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Abstract

Schottky diode, also known as Schottky barrier diode (SBD), fabricated on GaN and related
III-Nitride materials has been researched intensively and extensively for the past two
decades. This chapter reviews the property of GaN material, the advantage of GaN-based
SBD, and the Schottky contact to GaN including current transporation theory, Schottky
material selection, contact quality and thermal stability. The chapter also discusses about the
GaN lateral, quasi-vertical and vertical SBDs, and AlGaN/GaN field effect SBDs: the evolu-
tion of the epitaxial structure, processing techniques and device structure. The chapter closes
with challenges ahead and gives an outlook on the future development of the GaN SBDs.

Keywords: GaN, AIN, AlGaN, Schottky diode, Schottky barrier diode (SBD),
Schottky contact

1. Introduction

Wide band gap (WBG) semiconductor materials are the best candidates for high frequency,
high power and high temperature applications because of their superior intrinsic material
properties compared to Si, and GaAs (Table 1).

Among the WBG materials, SiC and GaN are the most successfully developed in terms of
material growth, device fabrication and commercialization. GaN and related III-Nitride mate-
rials such as InN and AIN and their alloys have many advantages in optoelectronics. III-
Nitride materials have a wide range of direct bandgap from the lower end 1.9 eV (InN) to the
high end 6.2 eV (AIN) and can also support multi-quantum well and superlattice structures,
enabled by epitaxial thin-film growth technology, primarily metal organic chemical vapor
deposition (MOCVD). GaN and AlGaN are also the preferred WBG materials in high
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Parameter Si GaAs 4H-SiC GaN
E, (eV) 1.12 1.42 3.25 3.40
E. (MV/cm) 0.3 0.4 3.0 4.0
Uy (cm? Vs 1500 8500 1000 1250
€ 11.8 12.8 9.7 9.0
Vaar (107 cm/s) 1 2 2 2.5
A(W-em LK™ 1.5 0.5 49 2.3

Eg: bandgap; Ec: critical electric field; w,: electron mobility; e: dielectric constant; Vi, saturation electron velocity;
A: thermal conductivity.

Table 1. Comparison of material properties of Si, GaAs, 4H-SiC and GaN [1].

frequency applications as two-dimensional electron gas (2DEG) with high carrier concentra-
tion and mobility can be formed at the AlGaN/GaN heterointerface by spontaneous and
piezoelectric polarization effect [2]. GaN based light emitting diode (LED), GaN based laser
diode (LD) and AlGaN/GaN based high-electron-mobility transistor (HEMT) were commer-
cialized in early 1990s, late 1990s and mid 2000s respectively.

In the realm of high power and high temperature applications, as Si based power device is
reaching its theoretical limit and cannot meet the increasing demand of key performance
metrics, such as high blocking voltage, low switching loss, high switching speed and high
operating temperature at the same time, WBG materials has great potential to replace Si in
those applications [3].

Specifically, in applications that require high reverse blocking voltage and high switching
frequency, SiC and GaN Schottky barrier diodes (SBDs) are preferred over bipolar Si p-i-n diode,
whose switching speed is compromised due to long minority carrier lifetime. SiC and GaN are
comparable in many aspects: GaN has higher Baliga’s figure of merit (BFoM) because of its
better electrical properties, while SiC has better thermal conductivity, thus the two materials are
in direct competition for the application [4]. SiC SBD was successfully introduced to the market
in early 2000s, and gradually matured to displace the Si p-i-n diode. On the other hand, because
of the nonoptimal material quality, which once limited the application of its SiC counterpart,
GaN SBD still cannot achieve its theoretical performance. Researchers around the world have
been continuously working on improving GaN material quality, while exploring novel ways to
fabricate GaN SBD with better performance since mid-1990s. Although great progress has been
made, significant amount of effort is still need for GaN SBD to overcome the technical chal-
lenges, close its performance gap to SiC SBD, and eventually achieve commercial success.

In the following sections of this chapter, several topics are discussed in details:

®  Schottky contacts to GaN: Theoretical basis, current transportation mechanisms, character-
ization methods, metal selection and comparison, the impact to contact performance by
material and surface quality, and thermal stability of Schottky contact to GaN were
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discussed sequentially in this section. The section also covers topics such as nonmetal
Schottky contact to GalN, Schottky contact to AlGaN, and Schottky contact to nonpolar
GaN.

*  GaN lateral, quasi-vertical and vertical SBDs: This section covers material growth and epi-
taxial structure optimization techniques, device fabrication and device structure optimi-
zation techniques such as: surface treatment, dielectric deposition, floating metal ring,
tield plate, ion implanted guard ring and Schottky junction barrier diode.

e AlGaN/GaN field effect SBDs: This section discusses about AlGaN/GaN heterojunction for-
mation, material growth and epitaxial structure optimization techniques, device fabrication
and device structure optimization techniques that are unique to AlGaN/GaN field effect
Schottky barrier diodes such as: dual Schottky anode, Schottky-ohmic-combined anode,
gated edge termination, fully recessed Schottky anode and MIS-gated hybrid anode.

A brief summary and outlook on GaN SBD development are presented in the last section.

2. Schottky contacts to GaN

2.1. Theoretical basis of Schottky contact to GaN

Metal-semiconductor contact plays a crucial role in semiconductor devices, such as diodes and
transistors. There are two types of metal-semiconductor contact: Ohmic and Schottky. Schottky
contact has a rectifying barrier, which is formed when there is an energy level mismatch
between the semiconductor and the metal. The difference between the semiconductor electron
affinity and metal work function is defined as Schottky barrier height. The band structure
before and after Schottky contact formation to n-type semiconductor, such as intrinsic GaN, is
shown in Figure 1. Fermi levels of the metal and semiconductor need to line up to reach an
equilibrium when they are put in contact, and the space charge built at the semiconductor side
leads to band bending effect.

There are two carrier transportation mechanisms for an ideal Schottky contact: thermionic
emission (TE) and field emission (FE). At a forward bias, the carrier transportation is deter-
mined by temperature and the n doping concentration of GaN. A lower temperature and a
more highly doped GaN can lead to a higher FE component. As Schottky contact is usually
deposited on intrinsic GaN or lightly n doped GaN, and the operation temperature of GaN
SBD is usually above room temperature, the dominant transportation mechanism is TE. The
current-voltage characteristics of the SBD in the TE regime is given by Eq. (1, 2):

I= Io{exp {%} — 1} 1)

where I is the saturation current:
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Iy = AA*T2exp (‘If B) 2)

The three most common Schottky contact characterization methods are current-voltage (IV),
current-voltage-temperature (I-V-T) and capacitance-voltage (C-V). Key parameters, such as
Schottky barrier height (®g), ideality factor (n), effective Richardson’s constant (A"), doping
concentration (Np) and series resistance (R;) can be extracted from the characterization
methods mentioned above.

2.2. Metal Schottky contacts to GaN

Tremendous amount of work on Schottky contacts to GaN was done in mid 1990s, which built
solid foundation for later development of vertical and lateral GaN SBDs. Au Schottky contact
to n-GalN was first reported by Hacke et al. [5] and Khan et al. [6]. Schottky contact formation
of Ni, Pd and Pt to GaN was then extensively studied by various research groups [7-12]. I-V, I-
V-T and C-V measurements were performed to find the characteristics of the Schottky contacts,
such as ideality factor, effective Richardson coefficient, and Schottky barrier height. Table 2
shows a brief summary of Schottky barrier heights of common contact metals by the three
methods mentioned above.

Liu and Lau reviewed the scattered results reported and suggested the nonideal Schottky
contact behavior probably stemmed from surface defect which can cause inhomogeneity in
the transport current even within a single device, while material quality and metal-GaN
reactions were the other two contributing factors [13]. Hsu et al. performed scanning current-
voltage microscopy (SIVM) measurements and found nonuniform spatial reverse leakage
distribution within a device. The correlation of SIVM, topographical and TEM images showed
that leakage occurred at screw and mixed dislocation [14]. The experiment confirmed surface
and material quality is crucial to good Schottky contact formation.

Semiconductor
Electron Affinity

e
Metal work function T

Schottky Barrier

—

-

Figure 1. Band structure of Schottky barrier formation [1].
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Metal D, (eV) by I-V Dy, (eV) by I-V-T Dy, (eV) by C-V Reported

Au 0.844 — 0.94 Hacke et al. [5]
0.91 — 1.01 Khan et al. [6]
1.03 — 1.03 Kalinina et al. [9]
0.87 0.88 0.98 Ping et al. [10]

Schmitz et al. [11]

Ni 1.15 — 1.11 Kalinina et al. [9]
0.95 0.99 1.13 Schmitz et al. [11]
0.83 0.93 1.03 Liu et al. [12]

Pd — 0.91 0.94 Guo et al. [7]
1.11 0.96 1.24 Wang et al. [8]
0.94 0.92 1.07 Ping et al. [10]

Schmitz et al. [11]

Pt — 1.03 1.04 Guo et al. [7]
1.13 — 1.27 Wang et al. [8]
1.01 1.08 1.16 Schmitz et al. [11]

Table 2. Summary of Schottky barrier height of Au, Ni, Pd, and Pt to GaN from I-V, I-V-T, and C-V experiment results.

Miller et al. designed an experiment to detect localized leakage path on GaN surface by
conductive atomic force microscope (AFM), and developed a surface modification method by
selectively applying voltage at the recorded leakage locations to form a thin passivation layer
that blocks the leakage path. Schottky contact made on surface modified GaN showed much
better reverse leakage characteristics than unmodified GaN [15]. Sang et al. performed detailed
analysis on leakage path by photon emission microscopy (PEM), and found the leakage
current occurred at polygonal pits, where carbon impurity accumulated and acted as trap in
carrier tunneling [16]. The result aligned with the Cao et al.’s finding that low carbon concen-
tration was necessary to achieve high Schottky contact quality, by an experiment correlating
contact performance with carbon doping level [17]. Reddy et al. demonstrated a homogeneous
Schottky contact to GaN with unity ideality factor and low leakage current by acid treatment.
XPS studies showed the treatment removed excess carbon and restored Ga/N composition at
the interface [18]. It can be concluded that removal of impurities such as carbon, and/or
passivation of leakage path by surface treatment, is effective in improving Schottky contact
quality.

Schottky contact thermal stability is important to GaN SBDs, as high operating temperature is
desired for power applications. At elevated temperature, Schottky metal reacts with GaN,
gradually turning the contact nonrectifying. Guo et al. reported Ni Schottky contact started to
react with GaN, forming nickel nitrides, at temperature above 200°C [19]. For noble metal Pd,
interdiffusion of the metal and GaN was discovered at 300°C [20]. If stable temperature is
defined as temperature at which Schottky contact is still rectifying after 1 hour of annealing,
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the highest stable temperature for Ni and Pt was reported to be 500°C [12] and 400°C [21],
respectively. Several techniques were applied to improve stability of Schottky contact to GalN.
Thermal stability of metal silicide is usually better than elemental metal. The stable tempera-
ture was reported to be 600°C for NiSi [12] and PtSi [21], 100-200°C higher than elemental Ni
and Pt. Multilayer contact structure with inert and high melting point metal as insert or cap
layers can also help to improve the thermal stability of Schottky contact. Stable temperature of
Ni/Ta bilayer Schottky contact was reported to be 700°C [22], 200°C higher than pure Ni.

2.3. Nonmetallic Schottky contacts to GaN

ITO and graphene Schottky contacts to GaN were also studied, as they are transparent and
have potential applications in optoelectronic devices such as MSM photodetector. Sheu et al.
reported ITO Schottky contact to GaN with increasing barrier height from 0.68 eV as deposited
to 0.95 eV after annealed at 600°C [23]. Tongay et al. first reported graphene and multilayer
graphene (MLG) Schottky contact, with barrier height of 0.74 eV as deposited and 0.70 eV after
prolonged annealing at ~ 600°C [24]. The large ideality factor (>2) indicated high contact
inhomogeneity. Kim et al. reported improved graphene Schottky contact with 0.9 eV barrier
height and 1.32 ideality factor [25].

2.4. Schottky contacts to AlGaN

Schottky contacts need to be made to AlGaN in some AlGaN/GaN field effect SBD applica-
tions. Qiao et al. characterized Ni Schottky contact to AlGaN by I-V, C-V and photoemission
methods, and found the barrier height increased linearly with Al mole fraction up to 0.23 [26].
Lv et al. applied two-diode model and determined barrier height of Ni Schottky contact to
AlGaN/GaN heterostructures by forward I-V measurement [27]. Shin et al. investigated com-
mon GaN Schottky metals, such as Au, Ni, Pd and Pt, to AlIGaN/GaN heterostructures and
found barrier inhomogeneity was related with Schottky metal type [28]. Nonmetallic materials
such as TiN was also studied. TiN can be deposited to AlGaN surface by reactive sputtering
[29]. The lower barrier height of TiN compared to common Schottky metals enables a lower
turn-on voltage, which is preferred in application such as microwave rectification [30].

2.5. Schottky contacts to nonpolar GaN

Schottky contacts made to a-plane and m-plane nonpolar GaN were also studied. Phark et al.
studied Pt Schottky contacts to a-plane n-GaN [31]. Yamada et al. fabricated Ni Schottky diode
on m-plane n-GaN [32], and compared with the Schottky diode with same structure fabricated
on c-plane [33]. Although the carbon concentration of the m-plane GaN was much less than
c-plan GaN, the reverse leakage was three orders of magnitude larger due to lower barrier
height. To date, it still remains unclear whether c-plane or nonpolar GaN is preferred in Schottky
diode application mainly because nonpolar GaN Schottky devices were much less frequently
investigated [34].
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3. GaN lateral, quasi-vertical, and vertical SBDs

The extensive study of Schottky contacts to GaN enabled the development of high breakdown
GaN SBDs in late 1990s. GaN based SBDs have three common structures: lateral, quasi-vertical
and vertical. Figure 2 shows the schematics of the three structures. Lateral and quasi-vertical
SBDs are usually fabricated on GaN grown on a foreign substrate, such as sapphire, SiC and Si.
For lateral SBD, Schottky contact and ohmic contact are on the same surface. For quasi-vertical
SBDs, a mesa is etched first, followed by ohmic contact deposition on the etched GaN and
Schottky contact deposition on top of mesa. Vertical SBDs are usually fabricated on freestand-
ing GaN substrate by depositing ohmic contact on the nitride face and Schottky contact on the
gallium face. Lateral SBDs are easy to fabricate and thus are still used as development vehicles
for testing new material growth and device processing methods, while quasi-vertical and
vertical structures are preferred for practical applications.

3.1. GaN substrate growth and epitaxial structure optimization

Hydride vapor phase epitaxy (HVPE), molecular beam epitaxy (MBE) and metalorganic chem-
ical vapor deposition (MOCVD) are the three most common methods for substrate growth.
The GaN thickness, doping level are critical to SBD performance. While a design with a thinner
and more highly doped GaN can lead to better on-state resistance and lower turn-on voltage, it
has negative impact on breakdown voltage. The ideal substrate for GaN SBD shall have a
gradient doping profile, with low dopant concentration on the Schottky side, and high dopant
concentration on the ohmic side. However, such structure cannot be well supported by the
current GaN material growth technology.

Quasi-vertical and vertical GaN SBDs are usually fabricated on substrates with layer structure,
which has a lightly doped GaN drift layer on top of a highly doped low resistivity GaN layer,
where Schottky contact and ohmic contact are formed, respectively. The layer structure has
been developed on various substrate types. Sheu et al. reported a very thin low-temperate-
grown (LTG) cap layer can greatly suppress reverse leakage current [35]. The layer structure
consisted of a 30 nm LTG GaN cap layer, a 0.6 um thick intrinsic GaN layer and a 1 um thick
highly doped GaN layer, grown by MOCVD on sapphire substrate. The highly doped and
intrinsic GaN layers were grown at 1060°C, while the LTG GaN cap layer was grown at 550°C.

I —

GaN
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e e e et et et te s

(a) (b)

Figure 2. Schematics of (a) lateral, (b) quasi-vertical, and (c) vertical SBDs on GaN: the gray region is Schottky contact,
black region is ohmic contact and the grid region is substrate.
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Lu et al. reported a method to regrow GaN epitaxial layers by MOCVD on HVPE grown low
resistivity freestanding GaN substrate. The layer structure has a 2 um thick lightly doped GaN
lay on a 0.5 um thick highly doped GaN layer. It was reported that the structure greatly
reduced the on-state resistance [36]. Fu et al. made further improvement to MOCVD regrown
drift layers on HVPE substrate by introducing double-drift-layer (DDL) design [37]. An addi-
tional moderately doped GaN layer was inserted in between the lightly doped top layer and
the highly doped bottom layer. It was demonstrated the breakdown voltage was improved
with DDL design, while the forward characteristics was not compromised. The DDL design is
much close to the ideal structure mentioned above. Cao et al. introduced a graded AIN cap
layer on top of the GaN drift layer [38]. The cap layer has a thickness of 5 nm with Al
composition from 0-23%. It was reported the cap layer reduced the leakage current by three
orders of magnitude and the turn-on voltage from 0.77 to 0.67 V from tunneling effect.

3.2. SBD device fabrication and device structure optimization

The theoretical limit of the key parameters of GaN SBDs, such as breakdown voltage etc., are
determined by the substrate structure. However, the SBDs performance reported is still far
from the theoretical limit. Premature breakdown and high reverse leakage are the two main
major areas that can be improved by better device processing and structure. Surface treatment,
dielectric deposition, floating metal ring, field plate, ion implanted guard ring and Schottky
junction barrier diode are discussed below.

Mesa etch is a necessary step for quasi-vertical GaN SBD fabrication. The mesa wall quality
after etching can greatly affect the breakdown voltage and reverse leakage of the SBD. Surface
treatment after mesa etching or material growth is critical for device performance. Bandic et al.
first fabricated high breakdown voltage (450 V) lateral and quasi-vertical SBDs using Au as
Schottky contact metal. The substrates used in the study consisted of an 8-10 um GaN drift
layer on a very thin (<100 nm) n" layer, and were grown by hydride vapor phase epitaxy
(HVPE) on sapphire [39]. High leakage current was observed on quasi-vertical SBD structure
due to plasma etch damage on mesa wall. Cao et al. explained the forms of plasma-induced
damage to GaN as follows: generation of surface defects by ion, dopants passivation by atomic
hydrogen, deposition of impurities and creation of nonstoichiometric surfaces [40]. The study
also found a subsequent annealing at 750°C under N, or photoelectrochemical (PEC) etching
in KOH solution to remove ~ 500-600 A of the surface helped on the mesa wall quality
improvement and leakage current reduction. Further study by Cao et al. suggested that the
wet KOH etching is more effective than annealing for mesa wall treatment and diode charac-
teristics restoration [41]. The GaN structures used in both studies were grown by RF plasma-
assisted MBE on sapphire [40—41]. Zhu et al. fabricated quasi-vertical SBDs with mesa formed
by both dry etching with a following KOH mesa wall treatment, and full wet PEC etching [42].
The GaN epitaxial structure with a 2 um drift layer on top of a 1 um n* GaN layer was grown
by low-pressure MOCVD on sapphire substrate. Pt/Au was used as Schottky contact metal.
The study demonstrated the device performance with wet-etched mesa is comparable or better
than dry-etched. Spradlin et al. used molten KOH etching instead of PEC etching in KOH
solution, and showed the molten KOH etching reduced the surface roughness and form etch
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pits around defects [43]. The leakage characteristics was improved for SBDs fabricated on both
MBE and HVPE grown GaN substrates. It can be concluded that surface treatment, with a
variety of techniques such as annealing, PEC etching in KOH solution, and molten KOH etch,
is very effective to improve the GaN SBD quality.

Dielectric layer deposition on drift layer top surface or mesa side wall can reduce the arcing
effect, thus can improve the breakdown voltage of the GaN SBD. Most common dielectric
materials used are SiO,, SiNy and Al,Os. The layer can be deposited by plasma-enhanced
chemical vapor deposition (PECVD), RF sputtering and e-beam evaporation. In Zhu et al.’s
work, a dielectric SiO, layer was deposited on the mesa wall by PECVD for passivation [42].
Float metal ring (FMR) technique uses an additional metal ring around Schottky contact to
reduce electric field crowding at reverse bias. Two parameters: ring width and ring space, are
critical to the FMR effectiveness. Schematics of FMR structure is shown in Figure 3a. GaN
SBDs fabricated with FMR was first reported by Lee et al. A high breakdown voltage of 353 V
was obtained on the SBD fabricated with FMR versus only 159 V without FMR [44]. The author
also demonstrated the optimized structure by a design of experiment (DOE) with parameters
ring width and ring space. Field plate (FP) incorporates both dielectric layer and metal overlay
on top of dielectric layer to reduce electric field crowding. Dielectric layer thickness, metal
overlay extent and dielectric permittivity are the three key parameters of FP. Schematics of FP
structure is shown in Figure 3b. Bandic et al. first compared GaN lateral SBD with a field plate
on sputtered SiO, dielectric layer and without field plate and found the field plate can sup-
press the leakage current by one to two orders of magnitude. Simulation was performed by
Baik et al. to find the optimized FP structure [45]. A minimum metal overlay extent of 5 um
and a minimum dielectric layer thickness of 0.3 um for SiNx was needed to avoid dielectric
breakdown at the FP on GaN cap layer with an unintentional n doping level of 5 x 10'® cm .
Kang et al. fabricated GaN vertical SBD with Pt/Au Schottky contact and FP on e-beam
deposited SiNx dielectric layer based on the simulation result, but to find a much lower
experimental breakdown voltage than theoretical because of the GaN surface degradation
from device processing [46]. Lei et al. did a comprehensive investigation of the GaN SBD FP
design rule by simulation and came with the conclusions: Metal overlay extent beyond maxi-
mum depletion depth of GaN under reverse bias do not further improve breakdown voltage;
The two competing reverse breakdown modes: GaN breakdown and dielectric breakdown

FMR FP

GaN GaN

(a) (b)

Figure 3. Schematics of (a) FMR and (b) FP structure: the gray region is Schottky contact, black region is ohmic contact,
and the dotted region is dielectric.
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lead to an optimum dielectric layer thickness; Optimum dielectric layer thickness is related with
dielectric permittivity [47]. In summary, both simulation and experiment results demonstrated
that addition device structures such as dielectric passivation layer, FRM and FP, can contribute to
better GaN SBD performance.

Guard ring formed by ion implantation is also a very effective technique for edge termination:
a high resistivity layer can be formed on the surface and help spreading electrical field under
reverse bias. There are two types of implantation ion: p-type dopant or noble gas. Zhang et al.
reported a p type guard ring by ion implantation of Mg at the edge of the Schottky contact
followed by annealing [48]. A high breakdown voltage of ~700 V was achieved on vertical SBD
structure with a 75 pum diameter circular Pt/Ti/Au Schottky contact. Laroche et al. reported
simulation of multiple p type guard rings with 1 um, and 5 um spacing, and found a theoret-
ical breakdown voltage of 700 V with 1 um spacing, and the breakdown voltage did not
further improve when multiple guard rings were applied [49]. Ozbek et al. reported that ion
implantation of Ar can greatly improve the breakdown voltage of vertical GaN SBD [50, 51].
Simulation and experiment were carried out to analyze breakdown voltage versus length of
implantation region. It was found that 50 um is the optimum length, leading to a breakdown
voltage of 1700 V, about four times higher than unterminated SBD.

Besides guard rings, ion implantation can also be used in fabrication of GaN junction barrier
Schottky diode (JBSD). JBSD has been successfully demonstrated in Si and SiC. For n type
JBSD, a p+/n grid structure is used instead of an intrinsic or n” layer in the drift region. Under
forward bias, the p” region is not functioning, and the current flows through Schottky contact
into the n channel. Under reverse bias, the depletion region spreads around the p* well and
pinch off the n channel, thus suppresses premature breakdown and excessive leakage current.
The p* well spacing and depth are important for best JBSD performance. Schematic of p* well
JBSD is shown in Figure 4a. Zhang et al. fabricated GaN JBSD using both p* well on n channel
and n" well on p channel, by ion implantation of Mg and Si into n-GaN and p-GaN respec-
tively [52]. Both types of devices has breakdown voltages of 500 V- 600 V, and the leakage
current was reduced 100-fold than conventional SBD fabricated without grid structure. The
forward characteristics of the n type JBSD is much better than its p type counterpart. Ion
implantation is not the only method to fabricate JBSD. Li et al. demonstrated trench JBSD,
which eliminate the ion implantation step [53]. The schematics of the trench JBSD is shown in
Figure 4b. The major difference between trench JBSD and regular JBSD is the formation of the

GaN GaN
] [
(a) (b)

Figure 4. Schematics of (a) JBSD and (b) trench JBSD: the gray region is Schottky contact, black region is ohmic contact,
and the dotted region is p* doped GaN.
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p’/n junction. In trench JBSD, a p" epitaxy layer is firstly deposited, followed by a selective
etching down to nGaN substrate to form trench structure. The Schottky contact is then deposited
on the trench. Under reverse bias, the depletion region spread laterally from the p+/n interface
and pinch off the Schottky barrier. The study of Li et al. shows about 20 times reduction in the
leakage current compared to traditional SBD.

4. A1GaN/GaN field effect SBDs

Spontaneous and piezoelectric polarization can result in built-in electric field in AlGaN/GaN
heterostructure. Band bending and alignment of Fermi level in AlGaN and GaN forms a two-
dimensional electron gas (2DEG) at the interface. Figure 5 shows band diagram of the AlIGaN/
GaN heterostructure. Because of the high carrier mobility of the 2DEG, low on-state resistance
can be achieved for device utilizing AlGaN/GaN heterostructure. GaN based High-electron
mobility transistor (HEMT) has been developed for power and RF applications and showed
significant improvement of performance compared to Si and GaAs.

The AlGaN/GaN heterostructure can also be used in SBD. The concept of GaN field effect
Schottky barrier diode (FESBD) was first brought up by Yoshida et al. in 2004 [54], with device
schematics shown in Figure 6. AlIGaN/GaN FESBD shares the same epitaxial structure and
device fabrication process with AlIGaN/GaN HEMT, making it a perfect diode for monolithic
microwave integrated circuit (MMIC) application. Standalone AlGaN/GaN FESBD also has
lower cost than GaN vertical SBD on freestanding substrate.

4.1. AlIGaN/GaN substrate growth and epitaxial structure optimization

AlGaN/GaN heterostructure is usually grown on foreign substrates such as sapphire, SiC, or Si
by MOCVD or MBE. In order to achieve high blocking voltage, low leakage and low on-state
resistance at the same time, the epitaxial structure needs to be carefully designed. Several
growth techniques have been reported to improve the device performance of AlGaN/GaN
FESBD.

AlGaN

\4

“IDEG

Gal

Figure 5. Band structure of the AlGaN/GaN heterostructure.
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Schottky Contact Ohmic Contact
—
AlGaN
2DEG
GaN
Buffer Laver
Substrate

Figure 6. Schematics of AlIGaN/GaN FESBD.

A buffer layer structure under the GaN channel layer is crucial because it can reduce the screw
dislocation density thus can help on reducing reverse leakage and prevent premature break-
down. Lee et al. systematically investigated the electrical characteristics of the FEBSD with and
without a composite buffer layer [55]. The buffer layer consisted of an 800 nm of AIN followed
by a 30 nm of AlGaN. The breakdown voltage of the FEBSD with buffer layer was 3489 V,
while that of FEBSD without buffer layer was only 382 V.

Similar to GaN SBD, a cap layer can help on the reverse leakage and breakdown voltage in
FEBSD. Kamada et al. reported LTG GaN cap layer for edge termination in FEBSD [56]. A
20 nm LTG GaN, a 25 nm AlGaN and a 1 um GaN were grown on Si substrate by MOCVD. A
selective dry etching removed part of the GaN cap layer and exposed AlGaN layer for
Schottky contact deposition. The FESBD with the GaN cap layer for edge termination has three
order of magnitude lower leakage current than the traditional FESBD. A cap layer on top of
barrier layer can also lower the barrier height and the turn-on voltage for better forward
characteristics in FEBSD. Lee et al. developed a method to in situ grow a SiCN cap layer on
top of the AlGaN barrier [57]. A 2 nm SiCN cap, a 25 nm AlGaN, and a 3 um GaN were grown
on sapphire substrate by MOCVD. It was found that forward current, reverse leakage and
breakdown voltage of FESBD with SiCN cap layer were much better than regular FESBD.

4.2. FESBD device fabrication and device structure optimization

Because of the 2DEG feature, the device structure optimization for FESBD is not exactly the
same as GaN SBD. Some structures that are widely used in GaN SBD and has been discussed
in Section 3, such as dielectric passivation, FMR and FP, can also be used in FESBD, while some
structures such as dual Schottky anode, Schottky-ohmic combined anode, recessed Schottky
anode, gated edge termination and MIS-gated hybrid anode are unique to FESBD. The unique
techniques that are discussed in the following paragraphs of this section share the same
mechanism: Current flow path is optimized in the forward regime, while reverse blocking
capability is not compromised by depletion of the 2DEG channel.

Yoshida et al. first introduced dual Schottky anode concept [54]. The schematics of the dual
Schottky anode is shown in Figure 7a. A low Schottky barrier metal Al/Ti was used as lo
Schottky barrier metal for better on-voltage, while a high Schottky barrier metal Pt was used to
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Figure 7. Schematics of AlGaN/GaN FESBD with dual Schottky anode: the gray region is Schottky contact, black region is
ohmic contact, and dotted line is 2DEG.

Figure 8. Schematics of AlGaN/GaN FESBD with SOC anode by (a) CF, plasma surface treatment (b) recessed Schottky:
the gray region is Schottky contact, black region is ohmic contact, dotted region is plasma-treated AlGaN, and dotted line
is 2DEG.

pinch off the device under reverse bias. A breakdown voltage of over 400 V was achieved. Park
et al. adopted the concept and made improvement by introducing different Schottky and
Ohmic contact patterns [58]. Schematics of the device was shown in Figure 7b. The on-state
resistance was reduced by 25-75% at the cost of up to 3 orders of magnitude increment in
leakage current, improved from 5 to 7 orders of magnitude increment with Yoshida’s original
design that has no pattern. However, the leakage current of the FESBD with dual Schottky
anode design cannot be reduced to the same level of regular FESBD with only high Schottky
barrier no matter how the contact pattern is optimized because of its normally-on nature.

To further reduce the turn-on voltage and suppress the reverse leakage, Schottky-ohmic com-
bined (SOC) anode technique was introduced. Note that the technique can only be applied to
depletion mode (normally-off) FESBD as the device will be shorted by the 2DEG under reverse
bias if it is normally-on. As we know, there are two common methods to fabricate depletion
mode HEMT: surface treatment and recessed gate. Both methods are also applicable to FESBD,
with recessed gate changed to recessed Schottky. Takatani et al. [59] and Chen et al. [60]
introduced SOC FESBD with surface treatment. CF, plasma was applied to the Schottky region
of the FESBD to achieve normally-off mode, as the 2DEG under the Schottky region was
depleted by negative fluorine ions. The device structure is illustrated in Figure 8a. The tech-
nique effectively improved the forward characteristics of the device and did not degrade
reverse leakage and breakdown voltage [60]. SOC FESBD with recessed Schottky was also
reported by multiple research groups. The device structure is illustrated in Figure 8b. Lee et al.
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Figure 9. Schematics of AlGaN/GaN FESBD with (a) GET (b) fully recessed Schottky (c) MIS-gated hybrid anode: the
gray region is Schottky contact, black region is ohmic contact, crossed region is gate dielectric, and dotted line is 2DEG.

compared it with conventional normally-on FESBD and normally-off FESBD with recessed
Schottky but no SOC structure [61]. It was clearly demonstrated that the SOC FESBD with
recessed Schottky is far superior to conventional FESBDs in turn-on voltage without break-
down voltage degradation. Recess depth is a very important parameter of SOC FESBD with
recessed Schottky. Lee et al. did a comprehensive study of recess depth [62]. An optimized
recess depth was found in between half and full thickness of AlGaN layer.

Lenci et al. introduced gated edge termination (GET) as illustrated in Figure 9a [63]. A thin
dielectric layer was inserted underneath the recessed Schottky contact and formed an MIS gate
structure. Under reverse bias, the 2DEG below the gate was pinched off. The reverse leakage
current can be significantly reduced by the dielectric layer. The marginal extend-out of the
Schottky metal on the dielectric layer formed a FP and reduced the electric field crowding.
Bahat-Treidel et al. introduced a fully recessed Schottky anode with a slanted FP, which can
significantly reduce the turn-on voltage because of the direct contact of Schottky anode to the
2DEG [64]. The schematics of the device structure is shown in Figure 9b. Yao et al. further
investigated the current transport mechanism of the full recessed Schottky FESBD and found it
was thermal field emission (TFE) instead of TE [65]. The GET and full recessed is compatible
with other device optimization techniques. Hu et al. [66] and Zhu et al. [67] combined a 2nd FP
technique with GET and fully recessed Schottky, respectively. The dual FP structure improved
the breakdown voltage of FESBD with fully recessed Schottky.

Zhou et al. further optimized the device structure by combining the techniques above, and
named it MIS-Gated hybrid anode [68]. The schematics of the device structure is shown in
Figure 9c. It has an SOC anode with GET recessed Schottky, and fully recessed ohmic in direct
contact with 2DEG. It also has a fully recessed ohmic contact on the cathode side. High
breakdown voltage over 1.1 kV and leakage current as low as 10 pA/mm were achieved.

5. Summary

In this chapter, we gave a broad review of the GaN based Schottky diodes. The competitive
position of GaN among the WBG materials in the high temperature, high frequency and high
voltage rectifying applications was discussed first, followed with Schottky contact to GaN, and
the development of GaN SBD and AlGaN/GaN FESBD in the last two decades. A lot of
progress was made; and the best performing GaN based Schottky diode got close to SiC
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material limit. However, there are still challenges ahead for the GaN based Schottky diodes: (a)
Improvement of the material quality is desired. (b) Novel epitaxial and device structures
leveraging state-of-art growth and fabrication techniques are needed. (c) Significant cost
reduction from substrate and fabrication is crucial. With continuous effort from academia and
industry, GaN based Schottky diodes will mature and be successful commercialized in a
foreseeable future.
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