Very recently, Fukushima et al. also reported that uniform
avalanche breakdown in GaN p-n junction diode with vertically deep-etch termination [49].
The device exhibited breakdown voltage of approximately 900 V with breakdown electric
field of 2.4 MV /cm. At the breakdown, luminescence was observed in entire p-n junction
and its pattern accorded to the step bunching by an emission microscopy, as shown in
Fig. 3.17. From the same group, Kawasaki et al. carried out the scanning measurement
of the optical beam induced current (OBIC) by sub-bandgap illumination [50]. For the
device in the literature [49] under near the breakdown voltage, an in-plane mapping image
of the photocurrent induced by the Franz-Keldysh effect [51, 52] and its avalanche multi-
plication [44] were observed, as shown in Fig. 3.18. They analyzed this photocurrent and
estimated the fluctuation of a donor concentration of ~ 10** c¢cm™3. Since an avalanche
multiplication is a extremely steep function of electric field near breakdown electric field,
small fluctuations of a donor concentration cause entire luminescence with non-uniform in-
tensity at breakdown. However, it should be noted that the small doping fluctuations do
not deteriorate the breakdown characteristics.

Mandal et al. investigated that the spectrum of reverse breakdown electroluminescence
in a GaN p-n junction diode. Figure 3.19 shows the spectrum at 100 pA, 1 mA and 10 mA.
Sharp peaks around 3.4 eV and the broad-range wavelength emission between 1.6-2.8 eV
are observed. The former and the latter are considered to be correlated to band-to-band
recombination and sub-bandgap recombination via deep levels such as Cy and Vy [53-55].
Figure 3.20 shows the breakdown luminescence of PN4 at reverse current of 500 pA in
this study. For our devices, near-band-edge emission is self-absorbed in GaN, since the
p-n junction is located deep inside. However, the broad-range wavelength emission similar
to the previous report [56] was observed. With increasing the current level, the lumines-
cence intensity near the electrode became stronger in Fig. 3.16, indicating that the current
crowding also effect on the luminescence intensity. The luminescence may also originate
from relaxations of hot carriers. The origin of breakdown luminescence should be studied

furthermore in the future.
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Figure 3.17: (a) Emission microscopy image of the p-n junction diode with high reverse
bias of —879 V applied. (b) Emission microscopy image with forward bias of 2.5 V applied.

(c) Optical microscopy image. These results are reported in [49].
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Figure 3.18: (a) Schematic of the OBIC measurement system. (b) Voltage dependence
of the multiplication factor at high bright point (red) and dark point (blue). (c¢) Emis-
sion microscopy image at —827 V and (d) OBIC image at —812 V. The mesa diameter is
540 pm and the electrode diameter is 500 pym. Red arrows show corresponding points on

the emission microscopy image and the OBIC image. These are reported in [50].
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Figure 3.19: Breakdown electroluminescence in a GaN p-n junction diode reported in [56].

Near-band-edge emission and broad-range wavelength emission are observed.
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Figure 3.20: Breakdown electroluminescence in a GaN p-n junction diode with double-
side-depleted shallow bevel termination (PN4) fabricated in this study at the reverse current

of 500 pA. Near-band-edge emission is not observed due to self-absorption.
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3.3 GaN p*/n~ and p~/nt Junction Diodes

It is known that the conduction type of a drift layer has an impact on an avalanche break-
down characteristic in non-punch-through condition, which originates from the direction of
carrier multiplication and the difference between the impact ionization coefficients of elec-
trons (o) and holes () [15, 57, 58]. For p*/n~ junction in which a depletion layer mainly
extends to the n-type side from the p-n junction interface, holes are injected from the lower
electric field side and are multiplicated to the higher electric field side. For electrons, which
are injected by the higher electric field side or generated by the hole impact ionizations,
are multiplied to the direction toward the lower electric field side. On the other side, for
p~/nt junction in which a depletion layer mainly extends to the p-type side, the direction
is completely opposite: holes are multiplied toward the lower side. If oy, and a;, have very
similar values for example GaAs [9, 57], the difference of the breakdown voltage between
the conduction types of the drift layers does not appear. However, for 4H-SiC in the c-axis
direction, o, is much smaller than «, [10, 15], specifically, p~/n* junction has ~9% lower
ideal breakdown voltage, and ~5% lower critical field strength than p*/n~ junction. These
are obtained from the simulation using the impact ionization coefficients.

In this study, the author fabricated GaN p*™/n~ and p~/n* junction diodes on GaN
freestanding substrates. For these devices, vertical deep-etch termination to realize one-
dimensional electric field distribution [15, 47, 49] was used, since it is very difficult to
perfectly alleviate electric field crowding in p*™/n~ junction using beveled-mesa termination
due to very high N,/Ny. It should be noted that for p~/n* junction diodes, the positive
bevel structure is also applicable. The breakdown characteristics in GaN p*/n~ and p~/n™
junction diodes with various doping concentrations are systematically investigated and the

conduction-type dependence of the breakdown characteristics in GaN is discussed.

3.3.1 Device Fabrication

Figure 3.21 shows the schematic cross sections of GaN p*/n~ and p~/n™ junction diodes
with vertical deep-etch termination. The epitaxial layers were grown by metal-organic vapor
phase epitaxy (MOVPE) on n*-type GaN(0001) freestanding substrates grown by hydride
vapor phase epitaxy (HVPE). Three of each of diodes with p™/n~ and p~/n™ junctions
(N1-N3 and P1-P3, respectively) were prepared, in this study. The control of lightly
Mg-doping was achieved by the MOVPE system equipped with double-dilution of the Mg
source gas [40]. The vertical deep-etch termination was formed by Cly-based dry etching
with a SiOs mask [59]. The vertical mesa structure with angle of approximately 90° was
achieved with smooth mesa side wall, and the epitaxial layers were fully etched down to the
substrate. The thicknesses, the etching depths and the doping concentrations obtained by
C—-V measurements are summarized in Table 3.2. The anode and cathode electrodes were
formed by the deposition of Ni/Au on the top-side p*layers and Ti/Al/Au on the back-
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Figure 3.21: Schematic cross sections of GaN p*™/n~ and p~/n* junction diodes with
vertical deep-etch termination. The polyimide layer was coated as a surface passivation
layer. The vertical mesa with the angle of approximately 90° and smooth mesa side wall

was successfully obtained.
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side substrates, respectively. The ohmic annealing was conducted for 10 min in 550°C, O,
ambient. After the metalization, a thick polyimide was coated as a surface passivation layer
and cured by the sequent thermal treatment in Ny ambient for 30 min at 140°C followed by
for 60 min at 350°C.

3.3.2 Capacitance-Voltage Measurement

Figure 3.22 shows the C-V characteristics of N1-N3 and P1-P3 as the C"2-V plots. The
measurement frequency was 500 kHz. The dielectric constant of GaN (e, = 10.4¢, [45, 46])
was used. Clear linearity was observed in the plots, indicating the uniform distributions of
donors or acceptors in the epitaxial layers along the depth direction. From the analysis of
the slope in the plots, the net doping concentration N,Ng/(N,+ Nq) was obtained for each
device. Table 3.2 shows the obtained N,Ny/(N, + Ng) for N1-N3 and P1-P3.

3.3.3 Breakdown Characteristics

Before discussing the device characteristics, it is worth to stress that high electric field exists
at the mesa surface of the vertical deep-etch structure, and stable breakdown characteristics
were not obtained and catastrophic breakdowns occurred in the case of the devices without
a polyimide passivation layer. The author investigated the effect of a tetramethylammo-
nium hydroxide (TMAH) wet etchcing (25% concentration) at 85°C, which is an anisotropic
etching to make a side wall smoother and to remove the dry-etched damage [23, 60, 61].
However, the I-V characteristics were not improved and unstable and catastrophic break-
down was observed. Therefore, a surface passivation layer is essential to achieve a stable
breakdown for the vertical deep-etch termination.

Figure 3.23 shows the reverse I-V characteristics of N1-N3 and P1-P3 with a polyimide
passivation layer at room temperature. The breakdown voltage and the breakdown electric
field for these devices are also summarized in Table 3.2. These devices showed very high
parallel-plane breakdown electric fields of 3.0-4.0 MV /cm. In these devices, the breakdown
electroluminescence was observed in entire p-n junction, suggesting that uniform avalanche
breakdown occurred in these devices.

For the devices with high doping concentration devices (N3, P2 and P3), significant high
reverse leakage current which prominently increased with reverse bias was observed at high
electric field region (> 3 MV /cm). These leakage currents are considered to originate from
the band-to-band (Zener) tunneling, since a width of a potential barrier becomes very thin
(e.g. 11 nm at 3.0 MV /cm). In addition, these currents are approximately three orders of
magnitude higher than that the phonon-assisted tunneling current in 4H-SiC p-n junction
diodes at the same electric field strength [62]. To investigate the Zener tunneling current

in GaN in detail, a test device with much higher doping concentration is required.
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Table 3.2: Thicknesses, etching depths and doping concentrations in N1-N3 and P1-P3.
The breakdown voltage and the breakdown electric field is also shown.

darite  deten NalNa/(Na+ Na) W Ey,

(m) (m) () (V) (MV/em)
N1 3.0 5.0 7.5%x10'6 340 3.0
N2 25 3.5 1.5x107 207 3.3
N3 1.5 3.5 3.1x10'" 128 3.8
P1 3.0 5.0 1.3x107 235 3.2
P2 2.5 3.5 1.8x107 180 3.3
P3 1.5 3.5 4.1x10'7 110 4.0
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Figure 3.22: C-V characteristics of N1-N3 and P1-P3 as the C~2-V plots.
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3.4 Breakdown Electric Field vs. Doping

Concentration

Figure 3.24 shows the breakdown voltage and the breakdown electric field versus doping
concentration N, Ng/(N,+ Nq4) for GaN p-n junction diodes with double-side-depleted shal-
low bevel termination (PN1-PN4, yellow diamonds), GaN p*/n~ (N1-N3, blue triangles)
and p~/nt (P1-P3, red inverted triangles) junction diodes with vertical deep-etch termina-
tion. For these devices, the breakdown characteristics lie on the same curves in the plots.
In other words, no distinguishable difference of the breakdown voltage in these devices is
observed. These results indicate that the difference of the impact ionization coefficients
between electrons and holes in GaN is not so large. In Chapter 5, the breakdown voltage
and the critical electric field versus doping concentration and their conduction-type depen-
dences will be discussed again using the obtained impact ionization coefficients.

Figure 3.25 shows the benchmark plots of the breakdown voltage and the breakdown elec-
tric field versus doping concentration N,Nq/(N, + Nq) for non-punch-through GaN power
devices reported previously [16, 17, 26, 49, 63-67] and this work. The parallel-plane break-
down fields of 2.8-4.0 MV /cm in this study are among the best of the reported GaN devices
for relatively high doping concentrations (low breakdown voltages). It should be stressed
again that the data in this study were determined very carefully: the author confirmed
that the uniform distributions of the net doping concentrations along the depth directions
and the compensation by impurities or other sources is negligible by both SIMS and C-V
measurements. If a doping concentration has a non-uniform distribution along the depth
direction which is often indicated from the curved C~2-V plot, it is difficult to determine

an accurate electric field distribution and maximum electric field.

3.5 Discussion

Effect of Threading Dislocation on Avalanche Breakdown

In this study, the breakdown luminescence was obtained at the entire p-n junction, not
a dot-like point, indicating that an avalanche breakdown was not caused by dislocations.
Usami et al. investigated the breakdown characteristics of the GaN p-n junction diodes fab-
ricated on a GaN substrate grown by ammonothermal method. The threading dislocation
density was less than 5x10* cm~2. The lower lekage current was observed, and the break-
down voltage was perfectly same with the device fabricated on a GaN substrate grown by
HVPE [68]. This result also suggests that dislocations in GaN cause reverse leakage current

but not effect on impact ionization and avalanche breakdown.
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tration (NaNa/(Na+ Nq)) in this study. GaN p-n junction diodes with double-side-depleted
shallow bevel termination [42] in the section 3.2 (PN1-PN4), GaN p™/n~ and p~/n* junc-
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Leakage Mechanism in a GaN p-n Junction Diode
Zhang et al. reported that variable-range-hopping (VRH) through dislocations is a main

off-state leakage mechanism for GaN p-n junction diodes and the electric field dependence
of the leakage current follows In(/) o< F' [69]. Usami et al. investigated the correlation
between dislocations and leakage current of GaN p-n junction diodes [64, 70, 71]. Under the
reverse bias condition, dot-like leakage spots were observed using an emission microscope.
Subsequent cathodeluminescence (CL), observation of etch pits formed by KOH etching and
transmission electron microscopy (TEM), it is revealed that 1¢ pure screw dislocations are
related to the reverse leakage [64]. The leakage current caused by the screw dislocation is
remarkable and deteriorate the device yield.

In the devices in this study, threading dislocation densities are ~ 105 ecm™3. Thus, it is
considered that the dislocations are included in the devices and cause defect-related leakage.
In addition, for PN3 and PN4, high electric field > 3 MV /cm was applied under high reverse
bias voltage, which may cause band-to-band tunneling. In Fig. 3.14, it is observed that the
temperature dependences of the leakage currents for PN3 and PN4 are smaller than those
for PN1 and PN2. This may reflect the dominant mechanism of the reverse leakage current
is different. However, the detailed mechanisms of these leakage currents are still missing

and further investigations are required.

3.6 Summary

In this study, the breakdown characteristics in GaN-on-GaN p-n junction diodes with var-
ious epitaxial structures were investigated. Based on the design space of the beveled-mesa
structure obtained in Chapter 2, the author proposed the double-side-depleted shallow bevel
termination, in which electric field crowding does not occur. The devices showed low reverse
leakage current, high avalanche capability, positive temperature coefficient of the breakdown
voltage and nearly uniform breakdown electroluminescence in the entire p-n junction. These
are strong evidence that the uniform (nearly ideal) avalanche breakdown without electric
field crowding was successfully achieved. The devices showed the parallel-plane breakdown
electric fields of 2.8-3.5 MV /cm.

In addition, we also fabricated GaN p*/n~ and p~/n™ junction diodes with the vertical
deep-etch termination. The devices also showed the uniform avalanche breakdown with the
breakdown electric fields of 3.0-4.0MV /cm. A distinguishable difference of the breakdown
voltage between p*/n~ and p~/n™ junction was not observed.

The breakdown electric fields of 2.8-4.0 MV /cm in this work are among the best of
the previously reported non-punch-through GaN devices for relatively high doping concen-
trations (low breakdown voltages). In addition, these experimental data will be discussed
compared with the theoretical breakdown voltage and the critical electric field in GaN

simulated from the impact ionization coefficients in Chapter 5.
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Chapter 4

Franz-Keldysh Effect in GalN Devices

4.1 Introduction

Under high electric field, wavefunctions of electrons and holes in a semiconductor come to
be Airy-function shape and leak into the bandgap with damping as shown in Fig. 4.1. Then,
optical properties such as absorption coefficient, reflectance, refractance, etc. are changed
at near a fundamental absorption edge. For example, an absorption coefficient exhibits a
tail for a below bandgap energy and an oscillation for an above bandgap energy. In 1958,
Franz and Keldysh individually reported that the fundamental absorption edge shows red
shift (strictly, absorption edge shows broadening, not shift) and its shift is proportional to a
square of electric field and can be observed in an electric field range of 10°-10° V/em [1, 2].
These electro-optical effects, electro-absorption, electro-reflectance and electro-refractance,
are called as the Franz-Keldysh (FK) effect.

The theory of the FK effect is well studied in 1960s [1-9]. Tharmalingam derived the
expressions for the absorption coefficient of semiconductors and insulators in the presence
of a uniform electric field for both allowed and forbidden transitions [3]. Callaway theoreti-
cally expected that the sprit of energy levels by the Stark effect causes significant oscillation
structure in an absorption coefficient under extremely high electric field (~ 107 V/cm) [5].
Penchina derived the expressions for the absorption coefficient of phonon-assisted optical
absorption in an indirect-bandgap semiconductor [6]. Aspnes discussed the changes of the
real and imaginary parts of the dielectric function near all four types of critical points, in
the presence of electric field oriented in an arbitrary direction in an anisotropic solid [9].

The FK effect is very closely related to an electronic energy band structure in a ma-
terial. Thus, the effect is a powerful tool to investigate material properties such as an
energy band structure, electric field strength, (reduced) effective mass, matrix elements,
etc. There are a lot of experimental reports on the FK effect in various materials (Si, Ge,
GaAs, etc.) [10-19]. Especially, electro-reflectance modulation spectroscopy using the FK-
oscillation is often used because of its high sensitivity and high resolution. Paige and Rees

reported that an exponential tail for below bandgap and an oscillation for above bandgap
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were clearly observed in GaAs under electric field of 40 kV /cm [10]. Yacoby investigated the
electro-absorption in Si under electric field of 160 kV. Clear contribution of the transverse
optical (TO)-phonon emission (e,, = 60 meV) was observed from the spectral of the change
of the absorption coefficient at room temperature [11]. Seraphin investigated the electro-
reflectance response in n-type GaAs at various temperatures [12]. From the response in the
range of 2.7-3.4 eV, which is much higher than the absorption edge, optical properties such
as the energy gap, the type of critical point, the spin-orbit sprit energy, the temperature
coefficient of forbidden bandgap, etc. were determined.

GaN is a direct-bandgap semiconductor with a bandgap of 3.4 eV at room temperature,
in which high electric field can be applied owing to its high breakdown electric field. Thus,
the FK effect is prominently observed in GaN. There are several reports on the FK effect in
GaN-based materials [20-26]. Wetzel et al. conducted photo-reflectance spectroscopy mea-
surements of strained InGaN/GaN heterostructures and revealed the presence of a large
piezoelectric field in the In,Ga;_,N/GaN layers (e.g. 0.63 MV /cm in x = 0.19) from the
FK-oscillation [20]. Franssen et al. reported the photocurrent spectroscopy of InGaN/GaN
multiple-quantum-well LEDs where the piezoelectric field in the InGaN well layers was es-
timated from the sub-bandgap optical absorption due to the FK effect [21]. Cavallini et al.
reported sub-bandgap optical absorption in GaN nanowires, and a long band tail of ap-
proximately 0.1 eV was observed [22]. Katayama et al. determined the lattice polarity of
GaN by modulation spectroscopy [23]. Owing to a strong spontaneous polarization, the
difference in band profiles for Ga- and N-polar surface was distinguishable in terms of the
spectral-phase flip between photoreflectance and electroreflectance. Janicki et al. inves-
tigated the surface potential barrier in m-plane undoped-GaN/n"GaN using contactless
electroreflectance [24]. The built-in electric fields in the undoped cap layers have been de-
termined from the FK-oscillation period. Sato et al. investigated the photoresponse and the
photoabsorption properties of GaN porous structures formed by a photo-assisted electro-
chemical process [25]. A low voltage was applied to the nano-order GaN porous structure
and the photocurrent induced by the FK effect was observed. Tanikawa et al. investigated
the internal electric fields in ITI-polar (0001), N-polar (0001), and semi-polar (1011) In-
GaN/GaN LEDs [26]. In these reports, the FK effect was observed in nano-scale structure
such as surfaces, heterostructures, quantum wells, etc.

Although the FK effect in GaN-based materials has been well studied, there are no re-
port on the FK effect in a simple-structured GaN device under high voltage. So far, GaN
devices have been fabricated on foreign substrates such as sapphire, Si and SiC [27-32].
These devices include a lot of defects (e.g. threading dislocation density of > 10% cm™2),
which causes large leakage current. In addition, there devices basically have a lateral device
structure. Thus, it is difficult to apply high voltage to heteroepitaxial GaN devices.

Recently, GaN devices fabricated on GaN bulk substrates have attracted significant
attention [33, 34]. GaN Schottky barrier diodes and p-n junction diodes fabricated

on GaN freestanding substrates have been reported from various institutions [35-40].
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Wavefunction “leaks” into the bandgap

Figure 4.1: Schematic band diagram of a semiconductor under electric field. Wavefunc-
tions of electrons and holes leak into the bandgap, and sub-bandgap optical absorption
occurs via the leaked states. Then, optical properties such as absorption coefficient, re-

flectance and refractance are changed, which is known as the Franz-Keldysh effect.
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Saitoh et al. reported that GaN-on-GaN Schottky barrier diodes with extremely low on-
resistance (0.71 mQcm?) and high breakdown voltage (1.1 kV). Suda et al. reported that
the nearly ideal current-voltage (/-V') characteristics are observed in GaN-on-GaN Schot-
tky barrier diodes [36]. For a forward characteristic, the ideality factor (n) was very close
to unity, indicating the current transport follows the thermionic emission model and other
current components (e.g. defect-assist transport) are negligible. For a reverse character-
istic, the current transport mechanism is well expressed by the thermionic field emission
(TFE), since the tunneling of electrons through the Schottky barrier comes to be significant
owing to high electric field. It should be noted that this is a feature of a wide-bandgap
semiconductor Schottky junction: the TFE current is also clearly observed in 4H-SiC SBDs
reported by Hatakeyama et al. [41]. Kizilyalli et al. demonstrated high breakdown voltage
GaN p-n juction diodes with excellent performance [37-39]. Especially, by reducing hillocks
and surface morphology, very low leakage current (< 10 nA) at 4 kV in the 0.12 mm? GaN
p-n diode was achieved [39]. Hu et al. demonstrated that the textbook-like characteristics
in vertical GaN p-n junction diodes, which showed simultaneously an avalanche breakdown
voltage of > 1.4 kV under reverse bias and an ideality factor plateau of ~2.0 (a recombina-
tion current) followed by a near unity ideality factor of 1.1 (a diffusion current) in a forward
bias window [40].

A high reverse voltage (high electric field) can be applied to these GaN-on-GaN devices
due to their relatively low defect densities and vertical device structures. In this study, a
reverse-voltage dependence of photocurrents in a Ni/n-GaN Schottky barrier diode and a
GaN p-n junction diode under sub-bandgap illumination are investigated. Although the
wavelength of the irradiated light is longer than the GaN absorption edge, significant in-
creases in the photocurrents were observed and the increases were more prominent as the
wavelength was closer to the absorption edge. The author calculated the photocurrent con-
sidering the optical absorption induced by the FK effect in the depletion layer based on the
theory of the electroabsorption [9] and compared with the experimental data. The voltage,
wavelength and temperature dependences of the photocurrent induced by the FK effect in

GaN devices are discussed.

4.2 Franz-Keldysh Effect in n-type GalN Schottky

Barrier Diode

4.2.1 Measurement Set up

Figure 4.2 shows a schematic cross section of a Ni/n-GaN vertical Schottky barrier diode
(SBD) used in this study. A 300-pm-thick n-type GaN(0001) free-standing substrate grown
by hydride vapor phase epitaxy (HVPE) was used. A 7-pm-thick n-type GaN homoepitaxial
layer was grown by metal-organic vapor phase epitaxy (MOVPE). 100-pum-diameter Schot-
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Figure 4.2: Schematic cross section of a Ni/n-GaN Schottky barrier diode used in this
study. The wavelength of the incident light was longer than the absorption edge of GaN;
therefore, the light penetrated into GaN. The light was reflected by the back-side Ohmic
electrode and reached the Ni/GaN interface.
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tky electrodes were formed by depositing Ni/Au on the GaN epitaxial layer. The Ohmic
electrode was formed by depositing Ti/Al/Ti/Au on the mirror-polished back side of the
substrate. Field plate structure with a SiN, layer for edge termination was fabricated to
prevent premature breakdown due to the electric field crowding at the edge of the Schottky
electrode. The fabrication process has been described in detail in the literature [35].

Before a photocurrent measurement, C-V and -V characteristics were measured with-
out illuminations using the Keysight B1505A semiconductor parameter analyzer. Figure 4.3
shows the C'-V characteristics of the GaN Schottky barrier diode. For the measurements,
the plots were independent of frequency in the range of 10-500 kHz, and a frequency of
500 kHz was used. From the C-V measurements, a built-in potential (V4) of 0.90 V and
the net donor concentration (Ng —N,) of 5.5x10" ¢cm™ were obtained. In the analysis,
g = 10.4¢¢ [42, 43] was used. The barrier height, as shown in Fig. 4.4, e¢y, c_v of 1.08 eV
was obtained. Figure 4.5 shows the forward /-V characteristics of the GaN Schottky barrier
diode. The thermionic emission (TE) current is calculated and the ideality factor (n) and
the saturation current velocity (Jy) were obtained from the fitting the calculated curve to
the experimental data. In the calculation, a voltage drop of a series resistance was con-
sidered. The calculated curve shows good agreement with the experimental data, and the
ideality factor of n = 1.04 and the barrier height of e¢p1_v = 1.07 eV were obtained. The
measurement and analysis of the barrier height, including its temperature dependence, are
described in [44] and Appendix A.

For the photocurrent measurements, a 150 W Xe lamp combined with a monochromator
(MLS-1510, ASAHI SPECTRA) was used as a monochromatic light source. The wavelength
of light was varied from 390 to 700 nm with a bandpass width of 10 nm, which is longer
than the fundamental absorption edge of GaN (365 nm, 3.42 eV) at room temperature. The

light was focused on a 5-mm-diameter circle centered at the Schottky electrode.

4.2.2 Photocurrent Induced by Internal Photoemission

Figure 4.6 shows the reverse-voltage dependence of photocurrents in the GaN Schottky
barrier diode under sub-bandgap (hv < E,) illuminations of 300-700 nm. For the discussion
of the wavelength dependence, the data are normalized using an irradiated photon flux of
2.0x10% em~2s7!. For the range of 500-700 nm, the photocurrent were almost constant
(slightly increased) with reverse voltage, and the larger photocurrent were observed for the
shorter wavelength. These features indicate that the photocurrent is caused by internal
photoemission (IPE): electrons are excited by incident light with photon energy of E, >
hv > e¢y, and excited electrons flow into a semiconductor over a barrier height. From the
wavelength dependence of photoyield of IPE (Y'), a barrier height can be obtained using
the Fowler theory: Y oc (hv — egy)? [45]. Figure 4.7 shows the square root of Y versus
photon energy (the Fowler plot) for the GaN Schottky barrier diode. In the plot, linear

relationship was observed and the barrier height of e¢y,pr = 1.08 eV was obtained from
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Figure 4.3: Capacitance-voltage characteristics of the GaN Schottky barrier diode.
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Figure 4.4: Energy diagram at a Schottky junction. A barrier height is a sum of built-in
potential, a difference between a conduction band minimum and a felmi level, and a voltage

drop at a depletion layer edge.
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Figure 4.5: Forward current-voltage characteristics of the GaN Schottky barrier diode.
The calculated curve based on the thermionic emission (TE) model is also shown as a red
broken line.
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Figure 4.6: Reverse-voltage dependence of the photocurrents for 390-700 nm in the GaN
Schottky barrier diode. For the wavelength longer than 500 nm, photocurrents are almost
constant, which is caused by IPE (strictly, barrier height lowering by image force causes
slight increase with increasing reverse bias). For the wavelength near the absorption edge
(390400 nm), the photocurrents significantly increase with reverse bias and the increases
are more striking as the wavelength is closer to the absorption edge, which is caused by the
Franz-Keldysh effect.
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Figure 4.7: Square root of the photoyield of IPE versus photon energy (Fowler plot) in
the GaN Schottky barrier diode. From the extrapolation value on the photon energy axis,
the barrier height of 1.08 eV was obtained.
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the extrapolated value on the photon-energy axis. This barrier height is consistent with the
values obtained from C-V and -V measurements (e¢y, c—v of 1.08 eV, e¢y, 1—v = 1.07 eV),
which is a clear evidence that the photocurrents were caused by IPE.

Although the light was irradiated from the top side, the clear photocurrents much larger
than the dark leakage current were obtained. The Schottky electrode was thick, such that
the irradiated light was reflected by the electrode and could not reach the Ni/GaN interface
from the surface. However, the wavelength of light was longer than the absorption edge
of GaN (~365 nm); therefore, the light irradiated around the Schottky electrode entered
the GaN layer. The light was reflected by the back-side Ohmic electrode and reached
the Ni/GaN interface from the back side, which resulted in IPE, as shown in Fig. 4.8.
Considering the size of the Schottky electrode (100 pm) and the total thickness of GaN
(300 pm), the irradiated light is considered to reach the entire Ni/GaN interface. The
author conducted similar measurements for Schottky electrodes with various diameters (40—
400 pm). The photocurrent generated by IPE was found to be proportional to the area of
the Schottky electrode, as shown in Fig. 4.9. This is the evidence that the Schottky electrode
was illuminated entirely and uniformly from the back side via multiple reflections (GaN acts
as a light guide).

4.2.3 Effect of Image Force Lowering

Here, the author considers the voltage dependence of the photocurrent caused by IPE. With
increasing reverse voltage, electric field at the Schottky junction comes to be higher and the

image force lowering occurs. The image force lowering is written as

3 _ B 1/4
Qe (V) = — M:_{e (Ng SJZ;ngd "

dreg
F is electric field strength at the Schottky interface. Here, the author assumed that

the image force dielectric constant (erp) is the same with the static dielectric constant

(4.1)

of g5 = 10.4¢( [42], which is valid considering the transit time for electrons between the
metal surface and the potential energy maximum [46]. Figure 4.10 shows the calculated
image force lowering as a function of the reverse voltage in the GaN Schottky barrier diode.
At the reverse voltage of 200 V, the maximum electric field and the barrier lowering are
0.62 MV /cm and 0.09 eV, respectively. With consideration of the image force lowering, a
voltage dependence of a photocurrent caused by IPE can be expressed as
hv —egp(V)?
hv — ey, (0) > '
Iy is the photocurrent at 0 V. Figure 4.11 shows the comparison between the experimental

Ion(V) = Io- ( (42)

photocurrents for 500, 600 and 700 nm and the calculated photocurrent using Eqs. (4.1) and
(4.2). The calculated curves show good agreement with the experimental data, indicating

that the image force lowering does not cause the significant increase in the photocurrents.



128 Chapter 4. Franz-Keldysh Effect in GaN Devices

metal i semiconductor
1

Figure 4.8: Image of the GaN Schottky barrier diode under sub-bandgap illumination
from the top side, and the band diagram of the IPE in the Schottky barrier.
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Figure 4.9: Size dependence of the photocurrent for 405 nm for the GaN Schottky barrier
diode.
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Figure 4.11: Comparison between the experimental photocurrents induced by IPE and

the calculated photocurrent considering the effect of the image force lowering.
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4.2.4 Significant Increase in Photocurrent Induced by
Franz-Keldysh Effect

Photocurrents for 390-400 nm show different behavior: significantly increases with increas-
ing reverse voltage are observed. The increase starts at lower voltage and more prominent as
the wavelength is closer to the absorption edge. These features indicate that the significant
increases are caused by the sub-bandgap optical absorption induced by the Franz-Keldysh
effect at high electric field region. To quantitatively confirm that the significant increases in
photocurrents for 390-400 nm in Fig. 4.6 are induced by the FK effect, the author calculates
a photocurrent induced by sub-bandgap optical absorption due to the FK effect in a de-
pletion region in the GaN Schottky barrier diode. At first, the author discusses the optical
absorption coefficient in GaN under electric field. Based on the Aspnes’s theory [9], the
electric field and wavelength dependence of an absorption coefficient for a direct bandgap

semiconductor is give by

a(F,w) _ 62|€ . pcv|2 <8,U||H'J_>2 x \/ﬁ [All 2 (77) . 77Ai2 (77)] 7

2
2epmgnecw R

E, — hv e2h2F? 3 MMy,

n:—ghe , hﬁz( o ) u:—me+mh, (4.3)
where e is the elementary charge, my is the electron mass, ¢, is the vacuum permittivity, c is
the light speed in a vacuum, w is the angular frequency of light, and A is the Dirac constant.
Ai(z) is the Airy function (Ai’'(x) is its derived function), | « pev|? is the momentum matrix
element, and n is the refractive index in GaN. The wavelength dependence of n in the
range of 390-420 nm is small; therefore, a constant value of n = 2.5 [47] was used. p is
the reduced effective mass; the subscripts indicate whether the component is parallel (||)
or perpendicular (L) to the c-axis. In this study, the electric field is parallel to the c-axis;
therefore, y is used for the calculation of /), which determines the electric field dependence
of a(F,w). The light propagation direction was almost parallel to the c-axis (the electric
field of the light was perpendicular to the c-axis); therefore, mainly transitions from the
heavy-hole band (hh) and the light-hole band (1h) to the conduction band (c¢) occurred, with
consideration for the oscillator strengths in GaN [48]. Table 4.1 shows the effective masses
in GaN reported in the literature [48-50]. 4 for the hh-c and lh-c transitions are almost
identical. The difference between the valence band maximum energies between the hh and
Ih is very small (6 meV) [48]. Therefore, o(F,w) was calculated as a one-hole-band model
using 1y = 0.16-0.18mg. There is no suitable data for |e - pey|* in GaN; thus, a(F,w) was
fitted with ' = 0 V/cm to the absorption coefficient in GaN reported by Muth et al. [51]
in the range of 4-5 eV, and |e « pey|? of 1.2~107% J-kg (~ Eym?/2m*) was used. a(F,w)
calculated using jy = 0.16-0.18mq showed good agreement. It was confirmed that the
calculated «(F,w) as a two-hole-band model for the hh-c and lh-c transitions were almost

same as «(F,w) calculated as a one-hole-band model.
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Table 4.1: Effective masses reported in the literatures [48-50].

Jor L  m, Mhh miy Hhh—c  fin—c  Ref.
[ 0.17mg  2.03mg 1.25mg 0.16mg 0.15my 48]
1 0.19mq¢ 0.33mg 0.34mg 0.12mg 0.12my
I 0.20mg 1.10mg 1.10mg 0.17mg 0.17myg 49]
1 0.18mg 1.65mg 0.14mg 0.16mg 0.08my
| 020me 1.85m 1.85mo 0.18my 0.18mg -
1 0.22mg 1.96mg 0.30mg 0.20mg 0.13mg
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Figure 4.12 shows the wavelength dependence of the absorption coefficients for GaN
calculated for ' = 0, 0.5 and 1.0 MV /cm using the reduced effective mass of p = 0.16my.
With the electric field, the absorption coefficient shows a quasi-exponential tail below the
bandgap and the FK-oscillation above the bandgap. The absorption tail becomes longer
and the period of the FK-oscillation becomes shorter with an increase in electric field.

Figure 4.13 shows the distributions of electric field and the absorption coefficient for
400 nm in the depletion region in the GaN Schottky barrier diode under reverse bias of

200 V. The electric field distribution was calculated from the well known formula:

Fla,v) = D= Na);sw(v) —) W) = ,/%, (4.4)

where x = 0 is the position of the Schottky interface and W is the depletion layer edge. The

absorption coefficient distribution was calculated from the o(F,w) in Eq. (4.3) according to
the electric field distribution in Eq. (4.4). The absorption coefficient is localized near the
Schottky interface (high electric field region).

As mentioned above, the Schottky contact is uniformly illuminated from the back side.
Photocurrent due to sub-bandgap optical absorption induced by the FK effect in the deple-

tion layer (Ipk) can be written as

W(V)
Ipk (V,w) = edy [1 — exp (—2/0 a(F(V, x),w)dw)] . (4.5)

Here, &g is defined as the incident photon flux to the depletion layer edge from the back
side, which including multiply reflected photons. The author considers one round-trip path,
i.e., entering into the depletion layer, reflected at the Ni/GaN interface, and exiting from
the depletion layer as shown in Fig. 4.14. Here, light absorption at the Ni/GaN interface
is neglected in this calculation, since it is estimated to be less than 1% from the photocur-
rent generated by IPE. The optical absorption by GaN substrate is also negligible for the
wavelength longer than 390 nm [52]. Strictly, the photon flux decreases with increasing
reverse bias voltage owing to the optical absorption in the depletion layer, which weakens
multiple reflections. However, in this study, optical absorption in one round-trip path in
the depletion layer is less than 1%. We neglected the voltage dependence of &y.

It is quite difficult to estimate @, owing to multiple reflection within GaN. Thus, &, was
obtained by fitting the calculated curves to the experimental data (Ipx = liota — l1ipr). Fig-
ure 4.15 shows the comparisons between the experimental photocurrents and the calculated
photocurrents as the sum of Ipg and Irk as solid lines and red broken lines, respectively.
The voltage and wavelength dependence of the photocurrent is well reproduced. Then, the
obtained @, was about 20-30% of the irradiated photon flux (®;.,), which seems to be rea-
sonable with the reflection loss at the GaN surface (~18%). These results are the strong
evidence that the significant increase in the photocurrent originates from the sub-bandgap

optical absorption induced by the FK effect in the depletion region.
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Figure 4.12: The wavelength dependence of the absorption coefficients for GaN calculated
for F =0, 0.5 and 1.0 MV /cm. With electric field, the absorption coefficient shows a quasi-
exponential tail below the bandgap and the FK-oscillation above the bandgap. Inset: the

magnification plot for the wavelength around 390-400 nm.
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Figure 4.13: The distributions of the electric field and the absorption coefficient for 400 nm
in the depletion region in the GaN Schottky barrier diode.

Figure 4.14: Diagrams of multiple reflection of irradiated light in the GaN Schottky barrier
diode (left side) and one-round trip path of @y assumed in this study (right side).
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for 390-400 nm in the entire voltage range.



136 Chapter 4. Franz-Keldysh Effect in GaN Devices

4.3 Franz-Keldysh Effect in GaN p-n Junction Diode

The author investigates the reverse voltage dependence of a photocurrent in a GaN-on-
GaN p-n junction diode under sub-bandgap illumination. Using a p-n junction diode, it is
expected that a pure photocurrent induced by the FK effect without IPE can be obtained. In
addition, a higher electric field can be applied to a p-n junction diode compared to a Schottky
barrier diode: a large leakage current originating from thermionic field emission [36] flows
in a Schottky barrier diode under high electric field, which does not occur in a p-n junction
diode. Furthermore, a leakage current in a p-n junction diode at high temperature is also
much lower than that in a Schottky barrier diode. The photocurrent induced by the FK

effect in GaN for higher electric field range and its temperature dependence is investigated.

4.3.1 Measurement Set up

Figure 4.16 shows the schematic cross section of a homoepitaxial GaN p-n junction diode.
The GaN layers that comprise the diodes were grown by metal-organic vapor phase epitaxy
(MOVPE) on GaN bulk substrates grown by hydride vapor phase epitaxy (HVPE). The
layers consist of 0.1 pum thick p*-GaN, 0.7 um thick p-GaN, and 5 pym thick n-GaN. The
Mg doping concentration in the p*-GaN and p-GaN layers was 3x10* and 5x10'7 cm ™3,
respectively. The Si doping concentration in the n-GaN layer was 6.3x10'® cm™3. The
relatively high doping concentrations in the epilayer were prepared to investigate the FK
effect in a higher electric field. Mesa-isolation structures of pT-GaN/p-GaN/n-GaN layers
were formed by inductively coupled plasma-reactive ion etching (ICP-RIE). The heights
and diameters of the mesas were 1 pm and 520 pm, respectively. The anode and cathode
electrodes were formed by the deposition of Ni/Au on the epitaxial layer and Ti/Al/Ni
on the backside of the substrate, respectively. For the photocurrent measurements, the
monochromatic light source mentioned in the section 4.2.1 was used with a bandpass width
of 5 nm. The light was focused on a 5-mm-diameter circle centered at the anode electrode.
The irradiated sub-bandgap light penetrated into GaN, reflected at the backside electrode

and reached the p-n junction from the back side via multiple reflections.

4.3.2 Voltage and Wavelength Dependences of Photocurrent

Figure 4.17 shows the reverse voltage dependence of the photocurrent for 390-420 nm in
the GaN p-n junction diode. Although a high electric field ~2 MV /cm was applied at
a reverse bias of 200 V, a leakage current was very low (less than 0.2 nA) owing to the
low dislocation density (ca. 10 cm™2). Photocurrents were clearly observed under a high
reverse bias voltage, which were much larger than the dark current. The incident photon
flux for each wavelength was measured with an optical powermeter and these photocur-

rents were normalized using an incident photon flux of 2.0x10cm=2s~! for discussion of
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Figure 4.16: Schematic cross section of a GaN p-n junction diode with a mesa-isolation
structure fabricated on a GaN bulk substrate. The wavelength of light was longer than the
absorption edge of GaN; therefore, the light penetrated into GaN. The light was reflected
by the backside cathode electrode and reached the p-n junction.
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Figure 4.17: Reverse-voltage dependence of photocurrents for 390-420 nm in the GaN
p-n junction diode. At the zero bias, a photocurrent is not observed. However, Under
reverse bias voltage, a photocurrent significantly increases with increasing reverse bias, and
the increase is more prominent as the wavelength is closer to the GaN absorption edge

(365 nm). These photocurrents originate from the Franz-Keldysh effect.
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the wavelength dependence. The photocurrent increased with the reverse bias voltage for
all wavelengths. The increase in the photocurrent became prominent as the wavelength of
the light became closer to the absorption edge of GaN (~365 nm). Both the voltage and
wavelength dependence were very similar to the photocurrent in the GaN Schottky barrier
diode under a high reverse bias [53], indicating these photocurrents also originate from the
FK effect.

In the case of the GaN Schottky barrier diode, the maximum electric field was
0.62 MV/cm at the reverse bias of 200 V due to low net donor concentration of
5.5%x10 ecm™ in the epitaxial layer. The photocurrent induced by the FK effect was
not clearly detected for wavelengths longer than 400 nm. In contrast, in this study, the
maximum electric field was 2.0 MV/cm at 200 V in the GaN p-n junction diode and a
photocurrent was clearly observed for wavelengths up to 420 nm. For the same wavelength
at the same reverse bias, the photocurrent in the GaN p-n junction diode was larger than
that in the GaN Schottky barrier diode.

The photocurrent induced by the FK effect in the GaN p-n junction diode is also calcu-
lated. Figure 4.18 shows the distributions of the electric field and the absorption coefficient
for 400 nm in the depletion region in the GaN p-n junction diode under the reverse bias of
(a) 0V, (b) 100 V and (c) 200 V. The electric field was calculated using the well known

formula:
2esNq (Vg = V) 2N, (Vg = V)
= o = , 4.
eN,

(x+Wo(V)) (=W, <z<0)

F(z,V) = 6§\7d (4.7)
Wua(V)—2z) (0<z<W,)

Es

The built-in potential (V) of 3 V obtained from C-V measurement was used in the calcu-
lation. o = 0 is defined as the position of the p-n junction interface, and W, and W, are the
edges of the depletion layer in the p- and the n-layer, respectively. The absorption coefficient
for 400 nm was calculated using the Eq. (4.3) according to the electric field distributions.
With increasing reverse bias, the depletion layer extends wider, electric field becomes larger
and the absorption coefficient significantly increases at high electric field region, indicating
the optical absorption selectively occurs near the p-n junction interface.

The photocurrent induced by the FK effect in the p-n junction diode (Irk) is given by

Wa(V)

Irk(V,w) = e®q |1 — exp —2/ a(F(V,z),w)dz ||, (4.8)
“Wp(V)

where @ is defined as the incident photon flux from the backside to the edge of the deple-

tion layer in the n-region. The author measured the size dependence of the photocurrent

in GaN p-n junction diodes, and the photocurrent was confirmed to be proportional to

not the periphery, but the area of the devices, which indicated that the p-n junction was
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entirely and uniformly irradiated from the backside due to multiple reflections. Multiple
reflected photons are included in @(. In this formula, a single round-trip path is considered,
i.e., passing through the depletion region, reflection by the anode, and return to x = W,
through the depletion region again. Optical absorptions by the electrodes or GaN substrate
are considered to be small and are thus neglected.

Figure 4.19 shows the comparisons between the experimental photocurrents and the cal-
culated photocurrents induced by the FK effect in the GaN p-n junction diode. From the
fitting, the reasonable values of @y (56-71%) were obtained. The calculated curves show
excellent agreement with the experimental data for all the wavelengths of 390-420 nm. This
result also suggests that the voltage and wavelength dependences of the photocurrent in-
duced by the optical absorption due to the FK effect in GaN devices are well predictable.

Although high electric field (~2 MV /cm) was applied to the p-n junction, an avalanche
multiplication was not observed significantly. The avalanche multiplication of a photocur-
rent induced by the FK effect in a GaN p-n junction diode will be discussed in [54-56] and
Chapter 5, which will play a very important role to investigate the avalanche multiplication

to extract the impact ionization coefficients in GaN.

4.3.3 Temperature Dependence of Photocurrent

The temperature dependence of the photocurrent induced by the FK effect was investi-
gated. Figure 4.20 shows the reverse voltage dependence of the photocurrent for 400 nm in
the GaN p-n junction diode at 223, 298 and 373 K. With elevating temperature, an increase
in the photocurrent was observed. The red-shift of the absorption edge (shrinkage of the
bandgap) with an elevating temperature may be the primary reason for the temperature de-
pendence of the photocurrent. A temperature dependence of a bandgap in a semiconductor
follows the Varshni’s empirical formula

aT?
T+p

Eg (T) = B4 (0) - (4.9)
Vurgaftman et al. reported that E,(0) = 3.507 eV, a = 0.909 meV/K, and § = 830 K in
GaN [57], and the calculated temperature dependence of the bandgap is shown in Fig. 4.21.
With consideration of this temperature dependence of the bandgap, the author calculated
the photocurrent induced by the FK effect at 223, 298, and 373 K. The calculated curves
are shown in Fig. 4.20 as broken lines. The calculated curves were in good agreement with
the experimental results at all temperatures. This result indicates that the impact of the
other parameters (e.g., the effective masses), which have small temperature dependence, are
negligible. The photocurrents for other wavelengths in the range of 390-420 nm were also
confirmed to show the same temperature dependence, which can be also explained by the

temperature dependence of the bandgap in GaN.
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Figure 4.19: Comparison bewteen experimental photocurents for 390-420 nm and the
calculated photocurrents with consideration of the optical absortion in the depletion region
in the GaN p-n junction diode. The calculated curves show excellent agreement with the

experimental data.
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Figure 4.20: Reverse voltage dependence of the photocurrent for 400 nm in the GaN p-n
junction diode at 223, 298 and 373 K. With elevating temperature, the photocurrent induced
by the FK effect increased, which can be explained by the shrinkage of the bandgap with
elevating temperature: the calculated photocurrents with consideration of the temperature
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4.4 Discussion

Other Optical Absorptions in GaN

There are some possible optical absorptions in GaN such as defect assisted absorption, free
carrier absorption, etc. It is known that the deep level related to a carbon atom in a nitrogen
site (Cy) in GaN acts as a hole trap (so called H1), and an optical absorption via H1 traps
occurs under sub-bandgap illumination [58, 59]. Under a steady-state illuminated condition,
photoexcitations of electrons from valence band to the H1 traps (emissions of holes) and
those from the H1 traps to the conduction band (captures of holes) simultaneously occur,
resulting in generations of electron-hole pairs via the H1 trap. However, a photocurrent
induced by crystal defects were not detected and were negligible owing to low carbon con-
centrations in the devices in this study. The sub-bandgap optical absorption coefficients for
various bulk GaN samples were investigated by Pimputkar et al. [52]. The absorption coef-
ficient in the HVPE-grown GaN (n = 2.8x10'® ¢cm™3) was about 1-2 ecm™" for A >390 nm,
the absorption of which was quantitatively explained by the free carrier absorption as shown
in Fig. 4.22. The GaN substrates used in this study have n = (1——2)x10'® cm™3; thus,
the sub-bandgap optical absorption in GaN substrate was small and negligible.

Validity of the Reduced Effective Mass in GaN

Since the wavefunction tails into the bandgap strongly depend on the effective masses based
on the quantum mechanics, the effective masses are key parameters for the absorption coef-
ficient under electric field. Here, the validity of the reduced effective masses are discussed.

Figure 4.23 shows (a) electric field dependence of the absorption coefficient in GaN for the
wavelength of 400 nm and (b) wavelength dependence of the absorption coefficient in GaN
under electric field of 1 MV /cem calculated using the reduced effective masses of 0.08my,
0.16mg and 0.32mq. In the calculations, the value of the absorption coefficients without
electric field were maintained by changing |e - pey|>. It is observed that the absorption
coefficients for lighter reduced effective mass more rapidly increased with electric field. The
absorption tail below bandgap becomes longer for lighter reduced effective mass. Figure 4.24
shows the comparisons between the experimental photocurrent for 400 nm and the calcu-
lated photocurrents using the reduced effective masses of 0.08myq, 0.16mg and 0.32mg. The
incident photon flux (@) was obtained by fitting (a) at 150 V and (b) at 200 V. For the
value of 0.16my, the voltage dependence of the phtocurrent is well reproduced in the en-
tire voltage ranges in the cases of (a) and (b). On the other hand, it is impossible to
reproduce the voltage dependence of the experimental photocurrent by using 0.08mg and
0.32mg. These results indicate that the value of © = 0.16my is valid to use the calculation
of the electric field dependence of the absorption coefficient in GaN under electric field
along <0001>. In addition, the reduced effective masses can be estimated by investigating
the voltage dependence of the photocurrent (the electric field dependence of the absorption
coefficient) induced by the Franz-Keldysh effect.
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Effect of the Band Width of the Irradiated Light

The band width of the irradiated light effects on the analysis of the wavelength and electric
field dependences of the optical absorption induced by the Franz-Keldysh effect. The effect
of the band width can be considered as

fooo Po(w)[FK(V, w)dw

I rue V7 = 0
FKt ( w) fo PO(W)dCU

(4.10)

Py(w) is the spectral intensity of the irradiated light. In this study, the band widths of
5 nm and 10 nm were used (near the Gaussian distribution). For the light with the band
width of 10 nm, it was impossible to reproduce the voltage and wavelength dependences of
the photocurrent without consideration of the effect of the band width (if the author uses
the shorter wavelength or lighter effective masses, the calculation could show agreement
with the experimental photocurrent). On the other hand, for the band width of 5 nm, the
simple calculaion without consideration of the effect of the band width can reproduce the

experimental data using the reduced effective mass of u = 0.16mg [48].

Franz-Keldysh Effect in 4H-SiC

In an indirect-bandgap semiconductor, the phonon-assisted optical absorption occurs near
the absorption edge. Although the probability of the indirect transition is much smaller
than that of the direct transition, the FK effect in an indirect-bandgap semiconductor is
expected to be observed [6]. Silicon carbide (SiC) is an wide-bandgap semiconductor with
the indirect bandgap of 3.26 eV at room temperature. In this study, the author investigated
the photocurrent induced by the phonon-assisted optical absorption induced by the FK effect
in 4H-SiC p-n junction diodes fabricated on (0001)-face and (1120)-face substrates. The
details are described in [60, 61] and Appendix C.

Applications of the Optical Absorption Induced by the Franz-Keldysh Effect
The sub-bandgap optical absorption induced by the Franz-Keldysh effect has a unique fea-

ture: the optical absorption selectively occurs at high electric field region. Very recently,
Kawasaki et al. proposed the observation method for in-plane carrier concentration non-
uniformity by scanning optical beam induced current (OBIC) using sub-bandgap illumina-
tion [62]. In a GaN p-n junction diode with the donor concentration of 2 x 10'® cm™3, the
inhomogeneity of the OBIC image shown in Fig. 4.24 was obtained and the slight fluctuation
of the donor concentration (~ 10 cm™3) was estimated from the analysis of the photocur-
rent. This slight fluctuation, which does not effect on the breakdown voltage, might cause
the inhomogeneous luminescence as mentioned in [62-64].

In Chapter 5, the author proposes the novel method to measure avalanche multiplication
in a GaN p-n junction diode utilizing the sub-bandgap optical absorption induced by the FK
effect. Since a photocurrent induced by the FK effect is well predictable, a multiplication

factor in a GaN p-n junction diode can be extracted with high accuracy [54-56].



4.5. Summary 147

4.5 Summary

In this study, the photocurrents induced by the optical absorption induced by the Franz-
Keldysh effect in a GaN Schottky barrier diode and a GaN p-n junction diode under high
reverse bias voltage were investigated. In the GaN Schottky barrier diode, a photocur-
rent induced by internal photoemission was observed without applying reverse bias. With
increasing reverse bias, a significant increase in the photocurrent was observed for the wave-
length close to the GaN absorption edge, which cannot be explained by internal photoemis-
sion with consideration of the image force lowering. The author calculated the photocurrent
induced by the optical absorption due to the Franz-Keldysh effect using the reduced effective
mass of GaN, and the calculated curves showed excellent agreement with the experimental
data. In addition, the photocurrent induced by the Franz-Keldysh effect and its temperature
dependence in a GaN p-n junction diode were investigated. The voltage and wavelength
dependences of the photocurrent in the GaN p-n junction diode were also well reproduced
by considering the optical absorption induced by the Franz-Keldysh effect in the depletion
region. The temperature dependence of the photocurrent was explained by the shrinkage
of the bandgap in GaN with elevating temperature.

The sub-bandgap optical absorption induced by the Franz-Keldysh effect has a unique
feature: the optical absorption selectively occurs at high electric field region. Thus, this op-
tical absorption will be useful for estimating an electric field in GaN and other wide-bandgap
materials, e.g., a two-dimensional distribution of electric field in GaN devices under a high
reverse bias voltage may be obtained by scanning photocurrent microscopy [62, 65]. These

results are useful for considering the optical absorption in GaN under electric field.
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Chapter 5

Impact Ionization Coefficients in GalN

5.1 Introduction

Impact ionization coeflicients (o, oy,), defined as “the number of electron-hole pairs gener-
ated by a carrier per unit distantce under electric field”, is one of the most important ma-
terial properties. Since impact ionization and its avalanche multiplication are the dominant
mechanism in junction breakdown, impact ionization coefficients determine an avalanche
breakdown voltage and a safe-operating area of a semiconductor power device. For accu-
rate design and simulation of power devices, the values need to be determined precisely. In
addition to a power device, the impact ionization coefficients are also important for devices
utilizing avalanche multiplication: avalanche photodiodes (APDs) and impact ionization
avalanche transit time (IMPATT) diodes.

It is impossible to measure impact ionization coefficients directly, a photomultiplication
measurement is usually used: a reverse voltage dependence of avalanche multiplication(s)
of optical beam induced currents in a semiconductor device is measured and analyzed. To
extract electron- and hole-initiated multiplication factors (M,, M,) in precise, individual
measurements of electron- and hole-injected photocurrents in the same junction (at the same
scattering environment) up to ideal breakdown voltage combined with the detailed analyses
of the photocurrents based on the calculations of the unmultiplicated photocurrents are
required. Therefore, a test device for photomultiplication measurements need to have an
excellent edge termination to achieve low reverse leakage current and high avalanche capa-
bility, and measurement and analysis methods of electron- and hole injected photocurrents
need to be tossed around.

The impact ionization coefficients have been studied well for mature semiconductors such
as Si [1-6], GaAs [7-10] and 4H-SiC [11-17]. Logan et al. performed measurements of dif-
fused p*/n— junctions under electron injection only and assumed a,, = v, in the analysis [2].
Van Overstraeten et al. carried out a photomultiplication measurement in a Si p-n junction
diode using dual-color illuminations of infrared light and green light with the wavelength of

550 nm [3] as shown in Fig. 5.1. The penetration depth of light in Si is strongly dependent on
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the light wavelength. Infrared light penetrates deeply into the diode and generates mainly
an electron-injected photocurrent. The light with wavelength of 550 nm is absorbed mainly
in the surface layer, resulting in a hole-injected photocurrent. Although the test devices
have the diffused impurity profiles and complicated electric field distribution, the impurity
profiles was determined by the C—V measurement. Based on the detailed analysis of the
multiplication factors, oy, and ay, in Si were determined. Woods et al. proposed the method
to use a Schottky barrier diode to determine oy, and «;, in a semiconductor [5] as shown
in Fig. 5.2. From illuminations with hv > E, and E, > hv > e¢y, for an n-type Schottky
barrier diode, hole injections by diffusion of minority carriers from the back side and elec-
tron injections by internal photoemission (IPE) at the Schottky interface were obtained,
respectively. In addition, an abrupt Schottky junction is available and gives an accurate
known electric field. The analysis method of M, and M, for the right-triangle electric field
distribution was derived and «, and ¢, in Si were determined with consideration of the
dead space effect. Ito et al. invesigated oy, and «, in GaAs utilizing a crater mesa p*/n
structure [9] as shown in Fig. 5.3. Irradiation of light to the top p-layer and the n-region
in the center hollow gave electron- and hole-injection, respectively. Based on the Woods’
analytical procedure [5], a;, and «, were determined. Stillman and Bulman et al. studied
a, and o, in GaAs utilizing GaAs p-i-n junction diodes [8, 10] as shown in Fig. 5.4. The
test devices have very thin (3 pm) absorption n'*-layers at the cathode side, which were
formed by selective removal of the thick GaAs substrate utilizing the AlGaAs etch-stop
layer. Owing to very simplified photocurrent measurements, o, and «; were determined
with high accuracy. They also investigated a, and «, in InP using the same method [18].
Konstantinov et al. measured photomultiplication characteristics in 4H-SiC p*/n~ diodes.
From the fitting the simulated curves to the experimental M, assuming the ratio of o, /au,
they obtained a,, and ap. The obtained o, was much smaller than «;,. The reason of
ay K o was discussed based on the band structure of 4H-SiC. Hatakeyama et al. inves-
tigated the anistropy of the impact ionization coefficients in 4H-SiC [13]. It was observed
that the o, and a,, along <1120> were larger than those along <0001>, which is consistent
with the critical electric field perpendicular to the c-axis ~20% lower than that along the
c-axis [19]. Niwa et al. determined «,, and «, and there temperature dependence in wide
electric field range (ay: 2.2-3.3 MV /cm, «p: 1.0-2.5 MV /cm) using non-punch-through
(NPT) and punch-through (PT) p-n junction diodes with various epitaxial structures as
shown in Fig. 5.5 [16]. Assuming M, = 1 (o, < «p) in low electric field range, a, was
determined independently from M, in a punch-through p-i-n* diode. After that, o, was
determined by M, using the obtained «;,. The accuracy of a;, and o, were confirmed by
comparing the simulatied breakdown characteristics with the experimental data. Very re-
cently, Chi et al. investigated o, and o, along <1120> using illuminations for the top
pt-layer and the n-type region at the side of the mesa bottom [20, 21}, which is similar to
the methods proposed by Ito et al. [9]. The data have been updated from [13]. «,, is slightly
smaller than a;, in <1120>, the both of which are close to the value of a;, in <0001>.
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Figure 5.6 shows the impact ionization coefficients in Si [3], GaAs [10] and 4H-SiC along
<0001> [16] and <1120> [20]. For Si, «, is larger than «y,, and the difference between
ay, and oy, come to be smaller with increasing electric field. For GaAs, «, anda, are al-
most same but a,, is very slightly larger than oy, and the values are close to those in
Si. Larger «, is a reasonable result: it is often explained by higher electron mobility and
lighter electron effective mass in Si and GaAs. Electrons in Si and GaAs are easy to get
sufficient energy to cause impact ionization. In addition, the anisotropy of «, and a, are
not distinguishable. For 4H-SiC, it is observed that the measurable electric-field ranges of
oy, and o, are one order of magnitude higher. o, is much smaller than «; in <0001>, and
the anisotropy of impact ionization coefficients is large. Konstantinov et al. explained this
paradoxical results [11]. The dinsontinuity of the electron energy spectrum (mini energy
gap) for motion along the principle axis forbids a balistic type of ionization process (Shock-
ley’s “lucky electron” model), and the Bragg reflections from the zone edges (the Bloch
oscillations) also makes electrons hard to gain high energy, which is significant because the
first Brillouin zone of 4H-SiC from the M point (the conduction band edge) to the L point is
folded into 1/4 owing to the Zone-Folding effect in the <0001> direction. Thus, a,, parallel
to the c-axis in 4H-SiC is strongly suppressed.

Since GaN is a direct bandgap semiconductor, the penetration depth for above-bandgap
light is very short [22] and the diffusion length of carriers in GaN are also very short [23-25].
A large number of point defects in GaN also contribute short carrier lifetimes and short
diffusion legths [26, 27]. In addition, the etching process technique for GaN has been devel-
oping [28-31] but the back side etching with an etch-stop layer has not been established [32].
Therefore, although many methods to measure to obtain impact ionization coefficients have
been presented in other materials, it is very difficult to divert these methods for GaN. The
measurement method for GaN needs to be considered and established.

There have been several theoretical studies on o, and «; in GaN [33-36]. Kolnik and
Oguzman et al. calculated o, and «; in wurtzite and zinc blende GaN by Monte Carlo
calculations [33, 34]. It was noted that there was considerable uncertainty in the scattering
rates and the band structure at high energies due to the lack of experimental data on high-
energy transport properties of GaN, which caused uncertainty in the calculations.

The experimental data of the impact ionization coefficients in GaN have been reported but
still limited [37-40]. Kunihiro et al. obtained «, from gate-current analysis of AlIGaN/GaN
HEMTSs fabricated on sapphire substrates [37]. In the analysis, a lot of assumptions were
used and the data of «, was indirectly obtained by fitting the electrical characteristics
of HEMTs. McClintock et al. fabricated GaN avalanche photodiodes on AIN/supphire
templates, and photoresponce under front and back illuminations and consequent selective
injections of holes and electrons in the junction were measured [38]. However, the devices
exhibited large leakage current due to high dislocation density and premature breakdown
due to electric field crowding at the device edge. Ozbek measured and analyzed the reverse

voltage dependence of electron-beam-induced-current (EBIC) with various beam energy
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diffused hole injection
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p-type Silicon % e ..
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Figure 5.1: Diagrams of the photomultiplication measurement reported by Van Over-
straeten et al. [3]. For a Si graded p-n junction diode, the light with wavelength of 550 nm
and the Infrared (IR) light were irradiated. Owing to the difference of the penetration
depths between 550 nm and IR lights, hole- and electron-injections were obtained.

SO, PtSi (Schottky) Sio, PtSi (Schottky)

—=
N, ‘,I
Depletion™~ -~ p*
region 7 o> electron
°© o ° 4 hole edp Ec injection (IPE)

® o 080 @0 jpjection

Eg > hv > ey,

. ; E
transparent n hv > Eg metal ! semiconductorV Eg > hv > e¢b
Figure 5.2: Diagrams of the photomultiplication measurement reported by

Woods et al. [5]. For a PtSi/n-Si abrupt Schottky barrier diode with large barrier height
(edr, = 0.85 eV), the lights with wavelength of 632.8 nm (hv > E,) and 1150 nm
(Ey > hv > e¢y) were irradiated from the back side. For hv > E,, light was absorbed
near the surface and minority carriers diffused and reached the depletion layer edge, re-
sulting in hole injections. On the other hand, for £, > hv > e¢y, the light penetrated
into Si without absorbed and reached the Schottky interface, resulting in electron injections
induced by internal photoemission (IPE).
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hv>Eg

crater

Depletion
region injection
n-GaAs

hole injection

Figure 5.3: Diagrams of the photomultiplication measurement reported by Ito et al. [9].
For a GaAs p™-n junction diode with crater mesa structure, the above-bandgap light was
irradiated to the top pT-layer and the crater n-region (the side of the mesa bottom). From
the illuminations to the top p*-layer and the crater n-region, electron- and hole-injections

were obtained, respectively.

Top-side illumination

p*-GaAs (Electron injection)

N*-Aly 35Gag gsAS
Etch-stop layer

Back-side illumination
(Hole injection)

Figure 5.4: Diagrams of the photomultiplication measurement reported by Bul-
man et al. [10]. For GaAs p-i-n junction diodes with the deep well structure at the back side
fomred by selective wet etching utilizing the AlGaAs etch-stop layers, the above-bandgap
light (A = 632.8 nm) was irradiated from the top side and the back side. From the top side

and back side illuminations, electron- and hole-injections were obtained, respectively.
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Figure 5.5: Diagrams of the photomultiplication measurement reported by Niwa et al. [16].
For 4H-SiC non-punch-through (NPT) and punch-through (PT) p-n junction diodes with
various epitaxial structures, the above-bandgap light, the penetration depth of which is
sufficiently short and does not cause a mixed carrier injection, was irradiated to the test
devices. By designing the epitaxial structures, the devices with various electric field profiles
were obtained. Especially, a constant electric field strength was achieved in PT1 owing to
very low n-type layer, which enabled the measurement of o, at very low electric field region

~1 MV /cm.



5.1. Introduction

Electric field (MV/cm)

1.00 0.50 0.33 0.25 0.20 0.17

Impact ionization coefficient (cntl)
)
w

aﬁ(elecfron) |

1 2

3 4 5

6

Inverse of electric field (cm/MV)

Electric field (MV/cm)

1 0.95

N !

(=Y
o
a1

104

103

102

101

Impact ionization coefficient (cntl)

3.33 2.22 167 133 1.1

a, (electron)
E T \

\
\

| 4H-SiC <0001> I

| L |
0.30 0.45 0.60 0.75 0.90 1.05

Inverse of electric field (cm/MV)

Impact ionization coefficient (cnl)

Impact ionization coefficient (cnl)

10°

104

103

102

101

159

Electric field (MV/cm)
1.00 0.50 0.33 0.25 0.20 0.17

1 2 3 4 5 6
Inverse of electric field (cm/MV)

Electric field (MV/cm)

3.33 2.22 1.67 133 1.11 0.95
!

.ap (hole)

ap(electron) |

4H-SiC <1120>

|
0.30 0.45 0.60 0.75 0.90 1.05
Inverse of electric field (cm/MV)

Figure 5.6: Impact ionization coefficients of electrons and holes in Si [3], GaAs [10] and

4H-SiC. For 4H-SiC, it is known that the impact ionization coefficients have large anisotropy
[13, 20]. The data for the <0001> [16] and the <1120> directions [20] are shown.
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in GaN Schottky barrier diodes fabicated on GaN bulk substrates [39]. By changing the
electron beam energy, the distribution of generated electron-hole pairs can be changed.
However, high reverse leakage current originating from Ar implantation edge termination
prohibited from measuring the multiplication of EBIC in precise. Very recently, in 2018,
Cao et al. have reported a, and o, in GaN grown on bulk GaN substrates [40], as shown in
Fig. 5.7. The devices with thin pseudomorphic Ing¢;Gagg3N layers on the cathode sides of
the drift layers were used for the photomultiplication measurements. For the illumination
of Fgmaan < hv < FE,yqan, electron-hole pairs are generated in the InGaN layers and a
hole-injected photocurrent was induced. Although the devices were fabricated on GaN sub-
strates, large leakage currents were observed, which may originate from the inserted InGaN
layers. The multiplication factors were obtained in the limited range (one or two order of
magnitude) with large noises, resulting in the noisy data of impact ionization coefficients.

Figure 5.8 summarized the reported impact ionization coefficients in GaN obtained by
the theoretical studies [33-35] and the experimental studies [38-40]. The differences among
the data are very large, since it is difficult to obtain the data accurately due to the un-
solved issues toward the measurement. For the determination of o, and «;, in GaN, (1) the
test device with low leakage current and high avalanche capability, (2) the measurement
method to obtain electron- and hole injected photocurrents and (3) the analysis method of
photocurrents and their avalanche multiplications are needed.

In this study, we propose the novel method to measure an avalanche multiplication uti-
lizing the Franz-Keldysh (FK) effect. The FK effect has a unique signature: sub-bandgap
optical absorption induced by the FK effect selectively occurs at high electric field region.
In addition, the photocurrent induced by the FK effect is very predictable [41, 42]. These
signatures may be useful to solve the issues (1)—(3) mentioned above. At first, the volt-
age dependence of the FK-induced photocurrents in the GaN p-n junction diodes with the
double-side-depleted shallow bevel termination [43] was investigated. The devices are free
from electric field crowding and exhibited low reverse leakage current and high avalanche
capability, which allow to measure the photocurrents up to near the breakdown voltages.
The method to extract an avalanche multiplication factor of the FK-induced photocurrent is
presented and discussed. After that, the photomultiplication measurements were conducted
for a GaN p~/n™ junction diode under above- and sub-bandgap illuminations. Figure 5.9
shows the diagram of the measurement method proposed in this study. For the above-
bandgap illumination, the light is absorbed at near surface, and the generated electrons
diffuse and reach the depletion layer edge, resulting in electron injection. For sub-bandgap
light, selective absorption near the p-n junction interface (high electric field region) due to
the FK effect, resulting in hole injection. The electron- and hole-injected photocurrents
were analyzed in detail based on the physics, and multiplication factors are extracted. By
analyzing the multiplication factors, the impact ionization coefficients are obtained. The
obtained data are modeled and their validity is discussed. The breakdown characteristics

in GalN are simulated and discussed.
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Figure 5.7: Diagrams of the photomultiplication measurement reported by Cao et al. [40].

For GaN p-i-n junction diodes with pseudomorphic InGaN layers on the cathode sides of the
drift layers, the lights with the wavelengths of 193 nm (hv > E, gan) and 390 nm (B, gan >

hv > Eq mcan) were irradiated. For B, gan > hv > E, mcan, selective photoexcitation could

be obtained at the InGaN layer, resulting in hole injections. However, large leakage currents

were observed, which may originate from the InGaN layers. The obtained multiplication

factors were limited range (one or two orders of magnitude) with large noise, resulting in

the noisy data of impact ionization coefficients.
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Figure 5.8: The impact ionization coefficients in GaN obtained by theoretical studies
[33-35] and the experimental studies [38-40]. The differences among the data are very

large. In many reports, the tendency of «;, larger than o, is observed.
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Figure 5.9: Diagrams of the photomultiplication measuremens proposed in this study.
Utilizing abobe- and sub-bandgap illuminations for a p~/n™ junction, the electron injection
from the top-side and sub-bandgap optical absorption induced by the Franz-Keldysh effect
near the p-n junction interface (high electric field region), which results in hole injection

from the back side, can be obtained.
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5.2 Measurement of Avalanche Multiplication
Utilizing Franz-Keldysh Effect

In this section, the measurement method of an avalanche multiplication factor utilizing the
Franz-Keldysh (FK) effect in a GaN p-n junction diode is presented. The GaN p-n junction
diodes with the double-side-depleted shallow bevel termination, which exhibited uniform
(nearly ideal) avalanche breakdown, are used as the test devices. Although o, and «;, cannot
be extacted from the one-injection condiction, the value of impact ionization coefficient in
GaN is “estimated” by analyzing the multiplication factors based on the assumption that

oy, is equal to ay,.

5.2.1 Measurement Set up

Figure 5.10 shows the schematic cross section of a GaN p-n junction diode with double-
side-depleted shallow bevel termination. The doping concentrations of the n-layers and the
p-layers are compalable, and the mesa angle is shallow (~ 12°). Four samples with various
epitaxial structures (PN1-4) are prepared, which allow to measure an avalanche multipli-
cation in various electric field distributions. Owing to the shallow beveled-mesa structure
combined with lightly Mg-doped p-layers, electric field does not occur in the devices. The
epitaxial structures, device fabrication processes and fundamental breakdown characteris-
tics are described in Chapter 3 [43]. These devices exhibited low reverse leakage current,
high avalanche capability, positive temperature coefficient of the breakdown voltages and
breakdown electroluminescence at the entire p-n junction interface. Utilizing these devices,
an avalanche multiplication factor can be measured up to the breakdown voltages without
the effect of electric field crowding.

For the measurement of the wavelength dependence of the FK-induced photocurrents and
their avalanche multiplications, a 150 W Xe lamp combined with the monochrometer (MLS-
1510, ASAHI SPECTRA) was used as the monochromatic light sorce. The bandwidth of
5 nm was choiced. The photon flux for 390-420 nm was approximately 8x10' cm™2s7!.
A 250 W Hg lamp combined with the band-pass filter of 313 nm and 405 nm (REX-250,
ASAHI SPECTRA) was also used to measure the photocurrents under high power density
(photon flux of 4x10'7 cm~2s71). The bandwidth of the irradiated light was approximately
3 nm. It should be noted that the photocurrent was confirmed to be proportional to the
photon flux [41, 42], indicating that multiple-photon absorption did not occur.

For the photocurrent measurements, a Keysight B1505A semiconductor parameter an-
alyzer was used. The temperature of the stage was controlled in the range of 223-373 K
and the samples were attached to the stage by vacuum suction. To avoid air sparking, the

devices were dipped into liquid Fluorinert while the measurements.
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n*-GaN bufferlayer

n*t-GaN substrate

Stage (223-373 K)

Figure 5.10: Schematic cross section of a GaN p-n junction diode with the double-side-
depleted shallow bevel termination. The sub-bandgap light was irradiated to GaN, pene-
trated into GaN from around the anode electrode, was reflected from the back side electrode
and reached p-n junction via multiple reflections. The temperature of the stage was con-
trolled in the range of 223-373 K.
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5.2.2 Extraction Method of Multiplication Factor

Figure 5.11 shows the reverse-voltage dependence of photocurrents in the GaN p-n junc-
tion diodes (PN1: NgN,/(Ngq + N,) = 4.7x10'® cm™3) measured under illuminations for
the wavelengths of 390-420 nm in In(/)-V plot. The photocurrents for all the wavelengths
increase with the reverse voltage. A larger photocurrent was observed as the wavelength
approached to the absorption edge of GaN (365 nm, 3.4 eV). The calculated photocurrents
with consideration of the optical absorption induced by the FK effect [44] in the depletion
region for 390-420 nm are also shown in Fig. 5.11 as red broken lines. In the calculation,
the reduced effective mass of ) = 0.16mg [45] was used. The calculation method of the
FK-induced photocurrent is briefly shown in Fig. 5.12 and was described in Chapter 4 [42]
in detail. For the range from 0 V to about half of the breakdown voltage, the calculated
FK-induced photocurrents well reproduced the experimental data for all the wavelengths.
On the other hand, above about half of the breakdown voltage, the experimental data
significantly increased and became much larger than the calculated photocurrents. These
significant increases at high reverse voltage region are considered to originate from impact
ionization of carriers and its avalanche multiplication.

The multiplication factors were extratced as the ratio of an experimental photocurrent to
a calculated FK-indcued photocurrent (M = lep/leavk). Figure 5.13 shows the extracted
multiplication factors from the photocurrets for 390-420 nm versus reverse voltage in PN1.
The data are plotted as “M — 1”7 in the semi-log plot to make the data near the unity at
low electric field region easier to see. It is observed that the obtained multiplication factors
do not depend on the wavelength, although the values of the photocurrents are different.
This result is reasonable, since the positions (distributions) where electron-hole pairs were
generated were localized near p-n junction interface (high electric field region) for all the
wavelengths owing to the nature of the FK effect. The multiplication factors increase with
the reverse voltages, and diverged to the infinity at the breakdown electric field.

Figure 5.14 shows the reverse-voltage dependence of the photocurrents in PN1-4. For
these measurements, a high power Hg lamp combined with the band-pass filter of 405 nm
(bandwidth of 3 nm) was used. For all the devices, the photocurrents much larger than
the reverse leakage currents were obtained. The calculated curves of the FK-induced pho-
tocurrents are also shown as red broken lines. The calculated curves well reproduce the
experimental data up to about half of the reverse voltages. Figure 5.15 shows the multipli-
caion factors extracted as M = I,/ Icalrk, in which the horizontal axis takes the maximum
electric field in the devices. At the same electric field, the smaller multiplication factor is
observed in the device with the high doping concentration, since the electric field changes
steeper in the depletion region and the depletion region becomes narrow for a device with
higher doping concentration, as shown in Fig. 3.11. The multiplication factors were ob-
tained in wide range (M — 1: 1072-10%) with low noise owing to the low leakage currents

and accurate predictions of the unmultiplicated photocurrents.
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Figure 5.11: Reverse-voltage dependence of the photocurrents for 390-420 nm in the GaN
p-n junction diode with the double-side-depleted shallow bevel termination (PN1). The

calculated curves of the FK-induced photocurrents are also shown as the red broken lines.

Calculation method of FK-induced photocurrent
Photocurrent = elementary charge X number of absorbed photon

Depletion layer
«—>

g
o
w
o
S

W ~ T T En
[ £
I;k =eP|1— exr)<*2f aopt(l.F(X,V))dX) E PN1@—100V S
) >15F 4 €
= ! 4200 ©
. . = iF S
@,: Incident photon flux from the back side 1.0 I{— 5
(including the multiply reflected photons) by : 1100 8
505 a 5
Electric-field dependence of Absorption coefficient[44 0 —> 2
2\3 N %o 0'5/0\7)'5 10 18 2
2 2 2 -1 -0. . . . Ko
e |e ° pcvl 8#||#J_ 2 . <

a(w,F) = VhO| Al — nAi? i _niuncti

(w,F) Zgomgncoo 76 [ m-n (77)] Distance from p-n junction (um)
1 —~
Eg— hv e2h2F2\3 m'émﬂ §2.0 T T 3007<E
n= he = p=—0 5 PN1@-200V s
he 2 ms+mj, Sisti F =
s <« {200 &
Subscriptions (| |, L ): the direction to c-axis % 1.0 £
Ai(x): Airy function = 100 §
i . = = a )

reduced effective mass: p| = 0.16m, [45] E0_5 - .5
[44] D. E. Aspnes, Phys. Rev. 147, 2 (1966). w 0 h L o %
[45] G. D. Chen et al., Appl. Phys. Lett. 68, 2784 (1996). -10 -05 O 05 10 15 &
The detail is described in Chapter 4 in this dissertation. Distance from p-n junction (um) <
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5.2.3 Estimation of Impact Ionization Coefficient in GalN

An avalanche multiplication factor is a function of a position (depth) where electron-hole
pairs are generated, which reflects the difference between «,, and «,,. A carrier multiplication

factor when electron-hole pairs are generated at zy in a depletion layer of a p-n junction

1-%:(1—%)+(1—ML})> (5.1)
-l / " opexp {— / " (op — o) dm’] dr, (5.2)

P W
1 Wha x .
1—-— = anexp |— [ (om —ap)da’| dx. (5.3)
Mn z0 o

Here, z-axis takes along a depth direction, and = 0 is the p-n junction interface. M, and

can be written as

M, are hole- and electron-initiated multiplication factors from zy to the depletion layer
edges in a p- and n-regions (v = —W,,, x = W,,), respectively. The right side of Eqs. (5.2)
and (5.3) are known as the ionization integral® [46].

In previous reports [5, 10], two photocurrents induced by hole-injections from the n-
region and electron-injections from the p-region were measured. Electron- and hole-initiated
multiplication factors as M, |s—w, and M,|z0——w, were analyzed, and «, and o, were
obtained.

In this section, the photocurrents were measured for the only one-injection condition
that electron-hole pairs are generated near the p-n junction interface (the middle of the
depletion layer). Therefore, o, and «, cannot be extarcted separately from the obtained
multiplication factors. Although a;, and oy, are not equal as observed in previous reports [33—
35, 38-40], here, the authour assumes o, = «, for simplicity and estimates the “effective”
impact ionization coefficient (&« = o, = ;). Under this assumption, the multiplication
factor does not depend on the position where electron-hole pairs are generated () and can

be simplified as

1 Wh
1— v " a(E)dz. (5.4)
E is the electric field. Transforming the integral in Eq. (5.4) as dz — dF, the author obtains
1 e N,+Ng [P
l—-—=———— E)dE 5.5
M e NaNd A a( ) ? ( )

where e is the elementary charge, ¢ is the dielecric constant of GaN (e; = 10.4¢q [47, 48]),
and E,, is the maximum electric field. It should be noted that the value of dE/dz in a
p-region and that in a n-region are different, since E(x) = eN,(z — W},)/es (W, < 2 < 0),
eNg(W, — z)/es (0 <z < W,). Differentiating both sides of Eq. (5.5) by Eip,,

e N.Nqg 1 dM

Em:_ 1o
(Ein) e N, + Ny M2 dE,,

(5.6)

! Avalanche breakdown in the device is defined as M — oo. In simple cases of pure electron injection

(xo = Wp) or pure hole injection (zg = W,,), the ionization integral becomes unity when M — oo.
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is obtained. Using Eq. (5.6), a(E) can be extratced from M (V). The experimental data
of M include noises originating from the measurement unit or the light source, and the
numerial differentiation of M causes a large noise in «, although the noises in M are small.
Therefore, the obtained M was made smoother by the proceedure of the Savitzky-Golay
method [16, 49].

Figure 5.16 shows the effective impact ionization coefficient o = v, = o, extracted from
M (V') in PN1-4 as a function of the inverse of electric field. The obtained values for all the
devices lie on the same linear line in the plot in the range of 2.0-3.3 MV /cm, suggesting
the consistent results for all the devices. The data were fitted and modeled by Chynoweth’s

empirical formula [1]:

- (5.7)

o(E) = 1.30 x 10° - exp (—1'18 <10 V/Cm) cm™".
The multiplication factors in PN1-4 were simulated from Eq. (5.4) using the extracted o
as the modeled formula (5.7). The simulated multiplication factors are shown in Fig. 5.15
as red broken lines. These calculated curves show good agreement with the experimental
multiplication factors, yielding consistent results for all the devices. Although the author
assumed o, = o, the avalanche multiplication characteristics are well reproduced in this
study. These results are owing to the optical absorption induced by the FK effect in the
GaN p-n junction diodes with the double-sidedepleted epitaxial structure: the electron-hole
pairs are generated near the middle of the depletion regions, which minimized the effect of

the difference between «, and «;, on the multiplication factors.
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Figure 5.16: The effective impact ionization coefficient (v = o, = a,) versus the inverse
of electric field extracted from the M in PN1-4.
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5.2.4 Temperature Dependence of Avalanche Multiplication

The temperature dependence of the photocurrents for 405 nm in PN1-4 under reverse bias
were also measured to investigate the temperature dependence of an avalanche multiplica-
tion in GaN. Figure 5.17 shows the photocurrents for 405 nm in PN1-4 at 223, 298 and
373 K. The temperature dependence of the FK-induced photocurrent can be expressed by
considering the shrinkage of the bandgap with elevating temperature as discussed in Chap-
ter 4 [42]. The calculated curves of the FK-induced photocurrents in PN1—4 at each tem-
perature with consideration of the temperature dependence of the bandgap of GaN [50] are
also shown as the broken lines. Up to about half of the breakdown voltages, the calculated
curves well reproduce the experimental photocurrents, indicating an avalanche multiplica-
tion was negligible (M = 1) in these voltage ranges. Larger photocurrents were obtained
at a higher temperature. On the other hand, above about half of the breakdown voltage,
the measured photocurrents started to increase significantly and exceeded the calculated
FK-induced photocurrents, reflecting the avalanche multiplications.

Figure 5.18 shows the multiplication factors in PN1-4 extracted as M = Ioy,/lcark at
223, 298 and 373 K. An increase in breakdown voltages and a decrease in multiplication
factors were observed at elevated temperature for all devices. These reflect the decease in
the impact ionization coefficients: carriers becomes hard to get sufficient energy to cause
impact ionizations due to the increase in the phonon scattering rate at elevated tempera-
ture.

Figure 5.19 shows the extracted a at 223, 298 and 373 K. The data obtained for all de-
vices lie on the same line in the a—E~! plot at all temperatures in the 2.0-3.3MV /cm range,
resulting in the consistent results for all the devices. The value of o decreased slightly with
elevating temperature, which reflects the increase in the phonon scattering rate. The data

were fitted using the empirical formula [1] based on the Okuto-Crowell model [51] as

a (B, T)=a(T)-exp (—#) em ™!, (5.8)

a (T)=1.30x10° [1+1.5x107%(T" - 298 K)] cm ™,
b (T)=118x 10" [1+6.0 x 10747 — 298 K)] Vem ™.

The multiplication factors for PN1-4 were simulated at 223-373 K, and the results are
denoted in Fig. 5.18 as broken lines. The simluated curves well show good agreement with
the experimental multiplication factors, suggesting the consistent results for PN1-4 at the

temperature range of 223-373 K.
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Figure 5.17: Reverse-voltage dependence of the photocurrents for 405 nm in PN1-4 at 223,

298 and 373 K. The calculated curves of the FK-induced photocurrents with consideration

of the temperature dependence of the bandgap of GaN [50] are also shown as broken lines.
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5.3 Impact Ionization Coefficients of Electrons and
Holes in GalN

In this section, the measurement method of an avalanche multiplication factor utilizing the
Franz-Keldysh effect is applied to a GaN p~/n* junction diode, in which high electric field
is distributed near the p-n junction interface (n*-side). The device with vertical deep-etch
termination, which exhibited uniform (nearly ideal) avalanche breakdown, is used as the
test devices. Utilizing above- and sub-bandgap illuminations, electron- and hole-injected
photocurrents and their avalanche multiplications are obtained. By analyzing the multipli-
cation factors, the impact ionization coefficients of electrons and holes in GaN are extracted.
The avalanche breakdown characteristics in GaN devices are simulated using the obtained

parameters and discussed.

5.3.1 Measurement Set up

Figure 5.20 shows the schematic cross section of a GaN p~/n* junction photodiode. The p*-,
p-, and n-layers were grown by metalorganic vapor phase epitaxy (MOVPE) on GaN(0001)
bulk substrates. The control of lightly Mg doping was achieved by the MOVPE system
equipped with double-dilution of the Mg source gas [52]. The vertical deep-etch mesa struc-
ture, which can realize a one-dimensional electric field profile [16, 20, 53, 54], was formed
by Cly-based dry etching with a SiOy mask [31]. The mesa height and angle are approxi-
mately 5 pm and 90°, respectively. The anode and cathode electrodes were formed by the
deposition of Ni/Au on the pT-layers and Ti/Al/Au on the substrate, respectively. After
the metallization, a 6 pm thick polyimide was coated as a surface passivation layer. The
fabrication process was described in [55] and Chapter 3.

Figure 5.21 shows the depth profiles of the Mg, Si and C profiles measured by secondary
ion mass spectrometry (SIMS) in the epilayer. In the epilayer, Mg is almost uniformly
distributed along the depth direction and the concentration is about 1.3x10'" ecm~3. Fig-
ure 5.22 shows the capacitance—voltage (C-V') characteristics of the device. From the C?-V
plot with a good linearity, N,Nq/(N, + Nq) = 1.3x10'7 cm™3 was obtained, which shows
agreement with the Mg concentration. From the SIMS and C-V, the consistent result was
obtained, suggesting that the electric field profile can be estimated accurately.

Figure 5.23 shows the breakdown characteristics of the GaN p~/n™ junction diode with-
out illumination. The device exhibited the breakdown voltage of 235 V and the breakdown
electric field of 3.2 MV /cm at 298 K with low reverse leakage current and high avalanche
capability. The positive temperature coefficients of the breakdown voltage (~0.13 V/K in
the range of 223-473 K) was obtained. The almost uniform breakdown electroluminescence
at the entire p-n junction was observed, which is the evidence that the uniform (nearly
ideal) avalanche breakdown occured in the device wihout electric field crowding. Therefore,

the device is proper as the test device of the photomultiplication measurements.
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Figure 5.20: The schematic cross section of a GaN p~/n™ junction diode with vertical
deep-etch mesa termination fabricated on an n-type GaN bulk substrate. The thick poly-
imide later was coated as a suface passivation layer. For the above-bandgap illumination,
electron injection from the top side can be obtained. On the other hand, for the sub-
bandgap illumination, the optical absorption induced by the Franz-Keldysh effect occurs

near the p-n junction interface, resulting in hole injection.
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Figure 5.21: The depth profiles of Mg, Si and C concentrations in the epilayer. Mg is
almost uniformly distributed along the depth direction in the p-layer. In addition, the Si

and C concentration are very low.
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For photocurrent measurements, a 250 W Hg lamp combined with the bandpass filters of
313 nm and 405 nm was used (the GaN absorption edge is approximately 365 nm at room

temperature [22]). The bandwidths were 3 nm, indicating the good monochromaticity.

5.3.2 Above-Bandgap Illumination for p~/n* Junction

Figure 5.24 shows the reverse-voltage dependence of the photocurrent in the GaN p-n junc-
tion diode under illumination of above-bandgap light at 298 K. The wavelength and the
irradiated photon flux were 313 nm (~3.96 eV) and 2.7x10'" cm™2s7!, respectively. The
photocurrent much larger than dark leakacge current was obtained. For the wavelength of
313 nm, the penetration depth is approximately 80 nm [22], which is much shorter than the
pt-layer thickness of 200 nm. It should be noted that the transmittance of the polyimide
layer for 313 nm is less than 0.01% as shown in Fig. 5.25 [16, 56]. The optical absorption
at the mesa side wall is negligible. Therefore, this photocurrent is concluded to be induced
by the electron diffusion of the generated electron-hole pairs at the surface p*-layer.

The photocurrent induced by the diffusion of the minority carriers can be calculated

based on the following formula derived by Raynaud et al. [57] :

O[QLH
1—adl?

Lo(S + Dyag)e=% — LS - cosh <z—i> — D, - sinh (E—P>

n

In.aif(Tp) = € Dy e~ 0Tp (5.9)

— LHO./O
D, - cosh (E—i) + L,S - sinh <z—i>

Here, @y, o, Ly, Dy, 2, and S are the incident photon flux with consideration of the sur-
face reflection and the quantum efficiency, the absorption coefficient, the electron diffusion
length, the electron diffusion coefficient, the width of the neautral region (the depth of the
depletion layer edge) in p-layer, and the surface recombination velocity. oy = 1.3x10° cm™*
for the wavelength of 313 nm [22] and S = 5x10* cm/s [58] were used in the calculation.
The value of S was determined for the 2.6 um thick undoped GaN layer grown on a sapphire
substrate by Aleksiejunas et al. in 2003 [58]. Strictly, the value of S for a homoepitaxial
pT-GaN layer should be used but has been still unknown. It is confirmed that the calcu-
lation of J, qi was not sensitive to the value of S. L, and D, are sensitive parameters to
the voltage dependence of J, 4ir, and the reasonable parameters were obtained by fitting as
Ly, =D, = 0.61 pm and D, =u,kT/e = 22 cm?/s (1, = 174 ps, pn = 859 cm?/Vs).
The z-axis takes the depth direction, and z, which is a voltage-dependent parameter was
calculated as z, = dp, — Wy, Wy, = v/265(Na + Na)(Va — V) /e(NaNg). dpy is the depth of
the p-n junction interface (3.5 pm). Figure 5.26 shows the voltage dependence of W,.

The calculated curve of the electron diffusion current for the GaN p-n junction diode is
shown in Fig. 5.24 as the red broken line. The calculated curves shows excellent agreement
with the experimental photocurrent up to approximately 150 V. For higher voltage than

about 150 V, the avalanche multiplication came to be striking.
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Figure 5.24: Reverse-voltage dependence of the photocurrent for above-bandgap light
(A = 313 nm) in the GaN p-n junction diode at 298 K in semi-log and linear scales. The

calculated curves of the minority carrier diffusion current are also shown as red broken lines.
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5.3.3 Sub-Bandgap Illumination for p~/n™ Junction

Figure 5.27 shows the reverse-voltage dependence of the photocurrent in the GaN p-n junc-
tion diode under illumination of sub-bandgap light at 298 K. The wavelength and the
irradiated photon flux were 405 nm (~3.06 eV) and 4.0x10*" cm2?s~'. With increasing
reverse bias voltage, the photocurrent increased and became much larger than the dark
leakage current. For the wavelength of 405 nm, the light is not absorbed, and the light pen-
etrated into the GaN layer and reached the p-n junction. Then, optical absorption induced
by the Franz-Keldysh (FK) effect occurs near the p-n junction interface (high electric field
region), resulting in a hole-injected photocurrent. The photocurrent induced by the FK
effect can be calculated by considering the theoretical absorption in the depletion region.
Figure 5.28 shows the distributions of the electric field and the abosrption coefficient for
405 nm in the device under reverse bias of 100 V and 200 V. The absorption coefficient,
which was calculated acccording to the distribution of the electric field using Eq. (4.3) [44],
is observed to be localized at high electric field region, indicating that the optical absorption
selectively occur near the p-n junction interface. In the calculation, the reduced effective
mass of | = 0.16my [45] was used for the calculation of the electric-field dependence of the
absorption coefficient. The calculation method of the FK-induced photocurrent is described
in [42] and Chapter 4.

The calculated curves of the photocurrent induced by the FK effect in the GaN p-n junc-
tion diode is shown in Fig. 5.27 as the red broken line. The calculated curve well reproduces
the experimental photocurrent up to approximately 75 V. For higher voltage than about
75 V, the avalanche multiplication came to be striking. Compared to the photocurrent un-
der above-bandgap illumination, the reverse voltage at which the avalanche multiplication

starts to be striking is lower under sub-bandgap illumination.

5.3.4 Electron- and Hole-Initiated Multiplication Factors

The avalanche multiplication factors in the GaN p-n junction diode are extracted from the
photocurrents under above- and sub-bandgap illuminations. The electron-initiated mul-
tiplication factor can be extracted as M, = Ilexp313 nm/lealnair- On the other hand, the
hole-initiated multiplication factor can be extratced as My, = Iexp 405 nm/Llearrk. Figure 5.29
shows the extracted multiplication factors versus the reverse bias voltage in the GaN p-n
junction diode. In the plot, the data are shown as “M — 1”7 in the semi-log plot to make the
data near the unity at low electric field region easier to see. Owing to the low dark leakage
current and accurate calculations of the unmultiplicated photocurrents based on the physics,
the reliable multiplication factors are successfully obtained in wide range (M —1: 1072-10%)
with small noise. It is obviously observed that M, is larger than ,, indicating that a;, is

smaller than oy, in GaN.
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of the absorption coefficient, which is described in detail in [42] and Chapter 4.
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5.3.5 Extraction of Impact Ionization Coefficients

From the obtained electron- and hole-initiated multiplication factors (M, M), the impact
ionization coefficients of electrons and holes (o, and «;,) can extratced. M, and M, are

expressed by the ionization integrals as [46]

1 0 0
P / oy exp [— / (cp — ) dw’] d, (5.10)
M, Jw, .

1 0 T
l——= / ay, €xp —/ (an — ) dz’| dz. (5.11)
M, Wy Wy

For a non-punch-through one-side abrupt junction with a linear electric field distribution,
the following expressions can be derived from Egs. (5.10) and (5.11) based on the mathe-
matical procedure reported by Woods et al. [5],

1 dmM(W)
ap(En) = A (5.12)
() = 0y (Eu) + da/ {m (%p%m | (5.13)

The values of o, and «,, that correspond to E = E, can be extratced from M,[W (V)] and
M,[W (V)] by the numerical analysis using the Eqgs. (5.12) and (5.13).

Figure 5.30 shows the impact ionization coefficients of electrons and holes in GaN versus
the inverse of electric field extracted in this study. The values of o, and «;, were obtained
with in the range of 2.5-3.0 MV /cm and 2.1-2.8 MV /cm, respectively. The noises in the data
were relatively small and clear linearity was observed. The data were fitted and modeled

by using the Chynoweth’s empirical expression [1] as

2.27x 10" V
an(E) =2.69 x 107 - exp (— . z /cm) cm ™, (5.14)
6 1.31 x 10" V/em .
ap(E) =432 x10° - exp | — Z cm™ . (5.15)

The multiplication factors M, and M, in the device was simulated from Egs. (5.10) and
(5.11) using the obtained «, and o, modeled as Egs. (5.14) and (5.15). The simulatde
curves are shown in Fig. 5.29 as red broken lines, which well reproduce the experimental
multiplication factors. This result suggests that the obtained values of o, and «; are

accurate in these electric field ranges.
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It is worth noting that the obtained a, is several times smaller than oy, in GaN. This
is a “counterintuitive” result, since it is well known that electrons in GaN are easy to be
transported in low electric field: electron mobility is much higher than hole mobility. Al-
though the same tendency is also observed in the previous reports [34, 38-40], the reason
why oy, is smaller than «,, has not been discussed in these literatures. As mentioned in the
section 5.1, o, < ay is observed in 4H-SiC along the <0001> direction [11, 16] and was
explained to originate from the anomalous conduction band structure. The analogy may be
also seen in GaN: a,, and «, strongly depend on the band structure (not only the bandgap).
Figure 5.31 shows the calculated band structure of GaN in previous reports [35, 59]. GaN
has the wurtzite (two-periodic hexagonal) crystal structure. Thus, the first Brillouin zone
is folded into 1/2 width due to the Zone-Folding effect. The energy width of the first con-
duction band from the I" point to the A point (I' — A) is not wide (~2.5 eV) due to the
narrow first Brillouin zone. The second conduction band along the I' — A direction is near
horizontal: the energy width is very narrow. The group velocity is near zero and electrons
are transported without gaining energy in the second conduction band along I' — A. The
large discontinuity of ~4.2 eV (mini energy gap) is observed in the conduction band along
' — A. Therefore, a balistic impact ionization process without the assist/scattering of
phonons is forbidden in GaN along I' — A. In addition, the Bragg reflections from the zone
edge (Bloch oscillation) also makes electrons in GaN along I' — A hard to get high energy.
In contrast, for holes, the first valence band is wide and the discontinuity of the valence
band is very small. Therefore, the impact ionization coefficient of electrons is considered
to be suppressed owing to the singular conduction band structure and smaller than that
of holes in wurtzite GaN along the c-axis. The more accurate explanation needs further

theoretical studies such as the full-band Monte Carlo simulation [60].

Figure 5.32 shows the comparison between the data of (o, «) and effective
a (= oy = o) obtained in the section 5.2. The estimated « has the value between «,, and
ap. At low electric field region, « is observed to be close to a;,, and the value of o deviates
from oy, and approaches to a,, with increasing electric field. The estimated value of a seems
to be reasonable. Of course, the values of oy, and o, are more accurate and useful for a

device simulation.

Figure 5.33 shows the comparison between the data in Cao et al. [40] and in this study.
For o, the almost consistent results were obtained in this study and the previous results.
On the other hand, clear a,, with small noise was obtained in this study, the value of which
is larger than the previous reports in the same electric field range. It should be noted that
this difference causes the large error in the simulation of breakdown characteristics, since

the avalanche multiplication is very sensitive to the values of o, and «,.
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Figure 5.31: The calculated band structure of GaN [35, 59]. The first Brillouin zone
is folded into 1/2 width due to the Zone-Folding effect along c-axis. From the I' point
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5.3.6 Temperature Dependence of Impact Ionization Coefficients

The temperature dependence of the impact ionization coefficients in GaN were investigated
in the range of 223-373 K. Figure 5.34 shows the reverse-voltage dependence of the pho-
tocurrent in the GaN p~/n™ junction diode under above-bandgap illumination at 223, 298
and 373 K. The photocurrent drastically decreased at elevated temperature, and the in-
crease in the photocurrent at low voltage region (approximately 0-150 V) became steeper.
The calculated curves using the Eq. (5.9) were also shown in Fig. 5.34 as broken lines. In
the calculation, L, and D, were treated as fitting parameters to determine the voltage de-
pendence of the photocurrent, and L, = 1.1 ym, 0.61 ym and 0.30 gm and D, = 40 cm?/s,
22 cm?/s and 15 cm?/s were obtained at 223 K, 298 K and 373 K, respectively. At ele-
vated temperature, the electron diffusion length L, decreased, which mainly reflected the
decreasing electron mobility. The number of electrons which can reach the depletion layer
decreased, resulting in the decrease in the photocurrent with elevating temperature. The
calculated curves well agree with the experimental photocurrents at low voltage region for
all the temperatures. Above about 150 V, avalanche multiplications were observed.

Figure 5.35 shows the reverse voltage dependence of the phtocurrent under sub-bandgap
illumination at 223, 298 and 373 K. The temperature dependence of the photocurrent in-
duced by the Franz-Keldysh effect can be calculated with consideration of the shrinkage of
the bandgap with elevating temperature [42]. The calculated curves considering the tem-
perature dependence of the bandgap [50] at 223, 298 and 373 K are also shown in Fig. 5.35
as broken lines. At low voltage region (approximately 0-75 V), a larger photocurrent is
observed at higher temperature, which reflects the red shift of the GaN absorption edge
(the shrinkage of the bandgap). Above about 75 V, avalanche multiplication is observed,
and the multiplication is more striking at lower temperature.

Figure 5.36 shows the voltage dependence of the electron- and hole-initiated multipli-
cation factors (M,, M,) extracted as the ratios of the experimental photocurrents to the
calculated photocurrents for above- and sub-bandgap illuminations, respectively. Both M,
and M, decreased at the same electric field and the breakdown voltage increased with ele-
vating temperature, reflecting the decreasing impact ionization coefficients.

The multiplication factors were analyzed using the Eqs. (5.12) and (5.13). Figure 5.37
shows the obtained impact ionization coeflicients of electrons and holes (., ay,) at 223, 298
and 373 K. Both «, and «;, decreased with elevating temperature, which is considered to be
attributed to the enhanced phonon scattering rate with elevating temperature, as in other
semiconductor materials. In addition, it should be noted that the temperature dependence
of ay, is small. This may be related to the fact that o, along <0001> in GaN is strongly
affected by the anomalous conduction band structure. The effect to increase o, may exist
such as widening of the first conduction band width, the shrinkage of the mini energy gap,
the increase of phonon-assisted transports, etc. To verify these speculations and to further

understand a,, in GaN, theoretical studies are needed.
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The temperature dependence of the impact ionization coefficients are modeled based on
the Okuto-Crowell model [51]:
c- (14+d(T —298 K)) 1

an, ap(E,T)=a-(14+b(T —298 K)) - exp | — z cm . (5.16)

The obtained parameters (a, b, ¢, d) for a,, and «y, are summarized in Table 5.1. Using the
temperature dependence of v, and oy,, M,, and M, at 223, 298 and 373 K are simulated. The
simulated curves are shown in Fig. 5.36, which show good agreement with the experimental
M, and M,. These results suggest the accuracy of the data in the range of 223-373 K.

5.4 Breakdown Voltage and Critical Electric Field

5.4.1 Non-Punch-Through Structure

To validate the accuracy of the obtained impact ionization coefficients and discuss the
breakdown characteristics in GaN devices, avalanche breakdown voltages for parallel-plane
junctions were simulated for GaN p-n junctions with various epitaxial structure. Fig-
ure 5.38 shows the simulated breakdown voltage for non-punch-through GaN p*/n~ junc-
tions with various donor concentrations at room temperature. The reported experimen-
tal data [43, 54, 61, 62, 62-69] are also shown. The simulated curve shows good agree-
ment with the experimental data. FEspecially, our data [43, 63] and the data reported
by Fukushima et al. [54], which exhibited the uniform avalanche breakdown without elec-
tric field crowding, are very close to the theoretical breakdown voltage. In the doping-
concentration range of 2x10'-2x 107 ecm ™3, or the breakdown-voltage range of 180-900 V,
the errors of the breakdown voltages are less than 6%. Figure 5.39 shows the simulated crit-
ical electric field versus doping concnentration for non-punch-through GaN p™/n~ junctions
with various donor concentrations. The experimental data of the breakdown electric field in
GaN devices are also shown. The simulated curve well reproduces the experimental break-
down electric field. The critical electric field can be modeled by the following empirical

formula,
2.40 x 10°

1 — tlogio (Na/1016 cm=3)

V/cm. (5.17)

Ccr

The provided critical electric field is convenient to expect and design the breakdown voltage
of GaN power devices, although the impact ionization coefficients are the key properties
and enable accurate device simulations. The donor cocentration and the required drift layer
thickness (the depletion layer width at the breakdown) as a funtion of the breakdown voltage
in GaN unipolar devices are shown in Fig. 5.40. This relationship enables to design/optimize

an epitaxial structure of a GaN power device for required breakdown voltage.
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Table 5.1: Parameters of the Okuto-Crowell model [51] for the temperature dependence

of the impact ionization coefficients of electrons and holes in GaN obtained in this study.

Electron (a,) Hole (ay)
a(em™)  2.69x107  4.32x10
b(K™')  2.00x1073  2.00x1073
¢ (Vjem) — 2.27x107  1.31x107
d(K™')  5.00x10~*  9.00x10~*
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5.4.2 Punch-Through Structure

If a drift layer thickness is thinner than the depletion layer width at the breakdown in
the non-punch-through (NPT) condition, the depletion layer extends entire drift layer and
the electric field distribution takes a trapezoid shape as shown in Fig. 5.41. This is called
as the punch-through (PT) condition. Then, the ideal breakdown voltage is determined
by not only a doping concentration but also a drift layer thickness. Figure 5.42 shows
the simulated breakdown voltage versus doping concentration in GaN for the drift layer
thicknesses of 5-25 um. The breakdown voltage is limited by the drift layer thickness in the
PT condition. For example, a 3.3 kV-class GaN power device needs the drift layer thickness
of at least 20 pum. Figure 5.43 shows the critical electric field versus doing concentration
in GaN for the drift layer thickness of 5-15 pym. In contrast to the breakdown voltage,
the critical electric field in the PT condition is slightly higher than that in NPT condition
and the difference between the PT and NPT conditions is very small in the case that a
drift layer thickness is thicker than approximately 1/3 of a depletion layer width at the
breakdown in NPT condition. For example, Figure 5.44 shows the distributions of electric
field and impact ionization coefficients in GaN p™/n~ junctions with donor concentration
of 1x10'%® cm™ in NPT and PT (5 pm) conditions. The simulated breakdown voltages
are different: the values are 1615 V and 972 V for NPT and PT (5 um), respectively. On
the other hand, the critical electric field and the electric field distribution in the range of
0-5 pm for NPT and PT are alsmost same. This is reasonable, since the impact ionization
locally occurs at high electric field region and avalanche multiplication for low electric
field region (<1 MV /cm) is negligible. Therefore, the critical electric field versus doping
concentration in NPT condition (Eq. (5.17)) is also useful for the PT condition as far as
the drift layer thickness is not extremely thinner than the depletion layer width in NPT

condition.

5.4.3 Conduction Type Dependence of Ideal Breakdown Voltage

The breakdown voltages of p™/n~ junction (n-drift layer) and p~/n™ junction (p-drift layer)
are strictly different. The differences originate from the difference of the multiplication
directions between electrons and holes as shown in Fig. 5.45. For p™/n~ junction, holes
are injected from lower electric field side and multiplicated to the higher electric field side.
For electrons, which are injected from the higher electric field side or generated by the hole
impact ionizations, are multiplicated to the lower electric field side. On the other hand, for
p~/nt junction, the directions are completely opposite. Mathematically, these are explained
in Egs. (5.1)-(5.3): the conditions of p™/n~ and p~/n* junctions are given by W, = 0 and
W, = 0, respectively. Therefore, even if the doping concentration of the drift layer is
identical, the process of the carrier multiplication indide the depletion layer is different
for these two structures, resulting in the different breakdown characteristics. Figure 5.46

shows the simulated breakdown voltage and critical electric field in GaN p*/n~ and p~/n*
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junctions for non-punch-through condition. The breakdown voltage and critical electric
field in p~/n* junction are 5% and 3% lower than those in p™/n~ junction, respectively. In
Chapter 3, the distinguishable differences were not observed in the breakdown characteristics
in p™/n~ and p~/n' junctions. However, these seem to be reasonable, since the simulated
differences are small and difficult to be experimentally identified.

The conduction-type dependence of an ideal breakdown voltage depends on «, and «,.
For example, the difference of the ideal breakdown voltage between the conduction types of
the drift layer does not appear in GaAs where a, and «,, have very similar values [10]. On
the other hand, in 4H-SiC where o, is much smaller than «a;, along <0001>, the difference
is larger than GaN: the breakdown voltage and critical electric field in p~/n™ junction are

9% and 5% lower than those in p*/n~ junction, respectively [16, 56, 72].

5.4.4 Temperature Dependence

The breakdown voltage of GaN p™/n~ junctions with various donor concentrations were
simulated at 223, 298 and 373 K. Figure 5.47 shows the simulated breakdown voltage versus
donor concentration in GaN at 223, 298 and 373 K. The inset shows the magnification plot
in the range of 3x10%-3x 10" cm™3. The experimental data of the GaN p-n junction diodes
in this study at 223, 298 and 373 K, which are described in [43] and Chapter 3, are also
shown as filled circles. The simulated temperature dependence of the breakdown voltage
show agreement with the experimental data.

Figure 5.48 shows the simulated critical electric field in GaN at 223, 298 and 373 K. The

critical electric field can be modeled using the empirical formula as

2.162 x 105 + 7T - 800 K~!

Ecr =
1 — 1logyo (Na/10% cm—3)

V/cm. (5.18)

T is temperature in Kelvin. The temperature dependence of the critical electric field in GaN
is convenient and useful to expect the breakdown voltage of a GaN power device up to at
least 373 K. It should be noted that the impact ionization coefficients obtained in this study
are still limited in the temperature range of 223-373 K. The impact ionization coefficients
and the critical electric field obtained in this study are only valid in this temperature range,
and the data in higher and lower temperature range should be investigated. Especially, the

values at high temperature (>200°) are important for a practical application.
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5.5 Trade-Off Relationship between On-Resistance
and Breakdown Voltage

5.5.1 Non-Punch-Through Structure

Using the obtained critical electric field in GaN, the trade-off relationship between the
specific on-resistance (Ro,,A) and the breakdown voltage (V) in GaN unipolar devices is
updated here. The unipolar limit has usually calculated for a non-punch-through (NPT)
structure by the following equation [73],

4 2
R A = Vs .
e,

(5.19)

gs is the dielectric constant of the semiconductor. &4 for GaN has been well studied and
the reliable value e, = 10.4¢, is obtained in many reports [47, 48, 74, 75]. pu is the
carrier mobility. Recently, electron mobility () in hompepitaxial GaN layers grown
on GaN(0001) bulk substrates have been investigated by Hall-effect measurement in detail
[76, 77], as shown in Fig. 5.49. Electron mobility, the value of which reached approximately
1300 cm?/Vs in samples low carrier concentration (~ 10 cm™) at room temperature, is
much higher than hole mobility [78]. The carrier concentration (n) dependence of p, | in

GaN can be expressed by

1325
(14+n/3 x 1016 cm—3)

fn, 1 = o5z cm®/Vs. (5.20)

The values of i, || have not been studied in detail. Although some reports estimated f,
from the /-V characteristics of GaN-on-GaN devices [79-81], the variations of the values
are large owing to the difficulties to determine the effective device areas, the carrier con-
centrations and the drift layer thicknesses. Kasic et al. reported that the effective electron
mass and the electron mobility obtained by the infrared spectroscopic ellipsometry have no
significant anisotropy [82]. Therefore, the author assumes g, ~ fin,1 and calculates the
unipolar limit of GaN using the value of y, | .

Figure 5.50 shows the trade-off relationship between the specific on-resistance of the drift
layer and the breakdown voltage in GaN unipolar devices with an n-type drift layer for
non-punch-through condition. In the calculation, the doping concentration dependences
of the critical electric field and the eletron mobility are considered using Egs. (5.16) and
(5.18). The “Si limit” [53] is also denoted by a black line. The on-resistance of GaN is ap-
proximately 1/1000 times lower than that of Si at the same breakdown voltage. The “GaN

limit” in NPT condition can approximately be expressed by the following fitting equation:
RonxprA = 2.90 x 1071 - V530 Qem?. (5.21)

The unit of V3 is volt. The power exponent of the Vg term “2.30” is larger than “2” which is

expressed in Eq. (5.17). This result again originates from the critical electric field, which is
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and the breakdown voltage in GaN unipolar devices with an n-type drift layer for non-
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limited in the electric field range of 2.1-3.0 MV /cm and the extrapolated value based on
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the electron mobility may have an anisotropy, and p,  should be used. In the future, the
“GaN limit” should be updated again using more accurate Fg. and ju, . The “Si limit” [53]
is also denoted by a black line.
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a function of the doping concentration. Therefore, actually, the on-resistance more rapidly
increases with the breakdown voltage owing to the decrease in the critical electric field with

reducing the doping concentration.

5.5.2 Optimum Punch-Through Structure

In the PT condition, breakdown voltage and on-resistance are given by

1+ 2) BV W
= WHDEW W (5.22)
2 enji

where zE., (0<z <1) is the electric field strength at the depletion layer edge W as shown
in Fig. 5.41, which follows the following equation,

eNd

S

2By = Ey — —3W. (5.23)

The trade-off relationship between breakdown voltage and on-resistance as the Baliga figure

of merit (4Vp/R,n) in the PT condition is expressed as

4Vp
Ron

The equation (5.26) has the maximum value of (32/27)-e,uE2 at x = 1/3. The actual

situation is more complicated, since the doping concentrations in PT and NPT devices at

= el (—2® — 2 + 2+ 1). (5.24)

the same breakdown voltage are different (E. and p depend on a doping concentration).
Figure 5.50 shows the trade-off relationship between breakdown voltage and on-resistance
for GaN devices in NPT and optimum PT (x = 1/3). The PT structure yields a lower
on-resistance than the NPT structure by approximately 15% at a given breakdown voltage

and expressed as
RonprA = 2.45 x 1071 - V330 Qem?. (5.25)

This is the real “GaN limit” for optimum PT structure of GaN. The minimum specific
on-resistance of 1.2 kV, 1.7 kV and 3.3 kV are as low as 0.35 mQcm?, 0.78 mQcm? and
3.6 mQcm?, respectively, at room temperature. Although the on-resistance determined by
the “GaN limit” is low, actual GaN power MOSFETs have exhibited much higher spe-
cific on-resistance due to other parasitic resistances such as channel resistance, substrate
resistance, contact resistance, etc. The reduction of these paracitic resistances, especially
improvement of the channel mobility, is one of the most crucial issues to unleash the full
potential of GaN.

It should be noted that E., obtained in this study and pu,  [76] were used in the cal-
culations. However, the impact ionization coefficients obtained in this study are still lim-
ited in the electric field range of 2.1-3.0 MV /cm and the extrapolated value based on the
Chynoweth’s empirical formula was used for lower and higher electric field. In addition, the
electron mobility may have an anisotropy, and i, | should be used. In the future, the “GaN

limit” should be updated again using more accurate E¢, and fi, .
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5.6 Discussion

Dead-Space Effect

For the carriers just injected from the high electric-field side of the one-side abrupt junction,
the distance to gain sufficient energy from electric field is required. Therefore, the “dead
space” where impact ionization of the just injected carriers does not occur exists. Figure 5.51
shows the case of non-punch-through one-side abrupt junction (an electric field distribution
with right triangle shape). If the threshold energy to cause impact ionization (ej) is

assumed, €; ¢, follows the following relationship:

0
€ii,th = 6/ F(l’)dl’, (526)

—IDS
where 2 = 0 is the p-n junction interface. Here, the p~/n™ junction is considered. In the non-
punch-through condition, the electric field distribution follows F(x) = —eN,(x + W) /es.
In this study, electrons are injected from the low electric field side and the dead space does
not exist. On the other hand, holes are injected from the high electric field side. Therefore,
the obtained M, actually reflected the avalanche multiplication in the effective electric field
distribution with right triangle with dead space. The effective maximum electric field (E}))

and the dead-space distance (xpg) are expressed as

2N, 26iith
Erln = \/Eg1 — e . 6ii,th7 IDs — m (527)

Then, the effective depletion layer width is W, —2pgs. The effect of the dead space should be
considered in the analysis. The analysis with consideration of the dead-space effect can be
performed by referring the same depletion layer width (the same maximum electric field),
not the same voltage, correcting M,. The detail is described in [5].

For Si, the quantum yield of impact ionization, which is defined as the average number of
impact ionization events caused by a hot carriers until its kinetic energy relaxes below the
ionization threshold through phonon scattering and/or ionization events, has been studied
[6]. Figure 5.52 shows the quantum yield of hot electrons versus kinetic energy in Si.
The threshold is soft and the threshold energy is approximately ~ 1.5F,g;. Kolnik and
Oguzman et al. reported the theory of impact ionization of electrons and holes in GaN
(33, 34]. Figure 5.53 shows the quantum yields of hot carriers versus kinetic energy for
wurtzite GaN. It is observed that the both thresholds are soft and the threshold energy is
different: €4, of holes (~ 4 €V) is lower than that of electrons (~ 6 V), the values of which
include the uncertainty due to the lack of the experimental data of carrier transport under
high elecric field. Since it is difficult to determine the value of €; 4y, of holes, the data of the
multiplication factors were analyzed with consideration of various e;4,. However, the clear
difference was not observed in the analyzed results. For the device in this study, the dead
space (the order of 10 nm) is much narrower than the total depletion layer (the order of

1 pm), and it was confirmed that the dead-space effect is very small.
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Effect of Mixed Carrier Injection by the Franz-Keldysh Effect

In the analysis using the formulae (5.12) and (5.13), the pure hole injection was assumed:
holes were injected, or electron-hole pairs were generated, at the edge of the depletion layer
W,.. However, the optical absorption induced by the FK effect is spacially distributed in
the depletion region, resulting in mixed carrier injection. Actually, the multiplication factor
obtained from the photocurrent for sub-bandgap illumination (Mpk) is expressed as
. Golw) - M(x)dx

" Gy(x)dr

— Wp

MFK =

(5.28)

where M (z) is multiplication factor as a function of the depth where electron-hole pairs are
generated, and G, is the generation rate of the electron-hole pairs in the depletion layer
induced by the optical absorption due to the FK effect. Although it is difficult to obtain
accurate value of GG, the spatial distribution almost directly reflects the distribution of the
absorption coeflicient ayp (F, x). Figure 5.54 shows the distribution of the absorption ratio
as a function of the distance from the p-n junction normalized by the total depletion layer
width (W),) for the reverse bias of 100 V and 200 V. Near 40% of the total absorbed photon
is absorbed at the p-n junction interface, and the absorption ratio gently decreases as the
position becomes far from the p-n junction interface.

It is very difficult to analyze the multiplication factors with consideration of the mixed
carrier injection and its distribution. On the other hand, a reflexive simulation of the
multiplication factors with considering the mixed carrier injection after obtaining the impact
ionization coefficients using the formula (5.26) are possible. Figure 5.55 shows the simulated
Mrpk with consideration of the distribution of the optical absorption induced by the FK
effect using the obtained impact ionization coefficients. The simulated Mgk is slightly
smaller than the measured Mpk, which is treated as M, in the extraction of the impact
ionization coefficients from the multiplication factors. This indicates the actual M, for
the pure hole injection maybe slightly larger. Therefore, the obtained o, seems to be
slightly underestimated. However, the simlated breakdown voltage well reproduced the
experimental breakdown voltage and the error is small.

The measurement method proposed in this study enables the selective carrier injection
at high electric field region for simple test device structure without back side etching or the
InGaN inserted layer. However, the mixed injection caused by the FK effect is an intrinsic
problem in this measurement method. Although the error is small, the more accurate values

of o, and o, should be obtained in the future.
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Comparison between SiC and GaN

The ideal avalanche breakdown characteristics of SiC and GaN are compared and discussed
based on their impact ionization coefficients. Figure 5.56 shows the impact ionization co-
efficients in 4H-SiC [16] and wurtzite GaN (this work) along <0001>. For the hole impact
ionization coefficient ay,, the value in GaN is almost same or slightly smaller than that of
SiC. This seems to be reasonable, since the bandgap of 3.42 eV in GaN is slightly wider than
the bandgap of 3.26 eV in 4H-SiC at room temperature. On the other hand, for the electron
impact ionization coefficient o, the value in GaN is approximately three times larger than
that in SiC at the same electric field. This is very counterintuitive. However, it can be
explained by considering the anomalous conduction band structure in 4H-SiC [11, 72]. The
first Brillouin zone along the c-axis is folded into “1/4”, the energy width of the first con-
duction band is very narrow and the minigap exists from the M point (the conduction band
minimum) to L point. The band structure of 4H-SiC is shown in Fig. C.2 in Appendix. C.
Therefore, electrons in 4H-SiC are also hard to gain high energy, and «,, is strongly sup-
pressed.

Figure 5.57 shows (a) the ideal breakdown voltage and (b) the critical electric field ver-
sus doping concentration in 4H-SiC and wurtzite GaN p™ /n~ junctions under electric field
along <0001> simulated by using the impact ionization coefficients. Due to the larger a,,
in GaN, the critical electric field in GaN is actually approximately 6% lower than SiC, al-
though many researchers have believed that GaN has higher critical electric field than SiC.
Figure 5.58 shows the trade-off relationship between breakdown voltage and on-resistance
in Si [53], SiC [83] and GaN (this work). Owing to higher electron mobility in GaN com-
pared to 4H-SiC, the unipolar “4H-SiC limit” and “GaN limit” are almost same in the
entire breakdown voltage range. As mentioned in the section 5.5.2, the GaN limit should

be updated again using more accurate E and pu, .

The research and development of SiC have been preceding, and the process technologies
and fundamental researches are advanced. The market of SiC power devices is expected to
keep expanding in next decades. However, there are still some remaining issue. Especially,
the channel mobility is very poor, which limits the perfomance of SiC MOSFETSs [84].

The research and development of GaN-on-GaN power devices are just started. The
process technologies such as Mg ion implantation [85] has been significantly developed and
fundamental studies have been intensively performed in recent years. There are many merits
of GaN: the high channel mobility, the high drift velocity, the availability of heterojunctions
and 2DEG. In addtion, the most important things for power devices are cost and reliability.
If GaN bulk substrates becomes higher quality, larger diamaeter and cheaper in the future,

it is not impossible that GaN power devices will catch up and overtake SiC power devices.
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Figure 5.56: The impact ionization coefficients in 4H-SiC [16] and wurtzite GaN (this
work) under electric field along the <0001> direction.
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Figure 5.57: (a) The ideal breakdown voltage and (b) the critical electric field versus
doping concentration in 4H-SiC [16] and wurtzite GaN p*/n~ junctions under electric field
along <0001> simulated by using the impact ionization coefficients. The impact ionization
coefficients obtained in this study are still limited in the electric field range of 2.1-3.0 MV /cm
and the extrapolated value based on the Chynoweth’s empirical formula was used for lower
and higher electric field.
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Figure 5.58: The trade-off relationship between breakdown voltage and on-resistance in
Si [53], SiC [83] and GaN (this work). The GaN limit was calculated using E, obtained
in this study and p, [76] as functions of doping concentration. The impact ionization
coefficients obtained in this study are still limited in the electric field range of 2.1-3.0 MV /cm
and the extrapolated value based on the Chynoweth’s empirical formula was used for lower
and higher electric field. In addition, the electron mobility may have an anisotropy, and
fn,| should be used. In the future, the “GaN limit” should be updated again using more

accurate e and fiy ).
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5.7 Summary

In this study, the novel method to measure impact ionization coefficients of electrons and
holes was proposed. The sub-bandgap optical absorption induced by the Franz-Keldysh
effect has a unique nature: the optical absorption selectively occurs at high electric field
region. In addition, the photocurrent induced by the Franz-Keldysh effect is well pre-
dictable. The photomultiplication measurement utilizing the Franz-Keldysh effect was per-
formed for GaN p-n junction diodes with doble-side-depleted shallow bevel termination,
which exhbited the uniform (nearly ideal) avalanche breakdown. The multiplication factors
were successfully extratced as the ratio of the experimental photocurrent to the calculated
Franz-Keldysh-induced photocurrent, and the value of the impact ionization coefficients in
GaN was estimated under the assumption of o, = .

The photomultiplication measurement utilizing above- and sub-bandgap illumnations
were also performed for a GaN p~/n™ junction diode. The photocurrent induced by the
diffusion of electrons generated at the surface (electron injection) and the photocurrent in-
duced by the Franz-Keldysh effect (hole injection) were obtained by above- and sub-bandgap
illuminations, respectively. The electron- and hole-initiated multiplication factors were ob-
tained in wide range (M — 1: 1072-10%) with small noises. By analyzing the multiplication
factors, the impact ionization coefficients of electrons and holes in GaN are successfully ob-
tained. The simulated curves using the obtained «, and oy, are confirmed to well reproduce
the multiplication factors in the device and the breakdown characteristics of GaN devices
reported previously, suggesting the high accuracy of the data. The critical electric field of
GaN was modeled, and the the trade-off relationships between the breakdown voltage and
the specific on-resistance as the “GaN limit” for non-punch-through and optimum punch-
through structures was presented.

These results are valuable to understand impact ionization and avalanche multiplica-
tion phenomena in GaN, and the obtained parameters are useful for a device simulation of

avalanche breakdown in a GaN power device.
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Chapter 6

Conclusions

6.1 Conclusions

In this dissertation, fundamental studies on avalanche breakdown in GaN were performed in
terms of the material science and the device physics. In Chapter 1, the research background,
the history of GaN and the purposs of this study were explained. The brief summaries of
Chapter 2-5 are described here. The future outlook is also noted.

In Chapter 2, GaN p-n junction diodes with the negative beveled-mesa termination were
designed and fabricated. The author quantitatively found that small N,/N4 and small ¢
are effective to alleviate electric field crowding, confirmed by TCAD simulation. The break-
down voltage of the fabricated devices increased as the Mg concentration was decreased.
The devices exhibited high avalanche capability and the positive temperature dependence
of the breakdown voltage. For the device with the highest breakdown voltage of 425 V. the
breakdown electric field of 2.86 MV /cm at parallel plane junction was achieved. This edge
termination is useful for GaN power devices with relatively low breakdown voltage, as well
as devices employed for fundamental studies on the breakdown characteristics.

In Chapter 3, the breakdown characteristics in GaN p-n junction diodes with various epi-
taxial structures were investigated. Based on the design space of the beveled-mesa structure
obtained in Chapter 2, the author proposed the double-side-depleted shallow bevel termina-
tion, in which electric field crowding does not occur. The devices showed low reverse leakage
current, high avalanche capability, positive temperature coefficient of the breakdown volt-
age and nearly uniform breakdown electroluminescence in the entire p-n junction. These
are strong evidences that the uniform (nearly ideal) avalanche breakdown without electric
field crowding was successfully achieved. The devices showed the parallel-plane breakdown
electric fields of 2.8-3.5 MV /cm.

In addition, the author also fabricated GaN p*/n~ and p~/n™ junction diodes with the
vertical deep-etch termination. The devices also showed the uniform avalanche breakdown
with the breakdown electric fields of 3.0-4.0 MV /cm. A distinguishable difference of the

breakdown voltage between p*/n~ and p~/n* junction was not observed, indicating that
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the impact ionization coefficients of electrons and holes are not so different.

The breakdown electric fields of 2.8-4.0 MV /cm in this work are among the best of
the previously reported non-punch-through GaN devices for relatively high doping concen-
trations (low breakdown voltages). In addition, these experimental data will be discussed
compared with the theoretical critical electric field in GaN simulated from the impact ion-
ization coefficients.

In Chapter 4, the author investigated the photocurrent induced by the optical absorp-
tion induced by the Franz-Keldysh effect in a GaN Schottky barrier diode and a GaN p-n
junction diode under high reverse bias voltage. In the GaN Schottky barrier diode, a pho-
tocurrent induced by internal photoemission was observed without applying reverse bias.
With increasing reverse bias, a significant increase in the photocurrent was observed for the
wavelength close to the GaN absorption edge, the voltage dependence of which cannot be
explained by internal photoemission with the image force lowering. The author calculated
the photocurrent induced by the optical absorption due to the Franz-Keldysh effect, and
the caluclated curves showed excellent agreement with the experimental data. In addition,
the photocurrent induced by the Franz-Keldysh effect and its temperature dependence in a
GaN p-n junction diode were investigated. The voltage and wavelength dependences of the
photocurrent in the GaN p-n junction diode were also well reproduced by considering the
optical absorption induced by the Franz-Keldysh effect in the depletion region. The tem-
perature dependence of the photocurrent was explained by the shrinkage of the bandgap
in GaN with elevating temperature. These results are useful for considering the optical
absorption in GaN under electric field.

In Chapter 5, the novel method to measure impact ionization coefficients of electrons and
holes was proposed. The sub-bandgap optical absorption induced by the Franz-Keldysh ef-
fect has a unique nature: the optical absorption selectively occurs at high electric field
region. In addition, the photocurrent induced by the Franz-Keldysh effect is well pre-
dictable. The photomultiplication measurement utilizing the Franz-Keldysh effect was per-
formed for GaN p-n junction diodes with double-side-depleted shallow bevel termination,
which exhbited the uniform (nearly ideal) avalanche breakdown. The multiplication factors
were successfully extratced as the ratio of the experimental photocurrent to the calculated
FK-induced photocurrent, and the value of the impact ionization coefficients in GaN was
estimated under the assumption of o, = a.

To extract «, andcq,, separately, the photomultiplication measurements utilizing above-
and sub-bandgap illumnations were performed for a GaN p~/n™ junction diode, in which
the depletion layer extends to the p-type side. Under above-bandgap illumination, the
photocurrent induced by the electron diffusion from the top side was obtained. On the
hand, under sub-bandgap illumination, the photocurrent induced by the Franz-Keldysh
effect (hole injection) was obtained. The unmultiplicated photocurrents were carefully cal-
culated based on the physics, and the electron- and hole-initiated multiplication factors

(M,, M,) were obtained in wide range with small noises. By analyzing the multiplication
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factors, the impact ionization coefficients of electrons and holes are successfully obtained.
The simulated breakdown characteristics using the obtained «, and «;, were confirmed to
well reproduce the experimental breakdown characteristics of GaN power devices reported
previously, suggesting the high accuracy of the data. The critical electric field of GaN was
modeled, and the trade-off relationship between the on-resistance and the breakdown volt-
age as the “GaN limit” was updated and presented.

These results are valuable to understand impact ionization and avalanche multiplica-
tion in GaN, and the obtained parameters are useful for device simulation of avalanche

breakdown characteristics in a GaN power device.

6.2 Future Outlook

Although the fundamental studies on avalanche breakdown were performed in this disser-
tation, there still remain several issues to be solved. Here, the authour describes the issues

as future outlooks.

e Improvement of Edge Termination for GalN
In this study, the beveled-mesa edge termination was proposed. Shallow and smooth
mesa structure combined with a lightly doped p-layer is the key to reduce electric
field crowding. The beveled-mesa termination is simple, and electric field crowding is
well alleviated. However, it seems to be difficult to be employed to the high power
devices over 1.2 kV-class. In addition, the reduction of mesa angle expands the edge-
termination area, which means the decrease in the active area (increase in a device
cost). A thick p-layer with low acceptor concentration acts as the large series resis-
tance. Therefore, the edge termination with high area efficiency without increasing
the resistance,which can be employed to high power devices, is needed. Recently,
p-type doping by Mg ion implantation has been developing [1, 2|, and the junction
termination extention (JTE) structure will become available. The beveled-mesa ter-
mination combined with the Mg ion-implantation is an excellent candidate for GaN

power devices.

e Breakdown Electric Field at High Breakdown Voltage
In this study, the breakdown electric field in GaN p-n junction diodes without electric
field crowding were investigated in relatively low breakdown voltage region (high dop-
ing concentration). The value at high breakdown voltage region is also important and
should be investigated. However, to determine the breakdown electric field, a thick
epitaxial layer with low and uninform doping concentration is needed. In addition,
the edge termination for high voltage devices is needed. The vertical extremely-deep-
etch mesa termination, which can be fabricated by photo-electrochemical etching [3],
may be useful to fabricate the high breakdown voltage device without electric field

crowding.
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e Study on Franz-Keldysh Effect in GalN

The modulation spectroscopy of the Franz-Keldysh-oscillation is a powerful tool to
determine the optical properties or the band structure. However, the study of the
modulation spectroscopy on GaN has not been performed in detail. Using the mea-
surement, physical properties of the material, such as the reduced effective mass and

the matrix elements, may be determined.

Impact Ionization Coefficients
The impact ionization coefficients of electrons and holes in GaN are determined with

high accuracy. However, there are room to be studied furthermore.

Determination of the values in a wide electric field range

The obtained data in this study are limited in the electric field range of 2.1-
3.0 MV /em. Toward more accurate device simulation and understanding the transport
properties of carriers in GaN under high electric field, the values in a lower and higher
electric field ranges should be experimentally determined. Using a device with punch-
through structure (thin drift layer with very low doping concentration), a constant
electric field profile in a depletion layer can be obtained, which allows a measurement
of avalanche multiplication at low electric field range and makes the analysis easier.
However, the method using the FK effect cannot be employed for the punch-through
structure, since electron-hole pairs are generated in the entire depletion layer. The
measurement method for GaN punch-through p-n junction diode should be considered
and established. For examlple, the selective carrier generation by the multiple-photon
excitation [5], the sub-bandgap absorption via deep levels (e.g. Cy) [6] in the selective-
absorption layer which includes heavily co-doped C and Si atoms intentionally, the
formation of the deep wells at the back side using AlGaN or other etch-stop lay-

ers, etc. may be useful.

Measurement in a wide temperature range

The temperature dependence of the impact ionization coefficients is very important
scientifically and practically. In this study, it was difficult to obtain a pure electron-
injected photocurrent at higher temperature than 373 K owing to the decrease in
the diffusion length of electrons, which causes the decrease in the electron-injected
photocurrent, and the increase in the dark leakage current at elevated temperature.
Using a thinner drift layer and/or a higher power light source, a larger photocurrent
will be obtained, which will enable to obtain the electron-initiated multiplication factor
at higher temperature. In addition, the boiling point of Fluorinert is approximately
175°C, and other way to avoid air sparking such as the measurement in vacuum

ambient is required for high temperature measurement.
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Anisotropy in impact ionization coefficients in GaN
GaN crystal has the Wurtzite (2H-) structure, and the band structure has the

anisotropy. Especially, the unique conduction band structure from the I' point to

the A point in GaN is considered to suppress the electron impact ionization coeffi-
cient. Thus, the impact ionization coefficients are considered to be anisotropic. For
example, the impact ionization coefficients in 4H-SiC have anisotropy [7-9]. The crit-
ical electric field in a device fabricated on a SiC(1120)-face substrate is approximately
20-25% lower than that fabricated on a SiC(0001)-face substrate [10]. For GaN, the
anisotropy of the impact ionization coefficients should be investigated. Using a GaN
device fabricated on an m-plane GaN substrate, the impact ionization coefficients per-

pendicular to the c-axis in GaN can be obtained.

Theoretical study on impact ionization coefficients in GaN

Although there have been some theoretical studies on impact ionization coefficients
[11-14], the physics of the impact ionization phenomenon in GaN and other wide-
bandgap materials under high electric field are still unknown and should be studied.
Very recently, the effect of a band structure on the impact ionization coefficients
has been studied by Tanaka et al. [15]. In the study assuming the simple band
structure, it was observed that the impact ionization coefficients strongly depend on
the Brillouin zone width and effective masses (slope of the EF—k disperion), and the
effect of the bandgap on the impact ionization coefficients was not so strong. In the
future, the Monte Carlo simulation for the accurate full band structure of GaN and
other wide-bandgap materials should be performed, and the transport properties and
the physics of the impact ionization phenomenon such as the energy distributions of
carriers under electric field and their quantum yields to cause impact ionization need

to be investigated and discussed.

Finally, the author sincerely wishes that GaN power devices will see the light of day and

contribute to high efficient power electronics.
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Appendix A

Temperature Dependence of Barrier
Height in GalN Schottky Barrier
Diode

A.1 Introduction

A Schottky barrier diode (SBD) is one of the building blocks of electronic devices. There
are some reports on GaN vertical SBDs fabricated on GaN bulk substrates [1-7], which
showed excellent performances: low on-resistances and high breakdown voltages. However,
these reports mainly focus on the diode performances. More detailed understandings of the
device characteristics are needed.

A barrier height, which determines the turn-on voltage and reverse leakage current, is
the most important property in a SBD. Many studies have been reported on the temper-
ature dependence of the barrier height in Si, GaAs, and InP SBDs [8-12]. Arizumi and
Hirose reported the temperature dependence of the barrier height in an Au/n-Si SBD ob-
tained from forward current-voltage (I-V') and capacitance-voltage (C-V') measurements
in the range of 100-350 K [8]. They observed that the barrier height decreased with ele-
vating temperature. The temperature coefficient was —(2.6740.60)x10~* eV /K, which was
the same order of the magnitude as the temperature dependence of the bandgap in Si [13].
Hackamet al. investigated the temperature dependence of the barrier height in a Ni/n-GaAs
SBD, and reported that the decrease in the barrier height was similar to shrinkage of the
band gap with elevating temperature [11]. The temperature dependences of the barrier
height and the bandgap [13-15] for Si, GaAs and InP are summarized in Table A.1.

There are some reports of the temperature dependences of barrier heights in GaN-based
SBDs using heteroepitaxial layers [16-21]. For example, Yildirim et al. reported that the
temperature dependence of the barrier height of Ni/n-GaN SBDs fabricated on a sapphire
substrate [16]. In their reports, the barrier height determined from /-V measurements sig-

nificantly increased with elevating temperature. The ideality factor was 2.0 at 300 K and
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Table A.1: The temperature dependences of the Schottky barrier height and the bandgap
in Si, GaAs and InP.

_ dE,/dT de¢y,/dT
Material
Value [meV] Method  Range [K] [meV/K]
. —(021033)[8] IV,C-V 100350
Si —0.3 [13]
—0.3 [10] IPE 100-370
GaAs —0.58 [11] c-v 280-360 —0.5 [14]

InP ~0.33 [12] C-v 289-360  —0.4 [15]
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1.5 at 400 K, which were much larger than unity. This indicates that the /-V character-
istics in the SBDs are far from the ideal characteristics and an accurate determination of
the barrier height is quite difficult. Such an increase in the barrier height (accompanied
with the decrease in the ideality factor) with elevating temperature was often observed in
heteroepitaxial-GaN-based SBDs [17-21] and was explained by existence of inhomogene-
ity of the barrier height [17], tunneling current [18], or other leakage current due to high
threading dislocation density (TDD~ 10 cm™2) [19].

Zhou et al. investigated the temperature dependence of I-V and C—V characteristics in
a Ni/n-GaN SBD fabricated directly on a GaN free-standing substrate, which has low TDD
of ~ 10% cm™2, in the range of 298-473 K [22]. In their report, the barrier height deter-
mined by C—V measurements remained almost constant (1.16 eV) or slightly decreased with
increasing temperature, as shown in Fig. A.1. On the other hand, the barrier height deter-
mined by /-V measurements was found to increase with temperature. The ideality factor
was 1.15 at 298 K and 1.05 at 473 K. These values were smaller than those of heteroepitaxial
GaN SBDs reported previously, but still larger than unity (at 298 K). Inconsistent results
between C—V and -V might come from the temperature dependence of the ideality factor.
Temperature dependence of ideal GaN Schottky contacts has not been revealed yet.

Recently, the high-quality GaN SBDs fabricated on homoepitaxial GaN layers, which
show nearly ideal -V characteristics, has been reported [1, 23]. In this study, the author
investigated the temperature dependence of the barrier height in a Ni/n-GaN SBD fabri-
cated on a homoepitaxial GaN layer from C—V, forward I-V, and internal photoemission
(IPE) measurements. The author successfully avoided uncertainty coming from non-ideal
characteristics. The barrier heights obtained from all three methods consistently decreased

with elevating temperature with similar temperature coefficients.

A.2 Device Structure

Figure A.2 shows the schematic cross section of a Ni/n-GaN SBD. A 300-um-thick n-type
GaN(0001) free-standing substrate grown by hydride vapor phase epitaxy (HVPE) was
used. A 7-pm-thick n-type GaN homoepitaxial layer was grown by metal-organic vapor
phase epitaxy (MOVPE). The net donor concentration of the GaN epitaxial layer was
5.0x10% em™3. 400-ym-diameter Schottky electrodes were formed by depositing Ni/Au
on the GaN epitaxial layer. The Ohmic electrode was formed by depositing Ti/Al/Ti/Au
on the mirror-polished backside of the substrate. Field plate (FP) structure with a SiN,
layer was formed to prevent premature breakdown due to the electric field crowding at the
edge of the Schottky electrode. The fabrication process of the SBD has been described in
detail elsewhere [1]. The device was attached to the stage while the measurements, and the

temperature of the stage was controlled in the range of 223-573 K.
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Figure A.1: The temperature dependence of the barrier height obtained by C—V and -V
measurements reported by Zhou et al. [22]. The temperature dependence of the ideality
factor is also shown. Due to the non-ideal I-V characteristic, the inconsistent results were

obtained.
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Figure A.2: The schematic cross section of a Ni/n-GaN Schottky barrier diode fabricated
on a n-type GalN substrate. The sample was attached to the stage by vacuum suction, and

the temperature of the stage was controlled in the range of 223-573 K.
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A.3 Capacitance-Voltage Measurement

The C-V characteristics of the GaN SBD were measured in dry air ambient at 500 K. Fig-
ure A.3 shows the C—V characteristics of the GaN SBD at 223, 298 and 573 K as the C~2-V
plot. For an accurate analysis, the capacitance of the FP ring surrounding the GaN SBD
was subtracted from the measured capacitance. The plots show very good linearity, which
indicates that the net donor concentration is nearly uniform along the depth direction. It
was confirmed that the plots were independent of frequency in the range of 10-500 kHz.
With elevating temperature, the slopes of the plots remain almost constant, while the plots
shift to the left side (negative direction in the voltage axis).

The capacitance of a Schottky junction (depletion layer) is expressed as

C =&, A/W = Ay/ese(Ng — N,)/2(Va — V), and the below relationship can be obtained,
I -2 (

C2  A2eey(Ng — N,)

Va—1V). (A1)

Here, A and W are a junction area and a depletion layer width, respectively. A built-in
potential (V) of 0.90 V and the net donor concentration (Ng —N,) of 5.5x10% cm™ at
298 K were extracted from an intercept and a slope of the 1/C?-V plot, respectively. In
the analysis, the dielectric constant of GaN (g5 = 10.4¢e) [24, 25] was used. As shown in
Fig. 4.4, the Schottky barrier height (e¢y) can be obtained by using

6¢b7(j_v = eVd + (EC - Ef) + kT, (A2)

where k is the Boltzmann constant, 7" is the absolute temperature, and F,. and Ff are the
bottom of the conduction band and the Fermi level in GaN, respectively. Silicon donors
in GaN are fully ionized at room temperature, confirmed by Hall effect measurements [26];
therefore, E. — Ef is equal to kT - In[N./(Nq — N,)]. N. is the effective density of states in
the conduction band and is given by N, = 2(2mmga.kT/h?)3/2, where mg. is the density-of-
state effective mass for electrons; mg. = (m:’HmZi)l/ 3 = 0.2myg [27]. The fourth term on
the righthand side (kT") is the voltage drop due to the tail of the thermal distribution of
electrons at the edge of the depletion layer (the depletion approximation is not assumed).
In this study, the effect of the image force lowering was not considered, since the barrier
height was extracted at near zero bias.

Figure A.4 shows the temperature dependence of the barrier height obtained by C-V
measurements. The values of eV, E.— Ef and kT are also shown. The barrier height almost

linearly decreased with elevating temperature, and can be approximated as
€¢b(T) = egﬁb,goo K+ CY(T — 300 K) (Ag)

where edp 300 k = 1.14 ¢V and o = —0.18 meV /K. The change of the barrier height with
elevating temperature is evident, compared to the results reported by Zhou et al. (—3 X
107° meV/K in the range of 298-473 K) [22].
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Figure A.3: The capacitance-voltage characteristics of the GaN SBD in the range of 223
573 K. The magnification near zero bias is also shown. The plots shifted to the negative

side with elevating temperature, indicating the decrease in the built-in potential.
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Figure A.4: The temperature dependence of the barrier height in the GaN SBD obtained
from the C—V measurements. The values of eVy, E. — Er and kT are also shown. The

barrier height almost linearly decreased with elevating temperature.
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A.4 Current-Voltage Measurement

A.4.1 Analysis by Thermionic Emission Model

Figure A.5 shows the forward -V characteristics of the GaN SBD. A forward -V charac-

teristic of a SBD follows the empirical formula

J:Jo-exp(e‘/). (A.4)

nkT

Assuming the thermionic emission (TE) model [28], the ideality factor (n) is equal to
unity, and the saturation current density (Jy) is given by Jy = A*T? exp(—edy/kT), where
A* = drm*k*e/h? = 120-(m*/mg) A/em?K? is the effective Richardson constant. The bar-
rier height can be obtained from the saturation current density.

In previous reports, the temperature dependences of barrier heights were obtained by
the analysis based on the TE model. The barrier heights obtained from the analysis exhib-
ited the positive temperature coefficients in previous reports [16-22]. The author analyzed
the I-V characteristics of the GaN SBD. Figure A.6 shows the temperature dependence
of the ideality factor and the barrier height obtained by the analysis based on the TE
model. For low temperature region (< 298 K), the barrier height decreased with decreasing
temperature, accompanied with the increase in the ideality factor. It may be explained
that the impacts of the inhomogeneity of the barrier height [16]) and/or forward leakage
currents, such as tunneling, came to be relatively pronounced and not negligible at the
low temperature. Therefore, accurate estimation of the barrier height in the device for the
low temperature was difficult due to the non-ideal characteristics. On the other hand, the
ideality factors were 1.04-1.06, which were very close to unity, in the range of 348-573 K.
This indicates that nearly ideal I-V characteristics were achieved in our SBDs at relatively
high temperature. For the temperature range of 298-573 K, the barrier height slightly
“increased” with elevating temperature. This result is inconsistent with the temperature

dependence of the barrier height obtained from C—V measurements.

A.4.2 Analysis by Thermionic Emission-Diffusion Model

The author speculated that this inconsistency originates from the incompleteness of the
analysis method. The TE model is based on the assumption that collisions between carriers
within the depletion layer can be neglected and free electrons near the depletion edges are
transported ballistically. However, the electron mean free path (A = (u/e)/3kTmz) is
smaller than the width of the depletion layer in the GaN SBD (e.g. A ~ 40 nm at 298K).
Mochizuki et al. have pointed out that the usage of the thermionic emission-diffusion (TED)
model, in which the drift-diffusion transport is considered in series with the TE transport,

is very important for barrier height estimation [29].
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Figure A.5: The current-voltage characteristics of the GaN SBD. The calculated values
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Figure A.6: The temperature dependence of the barrier height obtained by the analysis
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The current-voltage characteristics based on the thermionic emission-diffusion transport

can be expressed as [30]

A*T? ey eV
JTED = m exp (_ﬁ) |:€Xp (ﬁ) — 1:| y (A5)
A*T? pekT exp (edy/kT)
VR — 5 Up = w )
eNc e [, exp(Ec(z)/kT)dx
¢*(Na — N, 2e,(Vi—V
Fotw) = eon - 8= Mgy gy, w2 T)

where pi, is the electron mobility. The x coordinate is the distance from the Schottky junc-
tion and x = W is the edge of the depletion layer. Eg(z) is the conduction band edge
measured from the Fermi level in the metal. vy and vp are the effective recombination
velocity at the potential energy maximum and the effective diffusion velocity associated
with the transport of electrons from the edge of the depletion layer to the potential energy
maximum, respectively [30].

In Eq. (6), the relative values of vg and vp determine the relative current limiting factor
of the TE process versus the diffusion process. Figure A.7 shows the temperature depen-
dence of vg and vp. In the calculations, the electron mobility obtained from Hall-effect
measurements for a sample with a net donor concentration of 4x10'® cm™3 [26] shown in
Fig. A.8 was used (the anisotropy of . may be small). In the GaN SBD, vg is much smaller
than vp at room temperature due to the relatively high electron mobility, and the current
is limited by the TE process. With elevating temperature, the electron mobility decreases
due to phonon scattering, and the diffusion process also limits the current. Therefore, the
barrier height obtained from the analysis based on the TE model tends to be overestimated
at elevated temperature. In addition, it should be noted that vp depends on the applied
voltage, and slightly effects on the analysis of the ideality factor (When the diffusion trans-
port is not negligible, n slightly deviates from unity).

The author analyzed the temperature dependence of the barrier height by fitting the
calculated curves based on the TED model to the experimental I-V curves. The effective
Richardson constant A* is 24 Acm 2K ™2, neglecting the back scattering by optical phonon,
quantum-mechanical reflection, and tunneling [31]. Figure A.9 shows the comparison be-
tween the experimental /-V curves and the curves calculated based on the TED model. The
fitting was conducted in the range of 348-573 K, where the ideality factors were very close to
unity. In the calculation, the voltage drop due to the series resistances in the GaN SBD was
also considered. The calculated results show good agreement with the experimental curves
in the range of 348-573 K, and the barrier height obtained by fitting the curves decreased
with elevating temperature. The temperature coefficient of —0.23 meV /K was obtained,
which is the consistent with that obtained from C-V measurements (—0.18 meV/K).
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Figure A.7: Temperature dependence of the vg and vp (at 0.2 V). The effective diffusion

velocity vp decreases with elevating temperature, which mainly reflects the temperature

dependence of the electron mobility.
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Figure A.8: The temperature dependence of the electron mobility for the carrier concen-

tration of 4x10% ¢cm™® measured by Sawada et al. [26].



A.5. Internal Photoemission Measurement 243

1
[ —

w N

|
(62}

|
(o]

el e e e e e
eNeNoNoNoNeNe
~ B

Current (A)

— 573 K

473 K -

— 373 K

— 273K

----TED cal."

0 02 04 06 08 1
Applied voltage (V)

Figure A.9: The current-voltage characteristics of the GaN SBD at 273, 373, 473 and
573 K. The calculated values based on the thermionic emission-diffusion model with con-

sideration of the series resistance at all the temperatures are shown as broken lines.



244 Appendix A. Temperature Dependence of Barrier Height in GaN Schottky Barrier Diode

A.5 Internal Photoemission Measurement

Internal photoemission (IPE) is a powerful tool to determine the barrier height. The yield
of IPE is proportional to (hv —egy,)?, and the barrier height can be obtained from the Fowler
plot [32]. In this study, the photocurrents of the GaN SBD under the monochromatic light
illumination were measured in the range of 223-373 K. The wavelength of light was varied
from 600 nm to 1100 nm with a bandpass width of 5 nm. The measured photon flux was
shown as Fig. A.10 and normalized to discuss the wavelength dependence. The wavelength
of irradiated light was longer than the fundamental absorption edge of GaN; therefore,
the light irradiated around the Schottky electrode entered the GaN layer. The light was
reflected by the back-side Ohmic electrode and reached the Ni/GaN interface from the back
side, resulting in IPE. The author confirmed that the photocurrent was proportional to
the area of the Schottky electrode in the range 40-400 pm, which indicates that the entire
Ni/GaN interface was illuminated uniformly from the back side [33]. Figure A.11 shows
the Fowler plots of the photocurrents in the GaN SBD, which shows clear linearity for
all temperatures. The plots slightly shifted to the left side (the negative direction of the
photon-energy axis) with elevating temperature, which reflects the decrease in the barrier
height. The barrier height obtained from IPE measurements was 1.14 eV at 223 K, 1.12 eV
at 298 K, and 1.11 eV at 373 K.

For higher temperature range than 373 K, it was difficult to measure the photocurrent
owing to voltage-dependent dark current near zero bias, which caused the difficulty to obtain
the threshold of the photoyield near the barrier height.

A.6 Temperature Dependence of Barrier Height

Figure A.12 shows the temperature dependences of the barrier height obtained from C—
V, I-V (with the TED model), and IPE measurements. It is well known that ey c_v is
prone to be slightly overestimated, and e¢y, 1_y is prone to be underestimated; therefore,
edn1pr 1s the most reliable [34]. In this study, the barrier heights determined from C-V/,
I-V | and IPE measurements actually follow this relationship. It should be stressed that
the differences between these methods are very small (less than 0.03 eV), suggesting the
high accuracy of the data. The temperature coefficients obtained from ey, c_v, ey -y and
ednpe were —0.18 meV /K, —0.23 meV /K and —0.17 meV/K, respectively.

Teisseyre et al. reported that the bandgap in GaN shrinks with increasing temperature,
and the linear temperature coefficient of the band gap (dE,/dT") is —0.45 meV /K at 300 K
[35]. The temperature coefficient of the barrier height is about half of dE,/dT. It is
known that the Fermi level in the metal is almost independent of temperature. The author
speculated that the conduction band edge shifts downward, while the valence band edge
shifts upward with increasing temperature, and the decrease in the barrier height may

mainly originate from the lowering of the edge of the conduction band.
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Figure A.10: The measured spectrum of the photon flux. The several sharp peaks are
observed. The photocurrents were normalized as the same photon flux to discuss the wave-
length dependence. The author confirmed that the photocurrent was proportional to the

light intensity.
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Figure A.11: The Fowler plot of the GaN SBD at 223 and 373 K. The plots shifted to the

negative direction, reflecting the barrier height decreased with elevating temperature.



246 Appendix A. Temperature Dependence of Barrier Height in GaN Schottky Barrier Diode

9 v T v T v T v

> 1.15 ]
= :3333.,.. C-V ]
2 0f PE 38 %es 3
c Y[ ”0.. .Q’ j
@ [ ’0. "
g105f  V(IED) "9,

200 300 400 500 600
Temperature (K)

Figure A.12: The temperature dependence of the barrier height in the Ni/n-GaN SBD
obtained by C-V'| I-V (based on the TED analysis) and IPE measurements. The consistent
temperature coefficient of —0.24(0.03) meV /K was obtained.
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A.7 Discussion

Effect of the Deep Level

In the range of the 298-573 K, the slope of the C~2-V plot was almost constant in Fig. A.3.
However, actually, the slope slightly increased with decreasing temperature in the range of
298-223 K. The change of the slope reflects the temperature-dependent net donor concen-
tration Nq— N, caused by electron emissions from the deep level E3 (Ec— E; = 0.6 eV) [36].
The author investigated the E3 trap in the GaN SBD by the capacitance-transient mea-

surement [37], and the trap concentration of 4x10'* ¢cm™3

was included in the epilayer.
Figure A.13 shows the temperature dependence of the emission time constant (7). At
298 K, 7, was measured approximately 60 ms, which is shorter than the voltage-sweep time
in the measurement (several seconds). At 223 K, 7, was approximately 220 s, which is much
longer than the voltage-sweep time and the electron were captured while the measurements.
The difference between the obtained Nq — N, was about 4x10'* ecm~2, which is consistent
with the concentration of the E3 trap. It should be noted that the slope near 0 V is almost
constant owing to the X effect!, and the effect of the deep level on the determination of the

built-in potential (V4) is negligible in the case that the data are analyzed near 0 V.

Richardson Plot

Based on the thermionic emission model, the following relationship can be derived as
In (;Tg) =In(A") — %. (A.6)
Thus, the measured I-V—T characteristics of a Schottky barrier diode is often plotted as the
In(Jo/T?)-T~* plot (Richardson plot), and the barrier height and the Richardson constant
are extracted from the slope and the intercept of the Richardson plot [30]. Figure A.14(a)
shows the Richardson plot of the I-V—T' characteristics in this study. The apparent barrier
height of 1.09 eV and the Richardson constant of 16 A /cm?K? were obtained. These seem to
be reasonable. However, the author here wants to note that (1) the temperature dependence
of a barrier height and (2) the series diffusion transport effect on the Richardson plot.
The barrier height has e¢(T') = e¢r, o + o1, and the Richardson plot is corrected as
In (%) = In(A%) — %a - e}‘f;o. (A7)
Then, the obtained barrier height is e¢y, o, which is the extrapolated value to the vertical
axis as shown in Fig. A.14(b). The Richardson constant should be modified as A¥ , =
A*exp(ea/k). If the temperature constant of +0.03 meV /K obtained from the TE analysis,

the value of A%, = 23 A/cm?K? is obtained, which agrees with the theoretical value of

24 A/em?K? (m} = 0.2mg). However, this analysis is not correct. [-V-T characteristics
should be analyzed based on the TED model, not the Richardson plot.

!The Fermi level is higher than the trap level near the depletion layer edge, resulting in the region where

electron emission does not occur. This is called as “\ effect”.
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Figure A.13: The temperature dependence of the emission time constant of the E3 trap
(Ec — Ey ~0.6 eV). At low temperature, electrons keeps being captured while the C-V

measurements, resulting in slight difference of the slope in Fig. A.3.
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Figure A.14: (a) The Richardson plot of the GaN SBD in this study, and (b) the temper-
ature dependence of the barrier height obtained from the -V method (based on the TE
analysis). The obtained e¢y is indicated.
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Barrier height in Various Metal/GaN Interface

Schottky barrier height is ideally determined by the work function of the metal and the elec-
tron affinity of the semiconductor as e¢y, = @,,,—xs. The surface parameter S = degy, /dPyetal
is an important property in a Schottky interface. S often deviates from unity owing to non-
ideal interface such as the pinning effect, interface traps, tunneling-induced polarization,
etc. Schmitz et al. investigated that the Schottky barrier height in various metal/n-GaN
Schottky barrier diodes fabricated on a sapphire substrate [38]. The value of S was 0.385
for the metal work function of 4.26-5.65 eV. Imadate et al. also reported the value of S
in metal/GaN interfaces formed on clean m-plane surfaces by cleaving freestanding GaN
substrates and Ga-polar c¢-plane GaN surface grown on GaN substrates [39]. The surface
parameters of 0.565 and 0.642 for m- and c-planes were obtained by IPE measurements,
respectively. However, the barrier height exhibited the variations, which caused the dif-
ficulty to determine the S value. The optimization of the surface treatments (chemical
cleaning, polishing, post deposition annealing, etc.) and re-characterizations of the S value
are needed.

In our group, the temperature dependence of the barrier height in metal/GaN interfaces
were investigated for various metals (Au, Ni, Pd, Pt) [40, 41]. The negative temperature
coefficients of —0.2 meV /K, which showed good agreement with the result in this study, was
consistently obtained for various metals. These universal results for various metals/GaN
Schottky interfaces also support that the temperature dependence of the barrier height
reflects the shrinkage of the bandgap (lowering of the conduction band minimum) with

elevating temperature.

Barrier height versus Doping Concentration

The temperature dependence of the barrier height in Ni/n-GaN Schottky interface formed on
n-type homoepitaxial GaN layers with various donor concentrations (Ng —N, = 6.0x10',
6.0x10% and 4.5x10'7 ecm™3) was investigated [42]. The negative temperature coefficients
of —0.2 meV /K were consistently obtained for these donor concentrations, which also sup-
ports the universal results. It was not observed the significant lowering of the barrier height
with increasing donor concentrations in these donor concentration range.

Very recently, Hara et al. reported that the significant barrier height lowering due to
the image force effect was observed in heavily-doped 4H-SiC Schottky barrier diodes [43].
Especially, Ae¢y, = —0.2 eV with clear forward thermionic field emission due to the high
electric field (~3 MV /cm at 0 V) were observed in the device with donor concentration of
1.8x10' ¢cm™3. The barrier height lowering with increasing donor concentration and signif-

icant thermionic field emission may also be observed in other wide bandgap semiconductors
such as GaN and Gay0Os.
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A.8 Summary

In conclusion, the author investigated the temperature dependence of the barrier height in
the Ni/n-GaN vertical SBD from C-V, I-V and IPE measurements. The author pointed out
that the decrease in the electron mobility with elevating temperature causes the slight over-
estimation of the barrier height, and the I-V-T' characteristics should be analyzed based on
the thermionic emission-diffusion model. The barrier heights obtained from these methods
consistently decreased with increasing temperature with similar temperature coefficients.
The temperature coefficient was consistently obtained as —0.24(0.03) meV /K, which is
about half of that of bandgap in GaN. The obtained temperature coefficient will be useful

for detailed analyses of GaN-based electronic devices with Schottky contacts.
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Appendix B

Shockley-Read-Hall Lifetime in
Homoepitaxial p-GalN

B.1 Introduction

Owing to its high critical electric field (~3 MV /cm), GaN has attracted great attention as
a material for the next-generation power devices [1-3]. There have been many reports on
GaN vertical power devices fabricated on GaN bulk substrates, which showed high break-
down voltage and low on-resistance [4-16]. Owing to the low threading dislocation density
(~ 105 cm™2) in homoepitaxial GaN, leakage current, inhomogeneity and other non-ideal
characteristics were well suppressed in GaN-on-GaN devices, which enables us to analyze
device characteristics in detail [17-21]. Hu et al. investigated forward current-voltage (1-V)
characteristics of GaN-on-GaN pT-n~ junction diodes [18]. The recombination current with
an ideality factor of 2 in the voltage range of 2.0-2.5 V and the diffusion current with a near
unity ideality factor in the voltage range of 2.5-2.8 V were observed as shown in Fig. B.1.
They extracted the Shockley-Read-Hall (SRH) lifetime, which is the square root of the prod-
uct of hole and electron carrier lifetimes (Tspy = /7p7n), by analyzing the recombination
current with consideration of the SRH recombination rate in the depletion layer [22, 23] .
In the p™-n~ junction, the depletion layer extends to the lightly-doped n-layer side and the
SRH recombination occurs in the n-layer. The obtained SRH lifetime is one for the n-GaN.
In the same way, the SRH lifetime in p-GaN is expected to be obtained using the p~-n™
junction [24-26]. However, there is no report on the SRH lifetime in p-GaN.

Recently, the growth technique of a lightly Mg-doped p-GaN has been developed, and
relatively low Mg concentration can be controllable [24, 27, 28]. In this study, the author
investigated the forward I-V characteristics in GaN-on-GaN p-n™ junction diodes, in which
the depletion layer mainly extends to the p-layer side. The large recombination current with
an ideality factor of 2 was clearly observed in the wide voltage range of 1.8-2.7 V. The SRH

lifetime in homoepitaxial p-GaN and its temperature dependence are investigated.
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Figure B.1: The textbook-like current-voltage characteristics observed in the GaN p*/n~
junction diode reported by Hu et al. [18]. Based on the analysis of the recombination

current, 7sgg = 6 ns in homoepitaxi n-GalN was obtained.
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B.2 Device Structure

Figure B.2 shows the schematic cross-section of the GaN p-n' junction diodes. The GaN
layers were grown by metal organic vapor phase epitaxy (MOVPE) on a freestanding GaN
substrate prepared by hydride vapor phase epitaxy (HVPE). The doping concentrations and
the thickness of the epilayers were obtained by secondary ion mass spectrometry (SIMS).
The thickness of p-layer was 2.5 pum. The Mg concentration in p-epilayer and the Si con-
centration in n*-layer were 1x10'" ecm™ and 6x10'® cm ™2, respectively. After the epitaxial
growth, high temperature annealing was performed at 1123 K for 5 min to remove hydro-
gen bound to Mg in the GaN epilayer. The mesa isolation structures of the p*/p/n™ layers
were formed by Cls-based inductively coupled plasma-reactive ion etching (ICP-RIE). Mesa
height is about 3 ym. The anode and cathode electrodes were formed by the deposition
of Ni/Au on the epitaxial layer and Ti/Al/Ni on the backside of the substrate, respec-
tively. From the capacitance-voltage (C—V') measurements, the net doping concentration
N,N4/(N,+ Ng) of ~1x10'" ecm™3 was obtained, which shows good agreement with the Mg
concentration in the p-layer. -V and C-V measurements were measured in dry air using a
Keysight B1505A parameter analyzer. The temperature of the sample stage was controlled
in the range of 223-573 K.

B.3 Forward Current-Voltage Characteristics in

p~/nt Junction Diodes

B.3.1 Analysis of Recombination Current

The forward I-V characteristics of a p-n junction diode can be expressed as

eV eV
J = Jdifp exXp (ﬁ) + JSRH,O exp <ﬁ) . (Bl)

The first term represents the diffusion current, and the second term is the SRH (non-
radiative) recombination current density in the depletion layer. Jairo and Jsgpuo are the
bias insensitive terms of diffusion and recombination currents. The constants of e and k are
the elementary charge and the Boltzmann constant, respectively. V' is the voltage applied
over the p-n junction. Figure B.3 shows the forward I-V characteristics of GaN p-n™
junction diodes at 298 K. The ideality factor extracted as n = e/ [kT(dIn(J)/dV)] is also
shown in Fig. B.3 as a function of the voltage. The ideality factor of “2” was observed in the
voltage range of 1.8-2.7 V| indicating that this current component is the SRH recombination
current. The size dependence of the forward -V characteristics was investigated, and it
was confirmed that the recombination current is proportional to the junction area, as shown
in Fig. B.4. This indicates that the recombination current arises from the overall junction

area, not from the surface recombination at the mesa periphery. The extrapolated value
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Figure B.2: Schematic cross section of a GaN p~/n' junction diode with mesa isolation

structure.
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Figure B.4: The size dependence of the extrapolated current density to the vertical axis.

The recombination current was proportional to the junction area, not the periphery.
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to the vertical-axis (Jsgu) was 1x1072° Acm™2, which is 5 times larger than the value of
2.7x107%% Acm~2 in GaN p™/n~ junction diode reported by Hu et al. [18]. The on-resistance
is about 0.1 Qcm? and the voltage drop outside the junction at 1 A/cm? current density is
about 0.1 V. Since the voltage drop due to the series-resistance came to be dominant for
higher voltage than 2.7 V, a diffusion current component was not clearly observed, which
is different from the GaN p*™/n~ junction diode [18].

A SRH lifetime can be extracted from the SRH recombination current by considering the
SRH recombination in the depletion layer [18, 23|. For the forward bias condition, the SRH
recombination rate in the depletion layer via a non-radiative recombination center (NRC)
with a single energy level which is sufficiently far from the band edges can be written as

pn—n?  nllexp (eV/ET) —1]

U ~ = ) B.2
SRH PTa + N7y PTa + N7y ( )

p, M, Tn, Tp are the hole concentration, the electron concentration, the hole lifetime, and
the electron lifetime, respectively. The electron and hole carrier lifetimes are written as
To = (Nyoinnon)t and 7, = (Nyvgpop) !, respectively. N; is a NRC concentration. vy,
and vy, are thermal velocities of carriers, which depend on the effective masses. o, and
o, are the electron and hole capture cross sections. n; is the intrinsic carrier concentration,
which depends on the bandgap, temperature, and the density-of-state effective masses. In
this study, temperature dependence of the bandgap [29] was considered and the electron
and hole density-of-state effective masses of 0.2mg and 1.5mg were used [30], respectively.
Figure B.5 shows (a) the band diagram of the p-n* junction under applied voltage of
2 V and (b) the distributions of n, p, and (n + p)~'. At the plane z = xo where pr, = n7p,

Usrp has a very sharp peak. z and the electric field at zy (Fp) can be expressed as

ekT To N, eV eN. (W, + )
ey [ (2 v (2) ] B

p

g5 is the dielectric constant, and e = 10.4¢q is used in this study [31, 32]. W, is the edge
of the depletion layer in p-region. It should be noted that x = x is very close to the peak
position of (n + p)~! where n = p, since n and p significantly change in the depletion layer
(the term of In(m,/7,) is negligible). Therefore, the distribution of Uggy is very similar to
the distribution of (n 4+ p)~' as shown in Fig. B.5. The distributions of carriers near the

plane x = xy can be written as

n(z) = \/::pn exp (%) - exp [W] , (B.A)

p(a) = \/§n exp (%) - exp {—W} , (B.5)

where z = 0 is the p-n junction interface. Substituting the formulae (4) for the formula (2),

the SRH recombination rate near z = xy can be obtained as

A Folz —
M cosh™ (%) - sinh (%) : (B.6)
/ToTa

Usrn =



B.3. Forward Current-Voltage Characteristics in p~ /nt Junction Diodes 259

—
Q
~

A V=+2V
g 21 Efn ------ EC
‘qi ' TeV -
“CJ-Z _1 X 10+ cm EV
p nt
03 02 01 0 01
X (Lm)
(b) ww
107 ¢ , p__'n 5
g X ] ~
10%° E T 0 N 14 g
™ 10 E : |
s et 3%
(&) 5 E S
~10° § | %
c 100 | Al 1%+
: - o
10-5 ; { - 1 ic_/
10_10: 1 1 . 1 J l 0
03 -02 -0.1 0 0.1
X (Lm)

Figure B.5: (a) Band diagram of the p-n™ junction and (b) the distributions of electrons

(n), holes (p) and (n + p)~! under an applied voltage of +2 V. The SRH recombination

intensively occurs at the depth zg, which is very close to the peak of (n + p)~'.
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The SRH recombination current can be written as

W,
n mn; kT eV mn; kT eV
J — Usnudr ~ ¢ inh ~ ! — B.7
St 6/Wp SRHGE ™ eiFo <2kT) Yrsrnko P (QkT)’ (B.7)

where 7srg = /TuTp is used. The integral limits are extended approximately to infinity
based on the fact that the term of cosh™*(z) decreases sharply with z. It should be noted
that one pair of an electron and a hole contributes to one flow of elementary charge.

The SRH lifetime in the homoepitaxial p-GaN was extracted from the extrapolated
value to the vertical axis (Jsgru o) using the formula (6). The calculated SRH recombination
current is shown in Fig. B.3 as the red broken line, which shows good agreement with the
experimental data. The SRH lifetime of 46 ps was obtained at 298 K. This is much shorter
than the lifetime of 12 ns in n-GaN reported by Hu et al. [18]. This suggests that the
NRC concentration in p-GaN is much higher than that in n-GaN, and/or the capture cross
section of the NRCs in p-GaN is much larger than that in n-GaN.

B.3.2 Non-Radiative Recombination Centers in Homoepitaxial
p-GalN

Chichibu et al. have investigated the photoluminescence lifetime (7pr,) of the near-band-edge
emission in GaN using time-resolved photoluminescence (TRPL) measurements [33-35]. For
GaN, 7py, is limited by the non-radiative recombination process at room temperature un-
der low-excitation condition [34], and 7py, represents the minority carrier lifetime (7, for
p-GaN). In homoepitaxial p-GaN layers [35], two lifetime components (fast 7 ~ 107! s
and slow 75 ~ 10719 s) were observed in the TRPL decay, which are much shorter than the
photoluminescence lifetime in homoepitaxial n-GaN (~ 107 s) [34], as shown in Fig. B.6.

Uedono et al. have reported on the positron annihilation spectroscopy (PAS) measure-
ments, which is a powerful tool to obtain concentrations and identify types of vacancy-type
defects, for GaN [36-38]. They found that 7p;, was proportional to the inverse of the
vacancy-type-defects concentration (Ny), suggesting that the vacancy-type defects are the
main NRCs in GaN. From these relationships (7pr, vs. Ny), they obtained the capture
cross sections of the minority carriers. For p-GaN, o, of the NRCs was estimated to the
middle of 107! cm?, and the origin of the NRCs in p-GaN was identified as Vga.(Vy)2 or
Vaa(Vn)s [35]). On the other hand, in n-type bulk GaN, the o, and the origin of the NRCs
were o, = 7x107 ¢cm? and Vg, Vy, respectively [33, 34]. Tt should be noted that the
origins as well as the capture cross sections of the NRCs in p-GaN and n-GaN are different.

The author has not measured TRPL and PAS for our p-GaN layer. Here, the author
refers the reported results [35] for similar Mg concentrations. For p-GaN with Mg con-
centration of 1x10'7 em™3, 7, = 20 ps, and N; = 1x10* cm™ were reported. From the
relationships of 7spi = /7u7p, and our obtained SRH lifetime in p-GaN of 46 ps, the author

obtained 7, = 106 ps. The electron capture cross section was estimated to be 3x107? cm?.
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Figure B.6: The PL lifetimes in homoepitaxial n-GaN [34] and p-GaN [35] reported by

Chichibu et al. From the relationship between 7pr, versus Nyrc, the capture cross sections

of minority carriers for the NRCs in n- and p-GaN were estimated.
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Although our estimation is very rough, the NRC in p-GaN is thought to have large capture
cross sections for both electrons and holes, i.e., act as a very efficient recombination center.

Figure B.7 shows the forward -V characteristics of the GaN p-n™ junction diode in
the range of 223-573 K. The recombination current increased with elevating temperature.
Figure B.8 shows the temperature dependence of the SRH lifetime in the homoepitaxial
p-GaN extracted from the recombination currents in the range of 223-573 K. It is known
that the temperature dependence of the SRH lifetime follows an empirical power-law rela-
tion (Tspm o< T) [18, 39]. The empirical power law of Tsgg = 1.2x10716 x T%2> (5) for the
temperature dependence of the SRH lifetime in the homoepitaxial p-GaN was obtained in
this study. This value is different from the temperature dependence of the SRH lifetime
in n-GaN (3.9x107!2 x T4 (s)) reported by Hu et al. [18]. This result suggests that the
temperature dependence of the capture cross section of the NRCs in p-GaN is different
from that in n-GaN. It may be related to the results reported by Chichibu et al.; the origins
of intrinsic NRCs in p-GaN (Vga(Vn)2 or Vga(Vn)s) are different from those in n-GaN
(VeaV) [33-35].

B.4 Discussion

Energy Level of Non-Radiative Recombination Center

In the Eq. (B.2), it was assumed that the energy level of the (single) NRC is sufficiently far
from the band edges. Strictly, the Eq. (B.2) is written as

pn —n? n? [exp (eV/kT) — 1]
Uspa = = . (B8)
T [p() + o] + 7 [n(2) + ] 7 [p(@) + pe] + 75 [n(2) + ne]
Here, ny = n;exp(£2) and p, = n; exp(Z2) are the calculated electron and hole con-

centrations if the Fermi level is at the trap energy level E;. If ny and p; are not negligible
compared to n and p (in other words, the energy level of the NRC is not far from the band
edges), Usgy becomes very small. Thus, the deep levels near band edges does not act as
NRC. Therefore, the energy level of the NRC in p-GaN is mid-gap (E; £ 0.5eV).

Effect of Hole Concentration on Analysis

In this study, the value of hole concentration was assumed to be equal to the net ac-
ceptor concentration obtained by C—V characteristics. Mathematically, in the Eq. (B.3),
“2In(p/n;)” was transformed to “2In(N,/n;)” based on the assumption of p ~ N,. However,
the actual hole concentration may be several percent of the acceptor concentrations at room
temperature [40]. Therefore, the analysis should include an error. Here, it should be noted
that the error caused by the difference between N, and p is small, since p very rapidly
changes near xy where 7,n = 7,p. If the value of p is one order of magnitude lower than N,

the caused error in 7gry is ~5%.
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Figure B.7: Forward I-V characteristics in the GaN p-n™ junction diode at 223-573 K.
The calculated SRH recombination currents at each temperature are also shown as broken
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which follows an empirical power-law relation with a temperature coefficient o = 2.25.
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B.5 Summary

The author investigated the SRH lifetime in a homoepitaxial p-GaN (N, = 1x10'" cm™3)
by analyzing the recombination current in GaN-on-GaN p-n™ junction diodes. The SRH
lifetime in p-GaN of 46 ps was obtained, which is much shorter than that in n-GaN of
12 ns reported previously. Assuming the previously reported minority carrier (electron)
lifetime and NRC concentration in homoepitaxial p-GaN with a similar Mg concentration
(72 = 20 ps, Ny = 1x10'6 cm™3), the author roughly estimated the hole lifetime and the hole
capture cross section to be 7, = 106 ps and o, = 3x 1073 cm?. The temperature dependence
of the SRH lifetime is also investigated, and the empirical power law of 7gry = 1.2x10710 x
T%2 (s) was obtained. Analyzing forward I-V characteristics of p-n™ junction diodes is

one of useful ways for investigating properties of the NRC in p-GaN layer.
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Appendix C

Franz-Keldysh Effect in SiC p-n

Junction Diodes

C.1 Introduction

Wide-bandgap semiconductors (SiC, GaN, GayOs, etc.) have attracted much attention
as a material for next-generation power devices [1-9], as well as harsh-environment elec-
tronic devices [10-13] and visible-blind /solar-blind UV photodetectors [14-17]. SiC, which
is an indirect bandgap semiconductor, is rather exceptional among the many wide-bandgap
semiconductors because it makes both n- and p-type control across a wide doping range
(104-10' ¢cm™3) and doping control of both n- and p-regions by ion-implantation is achiev-
able. In addition, n- and p-type (0001)-face and n-type (1120)-face freestanding substrates
are available [18]. In recent years, the 1 kV-class 4H-SiC Schottky barrier diodes and the
MOSFETs are commercially avialable by several vendors. For ultrahigh-voltage (>10 kV)
bipolar devices, intensive studies are ongoing and >20 kV-class PiN diodes [19-21], and
switching devices [22-25] have been demonstrated.

When high electric field is applied to a semiconductor, the wavefunctions of electrons and
holes leak into the bandgap. Then, the optical absorption changes; a quasi-exponential tail
for below-bandgap and oscillation structure for above-bandgap are observed in the optical
absorption coefficient. This is known as the Franz-Keldysh (FK) effect [26, 27]. High elec-
tric field can be applied to wide bandgap semiconductors owing to their high breakdown
electric field. Thus, the FK effect is prominent in wide bandgap semiconductors. The au-
thor has reported that a photocurrent induced by sub-bandgap light absorption due to the
FK effect in GaN Schottky barrier diodes (SBDs) and p-n junction diodes (PNDs) [28-32].
The theoretical photocurrents calculated by considering the optical absorption due to the
FK effect in the depletion regions showed good agreement with the experimental values.

SiC has an indirect bandgap. Thus, the phonon-assisted optical transition occurs above
the bandgap as shown in Fig. C.1. For 4H-SiC, the band structure is shown in Fig. C.2 [33],

and the transition from the I'-point (the valence band maximum) to the M-point (the con-
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Figure C.1: Diagram of the phonon-assisted optical absorption in an indirect bandgap

semiconductor. The optical transition with absorptions/emissions of phonons (Aw Ko) oc-

curs under the energy and momentum conservation law.
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Figure C.2: Calculated pseudopotential 4H-SiC band structure for the 12 conduction
bands and 12 valence bands by Bellotti et al. [33].
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duction band minima) occurs near the band edge. Although the probability of the indirect
transition is much smaller than that of the direct transition, the FK effect in an indirect-
bandgap semiconductor is expected to be observed. However, there have been no reports
on the sub-bandgap light absorption due to the FK effect in SiC devices.

In this study, the author investigated the reverse current—voltage (I--V') characteristics
for a 4H-SiC PND under sub-bandgap light illumination. A photocurrent was observed un-
der a high reverse bias condition and increased with an increase in the reverse bias voltage.
The voltage dependence of the photocurrent was successfully quantitatively explained by
phononassisted optical absorption due to the FK effect. The temperature dependence of
the photocurrent induced by the phonon-assist optical absorption due to the FK effect in
the 4H-SiC PND is also investigated.

C.2 Photocurrent induced by Franz-Keldysh Effect
in 4H-SiC

C.2.1 Measurement Set up

Figure C.3 shows the schematic structure of a 4H-SiC PND used in this study. The de-
vice consists of a 0.2-um-thick p*T-layer (N, = 4x10% cm™2), a 2.0-um-thick p™-layer
(N, = 3x10™® ecm™3), and a 2.2-um-thick n-layer (Ng = 1.2x10'" cm™3) grown on an n'-
type 4H-SiC(0001) substrate. To obtain a one-dimensional electric field profile, the epilayer
was etched down to the substrate and mesa structures with an angle of 90° were formed us-
ing SFg-based inductive coupled plasma-reactive ion etching (ICP-RIE) with a SiO, mask.
The height and diameter of the mesas were 6 ym and 100 pm, respectively. The anode
and cathode electrodes were formed by the deposition of Ti/Al/Ni on the p**-layer and Ni
on the back side of the substrate, respectively. The device exhibited a breakdown voltage
of 245 V, which was slightly lower than the ideal avalanche breakdown voltage of 280 V
calculated from the impact ionization coefficients in 4H-SiC [34]. The device fabrication
and its breakdown characteristic were described in the literature [35].

For the photocurrent measurements, a 250 W Hg lamp combined with a band pass filter
of 405 nm with a bandwidth of 3 nm, which is longer than the 4H-SiC absorption edge
(380 nm, 3.26 eV), was used. The power of the irradiated light was measured by the opti-
cal power meter and the irradiated photon flux (®;,) was 4x10'” cm~2s7!. The light was
focused on a 5 mm diameter circle centered on the anode. The top electrode was thick,
such that the irradiated light was reflected by the electrode and could not directly reach the
p-n junction. However, the light irradiated around the anode penetrated into the SiC layer.
The entered light was reflected by the back-side cathode and could reach the p-n junction
from the back side, as shown in Fig. C.3.
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Figure C.3: Schematic cross section of a 4H-SiC(0001) p-n junction diode used in this
study. The wavelength of the light was longer than the 4H-SiC absorption edge; therefore,
the light penetrated into SiC. The light was reflected by the back cathode electrode and

reached the p-n junction.



C.2. Photocurrent induced by Franz-Keldysh Effect in 4H-SiC 271

C.2.2 Experimental Results

Figure C.4 shows the reverse I-V characteristics for the 4H-SiC PND under illumination
with the sub-bandgap light. The inset shows the spectrum of the irradiated light measured
by the spectrometer. The dark leakage current was sufficiently small (<0.4 pA at 100 V).
Although the wavelength of the light was longer than the absorption edge, the larger pho-
tocurrent (~4 pA) than the dark current was observed at zero bias voltage. Since SiC is an
indirect-bandgap semiconductor, a photon can excite an electron from the valence band to
the conduction band with assistance of a phonon near the absorption edge. Therefore, the
short wavelength component (<390 nm) included in the irradiated light shown in Fig. C.4
(inset) was absorbed in SiC, and electrons and holes generated near the p-n junction con-
tributed to in the photocurrent. The diffusion length of carriers in 4H-SiC is sufficiently
longer than the depltion region. In addition, the avalanche multiplication is not prominently
observed in this voltage range [34]. The author also confirmed that the photocurrent was
proportional to the irradiated photon flux. The photocurrent under illumination with the
irradiated photon flux of 2x10'7 em™2s7! (&;,,/2) is also shown in Fig. C.4. Therefore, this
photocurrent was considered to be almost constant and does not depend on the reverse bias
voltage. However, the measured photocurrent significantly increased with an increase in the
reverse bias voltage. This significant increase seems to originate from the optical absorption
due to the FK effect.

C.2.3 Phonon-Assisted Optical Absorption in 4H-SiC

The author calculated the photocurrent induced by the FK effect in the SiC PND. The
photocurrent can be calculated with consideration of the light absorption in the depletion
layer [29]. For a single valence-band maximum (k = 0), a conduction-band minimum
(k = Kj), and one phonon branch, the optical absorption coefficient in an indirect-bandgap

semiconductor under an electric field (F') was given by Penchina [36];

1 o0
ar(Fw) = Wi3—6h292/ (V = Vor )2 - |AL(V) PV, (C.1)
™ Vot

e2C? (nKO + 3+ %) (mim})3/?

Wi =
- Tnem3whs ’
v :Eg—hwj:thO h0:€2h2F2 _ MeMy,
+ 1o ) 2H|| y M Me + mhv

where the upper and lower signs refer, respectively, to emission (4) and absorption (—) of
phonons of wave vector Ky and energy hw Ko The phonon occupation number n K, can

be expressed as
—1

Nk, = [exp (h?;"o - 1)} . (C.2)
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Table C.1: Effective masses in 4H-SiC used in this study [38, 39]. The subscripts indicate

whether the component is parallel (||) or perpendicular (L) to the c-axis.

M my 2
MK 0.31mg

0.66mg 0.26my
ML  0.58my
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Figure C.4: Reverse current-voltage characteristics in the 4H-SiC PND under illumination
with sub-bandgap light (A = 405 nm) at 298 K for irradiated photon fluxes of 0 (dark),
2x10'7, and 4x10'" cm~2s7!. The curve calculated taking into consideration the FK effect

(Ipo + Irk) is also shown as the red dashed line. Inset: spectrum of the irradiated light
around 405 nm.
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e is the elementary charge, c is the speed of light in a vacuum, w is the angular frequency
of light, mg is the electron mass, and A is the Dirac constant. Ai(V) is the Airy func-
tion. n is the refractive index in 4H-SiC and n = 2.7 for A = 405 nm [37] was used.
C? is a constant of proportionality (a sum over transition matrix elements). m* is the

density-of-state effective mass, and m* = (m3m |))"/?

was used in this study. gy is the
reduced effective mass along the applied electric field. In this study, the electric field was
parallel to the c-axis; therefore, 11( ||) = 0.28m( was used for the calculation of i, which
strongly impacts on the electric field dependence of ay(F,w). Table C.1 shows the effec-
tive masses in 4H-SiC reported in the literature [38, 39]. The absorption coefficient can
be determined by summing Eq. (C.1) for each phonon that assists the optical absorption.
However, there exist several phonon modes; TA-mode (46 meV), LA-mode (76 meV), TO-
mode (95 meV), etc. [40], and many fitting parameters are needed to take into account of
all these phonon modes. Galeckas et al. investigated the temperature dependence of the
absorption coefficient in 4H-SiC at 355 nm and showed that the experimental absorption
coefficient can be fitted by a single phonon model [41]. They suggested that the good fit
was achieved using fwpe = (70£10) meV, which indicated that the LA-mode phonons
(76 meV) have the largest contribution in the optical transitions. Therefore, the author
also used the single phonon model with the LA-mode phonons (76 meV). In the calcula-
tion, there is no suitable data for C?; therefore, oy (F — 0,w) was fitted to the reported
absorption coefficient [42, 43] and C? = 3 x 10757 (N-s)2-F~'-m* was obtained.
Figure C.5 shows the calculated absorption coefficient in 4H-SiC under electric fields of 0,
1, and 2 MV/cm at 298 K as the sum of o (F,w) and a_(F,w). The absorption coefficient
for 0 V/cm (black solid line) shows the two regions; (i) phonon-absorption transitions only
occurs (h v < 3.33 eV, A > 372 nm) and (ii) both phonon-emission and phonon-absorption
transitions occur (hv > 3.33 eV, A < 372 nm), which shows good agreement with the
reported absorption coefficient in 4H-SiC (open circles) [42]. The calculated absorption
coefficient shows an absorption tail below the bandgap under a high electric field. The tail
becomes longer with an increase in electric field.
Figure C.6 shows the distributions of the electric field and the absorption coefficient
for the wavelength of 405 nm in the 4H-SiC PND under a reverse bias voltage of 100 V.
W, and W, are the distances from the p-n junction to the edge of the depletion layer in
the n-region and the p-region, respectively. The electric field profile was calculated from
Eq. (4.6) and (4.7) in Chapter 4. The absorption coefficient was calculated according to the
distribution of the electric field, which is large near the p-n junction interface (high electric
field region). This suggest that the sub-bandgap optical absorption induced by the FK
effect locally occurs near the p-n junction interface. In addition, the absorption coefficient
in 4H-SiC is approximately two or three orders of magnitude smaller than that in GaN at

the same wavelength under the same electric field.
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Figure C.5: Wavelength dependence of the calculated absorption coefficient for 4H-SiC
under electric fields of 0, 1, and 2 MV /cm. The LA-mode phonon (hwg, = 76 meV) was
considered in the calculation. The calculated absorption coefficient under 0 V/cm (black
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C.2.4 Calculation of Photocurrent

The photocurrent induced by the light absorption due to the FK effect (/rk) can be
calculated by considering the optical absorption in the depletion layer, which depends on

the applied voltage, and it can be expressed as

Wi (V

Lo (V. w) = ey ll—exp <—2 / Y (FaV).o) + o (Fla. V),w))dx)]. (C.3)
“Wp(V)

where @ is the incident photon flux from the back side into the edge of the depletion layer

in the n-region. Multiple-reflected photons are included in @y. In this formula, a single

round-trip path is considered [29]. Optical absorption by the electrodes is considered to be

small and is thus neglected.

The calculated photocurrents as the sum of the photocurrent without applying voltage
(Ip0) and the photocurrent induced by the FK effect (Ipx) are shown in Fig. C.4 as red
dashed lines. I,y was determined as the photocurrents at 0 V, which does not have the
voltage dependence and is constant. @, were determined by fitting the calculated curves to
the experimental results at a reverse bias voltage of 100 V. The obtained &, were 1.5x 107
and 7.7x10' cm™2?s7! for @y, and @, /2, respectively. These were about 37% of the ir-
radiated photon flux. This seems reasonable, considering the reflection loss at the 4H-SiC
surface (~21%) and the light absorption of the short wavelength component in the 4H-SiC
substrate. The voltage dependence of the calculated photocurrent shows good agreement
with the experimental result, indicating that the photocurrent in the 4H-SiC PND under
illumination with the sub-bandgap light is successfully explained by the light absorption
due to the FK effect quantitatively. The photocurrent induced by the FK effect in the
4H-SiC PND is approximately two or three orders of magnitude smaller than that in the
GaN devices with the same electric field distribution, since SiC has an indirect bandgap;

the probability of the indirect transition is much smaller than that of the direct transition.

C.2.5 Temperature Dependence

The temperature dependence of the photocurrent induced by the FK effect in 4H-SiC PND
was also investigated. Figure C.7 shows the photocurrents in the 4H-SiC PND under the
illumination with the sub-bandgap light (A = 405 nm) at 223, 298 and 373 K. With elevat-
ing temperature, the photocurrent without applying voltage (I,0) significantly increased,
and the photocurrent induced by the FK effect (Ipk) also increased. These increases are
considered to originate from the red-shift of the absorption edge and increase in the phonon
occupation number (n KO). The calculated photocurrents with consideration of the tem-
perature dependence of the bandgap of 4H-SiC [44] are also shown in Fig. C.7. In the
calculation, the temperature dependences of the phonon energy hw K, and the refractive

index n were small and neglected [37, 42]. The obtained @, were similar values of 1.9x 107,
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photocurrents for 405 nm with consideration of the temperature dependence of the bandgap
and the phonon occupation number in 4H-SiC at 223, 298, and 373 K.
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1.5x10'7, and 2.2x10'7 ecm™2s7! at 223, 298 and 373 K, respectively. There were small
differences among these values, since the optical configuration was slightly different in the
measurements at different temperature. The calculated curves showed good agreements
with the experimental results at all the temperatures investigated in this study. The tem-
perature dependence of the photocurrent in the 4H-SiC PND is slightly larger than that
in the GaN PND [29], since the optical absorption in an indirect-bandgap semiconductor
depends on not only the temperature dependence of the bandgap but also the phonon

occupation number.

C.3 Anisotropy of Optical Absorption Induced by
Franz-Keldysh Effect

The electric-field dependence of an absorption coefficient strongly depends on a reduced
effective mass, 1 = memy, /(me + my), along the direction parallel to the electric field, since
the tails of the wavefunctions into the bandgap are determined by the effective masses. It
is known that 4H-SiC has anisotropic effective masses [38, 39] as shown in Table C.1. Thus,
anisotropic optical absorption induced by the FK effect may be observed in 4H-SiC. In this
study, the author also fabricated 4H-SiC PNDs on (1120)-face substratesand a photocurrent
in 4H-SiC(1120) PNDs under high electric field along the <1120> direction is investigated.

C.3.1 Device Structure

Figure C.8 shows the schematic cross-section of a 4H-SiC(1120) p-n junction diode. Two
devices with different epitaxial structures (PN1 and PN2) were prepared. The devices
consist of p*-layers, p-layers, and n'-layers grown on n+-type 4H-SiC(1120) substrates.
The doping concentrations and thicknesses of p-epilayers in PN1 and PN2 are summarized in
Table C.2. Mesa structures with a mesa angle of ~80° were formed using SFg-based ICP-RIE
with a SiO2 mask. The mesa heights for PN1 and PN2 are 4.8 pym and 10 pm, respectively.
These mesa structures act as the positive beveled-mesa termination to eliminate electric
field crowding at the device edges and avoid premature breakdown [45]. The anode and
cathode electrodes were formed by deposition of Ti/Al/Ni on the p**-layer and Ni on
the back side of the substrate, respectively. The breakdown voltages of about 100 V and
265 V were obtained for PN1 and PN2, respectively. The breakdown electric fields for
PN1 and PN2 were about 3.1 MV/cm and 2.5 MV /cm, respectively. These values are
approximately 20% lower than the theoretical values calculated from the impact ionization
coefficients in 4H-SiC along the <0001> direction [34]. These breakdown characteristics for
the <1120> direction show a similar tendency to previous reports [46, 47], which can be
explained by the anisotropy of the impact ionization coefficients in 4H-SiC [35, 47, 48]. The

measurement set up is same described in the section C.2.1.
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Table C.2: The Al concentrations and the thicknesses of the p-layers in PN1 and PN2
obtained by SIMS.

Device Al concentration (cm™) Thickness (pm)
PN1 2.6x10'7 3.0
PN2 6.5x 10%¢ 8.2
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Figure C.8: Schematic cross section of a 4H-SiC(1120) p-n junction diode used in this
study. The wavelength of the light was longer than the 4H-SiC absorption edge; therefore,
the light penetrated into SiC. The light was reflected by the back cathode electrode and

reached the p-n junction.
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C.3.2 Experimental Results

Figure C.9 shows the reverse current-voltage characteristics in PN1 (open circles) and PN2
(open squares) under sub-bandgap illumination. Photocurrents much larger than dark
leakage currents were clearly observed at zero bias (1) for both PN1 and PN2, although
the wavelength of the light was longer than the absorption edge. These photocurrents
seem to be induced by optical absorption of the short wavelength component (<390 nm)
in the irradiated light, as mentioned in the literature [49]. These initial photocurrents are
considered to be almost constant and not to depend on the applied voltage. With increasing
reverse voltage, the photocurrents significantly increased. These increases were induced by
sub-bandgap optical absorption due to the FK effect. Here, the author confirmed that
avalanche multiplication of the photocurrent induced by the FK effect [30, 31] was not

observed in these voltage ranges.

C.3.3 Calculation of Photocurrent

To analyze the aforementioned increase in the photocurrent, the author calculated the pho-
tocurrents induced by the FK effect in the 4H-SiC(1120) PNDs. A photocurrent can be
calculated as the product of e (the elementary charge) and absorbed photons in a deple-
tion layer, and can be written by Eq. (A.3). The absorption coefficient a.(F,z) is given
by Penchina [36] as Eq. (C.1). The anisotropies of the refractive index n and the energy
from the dominant LA-mode phonons (hwpe, = 76 meV) may negligible [41]. In the cal-
culations, the reduced effective mass along the direction to which electric field is applied
(pyr) is the most important parameter, which determines the electric-field dependence of
ai(F,w). Table. C.1 shows the effective masses of electrons and holes in 4H-SiC [38, 39].
In this study, electric field is applied to the <1120> direction. Figure C.10 shows the first
Brillouin zone of 4H-SiC. There are six M points, which are the conduction band minima
of 4H-SiC, and three equivalent conduction-band valleys. For one valley (a), electric field
is applied to the MK direction. For the other two valleys (b) and (c), electric field is ap-
plied to the direction rotated by 60° from the MK direction to the MI' direction. In this
study, the author used a geometrically averaged electron effective mass perpendicular to the
c-axis (Me | = /M MKMe M = 0.42my) for the calculation of p,. For the valence band,
the anisotropy in the hole effective masses in the c-plane is small near the valence band
edge [50] and my, | = 0.66m, was used. Therefore, the author used p; = 0.26m, as || F-

1/3 was used.

m* is the density-of-states effective mass, and m* = (m%m)

Figure C.11 shows the calculated electric-field dependence of the absorption coefficient in
4H-SiC for A = 405 nm under electric field along the <0001> and <1120> directions. For the
calculation of electric field, the dielectric constant perpendicular to the c-axis (51 = 9.76¢
was used. The difference between the absorption coefficient for the <0001> direction
and that for the <1120> direction is small, since the value of w = 0.28myg is close to

p1 = 0.26mg. The wavelength dependence of the absorption coefficient in 4H-SiC under
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electric field along to the <0001> direction is described in Fig. C.5. Figure C.12 shows
the distributions of electric field and the absorption coefficient (. + a_) for A = 405 nm
in PN1 at the reverse voltage of (a) 25 V and (b) 50 V. As well as the cases of a GaN
PND [29] and a 4H-SiC(0001) PND [49], the absorption coefficient is significant and optical
absorption selectively occurs near the p-n junction interface (high electric field region).
The photocurrents for PN1 and PN2 were calculated as the sum of the photocurrent
without applying voltage (1) and the photocurrent induced by the FK effect (Ipx). The
photocurrents calculated for PN1 and PN2 were shown in Fig. C.9 as red broken lines.
In the calculations of the photocurrents in both PN1 and PN2, a consistent value of the
incident photon flux (@y = 1.2x10'" ecm™2?s™!, 30% of &) was used, which well agrees with
the case of the <0001> direction (37% of @) in the section C.2.4. These seem reasonable,
considering the reflection loss at the 4H-SiC surface (~21%). The calculated values show
good agreement with the experimental values, indicating that the electric-field dependence
of ay(F,z) under electric field along the <1120> direction is also well calculated using
1 = 0.26mgy. The anisotropy of phonon-assisted optical absorption induced by the FK
effect for the elecric field along <0001>and <1120> directions is weak due to the small

difference between ) and g .

C.4 Discussion

Wavelength Dependence

The photocurrent induced by the FK effect has the wavelength dependence, since the ab-
sorption coefficient strongly depends on the wavelength of the light. In this study, the
author tried to measure the wavelength dependence of the photocurrent in 4H-SiC PNDs.
However, the light intensity of the variable-wavelength light sources (MLS-1510, used in
Chapter 4) was not so strong. The obtained photocurrent was contaminated by dark leak-
age current and noisy. If a high power light source or a focus lens with higher magnification,

the wavelength dependence will be measurable.

Light Hole, Heavy Hole and Crystal-Field Split-Off Hole Bands

In strict, all valence bands (light hole (LH), heavy hole (HH) and crystal-field split-off
(CF)) are considered to contribute the optical transition. The calculation of the absorption
coefficient should be done with consideration of all valence bands. However, the electron
effective masses are much smaller than the hole effective masses [50], and the reduced
effective masses are dominated by the values of the electron effective masses. In addition,
the differences between the valence band maximum are small (<70 meV) [50]. Therefore,

one-hole-band model with consideration of LH was employed for simplicity in this study.
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Contributions of Other Phonons

There are other phonons which may contribute the phonon-assisted optical absorption in
4H-SiC. Figure C.13 shows the comparison between the optical absorption coefficient in 4H-
SiC with consideration of the LA-mode phonons (red dashed line) and TA-mode phonons
(brown dashed line). The experimental data obtained by Watanabe et al. [42] is also shown
as open circles. For the near band edge region (>375 nm), the curve for the LA-mode phonon
shows good agreement. On the other hand, in the range of 365-375 nm, the curve for the
LA-mode phonon deviates and the curve for the TA-mode phonon shows good agreement.
This may indicate that the kind of phonons which contribute the optical absorption depends
on the wavelength of light. In this study, the LA-mode phonon was only considered, since

the optical transition for >375 nm was considered.

C.5 Summary

In conclusion, the photocurrent for sub-bandgap light (A = 405 nm) in the 4H-SiC(0001)
PND under a high reverse bias voltage was investigated. The photocurrent increased with
an increase in the reverse bias voltage. The photocurrent calculated taking into considera-
tion the phonon-assisted light absorption due to the FK effect showed good agreement with
the experimental result. An increase in the photocurrent was observed with rising temper-
ature in the range from 223 to 373 K, and the temperature dependence was quantitatively
explained by the redshift of the bandgap and the increase in the phonon occupation number
with rising temperature.

The photocurrent induced by FK effect in 4H-SiC(1120) PNDs under high electric field
along the <1120> direction. The theoretical calculations considering phonon-assisted op-
tical absorption induced by FK effect in the depletion regions using i, = 0.26my showed
good agreement with the experimental values. Significant anisotropy in optical absorption
induced by FK effect was not observed, since the difference between p = 0.28m, and
1 = 0.26mg is small.

These results are useful when considering the light absorption due to the FK effect in
4H-SiC devices under a high electric field, for example, high-power devices, photodetectors,

and avalanche photodiodes.
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