
ABSTRACT

KHACHARIYA, DOLAR. A Path Towards GaN-based Vertical Superjunction Devices. (Un-
der the direction of Dr. Spyridon Pavlidis.)

GaN devices offer exciting competition to incumbent technologies for high-power electronic

devices. The wide bandgap of GaN enables it to achieve higher breakdown voltages and

reduced on-resistance compared to traditional Si in unipolar devices, as predicted by the

classical Baliga figure of merit (BFOM). Further performance gains can be obtained by using

the superjunction (SJ). While this has been demonstrated experimentally in both Si and

SiC technology, there are no experimental demonstrations of GaN-based vertical SJ devices

in the literature. This stems from one major limitation: selective area doping. In response,

this dissertation investigates two approaches for selective area doping to obtain vertical SJ

devices in GaN technology: lateral polar junctions and ion implantation.

In the lateral polar junction approach, selective area doping is achieved using polarity

control during the epi-growth of GaN. N-polar GaN readily incorporates oxygen, a shallow

donor, making it the choice for the n-type column. Thus, while Mg present during GaN growth

renders Ga-polar domains p-type, the N-polar domains remain n-type. Since N-polar GaN

pillars will carry current, it is necessary to understand how doping and barrier heights influence

performance. However, there are presently few reports that experimentally investigate the

electronic properties of N-polar GaN relevant to SJ design. Therefore, the thesis presents the

design, fabrication, and analysis of Schottky, p-n, and camel diodes formed on bulk N-polar

GaN to assess the ability of GaN SJ devices to be formed with LPJs.

The study of Schottky diodes with N-polar GaN revealed three major insights: (1) the

barrier height on a pristine surface is 0.4 eV, which is low and increases leakage current under

reverse bias, (2) the heightened chemical sensitivity of N-polar GaN compared to Ga-polar



GaN complicates processing and reduces thermal stability and (3) oxygen incorporation can

be controlled to achieve n-type doping in the 1017 cm−3 range, which is necessary for kV-class

SJ drift regions. Two different solutions are presented to increase the barrier height. Firstly,

a 5 nm thin SiN interlayer is introduced between the metal and n-type layer, which increased

the barrier to 0.8 eV, reduced the leakage to 4 orders, and increased temperature operation

to 400 ◦C. The second is a camel diode where a thin and fully ionized p+ layer was grown

on the n-type layer, and its thickness and doping determine the barrier height. However,

p-type doping in N-polar GaN is a nascent technology so p-n diodes were studied first to

investigate Mg incorporation and the role of background oxygen level. Following this study,

N-polar GaN camel diodes are demonstrated with a threshold voltage of ∼1 V, or 0.6 V

larger than in Schottky diodes. Using all this knowledge, an LPJ structure is grown with a

camel junction. The extracted threshold voltage was 1.15 V, and the net doping level was

∼1017 cm−3. Material and electrical analysis confirm charge balance between Ga- and N-polar

domains, which is the first demonstration in GaN technology and serves as a path towards

obtaining vertical GaN SJs.

Selective area p-type doping can also be realized using Mg ion implantation. To date,

reliable implantation activation was a bottleneck to achieve practical p-type doping in

GaN. A new annealing technique using ultra-high pressure has achieved the most efficient

electrical activation to date. GaN-on-GaN p-n diodes are manufactured with this approach. A

breakdown voltage of 1 kV breakdown voltage with a maximum field in the device 3.36 MV/cm

is achieved, which are the highest reported values in the literature so far.

Thus, this thesis aims to explore these two selective area doping control techniques for

GaN and make them viable for future high-performance GaN SJ developments.
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Chapter 1

Introduction

Power electronics are an essential part of many modern-day electronic systems, including but

not limited to renewable/non-renewable energy generation-storage-transmission, power grids,

industrial motor drives, electric cars and trains, home appliances, and day-to-day electronics

as shown in Fig. 1.1. At the center of any power electronic system are power switches whose

primary function is to efficiently convert power. Since a considerable amount of the power

losses occurs at these power switches, their evolution has played a vital role in achieving

compact and energy-efficient power systems.

In the early 1900s, power devices used for power conversion were mainly mercury arc

rectifiers (Peter Cooper Hewit, 1902), triodes (Lee De Forest, 1906), controlled grid high

vacuum tube rectifiers (Lee De Forest, 1906), metal tank rectifiers (Errol Shand, 1925), and

ignitrons (Joseph Slepian, 1930s) [1]. The first electronic revolution started with the invention

of the silicon transistor at Bell Laboratories in 1948. Soon after, power electronic systems

emerged with silicon bipolar devices, such as bipolar power transistors and thyristors. However,

with growing demand and increasing power ratings, power systems became bulky and costly.

In the 1970s, the development of metal-oxide-semiconductor (MOS) technology offered a

solution for low power with high-frequency applications. However, for high-power applications,

bipolar devices were still indispensable. The second electronic revolution happened after

the invention of the insulated gate bipolar transistor (IGBT) by Baliga at General Electric

in the 1980s, which revolutionized the power device market [2, 3]. These IGBTs became

ubiquitous in most power electronic systems and improved efficiency while providing the
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economic benefits of reduced energy consumption. This reduction in energy consumption has

been found to eliminate the emission of over 100 trillion pounds of carbon dioxide, mitigating

its impact on global warming [4]. Since then, many other advanced rectifiers and transistors

were realized [5–7]. Nonetheless, the search for novel devices and semiconductor materials

to enhance the performance of power electronics continues today, with the hope of yielding

further economic gains and reducing the impact on our environment.

Figure 1.1: Application space of power semiconductor devices.
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1.1 Introduction to Superjunction Power Devices

1.1.1 Conventional Unipolar Power Devices

The primary purpose of a power device is to block the applied voltage in the OFF state

while having the lowest resistance in the ON state. However, there is a tradeoff between the

breakdown voltage (BV) of the device and its specific on-resistance (RON). The relationship

between BV and RON for unipolar power devices, such as Schottky diodes and metal-oxide-

semiconductor field-effect transistors (MOSFETs), is derived here. The schematic cross-section

of a typical n-type drift region in a conventional unipolar power device and the electric field

across the drift region at the onset of breakdown is shown in Fig. 1.2. The on-resistance of

this n-type drift region can be derived as:

Figure 1.2: (a) The cross-sectional view of a typical n-type drift region in a conventional unipolar
power device. (b) The electric field distribution along the drift region at the onset of breakdown.
Here, EC is the critical electric field of the material, while ND and WD are the doping and thickness
of the n-type drift region, respectively.
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RON =
WD

qµnND

(1.1)

where, q is the charge, µn is the electron mobility in the drift region, WD is the thickness of

the drift region, and ND is the doping density in the drift region. The relationships between

the electric field, doping, and drift region thickness are given as follows:

WD =

√
2εSBV

qND

(1.2)

and,

EC =

√
2qNDBV

εS
(1.3)

where, εS is the dielectric permittivity, and EC is the critical electric field of the semiconductor

material. Using Eqs. 1.1, 1.2, and 1.3, the relationship between the on-resistance and the

breakdown voltage can be obtained as:

RON =
4BV 2

εSµnE3
C

(1.4)

The denominator of Eq. 1.4 is known as the Baliga Figure of Merit (BFOM) for unipolar

power devices:

BFOM = εSµnE
3
C (1.5)

The BFOM offers a method to quantitatively evaluate the impact of a semiconductor’s

material properties on a unipolar power device’s performance [8]. The relationship between

the breakdown voltage and critical electrical field for unipolar devices (for non-punch-through

case) can also be written as:
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RON =
4BV 2

εSµnE3
C

(1.6)

Using all the equations from Eq. 1.1 to Eq. 1.6, the relationship between RON and BV, derived

from one-dimensional (1D) electric field analysis, is:

RON ∝ BV 2.5 (1.7)

which is the theoretical limit for any conventional unipolar device with a 1D electric field.

Thus, the higher the BV capability of the device, the higher the RON because the device

would have a thicker drift region with lower doping.

As mentioned earlier, since the second half of the 20th century, Si has been heavily

used in power devices due to its natural abundance and economic viability. However, wide

bandgap materials such as SiC and GaN [9, 10], as well as ultra-wide bandgap materials

such as Ga2O3, diamond, and AlN [11], have recently gained much attention due to their

larger bandgaps, higher breakdown field strengths, and higher electron saturation velocities

compared to Si. The BFOM of GaN has been found to be approximately 4000 times higher

than Si and 6 times higher than SiC [12]. This higher BFOM for GaN makes it possible to

realize devices that have a smaller on-resistance (RON), are smaller in area, and possess the

capability to work at a higher frequency for a similar breakdown capability compared to

Si. Figure 1.3 compares on-resistance versus the breakdown voltage for Si, SiC, and GaN

unipolar devices such as Schottky diodes and MOSFETs. The graph is generated using the

relationship between RON and BV reported by Baliga in [10]. Also, the dependence of mobility

on doping concentrations is accounted for in the calculation. From Fig. 1.3, it is evident

that GaN-based unipolar devices would have lower on-resistance than Si- and SiC-based

devices. In practice, Si-based power device technology has already reached its 1D unipolar
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Figure 1.3: (a) Theoretical limit of specific on-resistance (RON) versus breakdown voltage compari-
son for conventional Si, SiC, and GaN unipolar devices.

theoretical limit, while SiC-based power devices are approaching their theoretical limit [13,14].

In comparison, GaN-based power devices are showing consistent progress towards, but still

far from, their 1D theoretical limit [15–17].

1.1.2 History and Concept of Superjunction Devices

The aforementioned theoretical limit [see Eq. 1.7] for unipolar devices was considered un-

breakable for about 30 years until the demonstration of Si-based RESURF (Reduced SURface

Field) devices [18]. In this RESURF device, the surface electric field was reduced by creating

a two-dimensional (2D) profile for the electric field, which increased the BV capability of

the device. Subsequent theoretical and experimental reports on this new device concept

were published in which the device was alternatively referred to as a superjunction (SJ) [19],

CoolMOS [20], MDmesh [21], and charge-coupled or charge-balanced device. Compared to

conventional power devices, the main difference is that the drift region of this new device is
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Figure 1.4: (a) The cross-sectional view of a typical unit cell of a superjunction power device. The
electric field distribution along the (b) y-direction obtained at x=-WP/2=WN/2 and (c) x-direction
obtained at the middle of the drift region, y=LD/2, at the onset of breakdown. Here, ECU is the
uniform critical electric field, WN and WP are the widths of the p- and n-type column of the drift
region, respectively.

realized using either horizontally aligned or vertically stacked alternating p-type and n-type

doped columns/pillars, which helps to create a 2D electric field by balancing the charges

inside the drift region.

The schematic cross-section of the drift region in the SJ structure made of p- and n-type

columns is shown in Fig. 1.4(a). The lateral depletion region forms between the p- and n-type

columns when a reverse bias is applied to the structure, which creates an electric field in

the x-direction, as shown in Fig. 1.4(c). By increasing the reverse bias voltage, the depletion

in the lateral direction increases and, with it, the electric field. To achieve better charge

coupling, both columns should be totally depleted before the applied reverse bias reaches

7



the breakdown voltage. Thus, when the reverse bias reaches the breakdown voltage, the

electric field in the y-direction of the structure would be uniform, defined as the uniform

critical electric field (ECU) in p- and n-type columns, as shown in Fig. 1.4(b). Therefore,

by comparing Figs. 1.3(b) and 1.4(b), SJ devices can have a larger breakdown capability

for similar-sized drift regions than conventional power devices. In addition, because of the

decoupling of drift region thickness and doping in each column, SJ devices can provide a

smaller on-resistance as the doping can be controlled via the width of p- and n-type columns.

Thus, a vertical superjunction structure could break the conventional unipolar theoretical

limit. Further details on the theoretical modeling and simulations of the SJ devices and their

comparison to conventional unipolar devices are presented in Chapter 2.

1.1.3 Development of Superjunctions in Si and SiC

The fabrication process flow for SJ devices is not trivial as it requires horizontally or vertically

aligned p- and n-type columns. The two main techniques to achieve a SJ are multiepitaxy

with ion-implantation and trench etching with side-wall regrowth [22,23]. In the multiepitaxy

technique, subsequent masked implantation and epi-growth are performed to achieve desired

thickness and doping in p- and n-type columns. In contrast, deep trenches are formed in

trench technology, and then regrowth is done to fill those trenches. The fabrication process

flow for multiepitaxy and trench techniques is shown in Figs. 1.5(a) and 1.5(b), respectively.

The key advantage of the multiepitaxy technique is that the doping levels of p- and n-type

columns can be controlled in each epitaxy layer. This doping control would also provide the

benefits of achieving the desired doping in edge termination layers. The advantage of the

trench technique is that the interface between both the columns would be smooth compared

to multiepitaxy devices, where the chain of spheres would be created due to the diffusion of

the implanted species. The cross-sectional SEM images of 600 V rated Si-based SJ MOSFETs
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Figure 1.5: The fabrication process flow of superjunctions using (a) multiepitaxy with ion-
implantations and (b) trench etching with regrowth on side-wall. The cross-section SEM images are
also shown for both techniques. Figure from [22].

fabricated using both techniques are also shown in Fig. 1.5.

To date, many Si-based SJ devices for commercial products can be found in the marketplace,

and numerous publications in the literature are available [22, 24, 25]. The comparison of RON

vs. BV for different SJ devices using both fabrication techniques mentioned above against the

Si unipolar limit is shown in Fig. 1.6. The graph shows that the SJ devices indeed cross the

theoretical limit of conventional unipolar devices. In recent years, experimental work on SiC-

based SJ devices is also reported in the literature [26–29]. In both materials, SJ devices have

outperformed their conventional counterparts, thus increasing competition among technologies.
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Figure 1.6: Specific on-resistance (RON) versus breakdown voltage comparison for different su-
perjunction devices fabricated using multiepitaxy and trench technology and compared against
conventional Si unipolar devices limit. Figure from [22].

1.2 GaN-based Superjunction Devices and Challenges

As shown in Fig. 1.3, conventional GaN-based power devices offer low on-resistance for a

given breakdown voltage application compared to Si and SiC conventional devices. Similarly,

developments of superjunctions in GaN technology would potentially achieve superior per-

formance over their conventional devices as well as Si- and SiC-based SJ devices. However,

a vertical GaN SJ device capable of competing with Si and SiC SJ devices has yet to be

reported since selective area doping control using ion implantation and etch/regrowth remains

challenging. Instead of relying on these fabrication techniques to obtain selective area doping,

the polar nature of GaN presents a unique opportunity to create superjunctions differently.

Currently, several experimental demonstrations of lateral GaN-based Polarization su-

perjunction (PSJ) devices have been reported in the literature [30–32]. A polarization

superjunction concept relies on the charge compensation of positive and negative polarization
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Figure 1.7: (a) Schematic cross-section of lateral GaN Polarization superjunction (PSJ) FET. (b)
The off-state characteristics of PSJ-FET with various PSJ lengths (LPSJ). (c) Specific on-resistance
(RON) vs. breakdown voltage of fabricated PSJ-FETs on sapphire. Figure from [30].

charges at heterointerfaces of a GaN/AlGaN/GaN heterostructure [33]. The schematic cross-

section of such type of structure is shown in Fig. 1.7(a). In this heterostructure, all the layers

remain free of impurity doping. For FET applications, in forward bias, current flow happens

through a two-dimensional electron gas (2DEG), whereas in reverse bias, the charge balance is

achieved via the positive and negative polarization charges. In 2017, Kawai et al. reported the

performance of large area die PSJ-FETs with different lengths of the PSJ region (LPSJ) [30].

The off-state characteristics of PSJ-FETs with various LPSJ are shown in Fig. 1.7(b). The

setup used to measure breakdown characteristics in their work was limited to 3 kV. Thus,

the breakdown voltage had to be predicted carefully for larger LPSJ devices, as seen in

Fig. 1.7(b). The on-resistance (RON) versus breakdown voltage is shown in Fig. 1.7(c). In the

graph, the red circles are large area devices with different LPSJ, the empty red ellipses are

the extrapolated values from Fig. 1.7(b), and the blue circles are the small test structure

devices. Although the breakdown voltage increases linearly with the distance LPSJ, the

current performance of the devices does not exceed the GaN unipolar 1D limit. In 2017, Unni

and Narayanan reported the simulation analysis of the same PSJ concept for vertical GaN

technologies [34]. However, they did not provide detailed fabrication mechanisms to achieve
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Figure 1.8: (a) Schematic cross-section of lateral GaN super-heterojunction Schottky barrier diode
(SHJ-SBD). (b) The forward and (c) reverse bias I-V characteristics of SHJ-SBD with various LSHJ
spacings. (d) Specific on-resistance (RON) vs. breakdown voltage of fabricated SHJ-SBD. Figure
from [35].

these vertically aligned alternating GaN and AlGaN columns on a substrate.

Han et al. recently reported lateral GaN-based super-heterojunction (SHJ) Schottky

barrier diodes (SBD) with breakdown capability over 10 kV [35]. The schematic cross-section

of SHJ-SBD is shown in Fig. 1.8(a). Compared to PSJ devices, the charge balance in SHJ

devices is obtained between n-type delta doping at the upper GaN/AlGaN interface and

negative charge from ionized p-type dopants in p-GaN on top. The forward and reverse

current-voltage characteristics of SHJ-SBD with the different anode to cathode spacing (LSHJ)

are shown in Figs. 1.8(b) and 1.8(c), respectively. These graphs show that with increasing

LSHJ, on-resistance increases, and so does the breakdown voltage. Figure 1.8(d) benchmarks

12



the RON vs. BV for all spacings. Again, with LSHJ spacing, BV increases linearly; however,

the performance of the SHJ devices is still below GaN unipolar 1D limit.

It should be noted that the GaN-based experimental superjunction devices are lateral

devices and not vertical. To achieve vertical GaN SJs, there are several research barriers to

address concerning selective area doping. As mentioned before, SJ devices basically require

alternating p- and n-type doping regions with zero net charges. Two approaches are considered

in this thesis to address this challenge: polarity control and ion implantation.

The first approach to realize the lateral p/n doped regions is by polarity control, which is

unique to III-nitrides. The inherent polar doping selectivity of GaN can be used to achieve the

doping scheme for a lateral GaN p/n junction. Oxygen, which unintentionally incorporates

into N-polar GaN at levels >1019 cm−3, acts as the n-type dopant, whereas Ga-polar GaN does

not readily incorporate oxygen. Accordingly, lateral polarity junctions (LPJs) with alternating

domains of O-doped N-polar and Mg-doped Ga-polar GaN can be fabricated to realize lateral

p/n junctions. In addition to this lateral patterning, the proper doping profiles must be

attained in the N- and Ga-polar domains for SJ operation. To achieve a breakdown voltage

greater than 1 kV, the n-type doping in the drift region’s N-polar domain (and p-type doping

in the Ga-polar domain) must be reduced to 1017 cm−3 for typical micron-wide domains.

By implementing the chemical potential control (CPC) framework [36, 37], MOCVD process

conditions could be designed in order to decrease the oxygen concentration by increasing the

growth supersaturation. This would lead to a reduction in oxygen from >1019 cm−3 to low

1017 cm−3. As this method makes it possible to grow both p- and n-type domains together in

a single growth run, thick drift regions can be realized without any issues related to regrowth

requirements or lithographic misalignments errors for regrowth. The introduction and detailed

discussion on polarity control is presented in Section 1.3.

The second approach is ion implantation, which is one of the basic tools for semiconductor
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device fabrication, and as such, any mature semiconductor system should be capable of

being processed in this form. Currently, GaN does not possess a robust ion implantation

toolbox that allows for reliable implantation control and activation. Nonetheless, recent

advances in the realization of p-type GaN via Mg ion implantation and high-temperature and

ultra-high-pressure post-implantation annealing techniques have opened a path to achieve

SJ devices in GaN. The introduction of p-type doping via Mg ion implantation and novel

annealing techniques are presented in Section 1.4.

1.3 GaN-based Lateral Polar Junctions

GaN is a polar material, and it can be grown in two different polar orientations, gallium-polar

and nitrogen-polar. The partial unit cell of the wurtzite GaN crystal structure with Ga- and

N-polar orientation is shown in Fig. 1.9. Ga-polar GaN is defined in the +c direction (0001),

Figure 1.9: Schematic of the wurtzite GaN crystal structure with Ga-polar (+c axis) and N-polar
(−c axis) orientations. Here, P denotes spontaneous polarization charge, and E denotes electric field.
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whereas N-polar GaN is in the −c direction (0001̄) of the lattice, as indicated by arrows

in Fig. 1.9. These two polarities along the c-axis should not be confused with the surface

termination as each polar orientation may be terminated with either one of the species [38]. Due

to the non-centrosymmetric (i.e., lack of inversion symmetry) arrangement of the hexagonal

unit cell, a charge dipole is created between Ga and N atoms, which induces an electric field

along the c-direction of the crystal. Figure 1.9 shows the direction of the electric field and

spontaneous polarization charge for both polarities. It should be noted that the directions of

the electric field and polarization charge are opposite in N-polar GaN than in Ga-polar GaN.

1.3.1 Historical Perspective on Polarity Control

Since the beginning, due to the lack of GaN substrate availability, both Ga- and N- polar

GaN films have been grown heteroepitaxially on c-plane sapphire or SiC substrates by

different growth techniques such as metalorganic chemical vapor deposition (MOCVD),

hydride vapor phase epitaxy (HVPE), pulsed laser deposition (PLD), and molecular beam

epitaxy (MBE) [39–47]. There are few reports on controlling the polarity of GaN by using

Si-face or C-face of SiC substrates [41,43,44]. In contrast, the polarity control was found to

be complicated when films were grown on the sapphire substrate due to its non-polar nature.

The polarity of the GaN surface during the growth determines not only the impurity and

defect incorporation but also the surface morphology of the films, which impacts the device

performance [45–55]. Typically, Ga-polar GaN films were characterized by a very smooth

“mirror-like” surface morphology, whereas N-polar GaN films were rough with a high density

of hexagonal facetted hillocks. Early on, it was commonly believed that MOCVD growth

resulted in +c polarity (Ga-polar) films due to the N-rich conditions and high substrate

temperatures, whereas MBE growth resulted in −c polarity (N-polar) films [46, 47]. However,

many researchers have obtained different polarity films using both growth techniques [47].
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Figure 1.10: The flow chart of the polarity scheme for Ga-polar and N-polar GaN films grown on a
c-plane sapphire substrate using MOCVD. The figure is adapted from [58].

Stutzmann et al. reported that both Ga- and N-polar GaN could be grown using MBE if the

film is grown on low temperature (LT) AlN buffer layer and directly on sapphire substrate,

respectively [46]. They found that the thickness of the LT-AlN buffer layer also affects the

polarity of the grown film. In the case of MOCVD growth, it was also understood that the

substrate pre-treatments prior to GaN film growth, such as H2 anneal and/or nitridation

and LT III-nitride buffer layer thickness, have a huge deciding factor on resulting the film

polarity and crystalline quality [40, 42, 47, 48, 56, 57]. The detailed flow chart of the GaN

polarity control mechanism is shown in Fig. 1.10. The graph is adapted from [58]. The graph

depicts the importance of nitridation step and shows how smooth Ga- and N-polar GaN films

can be obtained on c-plane sapphire substrate.

All these findings on the polarity control scheme provided a pathway to control the GaN

film polarity locally on a single substrate, leading to developments of lateral polar junctions

(LPJ). In LPJ, Ga- and N-polar GaN domains are grown side-by-side in a single growth
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Figure 1.11: Schematic of the GaN lateral polar junction (LPJ) comprising Ga- and N-polar
domains. Both domains are separated by an inversion domain boundary (IDB). Here, P is the
polarization charge, and E is the electric field. The signs of the resulting net polarization charge
(σP ) and the counter polarization charge (σS) on the surface for both domains are also shown.

using a patterned LT-AlN buffer layer on the sapphire substrate. The schematic of GaN LPJ

comprising Ga- and N-polar domains is shown in Fig. 1.11. As shown here, in LPJ, Ga-polar

GaN is grown on an LT-AlN buffer layer, whereas N-polar GaN is grown on the sapphire

substrate after exposure of N precursor at high temperatures (i.e., nitridation) [38, 46, 50,

51,59–61]. It should also be noted that both Ga- and N-polar domains are separated by an

inversion domain boundary (IDB), as shown in Fig. 1.11. The IDB can be very sharp or

made up of mix-polar material with a relatively rough surface, and its width could vary up

to several nm. In the case of rough, wider, and mix-polar IDB, it could have an adverse effect

from a device application standpoint as it could create a charge-imbalance between SJ pillars.

So, a sharper IDB is required between the two domains to achieve better device performance.

To obtain LPJs, first, the LT-AlN buffer layer is grown, then the sample is patterned using

lithography followed by LT-AlN buffer layer removal from open areas via dry etching or wet

chemical etching to expose the sapphire substrate. This patterned sample is then loaded into
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the MOCVD reactor to grow GaN LPJs. Several other methods to obtain GaN LPJs on a

sapphire substrate are also reported in the literature using different buffer layers instead of

the LT-AlN layer, such as Al and carbon layer [62–64]. Recently, Hite et al. have reported

∼100 µm thick GaN LPJ growth using HVPE on single-crystal GaN substrates using an

MOCVD-grown template, which was a major technical breakthrough [65,66].

Polarity control not only allows to grow Ga- and N-polar domains on the same substrate

but also offers selectivity in doping of the structures. Usually, MOCVD-grown N-polar GaN

films are n-type due to high unintentional oxygen incorporation (>1019 cm−3) that acts as a

shallow donor for N-polar GaN [45,67,68]. In contrast, Ga-polar GaN films remain undoped

(carrier concentration <1016 cm−3) if dopants are not introduced during the growth. Therefore,

during the LPJ growth, if no dopants are introduced, the Ga-polar domains would remain

undoped, whereas the N-polar domains would be n-type. This unique doping selectivity

advantage in GaN LPJ enables various novel LPJ-based devices, as has been reported in the

literature for electronic and optoelectronic applications. A few of them are summarized in

the subsequent section.

1.3.2 Summary of the Devices Realized using LPJs

Aleksov et al. reported current-voltage (I-V) characteristics of n/n lateral polarity junctions

in 2006 [50]. The schematic structure and the optical image of the GaN LPJ consisting of

Ga- and N-polar domains are shown in Figs. 1.12(a) and 1.12(b). In this work, during the

growth of LPJs, Si dopants are introduced to dope Ga-polar domains n-type. In comparison,

N-polar GaN domains remained n-type due to unintentional oxygen incorporation during

the growth. Hall measurements indicated that the doping and mobility in the N-polar GaN

domain are around 3×1019 cm−3 and 100 cm2/Vs, respectively and in the Ga-polar domains

are around 6×1019 cm−3 and 140 cm2/Vs, respectively. The I-V characteristic between Ga-
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Figure 1.12: (a) Schematic structure of the fabricated lateral n/n junction. (b) Optical microscope
image of the GaN LPJ surface consisting of Ga-polar and N-polar domains. Figure from [50].

and N-polar domains is found to be linear, which suggests that there is no energy barrier

for the carriers across the IDB of the LPJ. The results in their work led them to conclude

that the LPJs can be treated as GaN/GaN homojunction with the electronic properties

that are only determined by the bulk properties of the material, such as doping and defect

concentrations instead of influence from IDB [50].

Soon after, Collazo et al. reported lateral p/n junctions by taking advantage of the

polar selective doping in LPJs [51]. Figure 1.13(a) shows the schematic of their fabricated

lateral p/n structure on a sapphire substrate. The total thickness of Ga- and N-polar GaN

domains are 2.2 µm. During the growth, LPJ is grown to a thickness of 1.5 µm without

any intentional doping, followed by 0.7 µm thick with Mg doping. As mentioned earlier,

during the LPJ growth, N-polar GaN domains always incorporate unintentional oxygen,

making it n-type. In contrast, Ga-polar domains remain undoped to moderately doped (with

the oxygen: 1016 cm−3 to 1017 cm−3) depending upon the growth conditions of LPJ. Thus,

utilizing the advantage of doping selectivity in LPJ, Collazo et al. introduced a controlled

amount of magnesium during the LPJ growth, which made Ga-polar domain p-type. In

contrast, the N-polar domain also incorporated magnesium, but it still remained as n-type
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Figure 1.13: (a) Schematic structure of the fabricated lateral p/n junction. The total thickness
of Ga- and N-polar domains are 2.2 µm. In the Ga-polar domain, i-GaN is 1.5 µm thick, and the
p-type layer is 0.7 µm thick. (b) Secondary ion mass spectroscopy depth profile of oxygen and
magnesium on N- and Ga-polar domains for the first 1.6 µm of the total structure. (c) Current-
voltage characteristics of the lateral p/n diode. The inset image shows the fabricated device under
forward bias operation, demonstrating electroluminescence at the boundary between two domains.
Figure from [51].

due to higher background oxygen than magnesium [51]. This is reflected in the secondary

ion mass spectroscopy (SIMS) performed on both Ga- and N-polar domains, as shown in

Fig. 1.13(b). In Ga- and N-polar domains, oxygen is around 1.7×1017 cm−3 and 6×1019 cm−3,

respectively. In comparison, both domains have Mg around 1.7×1019 cm−3, which suggests

that the net doping in Ga-polar is p-type and N-polar GaN is n-type. For further validation,

the hall measurements are reported on both polarity domains. Ga-polar domain showed

p-type doping with hole carrier concentrations around 1.1×1017 cm−3 and mobility around 12

cm2/Vs. N-polar domain showed n-type doping with electron carrier concentrations around

1.7×1019 cm−3 and mobility around 99 cm2/Vs. The I-V characteristics [see Fig. 1.13(c)] of

the fabricated lateral p/n diode show rectifying behavior with rectification ratio around 1.5

at ±5 V. The inset image shows electroluminescence under the forward bias operation of

the diode. The I-V behavior showed rectification although significant reverse bias leakage is

observed which could be due to very high doping in both domains. Also, the LPJ was made
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on ∼1 cm2 substrate with half of the area Ga-polar and other half N-polar GaN, meaning

there are only two domains on the whole sample. Thus, it could be possible that higher

leakage current could be due to the leakage current paths through the outer sidewalls of

the Ga- and N-polar domains in parallel to the actual p/n junction barrier. Indeed, they

mentioned that the fabricated structure was not intended to be an optimized device, but a

construction to demonstrate possibility of lateral p/n junction based on polar selectivity.

To tackle the challenges in their previous work [51], such as lower rectification ratio and

higher reverse leakage current, Collazo et al. fabricated a p/n junction using an LPJ approach

with 250 µm diameter sized N-polar domains surrounded by Ga-polar domains, as shown

in Fig. 1.14(a). This way, the junction boundary would be vertical, which isolates p- and

n-type regions. The current flow would be perpendicular to dislocations in the material, so

there would be no additional leakage path than from the junction itself. The LPJ growth

thickness and the doping levels are identical to their previous work, as shown in Fig. 1.13.

The I-V characteristics of the lateral p/n diode in linear and semilog scale are shown in

Figure 1.14: (a) Optical micrograph of a lateral p/n diode demonstrating electroluminescence.
Current-voltage characteristics of a lateral p/n diode in (b) linear and (b) semilog scale. (Courtesy
R. Collazo)
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Figs. 1.14(b) and 1.14(c). The current density is calculated by taking the circumference of

the diode (785 µm) and the thickness of the p-type region (0.7 µm), corresponding to a

diode area of 550 µm2. From linear I-V, in Fig. 1.14(b), it is seen that the diode turns on at

∼3 V and has a current density in the order of a few hundred A/cm2 in forward bias, which

corresponds to differential resistance in the order of mΩ·cm2. The semilog scale I-V, shown

in Fig. 1.14(c), shows the diode has a lower reverse bias leakage with a rectification ratio

∼4 orders of magnitude at ±10 V.

In summary, Collazo et al. fabricated lateral p/n junctions using a polarity control

approach on a sapphire substrate. Indeed, Ga-polar and N-polar GaN domains showed p-

type and n-type conductivity, respectively. This successful demonstration of selective p-type

and n-type doping in LPJs is the major stepping stone towards realizing a vertical GaN

superjunction with controlled doping and charge balance.

Many other exciting devices utilizing LPJ structures are also reported in the literature

by taking advantage of selective doping capabilities across the polar domains. Collazo et al.

reported a depletion-mode metal-semiconductor field-effect transistor (MESFET) with n-type

N-polar domains as source & drain and a Ga-polar channel on polarity-patterned wafers [60].

Other electronic device structures such as Schottky diodes [69] and photodiodes [70] are also

reported. Recently, Guo et al. reported a review on the polarity control and applications of

III-nitride LPJs in different devices [71].

1.3.3 Realization of Vertical GaN Superjunction using LPJs

As mentioned in Section 1.2, two main techniques to obtain SJ structures are trench etch-

ing/regrowth and ion implantation. They have already been demonstrated to be effective in

both Si and SiC technologies. Despite several ongoing efforts to develop similar methods for

selective area doping in GaN, these approaches have not been successfully applied to GaN to
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Figure 1.15: Process flow for fabricating GaN SJ structure using later polar junction (LPJ) approach.

realize vertical SJ devices. Therefore, instead of these conventional methods, a novel lateral

polar junction approach could be employed to realize vertical GaN SJ devices. As mentioned

above in this section, this approach is only available in III-Nitride technology due to the

possible polarity control. It provides a promising path towards selective area doping of thick

and narrow p/n columns necessary in high-performance vertical GaN SJ devices. The process

flow for fabricating GaN SJ structure using LPJ is shown in Fig. 1.15.

Again, the phenomenon that allows for the superjunction is the asymmetry in defect

incorporation, as mentioned previously in this section. Specifically, preferential incorporation

of shallow donor oxygen occurs in N-polar GaN, making it n-type while Ga-polar GaN remains

undoped. In contrast, Mg incorporates similarly into GaN for both polarities. Hence, if Mg is

introduced at concentrations below O concentration in N-polar GaN, the Ga-polar domains

would become p-type, while the N-polar domains will remain n-type. The process flow shown
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in Fig. 1.15 is for the GaN LPJ growth on a sapphire substrate. The primary focus of this

thesis is to realize charge balanced (i.e., equal dose in p- and n-type domains) GaN LPJs and

demonstrate that epitaxial growth is performed on the sapphire substrates.

As mentioned previously, recently Hite et al. have demonstrated two critical technological

breakthroughs relevant for the GaN LPJs: (1) thick GaN lateral polar structures exceeding

100 µm by growing them using HVPE on an MOCVD grown template and (2) the possibility

of a vertical inversion through a thin oxide interlayer [65,66,72]. The first breakthrough helps

support the possibility of growing these LPJs to the desired thickness by MOCVD, i.e., there

is no fundamental limit to the thickness that could be achieved in the GaN SJ. The second

breakthrough suggests the possibility of using native substrates (HVPE GaN templates or

ammonothermal single crystals) to realize fully vertical GaN-on-GaN SJ devices.

1.4 Background on p-type doping in GaN via Mg ion-

implantation

As mentioned earlier in Section 1.2, ion implantation could be another toolbox to achieve

p- and n-type columns for GaN SJ similar to what has been done in Si and SiC technology.

N-type regions would be formed during epitaxy, while p-type doping would be achieved via

selective-area Mg ion implantation. Several post-annealing techniques have been used to

activate the implanted Mg in GaN. This section presents a review on Mg ion implantation

and post-activation annealing techniques to obtain selective area p-type doping in GaN.

After ion implantation, the lattice disorder/damage due to the ion bombardments must be

repaired, and the impurity atoms must be electrically activated, meaning they must migrate

to proper lattice positions. To achieve that, post-implantation anneal is required, which is

typically done at higher temperatures. It is an essential step as device performance relies
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on the efficiency of post-implantation anneal. A general rule of thumb is that the annealing

temperature should be 2/3 of the melting point of the material. In that case, for GaN, the

required post-implantation annealing temperature would be ∼1650 ◦C (based on the melting

point of GaN ∼2500 ◦C [73]) to remove lattice damage. However, GaN decomposes when

annealed above 1000 ◦C due to the loss of nitrogen from the GaN surface [74]. Thus, it is

difficult to activate the implanted Mg ions and remove lattice damage in GaN. To address

this challenge, several different techniques, such as the use of a capping layer and different

annealing instruments, have been reported in the literature.

Different pulsed annealing techniques such as multicycle rapid thermal annealing (MRTA)

[75,76], and gyrotron microwave annealing [77] have been reported to perform post-implantation

activation annealing. In those techniques, the Mg activation annealing was done at different

annealing temperatures ranging from 1000 ◦C to 1370 ◦C using a cap layer with N2 over-

pressure of 3 MPa (∼30 bar). These techniques have also studied the effect of different cap

layers in Mg activation anneal [78]. To demonstrate the capability of selective area doping,

junction barrier Schottky (JBS) diodes with 600 V blocking capability have been realized

using Mg implantation coupled with MRTA post-implantation anneal technique [79,80]. Even

though these techniques might have avoided GaN surface decomposition, the Mg activation

ratios are only ∼0.5 to 8% [75–77]. In addition, removal of the cap layer would also possibly

damage the GaN surface, which can affect the ohmic contact formation for p-type GaN. In

comparison, electrical activation ratios for B implantation in Si and SiC are reported to be

100% and 95%, respectively [81,82].

Recently, ultra-high-pressure annealing (UHPA) has also been considered [84–87]. It is

performed under high pressure (∼1 GPa or 104 bar) with N2 overpressure, which protects the

GaN surface from decomposition. The phase diagram of GaN is shown in Fig. 1.16. The grey

shaded area, shown in the graph, is the region where GaN decomposes. To avoid GaN decom-
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Figure 1.16: The experimental pressure-temperature (p-T) equilibrium curve for the GaN. Adapted
from [83].

position at any temperature, the pressure must be higher than the black line shown in Fig. 1.16.

These studies have reported Mg activation at different annealing temperatures ranging from

1200 ◦C to 1500 ◦C for different periods. It was shown that almost ∼100% activation of the

implanted Mg ions was achieved at 1300 ◦C to 1400 ◦C using this UHPA technique [84,87].

The p-type conductivity with high free carrier concentration and mobility comparable to

epi-doped p-type GaN was confirmed via hall measurements. Moreover, this technique was

used to achieve better edge terminations for epi-doped p-n diodes [88,89]. However, there are

no reports on JBS or p-n diodes using this UHPA technique. In this thesis, GaN p-n diodes

are reported to demonstrate that Mg ion implantation and proper activation anneal via

UHPA can be used to realize p-type doping in GaN. The successful demonstration of p-type

doping via ion implantation would serve as a path to realize the GaN SJ devices in the future.
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1.5 Objectives and Scope of the Thesis

The superjunction concept revolutionized the power device market by offering a pathway

to reduced losses. In Si and SiC technologies, SJ devices have been experimentally shown

to cross their 1D unipolar limit, but this achievement remains elusive for GaN. Thus, it is

essential to show similar performance improvement in GaN SJ devices by crossing its 1D

theoretical limit. Moreover, there is a need to demonstrate an approach for vertical GaN SJ

devices that can compete with Si and SiC, particularly at high voltages.

Therefore, the objective of the thesis is to demonstrate selective area doping control for

the realization of GaN-based vertical superjunction diodes using two distinct methods: a

novel lateral polar junction approach and ion implantation.

In order to realize GaN SJ devices using lateral polar junctions, the path is divided into

several building blocks as follows:

1. A simple theoretical model is developed to obtain material parameters such as p/n

columns width and doping and drift layer thickness requirements to achieve kV-class

GaN SJ devices.

2. The unintentional oxygen concentration (n-type doping) in N-polar GaN usually results

in the order of 1019 cm−3. Constant feedback to the material grower was required to

achieve required doping control from the perspective of SJ devices. Thus, a study of

N-polar GaN material properties is required to estimate the doping levels via Schottky

contacts. The properties of N-polar Schottky diodes need to be evaluated, as N-polar

GaN would control the flow of current from the perspective of the GaN SJ diode.

3. The N-polar GaN surface is highly reactive to the standard chemicals used in day-to-day

device fabrication processes. Additionally, a lower Schottky barrier height for N-polar

GaN is reported in comparison to Ga-polar GaN. Thus, the ultra-thin SiN interlayer is
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proposed to passivate the surface polarization charge, introduce a chemical barrier, and

increase the Schottky barrier height of the diode.

4. Another alternative to increase the barrier height while keeping unipolar device proper-

ties is to form a camel diode. The camel diode requires a thin layer of p-type doping.

The thickness and doping of this p-type layer would tune the barrier height between the

Schottky barrier and the p-n diode barrier. In N-polar GaN, achieving p-type doping

is crucial because p-type dopants are usually compensated by background uninten-

tional n-type (oxygen) dopants. Thus, demonstration of p-type conductivity is first

required in N-polar GaN. To this end, first, a study of the N-polar GaN p-n diode is

required. This would help to realize a camel diode in N-polar GaN.

5. In the end, the study of lateral polar junction-based SJ structure to estimate the

doping levels in both Ga-polar (p-type) and N-polar (n-type) via electrical and material

characterization techniques.

From the ion implantation perspective, the development of the high-pressure and high-

temperature post-implantation anneal technique has provided a path to realize the control of

p-type doping in GaN via Mg ion implantation. The validation of p-type doping in GaN is

validated by fabricating kV-class p-n diodes with p-type doping using Mg ion implantation

followed by high-pressure and high-temperature post-activation anneal. This would enable to

realize selective area p- and n-type doping in GaN.
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1.6 Thesis Outline

The thesis aims to develop insight into each building block mentioned previously to realize a

path to obtaining GaN-based vertical superjunction devices. The thesis is organized in the

following manner:

Chapter 2 reports a simple theoretical model developed for GaN SJ devices and compares

it with conventional unipolar devices. A 1750 V breakdown voltage GaN SJ is designed

using the developed analytical equations and simulated using Silvaco to verify the developed

model. The blocking current-voltage and capacitance-voltage characteristics are reported

and analyzed. The impact of charge imbalance on the GaN SJ device performance is also

evaluated.

Chapter 3 reveals the electrical and material properties of N-polar GaN Schottky diodes,

such as barrier height and doping levels. An investigation of how different chemicals, such as

solvents, bases, and acids, used in regular device fabrication processes affect the electrical

properties of N-polar GaN Schottky diodes is presented.

Chapter 4, initially, introduces the history of the developed SiN technology on GaN

material. Then, the material properties of SiN and the barrier heights at metal/SiN and SiN/N-

polar GaN are investigated using a 7 nm LPCVD-grown SiN interlayer. Later, introducing a

5 nm SiN interlayer shows that the barrier height can be increased, reverse bias leakage can

be reduced, and reliable operation at elevated temperatures can be obtained.

Chapter 5 discloses the p-type doping capability in N-polar GaN material confirmed

via Hall measurements. The N-polar GaN p-n diodes are fabricated and characterized to

investigate the incorporation of Mg and oxygen. The electrical properties of N-polar p-n

diodes are also compared to Ga-polar GaN diodes. Then, theoretical design equations for GaN

camel diodes are devised and validated with TCAD simulations. Based on the design rules,

two different N-polar GaN camel diodes are fabricated, and their electrical characteristics are
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presented.

Chapter 6 demonstrates the first-ever charge-balanced GaN lateral polar junctions for GaN-

based vertical SJ applications. The material characteristics of the grown LPJ are obtained via

secondary electron microscopy (SEM), integrated differential phase contrast (iDPC) imaging

in scanning transmission electron microscopy (STEM), secondary ion mass spectroscopy

(SIMS), and atom probe tomography (APT). The electrical properties of the fabricated

LPJ diode are investigated via current-voltage and capacitance-voltage characteristics. Both

material and electrical characteristics confirm that the doping levels in Ga- and N-polar GaN

domains are equal.

Chapter 7 presents GaN-on-GaN p-n diodes using p-type doping obtained via Mg ion

implantation. These p-n diodes demonstrate 1 kV blocking characteristics as a result of

successful Mg post-implantation activation anneal via high-pressure and high-temperature

techniques. Silvaco-based TCAD simulations are reported to estimate the breakdown field

strength of the fabricated p-n diodes.

Chapter 8 summarizes the achievements and contributions of this work and outlines

avenues of potential future research.
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Chapter 2

Design Space for Vertical GaN
Superjunction

2.1 Background and Significance

The optimum performance of a SJ device depends on a variety of device parameters such

as p/n column width, thickness, and doping, all of which can be calculated before device

fabrication. Many efforts have already been made to develop analytical models for Si [19, 90],

and SiC [91] SJ devices. Similar efforts are ongoing to develop a model for GaN-based SJ

devices. Z. Li et al. [92] have reported simulation results for 5-20 kV GaN-based SJ devices. B.

Song et al. [93] have combined two models from [90] and [91] to develop an analytical model

for GaN Lateral Polarization-doped superjunction devices. However, those models are based

on complicated infinite series to solve the electric field, which requires substantial computation

and time. In comparison, a simplified and more intuitive approach to derive equations for

modeling various parameters for Si-based SJ devices has been shown by Baliga [6]. In this

thesis, the same framework is applied to GaN in order to guide the design of GaN SJ devices

and provide a reference for experimental results. TCAD simulations are also performed using

Silvaco ATLAS to evaluate the accuracy of the developed models. Some of the discussion

and data presented in this chapter are from our publication [94].
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2.2 Development of Theoretical Model for GaN SJ

Figure 2.1(a) shows the schematic cross-section of a typical SJ drift region formed with

alternating p/n columns. For comparison, a cross-section of the drift region in conventional

power devices is shown in Fig. 2.2(a). The unit cell cross-section of the SJ device with a

half-width of p and n columns is shown in Fig. 2.1(b). The lateral depletion region forms

between the p and n columns when a reverse bias is applied to the structure, which creates an

electric field in the x-direction, as shown in Fig. 2.1(c). By increasing the reverse bias voltage,

the depletion in the lateral direction increases and the electric field with it. To achieve better

charge coupling, both columns should be totally depleted before the applied reverse bias

reaches the breakdown voltage. Thus, when the reverse bias reaches the breakdown voltage,

the electric field in the y-direction of the structure will be uniform, defined as the uniform

critical electric field (ECU) in p and n columns, as shown in Fig. 2.1(d). It is seen that a

two-dimensional (2D) electric field is formed with the help of p/n columns in the SJ structure.

On the other hand, for conventional devices, the electric field in the drift region increases

with the reverse bias voltage. At the onset of breakdown, the maximum electric field in the

device reaches to its material critical electric field (EC). The electric field, for this case, in

the drift region is triangular and one-dimensional (1D), as shown in Fig. 2.2(b). Thus, from

Figs. 2.1(d) and 2.2(b), it is evident that SJ devices can have a larger breakdown voltage

capability for a similarly sized drift region in conventional devices. In addition, creating a

charge balance and controlling the doping laterally between p/n columns makes it possible to

dope the SJ columns higher than conventional drift regions, which reduces the on-resistance.

This section provides a detailed description of the theoretical model developed for GaN SJ

devices. Using the developed model, device parameters such as p/n column width, doping,

and thickness can be predicted for a given breakdown voltage application.

32



Figure 2.1: Cross-sectional view of (a) SJ device structure and (b) unit cell of the SJ structure
represented in figure (a) with a dotted rectangle. The electric field distribution (c) in the x-direction
obtained at the middle of the drift region (y = LD/2) and (d) in the y-direction obtained at the
middle of the p/n column (x=WN/2=-WP/2) at the breakdown. The figure is not drawn to scale.

Figure 2.2: (a) Cross-sectional view of the drift region in conventional power devices. (b) The
electric field distribution along the drift region at the onset of breakdown.
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As the electric field increases, free carriers are accelerated, creating more free carriers

through impact events with the lattice atoms in the depletion region of the drift layer. The

number of free carriers increases exponentially with increasing reverse bias, and avalanche

breakdown occurs when carrier multiplication reaches infinity, i.e., the impact ionization

integral reaches unity [4]. The ionization integral (II) is given by:

II =

∫ W

0

αp exp

[∫ y

0

(αn − αp) dy
′
]
dy = 1 (2.1)

where, W is the width of the breakdown path, αn and αp are the impact ionization coefficients

of electrons and holes, respectively. These impact ionization coefficients can be defined as the

number of electron-hole pairs created by the single electron or hole traveling 1 cm through

the depletion region in the direction of an electric field. These coefficients are a function of

the electric field shown as [95]:

αn = an exp

(
−bn
E

)
and αp = ap exp

(
−bp
E

)
(2.2)

where, an, bn, ap, and bp are material-dependent parameters, and E is the electric field.

Several efforts have been taken to develop impact ionization coefficients for GaN based

on theoretical and experimental work [96–101]. In this thesis, the ionization coefficients used

are based on the report from Ozbek-Baliga [97]. In their work, the coefficients were obtained

using the pulse electron beam technique, which localizes the measurements to avoid defects

detected in the material using electron beam induced current (EBIC) scans [102]. Thus, the

parameters that were reported are for ideal GaN material. From this, an assessment of GaN’s

true potential as a material in power devices can be made.

34



For simplicity, the effective value (αeff ) for the electron (αn) and hole (αp) coefficients is

of used in Eq. 2.1 for the avalanche breakdown conditions. Thus, by substituting αn = αp =

αeff , the ionization integral, Eq. 2.1, becomes:

∫ W

0

αeff dy = 1 (2.3)

For more straightforward device design calculations, Fulop reported a simple form of αeff

from empirical results instead of Chynoweth’s form of α shown in Eq. 2.2 [95, 103]. It is

given as:

αeff = C · Eg (2.4)

where, C and g are constants and can be obtained by fitting the electron and hole impact

ionization coefficients. In this form, Ozbek and Baliga reported a power law for GaN by

fitting the measured electron and hole impact ionization coefficients [97, 102]. As mentioned

above, these electron and hole impact ionization coefficients were measured experimentally.

The Ozbek-Baliga power-law fit for GaN is given as:

αeff = 1.5× 10−42 · E7 [cm−1] (2.5)

where E is in V/cm. By replacing the value of αeff in Eq. 2.3 and solving it for the drift

region thickness (LD), the relation between uniform electric field (ECU) and LD for GaN SJ

device was obtained:

ECU = 9.44× 105 · L−1/7
D [V/cm] (2.6)
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where, LD is in cm. As the breakdown voltage is just the product of uniform electric field and

the drift region thickness of the SJ, as seen in Fig. 2.1(d), the relation between the breakdown

voltage and drift region thickness of the GaN SJ device is obtained:

BV = ECU · LD = 9.44× 105 · L6/7
D [V] (2.7)

where, ECU is in V/cm and LD is in cm. Hence, the thickness of the vertical p/n columns of

GaN SJ for the required breakdown voltage can be calculated using:

LD = 1.07× 10−7 ·BV 7/6 [cm] (2.8)

The optimum dose for the charge-balanced SJ device can be found by considering the peak

value of the electric field in Fig. 2.1(c), which is ECU. It is expressed as:

Qoptimum = qND
WN

2
= εSECU = qNA

WP

2
(2.9)

where, Qoptimum is the required dose to create a charge balance within the p/n columns,

εS (=10.4ε0) is the permittivity of GaN, WN and WP are the width of the n and p columns,

respectively; ND and NA are the doping concentrations of the n and p columns, respectively.

Using Eqs. 2.7 and 2.9, the relationship between the dose and breakdown for GaN SJ can be

obtained as:

ND ·WN = NA ·WP = 1.08× 1014 ·BV −1/6 [cm−2] (2.10)
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Figure 2.3: (a) Breakdown voltage versus required drift region thickness, (b) required optimum
dose versus breakdown voltage for GaN-based SJ devices up to 10 kV.

Using Eqs. 2.8 and 2.10, we can find GaN SJ device parameters for a given breakdown

voltage or vice versa. Figs. 2.3(a) and 2.3(b) show the drift region thickness and the optimum

dose for a breakdown voltage range till 10 kV. Using the optimum dose graph shown in

Fig. 2.3(b), the required doping can be calculated by choosing achievable column widths for a

given breakdown voltage. For comparison, the design parameters for conventional GaN power

devices can be written in similar ways and are given as [10]:

WD = 1.7× 10−7 ·BV 7/6 [cm] (2.11)

and,

ND ·WD = 6.77× 1013 ·BV −1/6 [cm−2] (2.12)

where WD is the homogeneous drift region thickness for parallel plane breakdown case. Thus,

from Eqs. 2.8, 2.10, 2.11, and 2.12, it is clear that SJ devices can have a smaller drift region
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thickness and higher doping compared to the conventional devices for a given breakdown

voltage. It should be noted that the drift region thickness increases as per the breakdown

voltage requirement increases, based on Eqs. 2.11 and 2.12 for the conventional devices.

This would lead to a reduction in doping and a corresponding increase in on-resistance. In

comparison, for SJ devices, the doping can still be controlled via the p- and n-type column

widths. This would allow increasing doping for the drift region of SJ, reducing the on-resistance

for a similar breakdown voltage capability device compared to conventional devices.

As SJ devices can have larger drift region doping, a lower on-resistance can be obtained

compared to equivalent conventional devices. The ideal specific on-resistance for the SJ

structure, shown in Fig. 2.1(b), considering unipolar current flow, i.e., only through n column,

can be given as [6]:

Ron,sp−ideal =
LD

qµnND

· WN +WP

WN

(2.13)

Now, LD and ND (=NA) can be replaced in terms of the BV to obtain a relation between

on-resistance and breakdown voltage as follows:

LD =
BV

ECU

(2.14)

and,

ND =
2 · εS · ECU

q ·WN

(2.15)

Using Eqs. 2.13, 2.14, 2.15, and assuming WN = WP, the ideal specific on-resistance can be

written as:
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Ron,sp−ideal =
BV ·WN

εS · µn · E2
CU

(2.16)

Now, using Eqs. 2.7 and 2.8, the uniform electric field, in the form of breakdown voltage, can

be represented as follows:

ECU = 9.35× 106 ·BV −1/6 [V/cm] (2.17)

Thus, the ideal specific on-resistance for GaN SJ devices can be given as:

Ron,sp−ideal(SJ) =
1.444× 10−14 ·BV 4/3 ·WN

εS · µn

[Ω · cm2] (2.18)

A similar relationship of on-resistance with respect to breakdown voltage for the conventional

GaN power devices with the 1D electric field has been derived and shown as:

Ron,sp−ideal(1D) =
2.457× 10−21 ·BV 5/2

εS · µn

[Ω · cm2] (2.19)

From these on-resistance equations, in the case of SJ devices, the on-resistance is proportional

to breakdown voltage with a power of 4/3 for SJ. In contrast, for conventional devices, it

is a power of 5/2. Thus, it is clearly seen that the SJ devices break the 1D theoretical

limit of conventional unipolar devices and offer very small on-resistance. Additionally, the

on-resistance for SJ devices also depends on the width of the p/n column as seen in Eq. 2.18;

thus, smaller column widths further reduce the on-resistance of the SJ devices. Using Eqs. 2.18

and 2.19, the comparison of on-resistance versus breakdown voltage characteristics for GaN

conventional (1D limit) and SJ devices with different column widths (for WN = WP) are
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Figure 2.4: Theoretical limit of the ideal specific on-resistance versus breakdown voltage comparison
for GaN SJ devices. The on-resistance for three different column widths of SJ devices are compared
with the conventional 1D devices.

shown in Fig. 2.4. It should be noted that the specific on-resistance reported here is only

from the drift region portion of the device and does not include the parasitic resistances such

as resistance of substrate and resistances of anode and cathode metal contacts. The graph

shows on-resistances for 0.2 µm, 0.5 µm, and 1 µm column widths GaN SJ devices. The cell

pitch size (Wcell = WN + WP) of these SJ devices would be 0.4 µm, 1 µm, and 2 µm. The

pitch size of 1 µm and 2 µm can be easily achieved via stepper lithography. Whereas for

0.4 µm pitch size devices, laser interference lithography can be used to achieve large area

patterns on substrates [104–107]. In this work, 2 µm pitch size is implemented using stepper

lithography to realize GaN SJ devices. A comparison of the ideal theoretical RON vs. BV

between 1D and SJ devices for Si, SiC, and GaN is shown in Fig. 2.5. In the graph, the cell

pitch of the SJ devices is chosen to be 2 µm. For comparison, the experimental results of

Si and SiC SJ-MOSFET are shown in the graph with the respective cell pitch size of the
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Figure 2.5: Comparison of the ideal specific on-resistance versus breakdown voltage between 1D
limit and SJ limit for Si, SiC, and GaN technologies. The Wcell for the SJ devices is 2 µm.

p/n columns. In addition, few commercially available Si SJ-MOSFETs (CoolMOS) are also

reported in Fig. 2.5. It is worth noting that these Si and SiC experimental devices show

lower RON than their 1D limit. Thus, SJ devices can outperform their conventional unipolar

devices. As per the graph, it can be observed that the GaN SJ devices would have lower

RON than SiC-based SJ devices. Additionally, as the fabrication of SiC-based SJ devices rely

on either implantation or etch/regrowth techniques, achieving a smaller cell pitch would be

crucial due to lithographic limitations, especially in the case of multiepitaxy when thicker

drift regions are required for high BV devices. In comparison, for the GaN-based SJ devices

using the LPJ approach, the buffer layer needs to be patterned only once at the beginning of

the growth to obtain p/n columns in a single growth run. After patterning the buffer layer,

thick p/n columns can be grown in a single growth run without requiring multiepitaxy and

alignments of multiple lithographies. Thus, a relatively smaller cell pitch can be realized in
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Figure 2.6: The schematic cross-section of the unit cell SJ device structure, including depletion
region across the lateral p-n junction columns due to the built-in potential. Here, Wundep is the
undepleted region in an n-type column, and xn is the depleted region. The development of the
depletion region reduces the available area for the current in an n-type column.

GaN SJ devices compared to SiC SJ devices, which would allow a larger doping level to be

used, in turn leading to a further reduction in RON.

As mentioned previously, the above derived specific on-resistance equation (Eq. 2.18) is

for the ideal SJ device structures. In real devices, the available area for the current would be

lower due to the presence of the depletion layer created by lateral p-n diode built-in potential.

The schematic cross-section of the SJ structure, including depletion regions in p/n columns,

is shown in Fig. 2.6. Thus, the actual specific on-resistance for the SJ devices would be the

modified version of Eq. 2.13, and can be written as:

Ron,sp−ideal =
LD

qµnND

· WN +WP

Wundep

(2.20)

where, Wundep is the undepleted portion of the n column width from where the electrons

would flow during the on-state, which is written as:

Wundep = WN − 2xn (2.21)
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where, xn is the depletion region width in the n column, and it can be given as:

xn =

(
2 · εS · (Vbi − VF ) ·NA

q ·ND · (NA +ND)

)2

(2.22)

where, Vbi is the built-in potential between n and p columns and VF is the applied forward

bias. Thus, the presence of the depletion region would slightly increase the on-resistance value

from its ideal theoretical value in SJ devices. Recently, Zhou et al. also reported theoretical

calculations on the performance limitations due to the depletion regions in the SJ made with

impurity-doped columns. However, they suggested use of a natural polarization superjunction

structure in GaN could avoid this issue as no dopants are needed [108].

2.3 TCAD Simulations of GaN Superjunction

TCAD simulations are performed using Silvaco ATLAS to evaluate the accuracy of the

developed model for GaN SJ. A 1750 V breakdown voltage GaN SJ diode for a 1.2 kV rating

application is designed and simulated to validate the designed equations in the previous

section. The following subsections provide insight into the blocking characteristics and

capacitance-voltage characteristics of the 1750 V GaN SJ.

2.3.1 Blocking Characteristics of 1750 V GaN SJ

The required parameters to simulate the SJ structures are the thickness of the drift region

(LD), and widths (WP, WN), and doping concentrations (NA, ND) of the p/n columns, all of

which can be calculated using the above-designed model. According to Eq. 2.8, the required

drift region thickness (LD) to achieve 1750 V breakdown is 6.5 µm. Similarly, using Eq. 2.10,

the required dose (ND·WN = NA·WP) in the p/n column is ∼3×1013 cm−2. Choosing WN =
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Figure 2.7: The schematic cross-section of the simulated GaN SJ device structure for 1750 V
breakdown voltage capability. The required drift region thickness (LD) is 6.5 µm. The half widths of
p- and n-type columns (WN/2 = WP/2) are 0.5 µm each. The doping concentration (NA = ND) in
each column is ∼3×1017 cm−3.

WP = 1 µm, as it is easily manufacturable with the i-line stepper lithography, the required p/n

column doping (NA = ND) is calculated from dose, and it is ∼3×1017 cm−3. The cross-section

of the simulated structure for the 1750 V breakdown GaN SJ device is shown in Fig. 2.7. It

should be noted that the structure has an additional p+-GaN layer on top in comparison to

the structure shown in Fig. 2.1(b). This is only used to facilitate the modeling of the reverse

blocking performance of the SJ diode. The actual realization of the GaN SJ diode for the

purpose of this thesis would be unipolar in nature.

Table 2.1: Impact ionization model parameters for GaN from [97].

an (cm−1) 1.5×105

bn (V/cm) 1.41×107

ap (cm−1) 6.4×105

bp (V/cm) 1.46×107
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As reported in Section 2.2, the simplest form of impact ionization coefficient is used

to derive the GaN SJ device design parameters with the help of the Ozbek-Baliga power

law [97,102]. This power-law was extracted using the measured impact ionization coefficients

for electrons and holes in the form of Eq. 2.2. Therefore, the electron and hole impact

ionization coefficients used for the GaN SJ device simulations are taken from their work, and

the values are reported in Table 2.1.

The corresponding Silvaco-based TCAD simulation results show a breakdown voltage of

1730 V, which is in good agreement with the developed model. The reverse blocking current-

voltage (I-V) characteristics of the GaN SJ diode are shown in Fig. 2.8(a). As mentioned in

the previous section, the avalanche breakdown occurs when the ionization integral reaches

1, meaning the total number of electron-hole pairs generated within the depletion region

approaches infinity. The simulated ionization integral for the GaN SJ device as a function of

applied bias is reported in Fig. 2.8(b). The graph shows that the ionization integral reaches 1

Figure 2.8: Simulated (a) blocking I-V characteristics and (b) ionization integral of the 1750 V
designed GaN SJ device. The extracted breakdown voltage is 1730 V.
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Figure 2.9: (a) Evolution of the electric field profile in the vertical direction across drift region at
x = WN/2 as a function of reverse bias. (b) Two-dimensional (c) three-dimensional electric field
distribution in the device at reverse bias 1730 V.
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Figure 2.10: Three-dimensional impact ionization rate at the onset of breakdown (1730 V).

at 1730 V, confirming that the breakdown at that bias is due to the avalanche multiplication.

The electric field profile along the vertical direction across the drift region at x = WN/2

is shown in Fig. 2.9(a) as a function of the reverse bias voltages. It is seen that, at higher

reverse biases, the electric field is very uniform with a slightly higher e-field near the lateral

p/n junction, at the bottom of p-type, and the top of the n-type column. Two-dimensional

and three-dimensional electric field contours at the onset of breakdown, at 1730 V, are shown

in Figs. 2.9(b) and 2.9(c), respectively. A three-dimensional view of the generation of free

carriers by impact ionization is shown in Fig. 2.10 at the onset of breakdown. The graph

suggests that impact ionization, i.e., breakdown, occurs at WN/2 and WP/2, instead of at

the top p+-n or bottom p-n+ interfaces [see Fig. 2.7].

In comparison, a conventional GaN device with the same drift region doping (3×1017 cm−3)

is simulated using Silvaco too. The breakdown voltage of that conventional GaN diode is
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found to be around 220 V. Thus, SJ devices clearly offer a performance advantage over their

conventional unipolar counterparts. These results demonstrate that the first-order device

design parameters for a GaN SJ diode can be calculated using the model designed in this

thesis. It should be noted that these models are not valid in the presence of the charge

imbalance (i.e., when ND·WN ̸= NA·WP). The insight on the SJ performance degradation

due to the charge imbalance is given in Section 2.4.

2.3.2 Capacitance-Voltage Characteristics of 1750 V GaN SJ

The capacitance-voltage (C-V) characteristic of the same 1750 V SJ diode simulated above is

analyzed. The C-V characteristic in reverse bias from 0 V to -1730 V is shown in Fig. 2.11.

As the reverse bias increases, the depletion region is formed due to the modulation of charges

Figure 2.11: The capacitance-voltage characteristics of 1750 V GaN SJ diode. The inset graph
shows the same C-V curve for 0 V to -250 V.
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Figure 2.12: The 2D electric field contours of 1750 V GaN SJ structure including depletion edge
boundary at reverse bias (a) -50 V, (b) -120 V, (c) -130 V, and (d) -200 V.

at three different junctions in the SJ, namely at the top p+-n junction, lateral p-n junction,

and bottom p-n+ junction. The depletion region increases with increasing reverse bias that,

in turn, reduces the capacitance. The capacitance drops sharply when going from 0 V to

-200 V and becomes almost constant after that. The inset of Fig. 2.11 shows the C-V graph in

reverse bias from 0 V to -250 V. It is clearly seen that the transition in capacitance happens

between -120 V to -130 V. To investigate further, the development of depletion regions at

different reverse bias voltages are simulated and reported here. The 2D electric field contours

at the reverse bias voltages -50 V, -120 V, -130 V, and -200 V are shown in Figs. 2.12(a)

to 2.12(d). In those graphs, the depletion region boundary is presented as a black line, which
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can be seen at the end of the electric field contour. It can be observed that initially, the

depletion region grows at all three junctions, and is thus responsible for the sharp roll-off in

the capacitance up to -100 V [see Fig. 2.11]. From -120 V to -130 V, only a small increase

in the depletion region is observed, as seen in Figs. 2.12(b) and 2.12(c). This explains the

change in slope in this voltage range. After -130 V, the depletion region barely increases.

This means that no charges are modulated, and no change in the capacitance is observed as

a function of reverse bias until breakdown. This is the exact reason why the electric field in

SJ devices is uniform in the vertical direction [see Fig. 2.9(a)]. A similar abrupt reduction

in capacitance is also reported for simulated C-V analysis in Si-based SJ diode [109]. As a

result of the abrupt reduction of capacitance at lower reverse biases, the turn-off energy loss

of the SJ diode would be very small compared to a conventional diode. However, this would

create an abrupt rise in anode voltage during the turn-off transient, which would result in a

large dV/dt transient. This large dV/dt could be an issue in power electronic circuits [6].

2.4 Effects of Charge Imbalance on SJ Performance

As mentioned earlier, a drift region of the superjunction structure is made of p- and n-type

columns, which should have equal dose (or, in other words, be charge-balanced) to achieve

maximum possible breakdown voltage from the designed SJ structure. However, achieving

perfectly charge-balanced structures is difficult in actual device fabrication due to a variety

of technological challenges, such as p-doping activation. Thus, an investigation is required to

analyze the impact of charge imbalance on the breakdown voltage of the SJ device.

The charge imbalance (CI) is typically represented in percentage, and it would be created

because of the difference in doping of p/n columns (ND ̸= NA) or variations in the width of p/n

columns (WN ̸=WP). In this work, the charge imbalance is investigated via variations of doping
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levels in p/n columns. As seen in the previous section, the optimal doping concentrations for

both p- and n-type columns can be extracted using Eq. 2.10 for a given breakdown voltage

application. For the charge imbalance, two cases can be considered: first, the variations in

p column doping when doping in n column would be the optimally designed doping, and

second, the variations in n column doping when doping in p column would be the optimally

designed doping. Charge imbalance percentage in both cases can be defined as:

CI (p-column) =
NA −ND

ND

× 100% (2.23)

and,

CI (n-column) =
ND −NA

NA

× 100% (2.24)

Based on the above equations, we can see that the charge imbalance can be negative or

positive depending on whether the doping is lower or higher than optimal doping in another

column.

The impact of charge imbalance on breakdown voltage for the above designed 1750 V

GaN SJ device structure is analyzed using Silvaco TCAD simulations. As reported earlier, the

required optimal doping in p/n columns for 1750 V GaN SJ structure is 3×1017 cm−3 when

the p/n column widths are 1 µm each. Two cases are considered for the charge imbalance

in the 1750 V SJ device. In the first case, negative charge imbalance is created in SJ by

keeping optimal design doping in the n column and reducing doping in the p column. In the

second case, positive charge imbalance is created in SJ by keeping the optimal doping in the

p column and increasing doping in the n column. For both cases, the other device parameters

of the 1750 V SJ device are kept the same as they are, such as LD is 6.5 µm and WN and WP
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Figure 2.13: (a) The electric field distribution along the y-direction (at the onset of breakdown
voltage) at x= WN/2 in charge-imbalanced 1750 V GaN SJ diode structure with various charge
imbalance percentages. The charge imbalance is created by reducing doping in the p column. (b)
The breakdown voltage versus charge imbalance as a function of doping imbalance between the p
and n columns. For both figures, the dimensions of SJ structures are LD = 6.5 µm and WN = WP

= 1 µm.

are 1 µm each. For the first case, doping in a p-type column is reduced from 3×1017 cm−3 to

vary charge imbalance from 0% (charge-balanced) to -50% in step of -10%. For the second

case, doping in an n-type column is increased from 3×1017 cm−3 to vary charge imbalance

from 0% (charge-balanced) to 50% in step of +10%.

Figure 2.13(a) shows the electric field along the y-direction of the drift region at x=WN/2

at the onset of breakdown for various charge imbalance percentages. The graph shows that

the electric field changes from uniform to triangular distribution as the charge imbalance

percentage increases. Thus, the breakdown voltage of the device would reduce as a function of

charge imbalance. This can be seen in Fig. 2.13(b). The breakdown voltages for both positive

and negative charge imbalances are simulated and shown in Fig. 2.13(b). As mentioned earlier,

negative charge imbalance is created by reducing the p-type doping, while positive charge
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imbalance is created by increasing the n-type doping. Here, the breakdown voltage for a

charge-balanced case (0%) is the center point of the x-axis in the graph. The black circles with

a line represent the case when the optimal doping for a charge-balanced case (NA = ND) is

3×1017 cm−3. It can be observed that the breakdown voltage degrades sharply from 1730 V to

lower voltages with a positive or negative charge imbalance. In comparison, two other cases are

studied when optimal doping concentration in the balanced case is reduced to 2×1017 cm−3

(red circles with line) and 1×1017 cm−3 (blue circles with line). As shown in Fig. 2.13(b),

the breakdown voltage at the charge balance point for both these cases is still 1730 V. Thus,

the reduction in optimal doping does not degrade the SJ performance only if the charge is

balanced in both columns. Nonetheless, even if the optimal doping is reduced, the breakdown

voltage still degrades with the increase in charge imbalance. Interestingly, the reduction in

the breakdown voltage with the charge imbalance is lower as we reduce the optimal doping,

as seen in Fig. 2.13(b). Thus, the impact of charge imbalance could be lowered by reducing

the optimal doping. A similar trend was reported by Napoli et al. for Si SJ devices [110].

However, reducing the optimal doping would increase the on-resistance of the SJ. Addi-

tionally, as the p/n column widths are constant even though doping levels are reduced, the

depletion width would increase if the optimal doping levels would be reduced. This would lower

the available area for the current flow and thus again increases the on-resistance. Nonetheless,

the doping level in the case of conventional GaN unipolar devices to obtain 1730 V breakdown

would be in the range of 1×1016 cm−3. Thus, the on-resistance in SJ device, using NA = ND

= 1×1017 cm−3, would still be lower than in conventional GaN unipolar power device.
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2.5 Conclusion

In summary, a first-order analytical model to obtain design parameters for GaN SJ devices

is realized using the impact ionization coefficients for GaN reported in the literature. This

model is validated using the TCAD simulations of a 1750 V GaN SJ diode. It is confirmed

that not only does the analytical model provide an accurate estimate of the drift layer

requirements, but that the GaN SJ will indeed outperform a conventional GaN unipolar

device with equivalent drift region doping thickness. C-V analysis shows the growth of

depletion regions at three different junctions as a function of bias in the SJ structure. Due

to the faster depletion at the lateral p-n junction, the abrupt reduction of capacitance is

observed at very low reverse bias voltages than the designed breakdown voltage for SJ. This

confirms that both columns are fully depleted before the bias reaches to breakdown voltage.

Understanding the growth of depletion regions in SJ structure is utilized to analyze doping

levels in the experimental LPJ diode reported in Chapter 6. The impact of charge imbalance

on the SJ device performance is also evaluated using simulations. It is observed that the SJ

breakdown performance deteriorates significantly in the presence of charge imbalance when

the device is designed using the optimal device design parameters from developed analytical

equations. Instead, a slight reduction in the doping levels than optimal doping levels for both

the columns has a lower effect in the presence of charge imbalance.
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Chapter 3

Study of N-polar GaN Material
Properties via Schottky Contacts

N-polar GaN films obtained via MOCVD are typically n-type due to high unintentional oxygen

incorporation (>1019 cm−3) that acts as a shallow donor [45,67,68]. Therefore, it becomes the

natural choice for the n-type pillar of the GaN LPJ-based SJ device. There remain, however,

many open questions regarding the electrical properties of devices made with N-polar GaN,

and the processing approaches that must be adopted in response to its heightened chemical

sensitivity. Moreover, it is crucial to avoid the formation of hillocks and pits on the surface

of the N-polar GaN films as they lead to higher inversion domains [52, 55, 111], meaning

Ga-polar regions within N-polar columns, which may alter the doping levels of the film. Thus,

the primary focus of this chapter is to investigate the electrical properties of the N-polar

GaN from an SJ device perspective and provide feedback to the material grower to meet

the doping requirements, especially in N-polar GaN in the order of ∼1017 cm−3 for the SJ

device fabrication. Additionally, it is also observed that the N-polar GaN surface readily

reacts with the base and acid chemicals, which are typically used in regular semiconductor

device fabrication processes [112–115]. However, these previously published reports did not

provide a detailed explanation of how these chemicals affect the behavior of Schottky contacts.

Therefore, an investigation of how these chemicals change the electrical properties of the

N-polar GaN Schottky contacts is provided in this chapter. Most of the results are from our

publication [116].
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3.1 Introduction

The surface properties of any semiconductor strongly impact the behavior of metal - semicon-

ductor contacts. Therefore, to realize high-performance GaN devices, a systematic study of how

processing steps impact the semiconductor surface and accompanying metal-semiconductor

interfaces is essential. Hacke et al. reported on the first GaN Schottky diodes with a barrier

height of 0.844 eV and 0.94 eV for Au on n-GaN using current-voltage (I-V) and capacitance-

voltage (C-V) measurement techniques, respectively [117]. Since then, several research groups

have studied Schottky contacts to n-type doped GaN by using different metals. Amongst them,

the most commonly studied metals on n-type doped GaN for Schottky contacts are Pt and Ni,

whose I-V barrier heights range from 0.83 to 1.13 eV [118–121] and 0.66 to 1.13 eV [122–125],

respectively. It is worth noting that there is a significant spread in the reported barrier height

values for a given metal choice, as well as a dependence on the measurement techniques used

(e.g., I-V vs. C-V). The reason for the barrier height inhomogeneities is usually attributed

to high surface state densities, low/high barrier surface defects, metal-induced gap states

(MIGS), surface morphology, tunneling current components, and the presence of the native

oxides at the metal/semiconductor interface [126]. These types of inhomogeneities in GaN

Schottky diodes are frequently reported in the literature [120,121,123,124].

In addition, GaN Schottky contacts are influenced by surface polarization charges. Studies

have shown that the polar axis may influence the barrier height and the band bending at

the surface of GaN [119,127–129]. According to Reddy et al. [130], who studied the surfaces

of Ga-polar and N-polar GaN using X-ray Photoelectron Spectroscopy (XPS), the barrier

height decreases from Ga-polar to non-polar to N-polar. Similarly, Rizzi and Luth [131]

reported a theoretical prediction of the difference in Schottky barrier height between Ga-

and N-polar GaN, in which a polarization charge (Qpol/e) of 1.8×1013 cm−2 in N-polar GaN

surface reduced the barrier height of N-polar GaN by 0.33 eV. In further studies, where
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Schottky diodes were made, it was also found that the barrier height of N-polar GaN was

lower than that of Ga-polar GaN [119,132–135].

Non-idealities at the metal/semiconductor interface may arise from the reaction of the GaN

surface to the chemicals used in device fabrication processes. Therefore, to achieve near-ideal

device performance, it is crucial to identify which chemicals maintain a pristine surface prior

to Schottky metal contact deposition. Numerous chemical treatments have been studied to

clean the Ga-polar GaN surface [125,136,137]. Reddy et al. [125], for example, employed an

acid treatment to remove adventitious carbon before depositing Ni-based Schottky contacts.

In doing so, they reported defect-free forward and reverse bias characteristics up to an

annealing temperature of 600 ◦C. However, due to the different growth kinetics and chemical

properties of N-polar GaN [138], the chemical treatments used to clean Ga-polar GaN may

not be directly translatable. In this context, Rajan et al. [112] and Wong et al. [113] reported

that the chemicals required in conventional Ga-polar GaN fabrication and cleaning processes,

such as bases and acids, readily react with the N-polar GaN surface. However, they did not

provide electrical data to describe how these chemicals specifically impact performance. The

highly reactive nature of the N-polar GaN surface is also expected to increase the thickness of

the native oxide [114,130], which should be removed before any metal contacts or passivation

dielectrics are deposited. This makes it difficult to compare the results from studies involving

N-polar GaN where acid or base cleaning strategies were either not used or not explicitly

disclosed [119, 132, 133]. On the other hand, English et al. [114] and Wei et al. [115] each

reported that the N-polar GaN surface morphology was affected by choice of acid or base

treatments, but neither correlated the effects to the behavior of Schottky contacts nor did

they consider the effect of common solvents used in processing. Later Downey et al. [134]

studied N-polar GaN Schottky diode barrier heights for different metals after cleaning the

surface using O2 plasma followed by 30 s 10:1 buffered HF. However, they did not provide
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Figure 3.1: A schematic of an MOCVD grown Ni/N-polar GaN Schottky diode.

AFM or XPS scans of the surface in order to link electrical behavior to physical or chemical

changes to the N-polar GaN surface as a consequence of HF treatment. In comparison, Kim et

al. [139] reported a comparison of Schottky barrier heights between Ga-polar and N-polar

GaN after cleaning the surface in HCl for 1 min. They found a similar barrier height for

N-polar compared to Ga-polar GaN, which they attributed to the creation of surface states

in N-polar GaN following acid exposure. Therefore, the chemical sensitivity of N-polar GaN

raises the question of whether the same chemical treatment strategies that provide near-ideal

Ga-polar Schottky diode behavior can be adopted by their N-polar counterparts [125,140].

The following sections present a systematic analysis of how the electrical behavior of

Ni-based Schottky contacts made to N-polar GaN is influenced by solvent, base, and acidic

chemical treatments. Electrical testing is complemented by morphological and compositional

characterization of the surface in order to shed light on the complicated impact chemical

treatments have on N-polar GaN. Finally, a model that accounts for the variation in barrier

height due to GaN surface polarity and field-enhanced barrier lowering.
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3.2 Experimental Details

N-polar GaN layers were grown on a sapphire substrate 4◦ misoriented towards the m-plane

using a vertical, cold-wall, radio frequency (RF) heated, low-pressure metalorganic chemical

vapor deposition (MOCVD) system. A 500 nm thick n+-doped layer was followed by a 500 nm

thick n-type layer, as shown in Fig. 3.1. Both n+- and n-type GaN layers were unintentionally

oxygen doped [51, 141], resulting in carrier concentrations of approximately 5×1019 cm−3

and 7×1017 cm−3, respectively. Immediately after the growth, the wafer was diced into

small samples, and each sample underwent different chemical treatments, as summarized

in Table 3.1. Sample A was not subjected to any chemical treatments and, therefore, served

as a control sample. Samples B and C were dipped into solvent-based chemicals: Sample

B was submerged in isopropyl alcohol (IPA), commonly used to remove organic residue,

while Sample C was dipped into an electron-beam resist developer (MIBK:IPA = 1:3) and

subsequently rinsed with IPA. The effect of exposure to a base (pH = 13) was investigated

with Sample D, which was dipped into 3% Tetra-methyl ammonium hydroxide (TMAH)-based

photoresist developer (CD-26) and then rinsed with deionized (DI) water for 30 sec. The

Table 3.1: Chemical treatments on different samples prior to the Schottky metal deposition.

Sample Chemical Treatment

A As-grown

B 1 min IPA

C 1 min MIBK:IPA (1:3) + 15 sec IPA rinse

D 1 min TMAH (3%) + 30 sec DI rinse

E 1 min RT HCl:H2O (1:1) + 30 sec DI rinse

F 1 min Hot HCl:H2O (1:1) + 30 sec DI rinse
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last set of samples was subjected to acid treatment (pH < 1), specifically room temperature

(RT) HCl:H2O (1:1) for Sample E and hot (75 ◦C) HCl:H2O (1:1) for sample F. HCl is

chosen because it is a chemical widely used to clean the GaN surface prior to the metal

deposition [125,140,142]. Both of these samples were rinsed with DI water. All of the samples

were blow-dried with N2.

Immediately after the chemical treatments, the first batch of the samples was loaded into

an UHV e-beam evaporation chamber (base pressure: ∼10−9 Torr). 250 nm of nickel was

deposited through a thin shadow mask to define Schottky contacts. Shadow masking was

employed to avoid further exposure to chemicals that might alter the surface and confound

the device’s dependence on the above-listed chemical treatments. After the Schottky contact,

a large area ohmic contact was employed with V/Al/Ni (30/100/200 nm) [143,144] using the

same e-beam evaporation system.

AFM and SEM were performed on these samples to investigate the changes in the surface

morphology due to these chemical treatments. The second batch of chemically treated samples

was loaded into an UHV (base pressure: ∼10−10 Torr) system to perform XPS utilizing an

X-ray source with a Mg (hν = 1253.6 eV) anode. For each sample, the molar fraction

(atomic %) of Ga, N, and O on the surface were measured, and the surface stoichiometry was

determined from the areas under Ga 2p3/2, N 1s, and O 1s core-level peaks normalized using

appropriate atomic sensitivity factors [145]. The surface sensitivity of XPS makes it possible

to distinguish down to half a monolayer of oxygen. It should be noted that the total time it

took to remove the samples from the MOCVD reactor, apply the chemical treatments and

finally load them into an UHV chamber for either metal deposition or XPS was limited to 20

minutes.

Electrical measurements, namely room-temperature I-V, C-V, and temperature-dependent

I-V (or I-V-T), were performed in a vacuum probe station (base pressure: ∼10−7 Torr) using a
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Keithley 4200 semiconductor parameter analyzer. I-V measurements were conducted on diodes

with a diameter of 70 µm. In contrast, the C-V characteristics for all six different samples

were performed on 300 µm diameter diodes at room temperature. The C-V measurements

were done at 1 MHz using the parallel RC (resistor and capacitor) circuit for all the diodes.

The net doping concentration of the n-type region is calculated using the following equation:

ND = − 2

qεS

1

d
(
A2

C2

)
/dV

(3.1)

where, A is the area of the diode, εS (= 10.4ε0) is the permittivity of GaN, ND is the donor

concentration inside the n-type GaN. The net doping concentration in the n-GaN layer is

found to be around 7.5×1017 cm−3 ± 0.5×1017 cm−3 for all samples using Eq. 3.1. The C-V

barrier height is extracted for all the samples by extrapolating the 1/C2 vs. V graph in

forward-bias where 1/C2 reaches to zero. It should be noted that the intercept voltage is

considered to be equivalent to the C-V barrier height as the additional terms in the C-V

barrier height equation [146] stays within 0.04 eV for the doping level observed in our N-polar

GaN diodes. Therefore, the interpretation would not impact the C-V barrier height value in

this work.

To further verify the change in Schottky barrier height with different chemical treatments,

the forward bias I-V measurements are performed in vacuum (base pressure: ∼10−7 Torr) as

a function of temperature up to 200 ◦C. To ensure accurate I-V-T barrier height extraction,

the temperature was measured on the N-polar GaN surface by a thermocouple, which was

calibrated to metal melting points. The barrier heights for each chemically treated diode

were extracted using the following equation:

ln

(
I0

AT 2

)
= ln (A∗∗)− qϕ

kT
(3.2)

61



where, I0 is the extrapolated saturation current, A is the area of a diode, T is the temperature,

A∗∗ is the effective Richardson’s constant, and ϕ (=ϕB,IV ) is the I-V barrier height. Reported

spreads in barrier height extracted with this method are based on measurements of five

diodes. The I-V-T measurements and Richardson plots [ln(I0/AT
2) vs. 1/kT] are reported for

all different chemically-treated samples in the Results Section, where the slope of the graph

is proportional to the I-V barrier height.

3.3 Experimental Results

3.3.1 As-grown N-polar GaN

Figure 3.2(a) presents the 5×5 µm2 AFM image of the as-grown N-polar GaN surface. It is

seen that the surface roughness of the as-grown N-polar GaN is smooth and exhibits step

flow with related step bunching. The smooth surface morphology was further verified using

SEM, as shown in Fig. 3.2(b). From XPS [Fig. 3.2(c)], it was determined that the ratio of Ga

to N is 1.28, which is as expected for the GaN surface [147]. It is also seen that the molar

Figure 3.2: (a) AFM and (b) tilted-view SEM images of the as-grown sample indicate a smooth
N-polar GaN surface prior to chemical treatments. (c) The mole fraction (in %) obtained via XPS
of Ga, N, and O for the as-grown sample reveals the presence of an oxide monolayer.
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Figure 3.3: Room temperature (a) forward bias current-voltage (I-V), (b) capacitance-voltage
(C-V), (c) temperature-dependent I-V characteristics, and (d) Richardson plot for as grown Ni/N
polar GaN Schottky diodes.

fraction of O 1s peak is around 11%, which is slightly higher than what is typically observed

in Ga-polar GaN and corresponds to 0.5-1 monolayer of native oxide [130].

Figure 3.3(a) shows the room temperature forward bias I-V of as-grown N-polar GaN

surface Schottky diode. The ideality factor (n), extracted from I-V measurements of several

devices, is ∼1.07 to ∼1.1 and represents near-ideal behavior. From the C-V behavior in

Fig. 3.3(b), a barrier height of 0.60 eV is extracted, which is similar to the C-V barrier

height value reported by Fang et al. [132]. The temperature-dependence of the forward I-V
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Figure 3.4: Multiple reverse bias I-V sweeps on the as-grown N-polar GaN surface Schottky diode
measured at room temperature.

characteristics (Figs. 3.3(c), 3.3(d)) reveals that the barrier height is 0.40 eV with a spread of

±0.03 eV, which is similar to the I-V-T barrier height value reported by Osvald et al. [133].

A proposed explanation for the difference in barrier heights extracted via I-V and C-V is

presented in next Section 3.4.

Figure 3.4 shows multiple reverse bias IV sweeps up to -30 V. Due to the low Schottky

barrier (0.4 eV) and higher doping levels (7×1017 cm−3) compared to the standard high-power

diodes, the leakage current levels in these diodes are very high. As a result, the current level

reaches compliance at a very early reverse bias voltage of -30 V, although the device does not

break down.
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3.3.2 Solvent-treated Schottky Diodes

AFM and SEM images of the solvent-treated samples (Figs. 3.5(a)- 3.5(d)) showed similar

step flow or step bunching to the as-grown samples. Additionally, Figs. 3.5(e) and 3.5(f) depict

XPS of these samples where the O 1s peak percentages are comparable to the as-grown peak

percentage, indicating that the oxygen oxidation state did not change with the solvent-based

chemical treatments.

The forward bias I-V of solvent-treated diodes showed similar behavior to the as-grown

samples, as shown in Fig. 3.6(a). The ideality factor of these diodes is n ∼1.1. The C-V

barrier heights of IPA and MIBK-IPA treated diodes, Fig. 3.6(b), are 0.60 eV and 0.61

eV, respectively. The temperature-dependent I-V barrier heights of the IPA and MIBK:IPA

Figure 3.5: (a & b) AFM, (c & d) tilted-view SEM images, and (e & f) the mole fraction (in %) of
Ga, N, and O for the 1 min IPA and 1 min MIBK:IPA (e-beam resist developer) treated samples,
respectively.
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Figure 3.6: Room temperature (a) forward bias current-voltage (I-V), (b) capacitance-voltage
(C-V) (solid: IPA and dash: MIBK:IPA), (c) temperature-dependent I-V characteristics (solid: IPA
and dash: MIBK:IPA), and (d) Richardson plot for IPA and MIBK:IPA treated Ni/N-polar GaN
Schottky diodes.

treated diodes are 0.41 eV and 0.43 eV, shown in Figs. 3.6(c) and 3.6(d), with a measured

spread amongst diodes of around ±0.03 eV. The barrier height values from I-V and C-V for

the solvent-treated diodes are similar to the as-grown diodes. Thus, solvent-based chemical

treatments do not alter the N-polar GaN surface.
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3.3.3 Base-treated Schottky Diodes

Figure 3.7: (a) AFM, (b) tilted-view SEM images, and (c) the mole fraction (in %) of Ga, N, and
O for the 1 min 3% TMAH (photoresist developer) treated sample.

Per the AFM and SEM images of the TMAH-treated sample in Figs. 3.7(a) and 3.7(b),

an increase in surface roughness compared to the as-grown samples is observed. High-

resolution SEM indicates that base treatment roughened the N-polar surface by creating

triangular/hexagonal features with crystallographic facets different from the flat N-polar

surface. XPS was used to determine if the newly exposed facets represented bare or oxidized

GaN. According to Fig. 3.7(c), it is found that the oxygen mole fraction on these surfaces is

low compared to the surface of the as-grown samples. This indicates that the crystallographic

facets may not be covered with a significantly thick oxide layer. Moreover, we expect these

sidewalls to be semi-polar/non-polar with different properties than the top N-polar GaN

surface [44]. This is further discussed in Section 3.4.

The room-temperature forward-bias I-V, Fig 3.8(a), showed that the current in the TMAH-

treated sample is lower than the as-grown sample. The ideality factor of the TMAH-treated

diode is n ∼1.15, which also suggests the minor or insignificant presence of a treatment-

induced surface oxide barrier. As shown in Fig. 3.8(b), the C-V barrier height following base

treatment is 0.98 eV, which is ∼0.38 eV higher than the as-grown C-V barrier height. The
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Figure 3.8: Room temperature (a) forward bias current-voltage (I-V), (b) capacitance-voltage
(C-V), (c) temperature-dependent I-V characteristics, and (d) Richardson plot for TMAH treated
Ni/N-polar GaN Schottky diodes.

temperature-dependent I-V barrier height, Figs. 3.8(c) and 3.8(d), of the TMAH-treated

sample is 0.63 eV with a spread of ±0.03 eV, which is ∼0.23 eV higher than the as-grown

samples.
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3.3.4 Acid-treated Schottky Diodes

Figure 3.9: (a & b) AFM, (c & d) tilted-view SEM images, and (e & f) the mole fraction (in %) of
Ga, N, and O for the 1 min room temperature HCl and 1 min hot (75 ◦C) HCl treated samples,
respectively.

Figures 3.9(a) and 3.9(b) represent AFM images of the room-temperature HCl treated and hot

HCl treated N-polar GaN surfaces, respectively. Compared to the other chemical treatments,

it is found that acid exposure most severely etches the surface, especially when hot acid

is used. Furthermore, from the SEM images, Figs. 3.9(c) and 3.9(d), it appears that the

acid treatment creates triangular/hexagonal crystallographic facets on the surface similar

to the base treatment. XPS performed on the acid-treated samples, shown in Figs. 3.9(e)

and 3.9(f) indicate that the crystallographically etched GaN surface may have less oxygen

atomic coverage than the as-grown surface.

Figure 3.10(a) represents the room temperature forward bias I-V comparison between

acid-treated and as-grown sample Schottky diodes. It is seen that the hot HCl treated diodes
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Figure 3.10: Room temperature (a) forward bias current-voltage (I-V), (b) capacitance-voltage
(C-V) (solid: RT-HCl and dash: hot-HCl), (c) temperature-dependent I-V characteristics (solid:
RT-HCl and dash: hot-HCl), and (d) Richardson plot for RT and hot HCl treated Ni/N-polar GaN
Schottky diodes.

showed the lowest current, whereas the RT HCl treated diodes showed slightly higher current

than hot HCl, but it is still lower than the as-grown diodes. The ideality factor of RT HCl

treated diode is n ∼1.13, and hot HCl treated is n ∼1.17. Again, the ideality factor values

of the diodes show that the surface of the facets was not oxidized significantly and support

our XPS observations. As shown in Fig. 3.10(b), the C-V barrier height for the hot-HCl-

treated diodes is 1.00 eV, whereas for the RT HCl-treated diodes is 0.86 eV. These barrier
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height values for acid-treated samples are higher than the as-grown sample surface diodes.

Figures 3.10(c) and 3.10(d) show the temperature-dependent I-V characteristics for RT and

hot HCl treated diodes. The extracted I-V barrier height for RT and hot HCl treated diodes

is 0.54 eV and 0.63 eV, respectively, which is higher than the as-grown samples. The spread

in barrier heights across the diodes for acid-treated samples was ±0.03 eV. As with the case

of base treatment, we expect the surface of the exposed facets would be semi-polar/non-polar

GaN rather than the N-polar GaN.

3.4 Discussion

The I-V-extracted barrier height of the as-grown N-polar GaN samples is 0.40 eV, which is

lower compared to what Kim et al. [128] reported for nonpolar a-plane GaN (0.51 eV) and

Reddy et al. [125] (0.70 eV) reported for Ga-polar GaN. This difference of 0.30 eV between

Ga- and N-polar GaN surfaces is consistent with the literature and has been attributed

to the different polarization-induced charges at the different GaN polar surfaces [119,129].

Theoretical calculations, for example, performed by Rizzi and Luth [131], predicted a 0.33

eV barrier height difference, which aligns with our results. Via a combination of AFM and

SEM, we have observed that solvent treatment does not modify the surface morphology of

the N-polar GaN surface. Electrical characterization also confirms that the Schottky barrier

height of solvent-treated samples does not significantly change with respect to the as-grown

samples. However, it has been found that base and acid treatments severely roughen the

N-polar GaN film by creating triangular and hexagonal crystallographic facets on the surface.

The peak-to-valley roughness (R) for each chemical treatment is shown in Table 3.2. The

barrier height of these samples increased with respect to the as-grown case, yet XPS precludes

the formation of a thick oxide as a cause for the change since the O molar fraction remained
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Table 3.2: Summary of extracted Schottky barrier height using C-V (ϕB,CV ) and I-V-T (ϕB,IV )
methods and calculated interlayer dielectric thickness (δ) for different chemical treatments. R denotes
peak-to-valley roughness, n denotes ideality factor at room temperature, ∆ϕB,IV denotes the barrier
height lowering, CF denotes a correction factor we apply to account for surface roughness effects,
and tSCL denotes the thickness of the space charge layer at zero-bias voltage.

Treatment R ND ϕB,CV ϕB,IV n ∆ϕB,IV CF Ceff tSCL δ

(nm) (cm−3) (eV) (eV) (eV) (F/cm2) (nm) (nm)

as-grown 2 7.4×1017 0.60 0.40 1.07 0.067 1 3.1×10−7 27 0.3

IPA 2 7.0×1017 0.60 0.41 1.1 0.066 1 2.9×10−7 28 0.3

MIBK 2 7.1×1017 0.61 0.43 1.1 0.067 1 2.9×10−7 28 0.3

TMAH 14 7.1×1017 0.98 0.63 1.15 0.074 2 2.3×10−7 36 0.4

RT HCl 13 8.3×1017 0.86 0.54 1.13 0.074 2 2.6×10−7 31 0.4

Hot HCl 20 7.6×1017 1.00 0.63 1.17 0.075 2 2.3×10−7 34 0.5

below the monolayer limit. Instead, we hypothesize that the exposed crystallographic facets

are semi-polar/non-polar GaN surfaces that increase the barrier height compared to the

original N-polar surface. Therefore, the increase in the Schottky barrier height following

base and acid treatments is dominated by the polarity differences of these surfaces. The

ideality factor measured at room temperature for different treatments is shown in Table 3.2.

Again, the ideality factors for base and acid treated samples remain less than 1.2, which is in

accordance with XPS measurements and suggests that the higher barrier height is not due to

the thick native oxide on the surface.

The extracted barrier heights using I-V-T and C-V methods for the different chemical

treatment samples are listed in Table 3.2. As noted previously, both the C-V- and I-V-

extracted barrier heights increased in the samples that underwent base and acid treatments.

It is also seen that the C-V barrier height value in all samples is ∼50% higher than the
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I-V-T barrier height; similar results have been reported in both Ga-polar and N-polar GaN

Schottky diodes previously [117,119,125,133]. There are several reasons for such an outcome,

which can be explained to first order. Firstly, C-V measures the flat band condition barrier

height, whereas I-V measures the barrier height at zero-bias voltage, which would be lower

than the flat band condition due to the barrier height lowering [126]. In addition, C-V is

more sensitive to barrier height changes due to the possible presence of a thin interlayer

dielectric between the metal and semiconductor [126]. Finally, if barrier height inhomogeneity

exists, the effective I-V barrier height is expected to be lower than the effective C-V barrier

height [148–150]. However, barrier height inhomogeneity is expected to result in a temperature-

dependent barrier height [148] and not the practically temperature-independent barrier height

we observed up to 200 ◦C, as seen in Figs. 3.3, 3.6, 3.8, and 3.10.

From Table 3.2, it is also observed that the C-V barrier height values are once again higher

for base- and acid-treated samples than for the as-grown and solvent-treated samples. One

could argue that the higher barrier height in C-V could be because of a thick surface oxide

grown on the unstable etched/roughened GaN surface after the base and acid treatments

in this work. We instead attribute the barrier height increase to surface roughening caused

by base and acid treatments, which exposes semi-polar/non-polar GaN facets with higher

barrier heights compared to the original N-polar GaN surface. This hypothesis is supported

by our XPS measurements, which point to a decrease in the oxide thickness when acid or base

treatments are used. As previously mentioned, the barrier height differences are also consistent

with previous experimental and theoretical reports. However, the difference between C-V

and I-V barrier heights is larger for the samples subjected to acid and base treatments even

though there is a reduction in the interfacial layer thicknesses, as seen by XPS.

In order to support the hypothesis that the increase in barrier height is due to the

exposure of semi-polar/nonpolar GaN facets due to the roughening and electrical analysis-
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based estimation of the potential oxide thickness that could grow due to the base/acid

treatment is needed. Based on this hypothesis, a similar oxide thickness to the one on as-

grown or solvent-treated diodes is expected. For the electrical-based estimation, we employ a

first-order analysis to calculate the equivalent thickness of the interlayer dielectric for each

treatment case. For this, we need to consider and correct the contributions to the barrier

height from image forces and any other deviations from a flat surface assumption. We first

calculate the contribution of image force lowering using the following equations:

∆ϕB,IV =

√
qEM

4πεS
(3.3)

and,

EM =

√
2qND ϕB,IV

εS
(3.4)

where, ∆ϕB,IV is the barrier height lowering in eV, EM is the maximum electric field at

zero-bias voltage, ϕB,IV is the barrier height in eV extracted using the I-V-T method, ND

is the net doping concentration in the n-type region, and εS (= 10.4ε0) is the permittivity

of GaN. The values for ∆ϕB,IV for each treatment were calculated using the doping value

extracted from respective 1/C2-V measurements and are in general less than 75 meV, as

seen in Table 3.2. It should be noted that Eqs. 3.3 and 3.4 assume that the Schottky diode’s

surface is smooth and uniform, which is not the case for the samples exposed to acid and

base treatments, based on evidence from AFM and SEM.

Therefore, to consider the effect of surface roughness in the barrier height lowering, two-

dimensional (2D) numerical simulations were done with Silvaco ATLAS, comparing the electric

field at zero bias in smooth and rough surface Schottky diodes, as shown in Figs. 3.11(a) and
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Figure 3.11: The E-field profile of simulated Schottky diodes with (a) smooth surface and (b) rough
surface at zero bias voltage. (c) Three-dimensional AFM and (d) tilted-view SEM image of the
surface morphology of Hot HCl treated sample.

3.11(b). A barrier height of 0.63 eV was assumed for both cases, corresponding to ϕB,IV of

the hot HCl-treated diodes. This was included in the simulation as the difference between

the anode metal work function and the electron affinity of the GaN. Three-dimensional AFM

and SEM micrographs, Figs. 3.11(c) and 3.11(d), show that the crystallographic features

can have different sizes and angles, ranging from tens to hundreds of nm. Thus, in order to

illustrate the barrier height lowering dependence on roughness, we have chosen the size of

the feature to be 20 nm with an angle of 60◦. The doping value used for the simulations is

7.5×1017 cm−3. The simulation results show that the maximum electric field at the zero-bias
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Figure 3.12: Capacitance-voltage (C-V) measurements for different chemical treatments. The
inset image on the top-left of the graph represents the equivalent circuit model for the measured
capacitance. The equivalent circuit consists of a series combination of two parallel G-C pairs for
the interlayer dielectric and GaN space charge layer, respectively, as well as the series resistance
associated with lateral contacts. Here, G denotes conductance, C denotes capacitance, and RS
denotes series resistance.

voltage in the rough surface diode is approximately 4-times higher than in the smooth surface

diode. Since, per Eq. 3.3, ∆ϕB,IV is proportional to
√
EM, we expect that the image force

barrier lowering for the base and acid-treated surfaces could be two times higher than the

theoretically calculated values using Eqs. 3.3 and 3.4. To account for this, we introduce a

correction factor (CF) in Table 3.2, which is used in the subsequent calculations.

The interlayer dielectric thickness can be estimated using the effective capacitance mea-

sured at a zero-bias voltage from the C-V graph. The C-V measurements for different chemical

treatments are shown in Fig. 3.12. It should be noted that this effective capacitance would be

the series combination of interlayer dielectric capacitance and space charge layer capacitance
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present at zero-bias voltage. The equivalent circuit model for the measured capacitance is

shown in the inset of Fig. 3.12. Therefore, the effective capacitance can be written as:

1

Ceff

=
1

CSCL

+
1

Ci

(3.5)

where, Ceff is the effective capacitance measured at zero-bias voltage, CSCL is the space charge

layer capacitance at zero-bias voltage, and Ci is the interlayer dielectric capacitance. The

space charge layer thickness (tSCL) in GaN at zero-bias voltage can be calculated using the

following equation:

tSCL =

√
2εS (ϕB,IV + CF ×∆ϕB,IV )

qND

(3.6)

where ϕB,IV is barrier height extracted using the I-V-T method, ∆ϕB,IV is barrier height

lowering, CF is the correction factor which we apply to account for surface roughness effects,

and ND is the doping in the n-type region. Thus, the interlayer dielectric thickness (δ) is

calculated using:

δ = εi

[
1

Ceff

− tSCL

εS

]
(3.7)

where εi (= 1ε0) is the effective permittivity of the interlayer dielectric. Table 3.2 summarizes

the interlayer dielectric thicknesses for each treatment case. It should be noted that the

dielectric constant 1.0 is used to calculate the interlayer thickness as the coverage of the

grown oxide would probably be non-continuous or patchy, and the oxide would be porous.

As shown in Table 3.2, the dielectric layer thicknesses for the as-grown and solvent treated

samples are similar, which is in accordance with the XPS results. By contrast, δ is larger
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for the base and acid-treated samples, which is not consistent with XPS. The XPS results

suggest that the amount of surface oxygen is reduced for the base and acid-treated diodes, in

contrast to the as-grown and solvent-treated ones. This trend is opposite to the expected slight

increase in dielectric layer thickness based on the C-V measurements for the electrical-based

analysis. We propose that an overestimation of interlayer dielectric thickness occurs due to

the underestimation of the space charge layer thickness for the base and acid treatments

since Eqs. 3.5, 3.6, and 3.7 assume a flat surface. If the surface roughness is accounted for, as

in Fig. 3.11(b), the estimated space charge layer thickness is found to increase, which can be

represented by a third series capacitance. It should be noted that a strong relationship exists

between δ and tSCL: according to Eq. 3.7, a smaller than 10% increment in the space charge

layer thickness would result in estimated interlayer dielectric thicknesses that are significantly

lower than the reported values in Table 3.2 for base- and acid-treated cases. For a detailed

understanding, a forward bias capacitance study with impedance spectroscopy would have

been required, which is left for future work. Thus, it is evident from this electrical-based

analysis that the higher I-V and C-V barrier height for the base- and acid-treated surfaces

are not due to the thicker interlayer dielectric layer. This supports the general hypothesis

that the increase in barrier height is due to the exposure of semi-polar/nonpolar GaN facets.

Further evidence of this could be obtained by measuring the areal density of the observed

facets and consequently relating the crystallographic planes of these facets to their specific

barrier height and density.
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3.5 Conclusion

To summarize, the choice of chemical treatment prior to Schottky metal deposition on N-polar

GaN impacts the electrical behavior of these contacts. It is observed that solvent-based

treatment (i.e., MIBK and IPA) results in minimal change to the material’s surface roughness.

In contrast, exposure to acid (pH < 1) and base (pH = 13) treatments etch the surface and

increases roughness, exposing semi-polar planes. The barrier height is found to increase as

the surface roughness increases, thus changing the I-V behavior. Since XPS measurements

rule out the presence of a significant surface oxide with thickness dependence on chemical

treatment, it is proposed that the increased barrier height arises from exposed facets that

present a mixture of N-polar and semi-polar crystal faces to the metal contact. It is also

observed that the difference between I-V- and C-V-extracted barrier heights increases as the

surface roughness increases. By modeling the surface, we demonstrate that this could be

explained by field enhancement and subsequent barrier lowering as measured by I-V. The

results of this study underline the critical role played by common processing chemicals in

determining the performance of N-polar GaN devices. The chemical sensitivity of N-polar

GaN makes it a challenging material to work with and demands advanced approaches to

stabilize the surface in order to achieve ideal behavior.

In general, the measured Schottky barrier height of N-polar GaN is very low compared

to Ga-polar GaN and SiC diodes. This is a major impediment for device applications, as it

increases the leakage current and makes the device less thermally stable. Therefore, further

studies are required to find solutions that increase the barrier height and stabilize the surface

chemically.
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Chapter 4

SiN-based Schottky Contacts for
Barrier Height Control and
Thermal/Chemical Stability

From the results in the previous chapter, it is evident that the N-polar GaN Schottky diodes

have a very low barrier height compared to Ga-polar GaN [125] and SiC [151] Schottky diodes.

Also, due to the highly reactive nature of the surface, standard photolithography processes

may damage the surface, thereby making it difficult to achieve ideal device performance. One

alternative to stabilize the surface and achieve high barrier height can be the realization

of dielectric-assisted Schottky diodes. In recent studies, an ultra-thin layer of SiN realized

via low-pressure chemical vapor deposition (LPCVD) has been used to passivate the GaN

as well as GaN-based HEMT surfaces [135, 152, 153]. The key lies in the concept of using

SiN as a dielectric with a point defect level of high density above 1019 cm−3, forming a

defect band aligned with the semiconductor conduction band edge to deposit the polarization

countercharge within the tunneling distance from interface [135,153,154]. Before depositing

SiN, an in-situ cleaning step inside the LPCVD chamber (above 700 ◦C) in NH3 helps to

remove a few monolayers of the native interfacial oxide layer, which helps to obtain ideal

interface properties between the SiN and GaN [135,153,154].

Therefore, in this chapter, LPCVD SiN is deposited to stabilize the N-polar GaN surface

and control the barrier height for potential use in GaN SJ devices. This chapter is divided into

three parts. The first part presents a historical perspective of SiN and the literature on the
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properties, interface analysis, and concept of SiN when deposited on GaN. The second part

unveils the properties of thin LPCVD SiN deposited on N-polar GaN. To do that, 7 nm of

LPCVD SiN was chosen, which is beyond that of a pure tunneling barrier, making it akin to

a metal-insulator-semiconductor (MIS) system. At last, in the third part, 5 nm thin LPCVD

SiN is deposited on N-polar GaN to obtain high-performance N-polar GaN Schottky contacts.

This SiN interlayer helps tune the barrier height, reduces reverse bias leakage, and allows

reliable operation at elevated temperatures. Parts of the results presented in this chapter are

reported in our recent publications [135,154].

4.1 Part-I: Background on SiN Technology

4.1.1 History of SiN

The deposition of amorphous SiN thin films on Si started to be reported in the mid-1960s

using two techniques. First, using radio frequency (RF) discharge promoted chemical vapor

deposition (CVD) at temperatures above 200 ◦C, which developed into plasma-enhanced CVD

(PECVD) [155]. And second, using CVD at temperatures above 700 ◦C, developing into low-

pressure CVD (LPCVD) [156]. In an early study on CVD, the temperature range was scanned

from 600 ◦C to above 1200 ◦C, when crystallites appeared. Such amorphous SiN was used as

a mask for thermal gate oxide growth in metal-oxide-semiconductor field-effect transistors

(MOSFETs) and as a cap-layer in the high-temperature damage anneal of ion-implanted

patterns. It showed exceptional stability and diffusion barrier characteristics. Crystalline

Si3N4 phases, such as α (trigonal) and β (hexagonal), formed only above 1327 ◦C [157].

This changed in the 1970s, particularly with the development of metal-oxide-semiconductor

(MOS) storage transistors, where nm thin SiN charge storage layers were inserted into MOS
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structures with SiO2 or Al2O3 tunneling barriers, like those reported at the IEDM 1974 by

Van Overstraeten [158]. The entire materials structure was amorphous. The intermediate SiN

was used for charge storage and thus appeared heavily trap-loaded. It contained disorder-

induced band edge tails and a high density of deep levels up to the concentration when defect

bands could form. In these structures, it became an electrically functional material in the

active area of the FET device structure beyond that of electrical, chemical, and mechanical

surface passivation. This application triggered continuous efforts to identify and analyze

defect structures in SiN both experimentally [159] and theoretically [160–163] through density

functional theory (DFT). However, atomistic modeling was widely based on crystalline phases

like the α-Si3N4 and β-Si3N4, and the correlation with amorphous film properties was complex.

Nevertheless, these results gave essential inputs for the SiNx on GaN study discussed below.

III–V materials whose surface electronic properties and chemical reactivity were highly

dependent on surface facets, polarization and counter charges, and oxidation states, all of

which are interdependent and dependent on surface treatments appeared for high-speed

applications [130,153,164–168]. High-temperature processing in such a material system was

more challenging. Thus, as related to SiNx, there were two mainstream deposition technologies:

LPCVD at high temperatures (700 to 900 ◦C) and PECVD at moderate or mid temperatures

(250 to 350 ◦C). The mid-temperature techniques were quickly adopted for GaAs and InP;

they also included remote plasma generation to minimize surface damage. PECVD Si-nitrides

could, however, be somewhat different in their composition and electronic behavior, depending

on the precursors and reactions involved. Usually, Si would be supplied by SiH4 or SiCl2H2

and nitrogen by NH3 or N2. The equipment was typically designed to operate in a temperature

range below 350 ◦C, limited by the thermal stability of the seals used in the deposition

chambers. However, in this temperature regime, NH3 may not totally crack into N∗ (nitrogen

free radicals) and H∗ (hydrogen free radicals). Instead, intermediate reactions products may
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form in the gas phase as described by the following intermediate reactions [169]:

SiH4 +NH3 ⇀↽ SiNH + 3H2 (4.1)

and,

2SiH4 +N2 ⇀↽ 2SiNH + 3H2 (4.2)

Thus, NH-radicals could be incorporated depending on the gas phase composition, chamber

temperature, and pressure, resulting in the material usually labeled as ‘H-rich’-SiN. On the

other hand, not all Si-bonds in the Si3N4 matrix may become saturated, and Si-related defects

and clusters would remain. This material was usually labeled as ‘Si-rich’-SiN. Over the last

two decades, the mainstream technology for III-nitrides has also been RF-enhanced PECVD

at mid-temperatures with SiH4 or Si2ClH2 and NH3 or N2 as precursors. Recently, however,

high-temperature LPCVD has become of interest.

Figure 4.1: Optical and SEM (inset) micrograph of H-rich SiN capped with 50 nm of sputtered Si
and then annealed at 650 ◦C. Figure from [135].
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PECVD SiN could result in H-rich SiN. In that case, the SiN would densify during

high-temperature treatments, and H would outgas. If coated with a non-transparent cap

(like sputtered Si or nanodiamond), this process can be observed as bubble formation and

cracking (see Fig 4.1). Thus, the H- (or rather NH-radical-) content could be substantial in

PECVD grown SiN. In contrast, Si-rich SiN remains stable with temperature. However, if

the material became excessively Si-rich, Si would cluster, and the appearance would become

grainy. In contact with metals, a silicide could form, making the film slightly conductive. In

the case of LPCVD, which operates at temperatures above 700 ◦C, all NH3 is expected to

split, and intermediate radicals are unlikely to be incorporated. Thus, LPCVD SiN should not

be H-rich. Thus, LPCVD SiN would not suffer from H-outgassing or be excessively Si-rich.

4.1.2 Historical Perspective of SiN on GaN

The GaN-based materials platform was the first polar semiconductor materials platform ex-

tensively used in electronics. The Ga-polar surface of the wurtzite phase with a strong vertical

polarization field is almost exclusively used in GaN high electron mobility transistor (HEMT)

technologies. In AlGaN/GaN heterostructures [170], the (differential) bound polarization

charge density at the surface and interface is in the order of 1013 cm−2, inducing surface

countercharges of the same magnitude to maintain charge neutrality. In Ga-polar HEMTs,

the interfacial countercharge is the negative 2DEG (2D electron gas) used as the HEMT

channel. The positive surface countercharge can be located in surface states, in the passivation

dielectric, on the surface of the passivation dielectric, or in adsorbates. In equilibrium, and as

long as a field-effect transistor (FET) channel current is present, the surface is charged [171]. A

similar conclusion was arrived at by surface Fermi level measurements via x-ray photoelectron

spectroscopy (XPS) studies [130].

The situation may be reflected on by the following two results published in 2000. In the
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first result, the potential of the free surface on an Al0.3Ga0.7N/GaN heterostructure was

investigated by Ibbetson et al. in 2000 [170], analyzing HEMTs with different AlGaN barrier

layer thicknesses, and determined to be approximately 1.65 eV for an AlGaN barrier of 30%

Al-content. In their analysis, the surface trap, labeled as a surface donor, was ionized when

the FET 2DEG channel was fully developed and would gradually be filled with electrons

when the FET was driven into pinch-off. Switching the device on, electrons would be emitted,

following their emission/capture dynamics. Thus, this region would act as a distributed second

gate and essentially as a current limiter and was thus labeled ‘virtual gate’ or ‘slow gate’,

giving rise to current clipping and power slump effects.

The second report was from Green et al., also in 2000 [172]. The investigation showed

that the deep surface donor trap and the related 2DEG depletion effect could be removed

by SiN passivation, the SiN being deposited by PECVD. Depletion mode devices could

be switched on without delay. It was thought that deep surface states were H-passivated.

Unfortunately, H-passivation is not reliable on wide bandgap semiconductor surfaces with

desorption occurring at relatively low processing temperatures of 300 to 400 ◦C [173, 174].

Many experiments with a large number of dielectrics, including gadolinium and scandium

oxides in addition to more ‘traditional’ choices such as SiO2 and Al2O3, have followed,

often claiming the removal of the current slump phenomenon, however, generally, only for

the specific experiment discussed [175–183]. If the picture of a deep surface donor state

being the source of the 2DEG applies, GaN-based HEMT’s have to generally cope with its

charging/discharging characteristics, and stable performance, in general, may remain out

of reach.

Interestingly, SiN deposition by LPCVD was also already reported in 2003 by Shealy et al.,

where SiN was deposited at 700 ◦C [152]. Their report concluded that, in the HEMT structure,

the depletion of the underlying 2DEG was virtually eliminated, and the surface polarization
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charge would reside as a fixed charge in the SiN (and not in a surface donor). This was an

important result, but not many details were given, and the technology did not mature to a

mainstream technology in GaN-based HEMTs.

4.1.3 SiN on Al(GaN) – Properties, Interface Analysis, & Concept

As mentioned above, amorphous SiN is a heavily trap-loaded dielectric with defect centers

well analyzed, characterized, and calibrated in Si-MOS memory device technologies [156,

184–187]. Depending on the deposition parameters, Si-rich and H-rich compositions are

obtained [169,188–191]. Band tails and defect-related trap levels in the upper and lower half

of the bandgap have been identified by electrical and optical analyses as well as by atomistic

modeling [156,161,162,184–187,192]. In many cases, the Fermi level can be identified and

located in the upper or lower half of the bandgap, making the material either n-type or p-type.

Depending on stoichiometry, the electronic bandgap may not be sharply defined, can vary

substantially, and may deviate from the optical one [193]. SiN has been incorporated, albeit

with some success, in dielectric passivation schemes on AlGaN barrier layers in HEMTs and

lateral power diodes [194–198]. However, the success is limited, maybe due to the polar nature

of the nitride heterostructure, which yields a charged surface and is the primary difference

between GaN-based HEMTs and FET structures from other semiconductor materials. The

surface charge is thought to be located in a surface defect donor state, where the energetic

position and chemical structure of this state are technology-dependent [130]. Accordingly,

the hypothesis mentioned above of the surface donor configuration and alternative surface

countercharge configurations is possible when employing SiN. This hypothesis was hinted

from the XPS studies of SiN/(Al)GaN interfaces on epitaxial layers deposited on sapphire

(not involving a HEMT barrier layer) [153]. Here, the Fermi level lineup could be identified

between SiN and the (Al)GaN conduction band edge over a wide range of compositions
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from GaN to AlN. To understand these results, it may be helpful to remember that SiN is

a highly charge-compensated dielectric, where defect complexes could pin the Fermi level

in the upper or lower half of its bandgap. In the investigation by Reddy et al., there was a

Fermi level lineup between the SiN overlayer and the (Al)GaN conduction band edge (for Al

composition < 60%), and thus no deep donor state was observed [153]. CV measurements on

p-type GaN showed a high barrier on the order of the bandgap, indicating no dominating

additional deep surface state level in the lower half of the bandgap either [153]. Thus, the

AlGaN/SiN interface seemed (within the resolution limits of the measurement) a perfect,

interface-state-free semiconductor/amorphous heterojunction.

In the experiments performed by Reddy et al., the SiN layer was 2 to 4 nm thin slightly

Si-rich film deposited by LPCVD at 800 ◦C and 300 mTorr with dichlorosilane (40 sccm) and

ammonia (120 sccm) [135]. The measured refractive index was ∼2.02 at 632 nm (a dielectric

constant of 4.1ε0), indicating nearly stoichiometric Si3N4. Its Fermi level was found at approx.

3.5 eV above its valence band edge [153], making this configuration appearing n-type. This

position would indeed allow a lineup with the conduction band edge of (Al)GaN. Si defects

in various configurations are likely candidates found in the upper half of the bandgap to

provide for the trap band configuration that would determine the Fermi level. Specifically,

the ≡Si defect center could be the possible defect configuration. This defect has a (0/-1)

higher energy acceptor level and (0/+1) lower energy donor level that are energetically close.

These configurations were first calculated by J Robertson’s group in 1984, using an early

tight-binding model [192], and reconfirmed by DFT calculations in 2001 [199]. If this were

the dominating defect complex in a slightly Si-rich configuration, this could pin the Fermi

level near the GaN conduction band edge [153]. Later, related to the SiN charge storage

properties, more detailed atomistic calculations revealed a complex picture of the ≡Si center

and double bond configurations with partially amphoteric characteristics [160,163]. The two
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above-discussed results are shown combined in Fig. 4.2. Assuming this hypothesis applies,

the necessary polarization countercharge could be located in the related defect band in close

proximity to the interface. Furthermore, following the earlier analysis by Reddy et al. [153],

assuming a defect concentration of ∼5×1019 cm−3, a polarization countercharge density

of 1013 cm−2 could be deposited within 2 nm and could be charged/discharged by direct

tunneling from the GaN or AlGaN conduction band or assisted by conduction with low

activation energy within a related trap band.

An equally important part of the SiN deposition process was an in-situ pre-cleaning step

in the LPCVD deposition chamber at high-temperature (> 700 ◦C) by NH3, with identical

parameters as used in the pre-cleaning process of GaN templates in the MOCVD chamber

before further GaN growth [153]. When inserting a short in-situ oxygen pulse between

pre-cleaning and SiN deposition, the interfacial Fermi level was moved by approximately

1.4 eV into the GaN bandgap. The structure of the surface oxide was recently determined to

Figure 4.2: Left: trap distribution within the SiN bandgap, calculated by the tight-binding recursion
method in 1984 [192]. Right: Band structure lineup of LPCVD deposited SiN on AlGaN of various
compositions [153].
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be similar to β-Ga2O3 with three monolayers of oxygen [200] and is likely patchy, based on

XPS results showing an average between 0.5 and 1 monolayer of oxygen [130]. This likely

produces deep interface states and inhomogeneity in surface electronic properties, which lead

to stability/reliability issues. It seemed, therefore, essential to reduce all of the Ga-oxide

patches on the GaN surface and desorb all oxygen from this surface [153,201].

With the above-mentioned experiments, the following picture has emerged. It seems

possible to produce a SiN/(Al)GaN amorphous/crystalline heterointerface free of deep donor

interface states, in this case, by LPCVD deposition at high temperature in an oxygen-free

environment. The polarization countercharge to the polarization charge was then located

above this interface in a thin (several nm) SiN electron source/sink layer (hypothetically)

consisting of activated Si+/0 and Si0/−1 defect centers within tunneling distance from the

(Al)GaN interface.

However, with a defect density of this order, the defect level may start to be distributed

and form a defect band. This would result in residual conduction with low activation energy,

in essence representing a lossy dielectric with a resistivity still in the MΩcm range. Thus,

these characteristics are, in general, not directly visible. In HEMTs, they would appear

in the lateral gate/drain diode leakage behavior, their dynamic behavior causing current

clipping or power slump effects. A lossy dielectric would be a conductor at low frequency

and a capacitor above the dielectric cutoff frequency. Its signature is thus a sharp transition

with a single RC-time constant. Such single RC-time constant signatures have been observed

already at the beginning of the development of GaN-based HEMT technologies for a variety

of heterostructure configurations as well as passivation schemes [170]. A spread of transition

frequencies over 12 orders of magnitude was observed in one experiment, indicating the

difficulty of correlating such an electrical behavior with chemical/physical configurations [202].

Plotting such a dispersion curve as a function of temperature would allow the extraction
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of activation energy for the conduction path. An example is discussed by Neuburger et al.,

where transport-related activation energy of Eact = 0.3 eV was extracted (for a dielectric

cutoff frequency in the MHz range) [203].

To verify the above concept, Reddy et al. reported a series of experiments where thin

SiN interlayers were inserted into standard metal contacts on GaN, making them dielectric-

assisted [135]. Those results were mainly focusing on the Ga-polar GaN and only glancing

over the N-polar GaN. The following section discusses the case of a SiN interlayer on N-polar

GaN in great detail.

4.2 Part-II: Study of LPCVD SiN Properties Deposited

on N-polar GaN

Schottky contacts to N-polar GaN have been widely considered a challenging technical

building block due to the material’s polar orientation and a rather reactive surface. On

N-polar GaN, the inverse (positive) polarization surface charge (σP ) with respect to the

Ga-polar surface yields a lower Schottky barrier height, leading to higher leakage currents

and lower breakdown strength [116, 119,130,131,133, 134,204]. In addition, the N-polar GaN

surface reacts readily with many chemicals used in standard fabrication processes [112–116]. It

is thus difficult to form reliable Schottky barrier contacts for diodes and field-effect transistor

(FET) gates.

A possible solution to overcome these challenges is to insert a thin dielectric interlayer

between the metal contact and N-polar GaN, making it a dielectric-assisted Schottky barrier

system [135]. The most commonly used passivation dielectric in GaN technology is silicon

nitride (SiN) [152,172,175–177,183,194,205–207]. SiN interlayers have also been implemented

in gate contacts of N-polar GaN FETs [198, 208–210]. Recent studies have examined the
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SiN/N-polar GaN interface and proposed associated energy band diagrams [211–213]. In these

studies, SiN films ranging in thickness from 5 to 30 nm have been deposited on N-polar GaN

via in-situ metalorganic chemical vapor deposition (MOCVD), and the resulting structure

has been analyzed as a metal-insulator-semiconductor capacitor (MIS-CAP). The SiN is often

assumed to behave as a charge-containing insulator, with few details provided regarding the

DC conductance of SiN, especially when very thin films have been used, or the barrier height

at the metal/SiN interface.

SiN employed in this study has been deposited via low-pressure chemical vapor deposition

(LPCVD) at 725 ◦C, which is within the temperature range to obtain a near stoichiometric

or slightly Si-rich SiN amorphous layer [156,214,215]. Slightly Si-rich LPCVD contains a Si

dangling bond-related defect center (≡Si) within the upper half of the bandgap, which is

amphoteric in nature and may become the dominating defect [135,192]. This characteristic

is often exploited as a charge storage layer in Si memory device technologies [161,216–218].

When deposited on N-polar GaN, the negative counter charge can be placed within the SiN

interlayer; a band diagram including bulk charge states for this system has been previously

drawn [135,153]. This leads to the formation of a defect miniband within the SiN, grossly

aligned with the conduction band edge of GaN [135]. Thus, the system represents a tri-

layer one, containing barriers between the metal/SiN and SiN/N-polar GaN as well as a

trap-determined dielectric in between. A first-order model was proposed in our recent work,

primarily focusing on the Ga-polar case and only briefly on the N-polar case [135]. It is worth

noting that miniband conduction has also been reported in a tri-layer GaAs metal-insulator-

semiconductor (MIS) diode system consisting of Al metal and an insulating layer of low

temperature (LT) GaAs on n+ GaAs [219].

This section provides a detailed analysis of the interlayer-modified Schottky system

consisting of metal/SiN/N-polar GaN and focuses on the electrical behavior of LPCVD SiN
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in this system. To identify the interlayer behavior clearly, a thickness of 7 nm of LPCVD

SiN was chosen, which is beyond that of a pure tunneling barrier, making it akin to an MIS

system. In addition, we have accounted for the chemical termination of the SiN surface, which

may result in a highly oxidized state [220,221]. Measurements show that the LPCVD SiN

film does not behave as a charge-containing insulator, and that the previously identified

amphoteric miniband must be included. We thus propose a modified band structure compared

to previous studies that capture the properties of the specific LPCVD constellation employed.

4.2.1 Experimental Details

N-polar GaN layers were grown on a c-plane sapphire substrate with a 4◦ offcut towards

the m-plane using a vertical, cold-wall, radio frequency (RF) heated, low-pressure MOCVD

system. A 0.6 µm thick n+-doped layer followed by a 2.6 µm thick n-type layer were grown

with carrier concentrations of 5.0×1019 cm−3 and 3.5×1017 cm−3, respectively. Both layers

were unintentionally doped with oxygen. Then, a 7 nm thick SiN film was deposited using

LPCVD at 725 ◦C and 320 mTorr with dichlorosilane and ammonia precursors. Before

depositing SiN, an in-situ cleaning step with ammonia was performed to remove native oxides.

The deposited SiN layer thickness was confirmed using reflectometry.

Device fabrication started with deposition of a large area ohmic contact (V/Al/Ni/Au –

30/100/70/70 nm) on top of the SiN surface using e-beam evaporation. The ohmic contacts

were annealed at 850 ◦C for 30 sec in N2 ambient [135]. It should be noted that the SiN is

present during this short annealing step. However, the quality of the SiN is not affected as it

was already deposited at a high temperature. Measurements of the current between two ohmic

contacts in forward and reverse bias confirmed a linear relationship in both directions. This

is in agreement with our previous results when forming large area ohmic contacts on LPCVD

SiN/Ga-polar GaN heterostructures [135]. Prior to the Schottky metal deposition (Ni, 250 nm)
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Figure 4.3: Schematic cross-sections of Schottky diodes on (a) HF-cleaned and (b) air-stored SiN
interlayers, as well as on (c) bare N-polar GaN. Not drawn to scale.

on the SiN surface, Sample A was cleaned with 10% hydrofluoric (HF) acid for 1 min, followed

by a DI water rinse, while Sample B was kept in an ambient environment. It is expected

that HF cleaning removes several angstroms of oxidized SiN [152,220]. The experiment was

designed to determine the influence of the surface termination on the electrical characteristics

of the three-layer structure. Schottky diodes without SiN (Sample C) were also fabricated as

control samples. The Schottky metal pattern was deposited using a metal shadow mask to

avoid exposure of the N-polar GaN and SiN-coated diodes to photolithography developer [116].

Cross-section diagrams of the fabricated devices are shown in Fig. 4.3.

4.2.2 Results and Discussion

X-ray photoelectron spectroscopy (XPS) was used to determine the band offsets, Fermi level

(EF), and barrier height at the interface between the SiN and N-polar GaN. Both thick (150

nm) and thin (∼3-4 nm) SiN films were deposited on two separate N-polar GaN samples

(without subsequent metal deposition) to determine the parameters mentioned above. The
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Figure 4.4: XPS spectra of (a) Si core level (Si 2p) and (b) GaN core level (Ga 3d) peaks measured
on SiN/N-polar GaN. (c) A tentative energy band diagram of SiN deposited on N-polar GaN without
metal/SiN interface. σP denotes polarization charge in N-polar GaN.

procedure, experimental setup, and Au- and C-based charging correction during XPS data

analysis are described in [153,183].

The core level binding energies of Si 2p and Ga 3d at the interface were determined

with respect to the interface Fermi level, as shown in Figs. 4.4(a) and 4.4(b), respectively.

Employing the valence band and core level characterization in thick SiN films [153], thick

N-polar GaN films [130], and the core level binding energies at the interface, we can determine

the SiN/N-polar GaN valence band offset to be ∼0 eV. Interestingly, the interface Fermi level

is at 3 eV from the valence bands of GaN and SiN. Based on the doping in N-polar GaN, n =
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3.5×1017 cm−3, the difference between the conduction band and Fermi level (EC – Ebulk
F ) in

the bulk region would be less than 0.05 eV. Hence, the barrier height at the charge neutrality

level, i.e., the energy difference between the interface Fermi level and conduction band of

GaN, is 0.4 eV. Furthermore, since this energy level lineup coincides with the ≡Si defect

level in slightly Si-rich SiN, it may be reasonable to assume that a defect miniband is formed

in this case, determining the Fermi level throughout the SiN interlayer. A tentative energy

band diagram at the SiN/N-polar GaN interface is created using these findings, as shown in

Fig. 4.4(c). It shows a very low barrier system when SiN is deposited on N-polar GaN.

The N-polar GaN diodes were then electrically characterized to study the barrier at

the metal/SiN interface and confirm whether the Fermi level in SiN is pinned due to the

miniband. Temperature-dependent current-voltage measurements (I-V-T) were performed in

a vacuum probe station (base pressure ∼1×10−7 Torr) using a Keithley 4200 semiconductor

parameter analyzer. Capacitance-voltage (C-V) measurements were conducted at 1 MHz

using the parallel R-C circuit mode.

The room temperature I-V characteristics of all three diodes are shown in Figs. 4.5(a)

and 4.5(b). The ideality factors (n) of Samples A and B are > 1.6, and exhibit a slight voltage

dependence. Their threshold voltages are Vth,A ∼0.6 V and Vth,B ∼5.0 V, respectively, as

extracted from the linear representation. Sample C showed an nA ∼1.07, which represents

near-ideal Schottky diode behavior, and Vth,C ∼0.4 V.

Figures 4.6(a) to 4.6(c) show the temperature-dependent I-V characteristics for HF-cleaned

SiN, air-stored SiN, and no SiN (as-grown) surface Schottky diodes, respectively. The I-V

barrier heights (ϕB,IV ) for all three samples are calculated by extracting the saturation

current density (J0) that is extrapolated from the exponential region of the forward bias

I-V measurements as a function of temperature up to 200 ◦C. The procedure is described

elsewhere [116,125]. As shown in Fig. 4.6(d), ϕB,IVV in Samples A, B, and C are 0.4 eV, 1.1
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Figure 4.5: Room temperature forward bias I-V characteristics in (a) semilog-scale and (b) linear-
scale for the fabricated Schottky diodes with different surfaces.

eV, and 0.4 eV, respectively. It should be noted that ϕB,IV for Samples A and B are apparent

barrier heights due to the higher ideality factors (> 1.6) of these diodes.

The ϕB,IV in Sample A is consistent with the XPS results, indicating that the barrier is

determined by the SiN/N-polar GaN interface, with no or negligible barrier at the metal/SiN

interface. Thus, the reason that Vth,A ∼0.6 V is that the lossy SiN interlayer drops an

additional 0.2 V across it with respect to Sample C. Under forward bias, the charge is injected

from GaN into the lossy SiN, which conducts through the defect miniband. I-V measurements

show an observable temperature dependence [see Fig. 4.6(a)] that confirms that defect-assisted

tunneling is not the dominant conduction mode when 7 nm thick LPCVD SiN is used. This is

in contrast with our previous experiments [153] where 2-4 nm of LPCVD SiN were deposited

on Ga-polar GaN. There, a weak temperature dependence was observed in forward bias,

which is indicative of tunneling. Here, we note that more than one conduction mechanism

may be involved. Due to the overall low barrier, the current through the diode reaches the
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Figure 4.6: Temperature-dependent I-V characteristics of (a) HF-cleaned SiN, (b) air-stored SiN,
and (c) without SiN Schottky diodes. (d) I-V barrier height extraction using [ln(J0/T

2) vs. 1/kT]
generated from temperature-dependent I-V characteristics shown in figures (a) to (c).

metal series resistance level at very low voltages, so identifying the exact current mechanism

through the SiN interlayer is complex and not attempted in this work.

The semilog I-V of Sample B shows two distinct current regimes: one at lower voltages

(< 2 V) and another above it, before reaching the metal series resistance limit at around 8
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V. The first regime is exponential, while the second regime is a current limiter; the linear

I-V reveals that this is a superlinear transition region at medium voltages. That Vth,B ∼5.0

V is well above GaN’s bandgap indicates a strong influence of the oxygen termination on

the SiN surface. I-V-T reveals a very high barrier height of ∼1.1 eV for this case, which is

extracted from the first exponential at lower voltages. From XPS, the barrier at SiN/N-polar

GaN is 0.4 eV, so the measured I-V barrier height in Sample B must be at the metal/SiN

interface. Consequently, the current limiter could be related to the SiN interlayer, the barrier

at the metal/SiN interface, or both, and the current transport mechanism could be one

or many of the different mechanisms mentioned earlier. To summarize, I-V measurements

reveal a low barrier system in the HF-cleaned SiN MIS diodes, with a dominating barrier

at the SiN/GaN interface, no barrier at metal/SiN interface, and neutral defect miniband

in-between. In comparison, the air-stored SiN MIS diodes are characterized by a high barrier

at the metal/SiN interface and high overall resistance, indicating that much of the SiN is

depleted.

C-V measurements were performed to support the I-V findings and estimate the upper

limit of the defect concentration, which forms the defect miniband in SiN. Fig. 4.7 shows

the C-V barrier height (ϕB,CV ) extracted from 1/C2-V for all three cases, and the top-right

corner of the graph shows the modified equivalent circuit of the C-V measurements. Although

the C-V barrier height equation consists of the intercept voltage, (kT/q), and the energy

difference between the conduction band and Fermi level, the sum of the total energy for

those additional two terms is within 0.05 eV for the doping level of our N-polar GaN diodes.

Thus, these additional terms do not significantly impact our estimate of the C-V barrier

height [116]. It should be noted that the circuit shown here is not developed using impedance

spectroscopy; it is a representation of the extended R-C circuit by considering the two series

components of R-C from the SiN interlayer and GaN space charge layer. The reason for this
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Figure 4.7: C-V barrier height extraction for without SiN, HF-cleaned, and air-stored SiN surface
Schottky diodes. The top-right corner of the graph shows the equivalent circuit of the diode for the
C-V measurements.

additional SiN R-C parallel element is that in reverse-bias, SiN becomes capacitive, while in

forward-bias, it becomes conductive due to the conduction through the miniband. This is

evidenced by the sudden drop in capacitance at distinct forward bias voltages corresponding

to the onset of charge injection [222].

All three diodes appear linear in the 1/C2-V plots measured at 1 MHz, as shown in Fig. 4.7.

The ϕB,CV values for Samples A, B and C are ∼1.0 eV, ∼1.6 eV, and ∼0.6 eV, respectively.

The net doping concentration is extracted for all three cases using the slope of the 1/C2-V

curve and is found to be around 3.5×1017 cm−3, as expected. Thus, the modulated capacitance

in all three diodes is of the SiN/N-polar GaN junction, and no additional modulation of a

metal/SiN junction capacitance is observed. Whereas ϕB,IV of Samples A and C were found

to be equivalent, the ϕB,CV of Sample A is now larger due to the additional capacitance

presented by SiN in series with the GaN space charge layer capacitance in reverse bias. By
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calculating the difference in the 1/C values in Samples A and C, it is estimated that SiN has

a thickness of 6.5 nm, which agrees with the reflectometry measurements.

The C-V behavior of Sample A suggests that the SiN acts as a capacitor in reverse bias

up to zero bias. The I-V behavior of the same sample suggests that the SiN is neutral and

acts as a resistor since there is no barrier at the metal/SiN interface. This is characteristic of

a lossy dielectric that experiences dielectric relaxation (below 1 MHz), and it confirms that,

in the case where an HF-cleaned SiN interlayer is used, there is no noticeable barrier between

the top metal and SiN.

The 1/C2-V characteristic of Sample B is shifted upwards as compared to Sample A,

which results from a higher barrier at the metal/SiN surface and is consistent with the same

sample’s I-V behavior. It should be noted that the impedance bridge cannot balance anymore

at approx. 0.6 V, which is the beginning of the transition region where the resistive behavior

takes over. The large transition region in I-V [see Fig. 4.5(b)] shows that transport increases

gradually, and there may be a mixture of the transport mechanisms mentioned earlier. This

transition region appears exponentially increasing with a shallow slope in semilog I-V, whereas

in linear I-V, it appears as a superlinear rise. Thus, the metal/SiN barrier dominates the

overall barrier behavior, and this higher barrier is caused by the oxygen termination of the SiN

interlayer in Sample B. Since capacitance modulation is not observed in SiN, it is concluded

that the metal/SiN barrier results in complete depletion of the SiN interlayer. Using the

I-V-extracted barrier of 1.1 eV, the upper limit in defect density within the miniband can be

estimated. Considering that 2 to 2.5 nm SiN is already depleted at the SiN/GaN interface

due to the countercharge of ∼1013 cm−2 polarization charge of N-polar GaN, 1.1 eV needs to

deplete the remaining 4.5 to 5 nm SiN. Therefore, the upper limit of the defect density is

found to be around 2 to 5×1019 cm−3 in this LPCVD SiN.

Based on the above analysis, energy band diagrams for Samples A and B are proposed and
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schematically depicted in Figs. 4.8(a) and 4.8(b), respectively. HF treatment of the LPCVD

SiN prior to metal deposition results in a system dominated by the SiN/GaN interface,

whereas oxide formation on the SiN surface leads to a dominating barrier at the metal/SiN

interface. Whereas previous depictions of SiN on GaN have assumed that SiN acts as a

charge-containing insulator [213], our results reveal that the picture may be more complex. Si

dangling bonds in LPCVD SiN can lead to the formation of a defect miniband [192]. It was

predicted that a trapped electron level (≡Si−) and trapped hole level (≡Si0) are separated

by 0.4 eV [192]. Our analysis also shows evidence that the formed miniband is amphoteric,

pointing to an overlap of the distribution of trapped charge states (depicted by the shaded

regions in Fig. 4.8(a)). Due to its shallow energy level, conduction can occur through the

interlayer. Consequently, the amphoteric nature of the miniband is also responsible for the

depletion of donors and acceptors at the metal/SiN and SiN/GaN junctions, respectively.

Figure 4.8: Band structure alignment at equilibrium between metal, SiN, and N-polar GaN for (a)
HF-cleaned and (b) air-stored SiN surface Schottky diodes. Not drawn to scale.
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This is key, since the presence of a unipolar miniband would lead to the formation of two

back-to-back diodes. This would limit current flow until one of the two diodes would break

down. Instead, we observe a behavior that is consistent with two series-connected diodes,

where the potential across them adds up.

4.2.3 Summary

In summary, this work considers the defect- and surface-dependent properties of LPCVD

SiN in determining the electrical behavior of Metal/SiN/N-polar GaN diodes. Based on

XPS, I-V-T, and C-V measurements, band diagrams are proposed which account for an

amphoteric miniband formed in the LPCVD SiN, where both the donor and acceptor state

distributions overlap. When metal is deposited on HF-treated SiN, the SiN/GaN interface

is responsible for determining the system’s barrier height, whereas the use of oxidized SiN

leads to a metal/SiN-dominant barrier. Due to the amphoteric nature of the miniband

configuration, the top and bottom barriers in this tri-layer system are not back-to-back

biased but in series, which is a highly unusual configuration. SiN deposited on GaN has long

been considered a charge-containing insulator in dielectric-assisted Schottky barrier systems,

MIS-gate structures, and as a passivation layer. However, this picture may be oversimplified.

The tri-layer system analyzed here contains a barrier-controlled lossy dielectric. Thus, rigorous

analysis of SiN properties is important in determining its behavior on GaN, and further

quantitative studies are needed to optimize such structures in devices.
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4.3 Part-III: Schottky Contacts to N-polar GaN with

5 nm LPCVD SiN Interlayer for Elevated Temper-

ature Operation Capability

4.3.1 Introduction

In recent years, N-polar GaN material has demonstrated great potential for electronic and

optoelectronic device applications [55, 112,209,223–225]. One such example is N-polar GaN-

based high electron mobility transistors (HEMTs). The two-dimensional electron gas (2DEG)

in N-polar GaN HEMTs is formed by an AlGaN back-barrier rather than a barrier directly

below the gate because of the opposite polarization field compared to Ga-polar GaN [112,224].

This permits superior device scaling and reduced contact resistance for the source and drain

terminals, which have made it possible for N-polar GaN HEMTs to experimentally outperform

Ga-polar GaN HEMTs [208,226]. Of great interest in this thesis is the use of N-polar GaN as

the n-type pillar in superjunction devices [51,94,227].

In Schottky barrier diodes and HEMTs, the quality of the Schottky contact plays an

essential role in determining the device’s performance. Usually, a higher Schottky barrier

is required to reduce leakage. The opposite polarization field in N-polar vs. Ga-polar GaN

means that the barrier height in N-polar GaN is actually very low compared to that observed

in Schottky contacts to Ga-polar GaN [46,116,130,131,133,134,204]. This low barrier leads

to higher reverse bias leakage and limits high-temperature operation. Liu et al. recently

demonstrated that Ru-based Schottky contacts yield a higher Schottky barrier and reduce

the reverse bias leakage compared to other contact schemes [228]. However, the temperature-

dependent I-V (I-V-T) characteristics of the devices were only reported up to 175 ◦C. To date,

there are no reports in the literature of N-polar GaN Schottky diodes operating at elevated

temperatures (>200 ◦C). High temperature operation is not only a requirement for deployment

103



of a device in harsh environments, but it also translates to reliable performance. Moreover,

relaxed cooling requirements eliminate the need for bulky cooling systems, making it easier

to integrate these systems into automotive, aerospace, and energy production sectors [229].

In Section 4.2, we demonstrated that a thin SiN dielectric layer deposited via low-pressure

vapor deposition (LPCVD) between the N-polar GaN and Schottky metal passivates the

surface polarization charge and raises the barrier height [154]. In this section, the high

temperature operational limit of N-polar GaN Schottky diodes with a 5 nm LPCVD SiN

interlayer is explored.

4.3.2 Experimental Details

N-polar GaN layers were grown on a c-plane sapphire substrate with a 4◦ offcut towards the

m-plane using a vertical, cold-wall, radio frequency (RF) heated, low-pressure metal-organic

chemical vapor deposition (MOCVD) system. A 0.4-µm-thick n+-doped layer followed by

a 0.4-µm-thick n-type layer was grown with unintentional oxygen carrier concentrations of

5.0×1019 cm−3 and 5.0×1017 cm−3, respectively. Then, a 5-nm-thick SiN (slightly Si-rich)

film was deposited using LPCVD at 725 ◦C and 320 mTorr with dichlorosilane and ammonia

precursors. Before depositing SiN, an in-situ cleaning step with ammonia was performed to

remove native oxides. The deposited SiN layer thickness was confirmed using ellipsometry

and reflectometry [135,153,154].

After the growth, a metal stack consisting of Ti/Al/Ni/Au (30/100/70/70 nm) was

deposited over a large area using e-beam evaporation and annealed at 850 ◦C for 30 s in N2

ambient to obtain ohmic behavior through the SiN interlayer [135,154]. Schottky contacts

were then formed via e-beam evaporation of Ni (250 nm). Figs. 4.9(a) and 4.9(b) shows

the schematic cross-section and tilted-view scanning electron microscope (SEM) image of a

fabricated N-polar GaN Schottky barrier diode with a 5 nm SiN interlayer. Henceforth, this
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Figure 4.9: (a) Schematic cross-section and (b) tilted view SEM image of the fabricated N polar
GaN Schottky diode with 5 nm LPCVD SiN interlayer (HT-SBD). (c) Schematic cross-section of
conventional N polar GaN Schottky diode (SBD).

device is referred to as the HT-SBD. Conventional Schottky barrier diodes lacking the SiN

interlayer, henceforth referred to as SBD, were also fabricated for a controlled comparison of

the HT-SBD’s properties. The schematic cross-section of the SBD is shown in Fig. 4.9(c). It

should be noted that the Schottky metal for the SBD was deposited using a metal shadow

mask to avoid exposing the N-polar GaN surface to photolithography developer [116,154].

I-V-T measurements were performed on a heated stage mounted in a vacuum chamber

(∼10−7 Torr) using a Keithley 4200 semiconductor parameter analyzer. All the devices were

stressed for at least 1 hour at each temperature measurement. The temperature readings

were taken by placing the thermocouple directly on the surface of the sample since it was

noticed that the temperature on the sample surface was always lower than the heated stage

due to the thermal isolation from the sapphire substrate.

4.3.3 Results and Discussion

To validate the ohmic behavior of alloyed Ti/Al/Ni/Au to N-polar GaN through the 5 nm SiN

layer, circular transfer length measurement (CTLM) structures were fabricated and tested

before and after contact alloying. Figure 4.10(a) shows a tilted-view SEM image of one of the

CTLM structures with a 4 µm contact distance. The I-V measurements before and after the
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Figure 4.10: Circular TLM structures were fabricated to evaluate the ohmic nature of the
Ti/Al/Ni/Au contact to SiN/N-polar GaN. (a) Tilted-view SEM image of two alloyed ohmic
contacts with 4 µm spacing. (b) Current-voltage measurements between the same contacts before
(red line) and after (blue line) contact alloying at 850 ◦C for 30 sec in N2 ambient.

contact alloying are shown in Fig. 4.10(b). From the graph, it is observed that the current

flow between two ohmic contacts is linear only after the contact alloying.

A comparison of room temperature (22 ◦C) I-V characteristics in linear and semilog scale

for both the HT-SBD and SBD is shown in Fig. 4.11(a). The ideality factors (n) for the SBD

and HT-SBD are ∼1.1 and ∼1.4, respectively. The threshold voltage (Vth), extracted from

the linear I-V in forward bias, is ∼0.4 V in the SBD. In contrast, Vth ∼0.9 V in the HT-SBD

because of the additional voltage drop across the SiN interlayer. It is worth noting that the

slope of the I-V after knee voltage for both cases is similar. This means the on-resistance does

not change after inserting a 5 nm SiN interlayer. The semilog I-V for both diodes shows that

the leakage current measured at zero bias is ∼4 orders of magnitude lower in the HT-SBD

than in the SBD at room temperature, as seen in Fig. 4.11(b). At 200 ◦C, the leakage current

for the SBD increases significantly, which renders a leakage current ratio difference of ∼5

orders [see dashed lines in Fig. 4.11(b)]. Thus, adding an ultra-thin SiN interlayer indeed
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Figure 4.11: (a) Comparison of room temperature (22 ◦C) I-V characteristics of the HT-SBD and
SBD in linear scale. (b) I-V comparison of the HT-SBD and SBD at 22 ◦C and at 200 ◦C in semilog
scale. Solid lines are for 22 ◦C, and dashed lines are for 200 ◦C. There is a 4-order of magnitude
difference in leakage current at zero bias at 22 ◦C between the HT-SBD and SBD, which increases
to ∼5 orders of magnitude at 200 ◦C.

reduces the leakage current compared to conventional N-polar GaN Schottky diodes.

The I-V-T characteristics of the SBD from 22 ◦C to 250 ◦C are shown in Fig. 4.12(a).

The leakage current, in this case, increases significantly as the temperature increases. At

250 ◦C, the rectification ratio (ION/IOFF) at voltage bias ±1.5 V reduces to less than one

order of magnitude, as seen in Fig. 4.12(a). After 250 ◦C, the SBDs were cooled to room

temperature and measured again [dashed line Fig. 4.12(a)]. It is seen that the I-V measured

before and after 250 ◦C overlaps, meaning no chemical degradation happened between Ni and

N-polar GaN surface during the high-temperature measurements. Fig. 4.12(b) shows the I-V-T

characteristics of HT-SBD from 22 ◦C to 400 ◦C. The rectification ratio at 400 ◦C is still ∼2

orders of magnitude. When going back to room temperature again from 400 ◦C, a negligible

change is observed in I-V characteristics [dashed line in Fig. 4.12(b)] after high-temperature

stress. This suggests no chemical degradation at the Ni/SiN/N-polar GaN interfaces, and
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Figure 4.12: Temperature-dependent I-V (I-V-T) characteristics of (a) SBD diode from room
temperature (22 ◦C) to 250 ◦C with a step of 50 ◦C and (b) with 5 nm SiN (HT-SBD) diode
from 22 ◦C to 400 ◦C with a step of 100 ◦C. (c) Barrier height extracted from I-V-T. (d) I-V-T
characteristics of diode with HT-SBD diode from 22 ◦C to 500 ◦C For (a), (b), and (d), dashed line
represents the I-V at 22 ◦C after cooling down from respective high-temperature measurement in all
cases.

repeatable Schottky diode performance can be expected. These results affirm that N-polar

GaN Schottky diodes with an ultrathin SiN interlayer can be operated at significantly higher

temperatures compared to conventional N-polar GaN Schottky diodes.

Barrier heights (ϕB) for both devices were extracted from the I-V-T characteristics, as
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shown in Fig. 4.12(c). The ϕB for SBD and HT-SBD are ∼0.4 eV and ∼0.8 eV, respectively.

It should be noted that the barrier height values for both diodes match with the threshold

voltage extracted from room temperature linear I-V for each case. The barrier for the HT-SBD

should be at the Ni/SiN interface; our previous work has demonstrated that the barrier at

the SiN/N-polar GaN interface should not be more than 0.4 eV [154]. Thus, an ultra-thin

SiN interlayer does indeed increase the barrier height. This, in turn, helps reduce leakage

current and increase temperature operation capability.

Fig. 4.12(d) shows I-V-T characteristics of the HT-SBD from 22 ◦C to 500 ◦C. Interestingly,

the rectification ratio is still around one order of magnitude at 500 ◦C. Although, when

coming back to room temperature, the I-V behavior [dashed line in Fig 4.12(d)] deviates from

what has been measured at room temperature before 500 ◦C stress. It should be noted that

the diode is not destroyed, and the rectification ratio is still more than 3 orders of magnitude.

This I-V behavior change must be due to chemical degradation in the diode after the 400 ◦C

temperature operation. It may be speculated to be due to the interaction between Ni and

Si-rich SiN instead of the chemical reaction at SiN/N-polar GaN since Ni-silicide usually

forms at around 400 ◦C [230].

To investigate further, the devices operated at 500 ◦C were analyzed using scanning

electron microscopy (SEM) and atomic force microscopy (AFM). Figs. 4.13(a) and 4.13(b)

show tilted-view SEM images before any temperature measurements (as fabricated) and after

500 ◦C temperature measurements, respectively. From SEM, the surface of the Ni appears

to be alloyed after 500 ◦C. The AFM scan on the Ni metal surface reveals changes in the

surface morphology, which indicates alloying might happened after 400 ◦C, as seen in the

inset of Fig. 4.13(b). However, the SiN/N-polar GaN surface between the Ni metal and ohmic

contacts is similar for both cases. Thus, most likely, the chemical degradation only happened

at Ni/SiN interface due to the interaction of Ni and Si-rich SiN, possibly forming Ni-silicide
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Figure 4.13: Tilted view SEM images of HT-SBD (a) before any temperature measurements (as
fabricated) and (b) after 500 ◦C exposure in a vacuum. The inset of (b) shows AFM scan on Ni
metal surface after 500 ◦C.

phases, after 400 ◦C. The results call for further exploration of the metal contact system in

order to avoid silicide formation and increase the elevated temperature operation capability

of N-polar GaN Schottky diodes, which is left for future work.

4.3.4 Summary

In summary, high-temperature stable Schottky contacts to N-polar GaN are achieved using

LPCVD SiN interlayers. The ultra-thin SiN layer increases the barrier height, reduces the

leakage current, and increases the thermal stability of the N-polar GaN Schottky diode. The

SiN interlayer diodes show reproducible electrical properties even after being operated up

to 400 ◦C. However, degradation happens at 500 ◦C, which could be due to the reaction at

Ni/SiN interface. To the best of our knowledge, this is the first time N-polar GaN Schottky

diodes have been shown to operate up to 500 ◦C. These results should enable reliable N-polar

GaN devices with better performance.
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4.4 Conclusion

To conclude, a detailed overview of the properties of SiN when deposited on GaN is provided.

The key lies in the concept of using the amphoteric nature of SiN dielectric interlayer with

a point-defect level of high density, above 1019 cm−3, forming a defect band aligned with

the semiconductor conduction band edge, to deposit the polarization countercharge within

the tunneling distance from the interface. This amphoteric nature of defects in LPCVD SiN

passivates not only the Ga-polar GaN but also the N-polar GaN. Stable dielectric-assisted

Schottky contacts to N-polar GaN are achieved in this work. The thin SiN layer passivates

the N-polar GaN surface charge, introduces a chemical diffusion barrier, and increases the

barrier height as well as the thermal stability of the N-polar GaN Schottky diode. From the

experiments reported above, it is observed that the surface termination of the SiN interlayer

had a significant influence on the diode barrier characteristics. The insertion of 5 nm SiN

between the Ni and N-polar GaN raised the temperature operation capability of the diodes

showing repeatable operation up to 400 ◦C. Tuning the thickness of SiN and the choice of

Schottky metal could lead to even better-performing devices from the reported devices in

this work. Thus, a thin layer of SiN could offer a reliable solution to N-polar GaN technology,

which would help to realize GaN SJ devices using the lateral polar junction approach. On

the other side, due to the low dielectric constant of the SiN than GaN, the maximum electric

field in SiN would be higher than GaN, which could cause the dielectric breakdown. Thus,

the early time-dependent dielectric breakdown can be a bottleneck due to the high electric

fields inside the dielectric as a result of high drift region doping in GaN SJ. For that, future

studies and optimizations of devices with SiN interlayer on high breakdown GaN structures

are required.
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Chapter 5

N-polar GaN Camel Diode

5.1 Introduction

It has been demonstrated that LPCVD SiN can passivate and stabilize the N-polar GaN

surface. It also increases the barrier height of the diode with a slight increment in the ideality

factor. However, further increasing the SiN interlayer thickness to increase the barrier height

is an unattractive solution, as it would eventually worsen the device’s performance. With

thicker SiN, the device would no longer be dielectric-assisted Schottky diode, and instead, it

would turn to MIS-capacitor. In addition, the risk of dielectric breakdown at lower voltages

would represent a bottleneck for high power SJ devices. Another solution to increase the

barrier height would be to design a p-n diode. However, this is a bipolar device, in which

the turn-on voltage and the reverse recovery would increase the conduction and switching

losses, respectively. Instead of turning to a p-n diode, which would sacrifice the advantage

of unipolar operation, a thin ionized charge layer can be deposited to create abrupt band

banding and increase the barrier height. The device obtained via creating this potential hump

in the band is called a “camel diode” [231–234]. This ionized charge layer can be realized

with p-type doping on top of n-type N-polar GaN.

Achieving p-type doping is especially challenging in N-polar GaN as background oxygen

and nitrogen vacancies (VN) would compensate incorporated Mg dopants. In addition, the

formation of hillocks due to the inversion domains on the N-polar GaN surface also hamper

the device performance as the oxygen level might change around the hillocks [55,111,235].
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To date, there have only been a few investigations on p-type doping in N-polar GaN, and

most of those reports did not conduct a comprehensive electrical characterization of p-n

diodes [236–239]. Also, so far, there are no reports on the camel diode in GaN technology.

In this chapter, p-type doping in N-polar GaN is demonstrated first. For that, consistent

feedback was provided to the material grower via electrical characterization such as Hall

measurements. Before realizing the camel diode directly, the N-polar GaN p-n diodes were

designed and fabricated. A detailed electrical characterization of these diodes is then presented

to investigate the incorporation of Mg and oxygen. The N-polar GaN diodes are also compared

with Ga-polar GaN p-n diodes. This chapter provides theoretical design equations for the

camel diodes validated with TCAD simulations. Based on these design rules, two different

camel diodes were fabricated using different p+ layer doping levels. Their electrical properties

are presented and analyzed too.

5.2 N-polar GaN p-n Diode

5.2.1 p-type Doping in N-polar GaN

To investigate p-type conductivity in N-polar GaN, 0.5-µm-thick layer, doped with Mg,

was grown on a c-plane sapphire with a 4◦ offcut towards the m-plane using MOCVD sys-

tem. Immediately after the film growth, a Mg activation anneal was performed in-situ at

900 ◦C under N2 ambient and UV illumination for 20 min. This annealing step dissociates

H from the neutral Mg-H complex and activates Mg as an acceptor charge [240,241]. After

the activation anneal, Ni/Au (20/40 nm) were deposited via e-beam evaporated as metal

contacts in the van der Pauw geometry for Hall measurements. The contacts were then

annealed at 600 ◦C for 10 min in air ambient to obtain ohmic behavior. Figure 5.1 shows the

temperature-dependent Hall effect measurements performed using an 8400 series LakeShore
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Figure 5.1: Temperature-dependent (a) free hole carrier concentration (black), mobility (red),
and (b) resistivity for p-type N-polar GaN film measured via AC Hall. The inset of (a) shows the
schematic cross-section of the grown film.

AC/DC Hall measurement system. A hole carrier concentration of ∼1.5×1018 cm−3, mobility

of ∼3.4 cm2/Vs, and resistivity of ∼1.2 Ω·cm are measured at room temperature (∼300 K),

as shown in Figs. 5.1(a) and 5.1(b). These results are comparable to the reported values

for the p-type doping in Ga-polar GaN [241, 242]. As per the graphs, at 573 K, the hole

carrier concentration increases to ∼3×1019 cm−3, mobility reduces to ∼1.4 cm2/Vs, and

resistivity reduces to ∼0.2 Ω·cm. The ionization energy of Mg is found to be ∼150 meV, which

is comparable to the reported ionization energy for p-type Ga-polar GaN [242]. From the

temperature-dependent Hall measurements, extracted compensation ratio is around ∼10%,

which indicates that the concentrations of compensating oxygen and nitrogen vacancies are

low. The Hall measurement results confirm that the p-type conductivity can be achieved in

N-polar GaN. This achievement opens the door to designing, fabricating and testing N-polar

GaN p-n and camel diodes, which is the focus of the following subsection.
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5.2.2 Growth and Fabrication of p-n Diode

An N-polar GaN p-n diode structure was grown on a c-plane sapphire substrate with a 4◦

offcut towards the m-plane using a vertical, cold-wall, radio frequency (RF) heated, low-

pressure MOCVD system. The p-n diode structure consists, bottom to top, of a 400 nm

n+-type layer (O: >1019 cm−3), a 400 nm n-type layer (O: ∼5×1017 cm−3), and a 300 nm

p+-type layer (Mg: ∼3×1019 cm−3). Immediately after film growth, Mg was activated via an

in-situ anneal at 900 ◦C under N2 ambient and UV illumination for 20 min. As a reference

or control, an equivalent Ga-polar GaN structure was also grown. Since Ga-polar GaN does

not incorporate oxygen unintentionally, Si was introduced during the n+- and n-type layer

growth. Due to growth limitations, the Si doping level in the n+-type layer was somewhere in

the range of mid to high 1018 cm−3.

The p-n diode fabrication process on both Ga- and N-polar GaN started with the ohmic

metal contact for the p+-type layer. For that, Ni/Au (20/40 nm) metal contacts were deposited

using an e-beam evaporation system (base pressure: 10−9 Torr). After the deposition, the

devices were alloyed at 600 ◦C for 10 min in air ambient to obtain ohmic contacts to p+-GaN.

Then mesa etching was done using Cl2-based inductively coupled plasma reactive ion etching

(ICP-RIE) to access the bottom n+-type layer. During the mesa etching, it was observed

that the etch rate for Ga-polar GaN is around 8 to 10 nm/min lower than N-polar GaN even

though the same etching recipe was used. Due to that, the mesa height in N-polar GaN was

around 750 nm to 800 nm, whereas the mesa height in Ga-polar GaN p-n diode resulted

around 600 nm to 650 nm. Then the large area ohmic contact for the n+-type GaN layer was

formed with Ti/Al/Ni/Au (30/100/70/70 nm) using the same e-beam evaporation system. It

should be noted that the n+-contacts were not alloyed after the deposition as the contacts

were large in area and deposited on a highly doped layer. The schematic cross-section of the

fabricated N-polar GaN p-n diode is shown in Fig. 5.2(a). Also, a tilted-side SEM image
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Figure 5.2: (a) The schematic cross-section and (b) a tilted-side SEM image of fabricated N-polar
GaN p-n diode.

of the fabricated N-polar GaN p-n diode is shown in Fig. 5.2(b). It should be noted that

the cathode contact for Ga-polar GaN diodes is on the n-type layer instead of the n+-type

layer due to the mesa height mismatch in both cases. This may affect the series resistance

part of the p-n diode, which is discussed later in this section. In addition to the p-n diodes,

100×200 µm2 contact pads on the p+-type surface were made for transfer length method

(TLM) measurements on both samples.

5.2.3 Electrical Results and Analysis

Figure 5.3(a) compares the current-voltage (I-V) characteristics for both Ga- and N-polar

GaN p-n diodes measured at room temperature. The electroluminescence spectra of N-polar

GaN was obtained at 8 V forward bias, as shown in Fig. 5.3(b). The electroluminescence

response shows near band edge emission for GaN, which confirms the presence of free holes

and thus p-type conductivity in N-polar GaN film. From the room-temperature I-V, the

ideality factors (n) for Ga- and N-polar GaN diodes are extracted, which are 2.54 and 3.13,

respectively. The higher ideality factors in both diodes could be due to the leakage current

through the dislocations in the film [243,244]. The N-polar GaN diode has a higher ideality
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Figure 5.3: (a) Room-temperature I-V characteristics comparison of Ga- and N-polar GaN p-n
diodes. (b) Electroluminescence spectra of N-polar GaN p-n diode measured at 8 V in forward bias.

factor than the Ga-polar diode, again due to higher dislocation density and/or presence of

inversion domains in N-polar GaN. This could also be responsible for the higher reverse

bias leakage in the N-polar GaN diode than Ga-polar, as seen in Fig. 5.3(a). The graph

shows, at higher forward biases, the current in N-polar GaN is almost one order higher than

the Ga-polar GaN. This could be due to the one-order low n+-layer doping in Ga-polar

(∼5×1018 cm−3) than N-polar (>1019 cm−3) and the difference in mesa heights for both

diodes, as mentioned previously.

From Fig. 5.3(a), it is observed that the current in N-polar GaN at forward biases from

3 V to 6 V has a sublinear transition instead of a sharp transition from exponential to series

resistance regime, which is seen in the Ga-polar diode case. This current limiter in N-polar

GaN could be due to the presence of a native interfacial oxide between the anode contact

and p+-layer or a highly compensated layer between p+- and n-type N-polar GaN layer as a

result of growth non-ideality, or both. A detailed investigation of this hypothesis is performed

via different electrical measurements and discussed throughout this section.

117



Figure 5.4: TLM measurements measured via alloyed Ni/Au contacts on the p+-type layer for (a)
Ga- and (b) N-polar GaN p-n diode structure with various contact separations.

To investigate the hypothesis, TLM measurements were performed on the p+-GaN layer

of the p-n diode using alloyed Ni/Au contacts. Figures 5.4(a) and 5.4(b) show the TLM

data measured with different contact separations for Ga- and N-polar GaN, respectively. The

alloyed contacts for the Ga-polar GaN case show linear I-V, as seen in Fig. 5.4(a). The alloyed

contacts in N-polar GaN show Schottky-type behavior with turn-on at around 3 V, as seen in

Fig. 5.4(b). This suggests that a current limiting layer is located between the N-polar GaN

and metal contacts and prevents linear ohmic contacts from being obtained. It is postulated

that this layer is a native oxide.

Figures 5.5(a) and 5.5(c) show temperature-dependent I-V characteristics for Ga- and

N-polar GaN, respectively. The energy bandgap for both cases can be extracted using the

following equation [245,246]:

J0 ∝ exp (−qEg/nkT ) (5.1)
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Figure 5.5: Temperature-dependent I-V characteristics and ln(J0), extracted from forward bias
between 2 V to 3 V at each temperature, vs. 1/kT for Ga-polar (a & b) and N-polar (c & d) GaN.

where, J0 is the saturation current, q is the elementary charge, Eg is the energy bandgap, n is

the ideality factor, k is the Boltzmann constant, and T is the temperature. The saturation

current is extracted by extrapolating the current from the exponential region where the
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ideality factor value is lowest (between 1.5 V to 2 V in forward bias) in both cases. Thus,

based on the Eq. 5.1, Eg/n can be calculated by plotting ln(J0) vs. 1/kT graph. Figures 5.5(b)

and 5.5(d) show the ln(J0) vs. 1/kT for Ga- and N-polar GaN, respectively, where the slope

of the graph provides the Eg/n value. Using the ideality factor values at room temperature

for both diodes, the estimated Eg values, at room temperature, for Ga- and N-polar GaN

diodes are 3.3 eV and 2.75 eV, respectively. The value extracted for the Ga-polar GaN case

agrees with the bandgap of GaN. However, the estimated energy gap obtained for N-polar

GaN is lower than the bandgap of GaN. This suggests that there might be parallel current

paths to the fabricated N-polar GaN p-n junction due to the defects or inversion domains.

Interestingly, these low-barrier parallel current paths are also masked at the higher forward

biases in the N-polar GaN as the current is low (sublinear rise instead of sharp transition

from exponential to series resistance) at higher forward biases [see Fig. 5.3(a)]. Thus, it is

proposed that a current limiter impacts the performance at high forward bias and that it is

located either at the surface and/or between p+- and n-type layers.

To investigate further, capacitance-voltage (C-V) measurements were done on both diodes

using a parallel RC circuit model at 1 MHz frequency. The 1/C2-V characteristics for both

Ga- and N-polar GaN diodes are plotted and shown in Fig. 5.6(a). The doping as a function of

applied bias is also extracted and shown in Fig. 5.6(b) for both cases. As the diode structure

in both cases is a p+-n diode, the extracted doping should be the doping in the n-type layer

for both diodes as the charge would be modulated only in the lower doped region with the

applied bias. The ND-NA in the n-type layer for Ga- and N-polar diodes are ∼1.5×1017 cm−3

and ∼3.5×1017 cm−3, respectively, as seen in Fig. 5.6(b).

From the 1/C2-V graph, it is seen that the built-in potential for Ga-polar diode is 3.4

V, which agrees with the estimated value extracted from temperature-dependent I-V, as

reported earlier. For the N-polar case, the extracted built-in potential from 1/C2-V is 3.8 V,
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Figure 5.6: (a) Capacitance-voltage characteristics and (b) The extracted doping vs. voltage profile
for both Ga- and N-polar GaN p-n diodes.

which is not only higher than the extracted value from temperature-dependent I-V but also

in agreement with the bandgap of GaN. The higher built-in potential obtained by C-V could

be due to an additional capacitance either from the surface native oxide between the anode

metal and p+-type layer and/or from the compensated insulating layer within the p-n diode.

It appears that C-V is less sensitive to the presence of low-barrier parallel current paths

revealed by the I-V in Fig. 5.5.

From Fig. 5.6(a), for the Ga-polar case, it is seen that the 1/C2 starts reducing at 1.5 V

forward bias and becomes constant at 2.5 V forward bias. This is due to the increment in

capacitance as a result of the decrement in depletion width with the applied forward bias. At

2.5 V forward bias, the depletion region is almost negligible, and thus 1/C2 is negligible. After

2.5 V forward bias, no change in 1/C2 is observed, probably due to no further modulation

of depletion. Also, after that bias, the conductance takes over the capacitance due to the

charge injection. However, in the N-polar GaN diode, the 1/C2 does not go to zero, and
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Figure 5.7: Z-theta measurements for N-polar GaN p-n diode with (a) impedance vs. frequency
and (b) theta vs. frequency at different forward biases from 0 V to 3.2 V.

instead, it rises after a 2.8 V forward bias. Two things should be noted here. First, the 1/C2

not being zero indicates the presence of a fixed capacitance in the circuit, which could arise

for the aforementioned reasons. Second, the conductance takes over the capacitance after

2.8 V, and the RC bridge is not balanced after that bias point. The latter part is seen in

the Z-theta measurement for the N-polar GaN diode, as shown in Figs. 5.7(a) and 5.7(b).

These graphs show that, at 1 MHz, the impedance starts reducing, and the theta changes

from -45◦ to 0◦ after a 2.8 V forward bias. These results prove that the conductance takes

over the capacitance after 2.8 V at 1 MHz in C-V measurements.

To investigate the thickness of the constant depletion layer, the depletion width as a

function of applied bias is extracted. In Fig. 5.8, this is done while assuming a dielectric

constant of 10.4 to represent GaN. This assumption represents the case that the depletion

layer is located between the p+- and n-GaN regions. The graph shows that the remaining

depletion thickness, at forward bias higher than 2.8 V, in Ga-polar GaN is 8 nm and in
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Figure 5.8: Depletion width vs. voltage extracted from C-V measurements using GaN dielectric
constant 10.4 for both Ga- and N-polar GaN diodes.

N-polar GaN is 60 nm. Thus, if any compensated or insulating GaN layer is present in the p-n

diode structure, that layer should be 8 nm and 60 nm for Ga- and N-polar GaN, respectively.

A similar calculation can be conducted to capture the effect of a surface oxide located in

between the anode metal and p+ layer. In this case, it is assumed that the oxide is gallium

oxide with a dielectric constant of 3.57 [247]. The resulting interlayer has an estimated

thickness of 2 nm and 20 nm for Ga-polar and N-polar GaN, respectively.

Thus, from the N-polar GaN C-V measurements, it is observed that there is a constant

capacitance layer present in the p-n diode after 2.8 V. And, after that bias, the current might

be flowing through that contact capacitance region. This explains why the current, after

that bias in the I-V [see Fig. 5.3(a)], flows with some power-law to voltage, which could be

Poole-Frenkel or space charge limited current. Considering this capacitance is only due to the

native oxide interlayer, it is very thin in the Ga-polar GaN diode; however, it is significant in

the N-polar GaN diode.

To investigate the presence of a native oxide interlayer, secondary ion mass spectroscopy
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Figure 5.9: (a) The schematic cross-section of the analyzed structure under secondary ion mass
spectroscopy (SIMS). The intensity vs. depth for (b) Ga- and (c) N-polar GaN measured via SIMS.

(SIMS) is performed on both samples, as shown in Fig. 5.9. The schematic cross-section of

the analyzed area under the SIMS is shown in Fig. 5.9(a). It should be noted that the SIMS

was done after the Ni/Au contact alloying step for both p-n diodes. For p-GaN ohmic contact

formation, it is usually observed that Ni and Au interchange places after contact alloying

in air ambient. In this process, Ni mixes with oxygen from the air and forms nickel oxide,

allowing Au to diffuse in and mix with Ga [248]. Figures 5.9(b) and 5.9(c) show Ni, Au, Ga,

and O intensity as a function of the depth for Ga- and N-polar GaN p-n diodes, respectively.

In the case of Ga-polar GaN diode, SIMS confirms the forming of nickel oxide as Ni and

O intensity curves follow each other, as shown in Fig. 5.9(b). It can be observed that this

nickel oxide allowed Au to diffuse, and thus the peak intensity of Au is seen between Ni and

Ga peaks. In comparison, in the N-polar GaN p-n diodes, Ni and Au did not switch places.

Instead, a Ga peak is observed near the surface with O, indicating the formation of gallium

oxide in the N-polar GaN diode, as shown in Fig. 5.9(c). The thicknesses of the Ga and O

peaks are around 20 nm. This thickness matches the extracted oxide interlayer thickness via
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C-V, suggesting that the native oxide interlayer could be the reason for additional capacitance.

This native oxide layer might be formed during the Mg activation anneal, or p-type metal

contact anneal, which needs further investigation and left for future work.

In addition to the intensity profile, SIMS atomic concentration depth profiles for both

Ga- and N-polar GaN were performed. Figures 5.10(a) and 5.10(b) show Mg concentration

(right y-axis) as a function of depth for Ga- and N-polar GaN p-n diode, respectively. The

left y-axis shows the same intensity of different atoms in the graph, which are presented in

Fig 5.9. Now, looking at the Mg depth profiles in both diodes, it is observed that the Mg

concentration is not constant throughout the p+-GaN layer. The intended Mg doping in both

structures was ∼3×1019 cm−3 within 300 nm of p+-GaN film. However, the SIMS depth

profile reveals that Mg concentration is constant only for total depth around 250 nm for both

Ga- and N-polar GaN. As per the SIMS, the peak Mg concentrations for Ga- and N- polar

GaN are around ∼2×1019 cm−3 and ∼4×1019 cm−3, respectively. Both samples show a delay

in Mg incorporation before it reaches the steady-state doping value in the film when p+-GaN

layer growth starts after the n-GaN layer. This delay in Mg incorporation is a well-established

challenge in GaN growth [249–251]. In addition, thermal diffusion of Mg atoms towards the

n-GaN layer might be possible during the growth. For both Ga- and N-polar GaN samples,

the delay rate in Mg incorporation is about 100 nm/decade. It is important to note that even

though the O intensity level in both Ga- and N-polar GaN are at the same level after 100 nm

depth, the level of O incorporation in both polarities is not the same. Also, the measured O

intensity in both cases after 100 nm depth is the noise level of the SIMS instrument used here.

As mentioned before, N-polar GaN always incorporates oxygen unintentionally, even

during the p+-type layer growth. Thus, it could be possible to have a compensated region

in the N-polar GaN p-n diode. The compensated region could be where Mg rises to its

steady-state doping value, which might be compensated by unintentional oxygen. So, the
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Figure 5.10: Mg concentration depth profile (right y-axis) obtained using SIMS for (a) Ga- and (b)
N-polar GaN p-n diodes.
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reason for the sublinear current in the N-polar GaN p-n diode at higher forward biases might

be due to a presence of either native oxide interlayer at anode metal and a p+-GaN layer or

the compensated GaN layer or both.

Figure 5.11(a) shows the modified schematic cross-section of the N-polar GaN p-n diode

based on the discussed probable causes for the deviation in the measured I-V characteristics.

Figure 5.11(b) shows the N-polar GaN I-V characteristics with the ideal current path in

the forward bias. It is seen that, at lower forward bias voltages, the current is higher due

to the inversion domains and dislocations. At higher forward biases, current increases in a

sublinear manner deviating from the ideal current path. As mentioned before, this is due to

the presence of the native oxide at the metal and p+-GaN interface or compensated layer

between the p+- and n-GaN.

Figure 5.11: (a) The modified schematic cross-section of the N-polar GaN p-n diode based on the
I-V characteristics. (b) Room temperature I-V characteristics of N-polar GaN p-n diode compared
to the ideal current path in forward bias.
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5.2.4 Summary

In summary, p-type conductivity was achieved in N-polar GaN and confirmed via hall

measurements. This prompted the fabrication of N-polar GaN p-n diodes. Higher ideality

factor and reverse leakage current were observed at room temperature in N-polar GaN p-n

diodes compared to reference Ga-polar GaN p-n diodes. The bandgap extracted from I-V-T

for N-polar p-n diodes shows a lower value than the bandgap of GaN, which is attributed

to the presence of a parallel leakage current path. This leakage path could be related to the

defects and/or inversion domains in N-polar GaN. The N-polar GaN p-n diode I-V reveals a

presence of the current limiter at biases above 3 V. This could be due to either native oxide

interlayer at anode metal and a p+-GaN layer or the compensated GaN layer region or both,

based on the analysis of different electrical characteristics. The native oxide could be resulted

from the Mg activation anneal or during the Ni/Au contact annealing in the ambient air. In

comparison, the compensated GaN layer could be formed due to the delay in Mg rise, which

is compensated by unintentional oxygen in N-polar GaN.

5.3 N-polar GaN Camel Diode

The results presented in Section 5.2 demonstrate the ability to p-type dope N-polar GaN,

which represents an important technological milestone. While the p-n diode was used to

investigate this capability, there are performance trade-offs to consider when comparing it

to the Schottky diode studied in Chapter 3. P-n diodes benefit from improved breakdown

capability due to the larger barrier and reduced reverse bias leakage current. However, the

higher turn-on voltage and reverse recovery time also increase the conduction and switching

losses of the circuit. Therefore, this section investigates a third device known as the camel

diode. In these devices, the barrier height can be controlled using a potential hump, created
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by a thin and fully depleted p+ layer in the bulk of semiconductor while maintaining the

majority-carrier current flow in the diode. This potential hump can be controlled by controlling

the thickness and doping of this p+ layer. This allows tuning the barrier height value between

the Schottky and p-n diode barrier.

Early work on controlling the Schottky barrier heights were reported by Shannon [232,233].

The Schottky barrier to n-type and p-type Si diodes were raised by introducing shallow and

fully depleted p+ and n+ layers, respectively, near the surface and beneath the Schottky

metal. Later, this fully depleted layer was sandwiched between highly doped and low doped

layers. For example, Shannon reported the camel diode with a thin p+ layer sandwiched

between n++ and n− layers in Si [234]. Throne et al. utilized the same concept and realized

camel gate GaAs field-effect transistors where the barrier height of the gate contact was

increased by adding a p+ GaAs layer in between n+ and n− GaAs layer [252].

In this thesis, a similar type of framework is applied to N-polar GaN material to increase

the barrier height from its Schottky limit while avoiding p-n diode formation and maintaining

the camel diode’s unipolar nature. This camel diode structure can then be utilized in the

GaN SJ design to increase the barrier height of the N-polar domain. More details on the GaN

SJ design using camel diode structure are presented in Chapter 6.

As shown in the previous section, the successful demonstration of p-type N-polar GaN

enables the realization of the camel diode in N-polar GaN. Instead of sandwiching the p+ layer

between n+ and n− layer, only the p+ layer is deposited on an n-type layer to tune the barrier

height in this work. To this end, first, the theoretical model of N-polar GaN is developed to

predict the barrier height for a particular thickness and doping of the p+-GaN layer. The

theoretical model is verified using Silvaco TCAD simulations. Later, the experimental results

on N-polar GaN camel diodes with two different p+-GaN layer doping are provided.
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5.3.1 Design Space for GaN Camel Diode

The theory behind the camel diode operation was first developed by Shannon [234]. A small

number of later reports have also been published in the literature detailing how the barrier

heights and ideality factors can be calculated for camel diodes [231, 252]. The schematic

cross-section of the camel diode structure and its energy band diagram is shown in Fig. 5.12.

The graph shows that the potential hump in the conduction band between a degenerate

region (n++) in the semiconductor and the lightly doped n− layer is formed using a thin and

highly doped p+ layer.

Figure 5.12: (a) The schematic cross-section of the camel diode structure. (b) The energy band
diagram of the camel diode structure showing the potential hump. Figure from [231].
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The doping and thickness for the p+ layer are chosen so that it is fully depleted of holes

at all values of the bias across the diode. In short, the p+ layer must always be depleted, in

other words [234]:

qt2NA

2εS
<

Eg

q
(5.2)

where, t and NA are the thickness and doping of the p+ layer, Eg is the bandgap of the

material, q is the elementary charge, and εS is the dielectric permittivity of the material. The

barrier height of the camel diode structure, shown in Fig. 5.12, can be calculated by solving

the Poisson’s equation, given as [252]:
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where, ϕB is the barrier height of the camel diode, N+
A, N

+
D, and ND are the doping concen-

trations in p+, n++, and n− layers, respectively, t is the thickness of p+ layer, and W is the

depletion region in the n− layer at zero bias. The depletion width (W), at zero bias, in n−

layer depends on the barrier height of the camel diode, which can be obtained by solving the

following Poisson’s equality [252]:
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(5.4)

where, ϕS is the Fermi potential in the n− layer. Using Eqs. 5.3 and 5.4, the barrier height

for the camel diode can be calculated theoretically. As seen in these equations, this mainly

depends on the thickness of the p+ layer and the doping levels of p+, n++, and n− layers.
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Figure 5.13: The schematic cross-section of the (a) camel and (b) Schottky diode structures. (c)
Comparison of the energy band diagrams for both the diode structures.

The above-mentioned equations are for the camel diode structure shown in Fig. 5.12.

However, in this work, the employed camel diode structure does not have an n++ layer at

the top. Instead, due to the difficulties associated with abruptly ending Mg incorporation

during epitaxy, the diode is designed with a thin p+-GaN layer on top of the n-type GaN, as

shown in Fig. 5.13(a), unlike the traditional Schottky diode structure shown in Fig. 5.13(b).

The energy band diagram of both the structures is shown in Fig. 5.13(c). As shown in the

band diagram, it can be observed that the barrier height for the camel diode rises due to the

insertion of the p+ layer. It is important to note that the p+ layer in the camel diode design
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stays fully depleted or ionized at all forward biases. Thus, there are no free holes available in

the p+ layer, and the conduction happens due to the injection of electrons (majority carriers)

only.

The design equations are modified and reported below based on the camel diode structure,

shown in Fig. 5.13(a), can be calculated using the following equation:

ϕB = ϕB,S +
qNA

2ε

(
t− WND

NA

)2

(5.5)

where, ϕB is the barrier height of the camel diode, ϕB,S is the barrier height of the n-type

Schottky diode without any p+ layer, NA and NS are the doping level in the p+- and n-type

layers, respectively. The depletion width (W) can be calculated by solving the following

equality:

qW 2ND

2ε
+

qNA

2ε

(
WND

NA

)2

+ ϕS = ϕB,S +
qNA

2ε

(
t− WND

NA

)2

(5.6)

where, ϕS is the Fermi potential in the n− layer. Using Eqs. 5.5 and 5.6, the barrier height

for the N-polar GaN camel diode can be calculated theoretically.

According to the equations, the camel diode barrier height depends on three parameters:

the thickness of the p+ layer and doping levels of p+ and n-type layers. In Fig. 5.14(a), the

barrier height for the camel diode as a function of p+ layer thickness (t) is calculated with

constant doping in p+ (NA: 1×1019 cm−3) and n-type (ND: 5×1017 cm−3) layers. It is assumed

that the Schottky barrier height (ϕB,S) for n-type N-polar GaN is 0.4 eV, which is based on

the experimentally measured value presented in Chapters 3 and 4. As seen in the graph, the

barrier height increases with increasing p+ layer thickness. After 23 nm of p+ layer thickness,

the structure does not remain camel diode, instead, it becomes p-n diode. Silvaco ATLAS
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Figure 5.14: (a) Barrier height of the N-polar GaN camel diode as a function of p+-GaN layer
thickness with constant NA and ND calculated using the analytical equations. (b) Simulated N-polar
GaN conduction band diagram for different p+-GaN layer thickness with constant NA and ND.

simulations are performed to verify the barrier height values using the energy band diagram.

Figure 5.14(b) shows the conduction band diagram of the camel diodes for different p+ layer

thicknesses with constant doping in p+ (NA: 1×1019 cm−3) and n-type (ND: 5×1017 cm−3)

layers. Again, N-polar Schottky barrier height is fixed to 0.4 eV in simulations. It should be

noted that the analytical calculations and numerical simulations consider the doping in the

p+-type layer is constant throughout its thickness. From Figs. 5.14(a) and 5.14(b), it can be

observed that the analytical calculations match the simulation results. Thus, these designed

equations can predict the barrier height of the camel diode for the given design parameters

mentioned above.

The barrier heights as a function of the p+-GaN layer thickness for three different NA

values 5×1018 cm−3, 1×1019 cm−3, and 2×1019 cm−3 are calculated using design equations

while keeping the n-type layer doping fixed (ND = 5×1017 cm−3), as shown in Fig. 5.15. As

seen in the graph, the barrier height increases with the doping of the p+ layer for the same p+
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Figure 5.15: Barrier height of the N-polar GaN camel diode as a function of the p+-GaN layer
thickness for three different NA with constant ND.

Figure 5.16: Barrier height of the N-polar GaN camel diode as a function of p+-GaN layer thickness
for three different ND with constant (a) NA = 5×1018 cm−3 and (b) NA = 1×1019 cm−3.
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layer thickness. It is noticed that the diode turns into a p-n diode at lower p+ layer thickness

if the doping of that layer is relatively higher.

To understand the role of n-type layer doping on the camel diode barrier height, it is varied

as a function of the p+ layer thickness for a constant NA. Figure 5.16(a) shows the barrier

height values for three different n-type layer doping ND = 1×1017 cm−3, ND = 5×1017 cm−3,

and ND = 1×1018 cm−3 for fixed NA = 5×1018 cm−3. Similarly, Fig. 5.16(b) shows the barrier

height values for three different n-type layers doping for fixed NA = 1×1019 cm−3. From

these graphs, it can be observed that a lower n-type doping camel diode would have a higher

barrier height.

The current-voltage and capacitance-voltage characteristics for the camel diodes are

simulated using Silvaco. The I-V and C-V characteristics for the Schottky diode are also

simulated for comparison. The C-V characteristics are simulated for 1 MHz frequency. Two

different camel diode structures are simulated, where the doping in n-layer and the thickness

of p+ layer are kept constant, which are 5×1017 cm−3 and 10 nm, respectively. Two p+ layer

doping scenarios are considered: 5×1018 cm−3 (Diode C1) and 1×1019 cm−3 (Diode C2). The

n-type doping in the Schottky diode structure (Diode S) is kept 5×1017 cm−3 also. The I-V

characteristics of all three diodes are shown in Fig. 5.17(a). The threshold voltages for diodes

S, C1, and C2 are ∼0.4 V, ∼0.6 V, and ∼1.1 V, respectively, as shown in Fig. 5.17(a) with

dashed lines. These threshold voltages of simulated camel diodes match with the barrier

height values shown in Fig. 5.15. Thus, as per the simulation results, it is evident that the

camel diode structure can increase the barrier height from the Schottky counterparts. From

Fig. 5.17(a), it is important to note that the on-resistance does not change even though the

barrier is raised for camel diode as the doping level in the n-type drift region is the same for

all cases.

The 1/C2-V characteristics of all three diodes are shown in Fig. 5.17(b). The extracted
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Figure 5.17: Simulated (a) current-voltage and (b) capacitance-voltage characteristics for Schottky
and two different camel diodes. The n-type layer doping, in all diodes, is 5×1017 cm−3. The p+ layer
thickness is 10 nm for both camel diodes. For two different camel diodes, the p+ layer doping levels
are 5×1018 cm−3 and 1×1019 cm−3. The inset of figure (b) shows the schematic cross-section and
equivalent circuit in C-V. Cp+ and Cdep denote the capacitance of the p+ layer and depletion layer
in n-type GaN, respectively.

built-in potentials from the forward bias of 1/C2-V for diodes S, C1, and C2 are ∼0.4 V,

∼0.9 V, and ∼1.4 V, respectively, as shown in Fig. 5.17(b). It can be observed that, for

the Schottky diode, the threshold voltage and built-in potential extracted from I-V and

C-V matches. However, the built-in potential for both the camel diodes is higher than the

threshold voltages. The reason for that is the additional constant capacitance (Cp+) due to

the fully depleted p+ layer in camel diodes. This capacitance is in series with the depletion

layer capacitance (Cdep) of the n-type layer, which modulates with applied bias. Thus, the

overall capacitance reduces, and 1/C2 shifts up. The equivalent capacitance circuit for the

camel diode is shown in the inset of Fig. 5.17(b). In comparison, in the Schottky diode, only

one capacitance modulates with the bias, which is why the extracted built-in potential from

C-V matches with the threshold voltage from I-V.
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5.3.2 Experimental Details and Results

Two N-polar GaN camel diode structures were grown on a c-plane sapphire substrate with

a 4◦ offcut towards the m-plane using a vertical, cold-wall, radio frequency (RF) heated,

low-pressure MOCVD system. Both camel diode structures consist, a 400 nm of n+-type

layer (O: >1019 cm−3), a 400 nm of n-type layer (O: ∼5×1017 cm−3). In the first camel diode

(Diode D1), 10 nm of a p+-type layer is grown with Mg doping of ∼5×1018 cm−3. Whereas

in the second camel diode (Diode D2), 10 nm of a p+-type layer is grown with Mg doping of

∼1×1019 cm−3. With these design parameters, the expected barrier heights for the diodes

D1 and D2 are around ∼0.6 eV and ∼1 eV, respectively, as seen in Figs. 5.15 and 5.17(a).

Immediately after the film growth, Mg activation anneal was performed in-situ at 900 ◦C

under N2 ambient and UV illumination for 20 min.

The diode fabrication process on camel diodes started with the Ni (250 nm) metal contact

to the p+-type layer using an e-beam evaporation system (base pressure: ∼10−9 Torr). It

should be noted that the metal contacts were not alloyed. Then mesa etching was done

using Cl2-based inductively coupled plasma reactive ion etching (ICP-RIE) to access the

bottom n-type layer. A 100 nm thick layer was etched using ICP-RIE followed by large area

ohmic contact for the n-type GaN layer. The Ti/Al/Ni/Au (30/100/70/70 nm) metal stack

was deposited using the same e-beam evaporation for the cathode contact. The schematic

cross-section of the fabricated camel diodes is shown in Fig. 5.18(a).

The room temperature I-V characteristics for both camel diodes, in linear scale, are

reported in Fig. 5.18(b). For comparison, the Schottky diode (Diode D3) without any p+-type

layer is also shown. The I-V for the Schottky diode shown in the graph is taken from the

as-grown N-polar GaN Schottky diode reported in Chapter 3. From the linear I-V, it can be

observed that the threshold voltages for the camel diode D1 and D2 are ∼0.5 V and ∼1 V,

respectively. In comparison, the threshold voltage for the Schottky diode (D3) is ∼0.4 V. The
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Figure 5.18: (a) The schematic cross-section of the fabricated camel diode. The doping levels for two
different p+ layers are ∼5×1018 cm−3 and ∼1×1019 cm−3. Room temperature I-V characteristics of
two camel diodes and a Schottky diode in (b) linear and (c) semilog scale. (d) 1/C2-V characteristics
for two camel diodes and a Schottky diode measured at 1 MHz frequency.

comparison of room temperature I-V characteristics for both camel diodes, in semilog scale,

are reported in Fig. 5.18(c). From the graph, it can be observed that the camel diodes have

significant reverse bias leakage compared to the Schottky diode. For the camel diode D2, it

is seen that, in forward bias, there are two current paths. At lower biases, below 1 V, the
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current could be mainly due to the leakage in the diode. Whereas, at higher biases, above

1 V, the actual barrier current takes over. For reference, the ideal current path is highlighted

with a blue dashed line. A detailed explanation is given in the discussion section.

Figure 5.18(d) compares the 1/C2-V characteristics for the camel diodes and the Schottky

diode measured at 1 MHz frequency. As per the graph, the C-V built-in potential for the

Schottky diode is around 0.6 V, which is higher than the I-V threshold voltage due to the

presence of the native oxide interlayer, as mentioned in Chapter 3. In comparison, the C-V

built-in potential for the camel diode D1 is higher than the Schottky diode, and it is around

1.25 V. The built-in potential for the camel diode D2 seems to be higher than the bandgap

of GaN, which is not possible. This means the equivalent circuit (parallel R and C) used for

C-V measurement of the camel diode D2 is not accurate. Instead, it might be possible that

the resistance is in series to capacitance which is why the built-in potential is larger than the

bandgap of GaN.

The net doping levels for all three diodes are calculated using the 1/C2-V characteristics.

The method of doping extraction using the 1/C2-V characteristics is mentioned in Chapter 3.

As the charge modulation happens only in the n-type layer of the camel diode, the extracted

doping level would be for the n-type N-polar GaN in all diodes. The extracted net doping

level for the diodes D1 and D2 are ∼2×1018 cm−3 and ∼5×1018 cm−3, respectively. These

extracted n-type GaN doping levels are much higher than the intended unintentional oxygen

level (∼5×1017 cm−3) in the material. Again, the extracted doping level for the camel diode

D2 is not valid because the equivalent circuit used for C-V is inaccurate. The extracted

doping level for the Schottky diode is ∼7×1017 cm−3.
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5.3.3 Discussion

As per the linear I-V characteristics shown in Fig. 5.18(b), both N-polar GaN camel diodes

have higher threshold voltages than the Schottky diode. The absence of electroluminescence

(not shown) confirms that there are no free holes in the diode at those biases. This confirms

the unipolar nature of the camel diode, and the increase of the barrier is purely due to the

fully depleted p+ layer. Thus, the camel diode, indeed, increases the barrier height of the

diode while maintaining the unipolar nature of the device. Nonetheless, the actual I-V barrier

heights need to be calculated for these diodes to observe the actual increment in the barrier

height compared to the Schottky diodes, which is left for future work.

The main reason for adopting the camel diode structure from the GaN SJ device perspective

is to reduce the reverse bias leakage by increasing the effective barrier height of the diode

compared to the Schottky diode structure. However, from the semilog scale I-V characteristics,

shown in Fig. 5.18(c), it is noticed that the reverse bias leakage in both camel diodes is even

higher than the Schottky diode. This high reverse bias leakage could be due to the high

hillock density present in both camel diodes. The surface AFM images of the camel diode D2

are shown in Fig. 5.19. In comparison, the camel diode D1 also has a slightly lower hillock

density than the camel diode D2 (not shown). As these hillocks are made of different polarity

facets such as semi-polar or non-polar, it is found, in the literature, that the incorporation

of oxygen is even higher in certain semi-polar films than N-polar GaN films [55, 111, 235].

Thus, it could be possible that the higher leakage level in camel diodes could be due to the

high hillock density. In addition, the oxygen level in the n-type layers of both camel diodes

is higher than 1018 cm−3, which could also be responsible for the higher leakage than the

Schottky diode shown here. This high leakage current is also responsible for the deviation

of the current from an ideal path at lower forward biases in the camel diode D2, as seen

in Fig. 5.18(c). To achieve ideal camel diode performances, the leakage current needs to be
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Figure 5.19: The surface AFM (a) height and (b) amplitude scan to highlight the high hillock
density on the surface of camel diode D2.

reduced, which could be possible by growing a smooth and hillock-free surface, as well as by

lowering the oxygen level to the order of mid to low 1017 cm−3.

The extracted built-in potential (Vbi = 1.25 V), for the camel diode D1 from C-V

measurements, is a significantly higher value than the measured threshold voltage (Vth =

0.5 V) from the linear I-V characteristics. This is due to the additional constant capacitance

from the p+ layer in series with the depletion layer capacitance of the n-type layer. To

verify that, simulations are performed with the same doping levels and thicknesses of each

layer for the camel diode D1. Figures 5.20(a) and 5.20(b) show the simulated I-V and C-V

characteristics of the camel diode D1 using Silvaco ATLAS. It can be observed that the

threshold voltage is around 0.6 V which is 0.1 V higher than the measured threshold voltage

for the experimental device. The reason for that could be the non-uniform Mg distribution in

the whole 10 nm of p+ layer due to the delay in Mg incorporation during the growth, as shown

in the SIMS graphs earlier (see Fig. 5.10). In addition, the background unintentional oxygen

also compensates for p-type doping. All these parameters could lead to a lower effective charge
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Figure 5.20: Simulated (a) I-V and (b) 1/C2-V characteristics for the camel diode D1.

in the p+ layer, which would be responsible for the lower threshold voltage experimentally.

As per simulated 1/C2-V characteristics, the built-in potential of the camel diode D1 is 1

V, which is 0.25 V lower than the measured value from the experimental result. The reason

for the higher built-in potential in experimental could be due to the additional capacitance

from a native oxide layer, or due to a thicker depleted region arising from a non-abrupt

p-n junction due to Mg doping delay, as argued above. Due to that additional capacitance,

the 1/C2-V is shifted upwards, resulting in a higher experimental C-V potential than the

simulated one.

5.3.4 Summary

To summarize, first-order analytical design equations are provided to design the camel diodes

using a thin p+ layer and validated with TCAD simulations. The barrier height of the camel

diode can be controlled using mainly three parameters: doping levels in the p+ and n-type

layer and the thickness of the p+ layer. The thickness and doping of the p+ layer should be
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designed in such a way that it stays depleted at all bias, meaning there should not be any free

holes available in the layer. To validate the theoretical analysis, two different N-polar GaN

camel diodes are fabricated by adding 10 nm of p+ layer with doping levels of 5×1018 cm−3

and 1×1019 cm−3 on top of the n-type layer. It is observed that the threshold voltages are

increased for both the camel diodes compared to the Schottky diode. Also, the increment

in the p+ layer doping increased the threshold voltage, suggesting that the barrier height

can be controlled by tuning the doping of the p+ layer. A similar effect should be observed

experimentally by varying the thickness of the p+ layer, which is left for future work. It is

observed that the reverse bias leakage current in these camel diodes is higher than the Schottky

diode reverse leakage. The probable cause of the higher leakage is attributed to the high

hillock density on the surface of these camel diodes and the high oxygen level in the n-type

layer. Thus, by obtaining smooth surface morphology and lower oxygen levels, the camel

diode should have a lower leakage current and better performance than the Schottky diode.

5.4 Conclusion

To conclude, this chapter demonstrated that the p-type conductivity is obtained in the

MOCVD-grown N-polar GaN film. The N-polar GaN p-n and camel diodes are designed and

fabricated. Extensive electrical characteristics are reported and analyzed in-depth for p-n

and camel diodes to optimize the material properties for future growth runs. The primary

motivation for realizing the N-polar GaN p-n diodes was to study the material properties

such as Mg and oxygen levels in the device structure, obtained via SIMS and CV analysis.

From the standpoint of realizing the GaN SJ device, the camel diode is preferred over the p-n

diode as it allows unipolar operation. The experimental results of the camel diode presented

in this work showed higher threshold voltage and unipolar nature of the diode. Adjustment
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of doping in the p+ layer also tuned the threshold voltage of the camel diode, which enables

the barrier height to be adjusted in camel diodes. However, it is noticed that the leakage

current in these camel diodes is higher due to the high hillock density on the surface and high

unintentional oxygen level. The leakage current issue could be mitigated by obtaining smooth

surface morphologies and reducing the oxygen level to mid to low 1017 cm−3, which is anyhow

necessary to realize high-performance GaN SJ devices. The results presented in this chapter

motivates to employ camel diode design structure for N-polar GaN domains to increase the

barrier height of the SJ diode. The detailed design, fabrication, and characterization of GaN

SJ devices using the LPJ approach are presented in the next chapter.
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Chapter 6

First Demonstration of
Charge-balanced GaN Lateral Polar
Junctions

6.1 Motivation

As mentioned in the introduction chapter, the main objective of this thesis is to demonstrate

selective area doping control for the realization of GaN-based vertical superjunction using a

novel lateral polar junction (LPJ) approach. In this LPJ approach, both Ga- and N-polar GaN

domains grow simultaneously with asymmetric dopant incorporation. Thus, this approach

bypasses the challenges of ion implantation and etching/regrowth in GaN technology. In order

to obtain GaN vertical SJs using the LPJ approach, several technological challenges need to be

addressed. One such challenge is to achieve proper charge balance (ND·WN = NA·WP) between

Ga- and N-polar domains while maintaining equal heights of these domains during the growth.

As described in Chapter 2, the charge balance in the SJ structure is of utmost necessity to

obtain a 2D electric field profile across the drift region, which maximizes the breakdown

capability of the designed device. In case of charge imbalance, the breakdown performance

of the device deteriorates significantly depending upon the level of charge imbalance. In

the envisioned GaN SJ structure using the LPJ approach, the N-polar GaN domain would

serve as an n-type column, whereas the Ga-polar domain would serve as a p-type column.

The reason for choosing the N-polar GaN domain as an n-type column is the preferential

incorporation of shallow donor oxygen during the growth, which does not incorporate into
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Ga-polar GaN. In contrast, incorporation of Mg happens at a similar level in both Ga- and

N-polar GaN domains. Thus, during the SJ growth, the Mg concentration level needs to be

lower than the oxygen concentration in order to keep the N-polar domain as n-type while

making the Ga-polar domain p-type column. For example, to obtain charge balance between

Ga- and N-polar GaN domains with equal column widths (WN = WP), the introduction of Mg

dopants during the growth should be half of the oxygen level in the N-polar domain so that

the net doping in the N-polar domain (O+−Mg−) remains equal to Ga-polar domain (Mg−).

In addition to the requirement of charge balance between the polar domains, achieving equal

heights of these polar domains is necessary to obtain ideal performance of the SJ device. If

the height of both columns is not equal, that would again create a charge imbalance between

the columns, which would deteriorate the SJ performance. Early III-Nitride LPJ growth

studies did not achieve adjacent pillars with equal heights [253,254]. Later, Hoffmann et al.

performed a growth study of varying V/III ratio using ammonia (NH3) flow while keeping

constant triethylgallium (TEG) flow on patterned 10 µm period AlN buffer layer [255] to

achieve equal domain heights in lateral polar junctions. Their study found that one polarity

may be dominant over the other based on the V/III ratio during the growth. It was observed

that there is no thickness difference, meaning equal heights, between Ga- and N-polar domains

in LPJ at the V/III ratio of 225 [255]. Even though Hoffmann et al. devised equal height

LPJ growth conditions in GaN, the doping levels were not controlled, especially in N-polar

GaN domains, as the motive of their study was for a different application other than SJ. This

means the doping levels in the N-polar GaN might be higher than 1019 cm−3, which is too

high from the SJ device design perspective.

In this chapter, the first major milestone towards achieving the GaN-based vertical SJ

devices is demonstrated by obtaining the charge balance between Ga-polar and N-polar

domains while maintaining the equal heights of these domains. This chapter presents the
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material and electrical characterization of the grown lateral polar junction. This is the first

demonstration of achieving equal doping levels selectively in GaN technology.

6.2 LPJ Growth and Material Characterization

To obtain equal domain heights in LPJs with controlled doping levels for SJs, recently,

Szymanski et al. performed a growth study by not only varying the V/III ratio but also the

growth temperature and diluent gas species, in essence by varying the supersaturation [256].

In their work, the process flow to obtain GaN LPJs on the patterned AlN buffer was similar

to the method shown in Fig. 1.15. These studies found that at high V/III ratios, meaning at

higher gallium supersaturations, N-polar GaN growth is dominant. Whereas at low V/III

ratios, low gallium supersaturations, Ga-polar GaN growth is dominant. Using these findings,

Szymanski et al. developed a supersaturation modulated growth (SMG) scheme to realize

equal height GaN lateral polar junction by implementing chemical potential control to

lower unintentional oxygen incorporation [256]. In this SMG technique, supersaturation was

periodically modulated to grow the Ga-polar domain at low supersaturation and N-polar

GaN at high supersaturation. The supersaturation was periodically modulated every 15-sec

corresponding to 10 nm of film growth by changing the flow of NH3 between 0.3 and 6 slm.

Now that the growth technique is developed to obtain low doping levels with equal height

lateral polar domains, a device structure is designed to investigate if equal doping levels in Ga-

and N-polar can be obtained. A schematic of the envisioned quasi-vertical GaN LPJ structure

is shown in Fig. 6.1. In order to grow that structure, a 20 nm thin AlN buffer layer was first

grown on a c-sapphire substrate, with a miscut of 4◦ toward m-plane, in a vertical, cold-wall,

rf-heated, low-pressure MOCVD reactor. As shown in Fig. 6.1, the alternating polar domains

can be achieved by patterning this AlN buffer layer. To facilitate that, photolithography
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Figure 6.1: The schematic of GaN-based SJ device structure using lateral polar junction approach.

using a stepper tool followed by reactive ion etching (RIE) was performed to pattern the

buffer layer to obtain stripes of AlN and bare sapphire with a period of 2 µm (WN+WP;

WN = WP = 1 µm). The SEM image after the lithography patterning and AFM image after

patterning the AlN buffer layer using RIE are shown in Figs. 6.2(a) and 6.2(b), respectively.

These graphs confirm that 2 µm periods are obtained.

Later, GaN LPJ was grown on this patterned AlN layer using the SMG technique

mentioned above to achieve equal height domains. First, 4.5 µm of the n+-type layer was

grown for the cathode contact with silicon doping of 2×1018 cm−3. The reason for introducing

the Si doping for this layer is to obtain n+-type doping in both Ga- and N-polar domains.

The thickness of this n+ layer was kept higher to mitigate the impact of etching thickness

variations on the cathode contact’s behavior (see Fig. 6.1). After the n+ layer growth, a

controlled amount of Mg dopants were introduced into the reactor to dope the Ga-polar

domains p-type while maintaining n-type GaN in the N-polar domain for charge balance
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Figure 6.2: (a) Top view SEM image of patterned 2 µm stripes using stepper-based photolithography.
The bright areas are the photoresist, and the darker areas are the AlN buffer layer. (b) AFM height
scan after the reactive ion etching to pattern AlN buffer layer. The bright areas are the AlN buffer
layer, and the darker areas are the bare sapphire substrate.

purposes. The introduced Mg concentration was ∼1×1018 cm−3, with the thickness of this

charge-balanced drift layer around 0.5 µm. The structure was then terminated with 20 nm

of Mg-doped GaN with a Mg concentration of ∼1019 cm−3 to ensure both Ga- and N-polar

domains are p+-type. The reason for adding this p+ layer on top is to form a camel diode for

the N-polar GaN domain. At the same time, the Ga-polar domain would not have any impact

of this p+ layer as it would only create a p+/p junction. Immediately after the growth, an

in-situ activation anneal at 900 ◦C under N2 ambient for 20 min was performed to activate Mg

in the structure. It should be emphasized that the primary objective of adapting this growth

structure here is to demonstrate charge balance in both Ga- and N-polar GaN domains.

Therefore, the specific doping levels and the thickness of the drift region employed are relaxed

compared to those that would be used to obtain a GaN SJ device with high breakdown voltage.

A successful demonstration of charge balance would lead to realizing a high-performance

GaN SJ device structure. The schematic cross-section of the grown lateral polar junction

with thickness and doping of each layer is shown in Fig. 6.3(a). A tilted-view SEM image
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Figure 6.3: (a) Schematic cross-section with intended thickness and doping levels of each layer. (b)
A tilted-view SEM image of the grown GaN lateral polar junction demonstrating the equal height
of both domains.

demonstrating the equal height Ga- and N-polar GaN domains is shown in Fig. 6.3(b).

To confirm whether the grown LPJ structure has alternating Ga- and N-polar GaN

domains, the sample was submerged into 70 ◦C 1 M potassium hydroxide (KOH) for 2 hours.

KOH etches N-polar GaN 20 times faster than Ga-polar GaN [165]. Thus, this wet chemical

etching of grown LPJ structure using KOH should etch N-polar GaN domains if they are

present. A tilted-view SEM image after 2 hours of KOH etching is shown in Fig. 6.4. The

graph suggests that indeed the grown LPJ structure has alternating Ga- and N-polar GaN

domains.

Following confirmation that the grown LPJ structure consists of Ga- and N-polar GaN

side-by-side, it is crucial to investigate the interface between these domains. The interface

between these opposite polarity domains is noted as the Inversion Domain Boundary (IDB).

Ideally, a single atomic layer IDB is desired as the wider IDB might have a mixture of

Ga- and N-polar material [257, 258]. The boundary between the polar domains in LPJ
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Figure 6.4: A tilted-view SEM image of GaN LPJ after 2 hours of wet etching into 70 ◦C 1 M
KOH. As a result of the etch selectivity, N-polar GaN domains etches away in KOH, confirming the
LPJ structure consists of Ga- and N-polar GaN domains.

Figure 6.5: Atomic resolution iDPC demonstrating that both N-polar and Ga-polar domains are
separated by a single atomic layer IDB. Figure from [256].
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was characterized using integrated differential phase contrast (iDPC) imaging in STEM.

Figure 6.5 shows the abrupt transition across the length of a single atomic plane between

Ga- and N-polar domains. The graph also confirms that the grown LPJ structure indeed has

alternating Ga- and N-polar domains.

Secondary ion mass spectroscopy (SIMS) is performed to investigate the doping levels in

the grown LPJ structure. As shown in Fig. 6.3, the Ga-polar domain consists of p+/p/n+

layers, and the N-polar domain consists of p+/n/n+ layers. In the SIMS analysis, magnesium,

silicon, and oxygen are tracked as a function of depth in LPJ. Figure 6.6 shows the SIMS

results of the grown LPJ structure. The doping level of the Si in the n+ layer is confirmed to

be ∼2×1018 cm−3. The doping level of Mg is ∼1×1018 cm−3 in the drift region of the LPJ.

It should be noted that the Mg concentration for the top p+ layer might not be observed

Figure 6.6: A SIMS analysis of the grown LPJ structure. The drift region of this LPJ has Mg
∼1018 cm−3, which should be in both domains, and O ∼2×1018 cm−3, which should be in the
N-polar domain. This demonstrates a charge balance between Ga-polar (Mg) and N-polar (O-Mg)
GaN domains. Figure from [256].
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here in the SIMS as the layer thickness is only 20 nm. The estimated doping level of oxygen

in the LPJ is ∼2×1018 cm−3. The sampling area of the SIMS analysis was much large

than the 2 µm period of the LPJ. Thus, the SIMS data includes many Ga- and N-polar

domains, and the data in Fig. 6.6 is from both types of domains simultaneously. Therefore, to

estimate the oxygen concentration in the N-polar domains, the measured concentration was

doubled when presented in Fig. 6.6, as the counts arise only from half the sampling volume

(Ga-polar domains have negligible oxygen content). In contrast, the Mg impurities should be

incorporated in both Ga- and N-polar domains as Mg was introduced uniformly during the

growth, and both domains incorporate Mg at the same level. These results confirm that the

drift region of the Ga-polar domain is p-type with a concentration of ∼1×1018 cm−3 assuming

it does not incorporate oxygen during the growth. And the drift region of the N-polar domain

should be n-type with a concentration of ∼1×1018 cm−3 (O-Mg). Thus, it can be observed

that both domains in the grown LPJ are charge-balanced, meaning both domains would

have equal and opposite ionized impurity concentrations under total depletion. It is worth

noting that the total impurity concentration in the N-polar domain would be donors plus

acceptors (O+Mg). As a result, the carriers’ mobility would be slightly lower for N-polar GaN

in this LPJ approach than standard SJ, where the n-type column would contain only donors.

The electron mobility in the case of 1×1018 cm−3 impurities would be ∼670 cm2/Vs [10]. In

comparison, the electron mobility for 3×1018 cm−3 impurities would be ∼470 cm2/Vs [10].

This reduction in mobility would increase the on-resistance by ∼1.4 times for these impurity

concentrations in LPJ based SJ compared to standard SJ.

In the SIMS analysis, it is assumed that the Ga-polar domain does not incorporate

oxygen impurities. As the sampling size in the SIMS analysis was much larger than 1 µm

wide domains, it was difficult to analyze single domains under SIMS. Thus, to prove the

hypothesis that Ga-polar does not incorporate unintentional oxygen, the domain needs to
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be analyzed with a probe size smaller than 1 µm. To investigate this hypothesis, the LPJ

structure was analyzed using atom probe tomography (APT), and the results are shown

in Figs. 6.7(a) to 6.7(d). APT specimens from each domain were prepared with a lift-out

process and sharpened using focused ion beam (FIB) milling [259]. To enable tracking of

the position of the IDB during tip sharpening, a nominally 200 nm wide Pt fiducial layer

(Figs. 6.7(a) and 6.7(b)) was placed at the IDB prior to the larger-area Pt protective layer

deposition. The details on the APT processing are reported in [256]. Oxygen concentrations

were calculated from ions with mass-to-charge (m/z) ratios of 16 for both Ga- and N-polar

GaN domains individually, as shown in Figs. 6.7(c) and 6.7(d). These graphs show that the

Ga-polar domain does not have any oxygen and is only present in the N-polar GaN. Thus, it

Figure 6.7: (a) A schematic of the APT sample containing GaN LPJ and (b) an SEM image of
the fiducial Pt layer to identify the position of inversion domain boundary during the tip shaping
process. Mass spectra of (c) Ga-polar and (d) N-polar GaN domains near oxygen peak at mass to
charge ratio (m/z) 16. Figure from [256].
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is clear that there is a charge balance between those domains in the drift region of LPJs. To

this end, the diodes are fabricated on this grown LPJ structure to characterize it electrically

via current-voltage (I-V) and capacitance-voltage (C-V) characteristics.

6.3 Device Fabrication

The diode fabrication process started with the anode metal contact deposition for the top p+

layer. For that, a Ni/Au (20/40 nm) metal stack was deposited using an e-beam evaporation

system (base pressure: ∼10−9 Torr). For the anode metal contact deposition, a thin metal

shadow mask was used to define various circular contacts ranging from diameter 50 µm to

300 µm. Shadow masking was employed to avoid exposure to chemicals that might alter the

surface as standard device fabrication chemicals roughen the N-polar GaN surface, as shown

in Chapter 3. Following the anode metal deposition, 1.5 µm thick mesa etching was done

using Cl2-based inductively coupled plasma reactive ion etching (ICP-RIE) to access the

bottom n+ layer. After the mesa etching, Ti/Al/Ni/Au (30/100/70/70 nm) metal stack was

deposited using the same e-beam evaporation system for the cathode contact on the n+ layer.

Figure 6.8: A schematic cross-section and (b) a tilted-side SEM image of the fabricated diode on
the LPJ structure.
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It should be noted that the anode and cathode contacts are not alloyed here. The anode

contact should form ohmic contact to the Ga-polar domain. Whereas the anode contact

should form rectifying contact for the N-polar GaN domain as the thin p+ layer on the top

should form the camel diode. The schematic cross-section and a tilted-side SEM image of the

fabricated diode are shown in Figs. 6.8(a) and 6.8(b), respectively.

6.4 Electrical Results and Discussion

As shown in Fig. 6.8(a), the Ga-polar domain has a p-n+ junction, and N-polar GaN has a

p+-n junction. It is important to note that the 20 nm thick p+ layer on the N-polar domain

side should be totally depleted due to the opposite charge from the bottom n-type layer: thus,

forming a camel junction for the N-polar domain. The formation of the camel junction on

the N-polar domain was intentional as it would increase the barrier height, which helps to

reduce the leakage current compared to pure Schottky contact. In contrast, for the Ga-polar

domain, this top p+ layer would only form the p+/p junction, and the barrier would be at

the bottom p-n+ layer. Now, if the applied bias voltage is lower than the bandgap of GaN,

the current would flow only through the N-polar domain depending upon the barrier height

of the camel junction. The current flow, in this case, would be due to majority carriers, which

is consistent with the desired unipolar nature of the device. When the applied bias is higher

than the bandgap of GaN, the p-n+ junction in Ga-polar, as well as the p-n junction between

two lateral domains, would be turned on, and the current flow would be due to both carriers

meaning the bipolar nature of the device. Therefore, the forward bias operating point should

be lower than 3.4 V, which is the bandgap of GaN, to maintain the unipolar nature of the

device from an SJ application standpoint.
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Figure 6.9: Room temperature I-V characteristics of the grown LPJ structure in (a) linear and (b)
semilog scale. The measured diode was 70 µm in diameter.

Figures 6.9(a) and 6.9(b) show measured room temperature I-V characteristics for the

grown LPJ structure in linear and semilog scale, respectively. The diameter of the analyzed

diode was 70 µm. In these I-V characteristics, the current was measured up to the maximum

forward-bias voltage of 2 V to ensure the unipolar operation of the diode. The threshold

voltage (Vth) of the diode, extracted from the linear I-V, is around 1.15 V. It can be observed

that the Vth of the diode is higher than the observed Vth for the N-polar GaN Schottky diode

(∼0.4 V) reported in Chapters 3 and 4. Here, the measured Vth for the LPJ is closer to the

reported value for the camel diode D2 (10 nm thick p+ layer with 1×1019 cm−3 doping level)

[see Fig. 5.17(b)] in Chapter 5. Thus, it is clear that the LPJ structure grown here has a

camel diode junction in the N-polar GaN domain. The ideality factor (n) for the LPJ diode,

extracted from the semilog I-V between 0.3 V to 0.6 V, is ∼2.3. The reason for the higher

ideality factor could be the slightly thicker and fully depleted p+ layer. As per the graph, the

current on/off ratio at ±2 V is around 105, which is higher than the on/off ratio measured

for the bulk N-polar GaN camel diode D2 in chapter 5 [see Fig. 5.17(c)]. This could be due
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to the slightly thicker p+ layer (20 nm) as well as lower background oxygen level achieved in

the LPJ compared to the diode D2. Nonetheless, the expected Vth for 20 nm p+ layer with

Mg doping ∼1019 cm−3 should be more than 2 V if the doping level is constant throughout

the p+ layer. As we know from chapter 5, the Mg dopants have a delay in their incorporation

during the growth; thus, the doping level might not be constant and abrupt. In addition,

there might be variations in the p+ layer during the film growth such as thickness and doping

of p+ layer, which would affect the Vth. Thus, Silvaco TCAD simulations are performed to

investigate the effective Mg doping level and thickness of the p+ layer corresponding to the

experimental results.

Figure 6.10(a) shows the cross-section structure of the simulated device with the thickness

and doping levels of each layer. Three different cases are considered for the simulations by

varying thickness and the doping level of the top p+ layer: 15 nm with 5×1018 cm−3, 20 nm

with 5×1018 cm−3, and 20 nm with 1×1019 cm−3. Figure 6.10(b) shows the I-V characteristic

comparison of these three cases in a linear scale. As per the graph, the 15 nm thick p+

layer with a 5×1018 cm−3 doping level matches the experimental results. Thus, it might be

possible that in the experimental device, the effective doping is around 5×1018 cm−3 with a

thickness of 15 nm. As mentioned above, the lower effective doping could be the compensating

background unintentional oxygen and the turn-on delay of Mg incorporation. Figure 6.10(c)

shows the I-V characteristics of the same devices in a semilog scale. It is noted that the

ideality factor of the device with a 15 nm thick p+ layer with NA-ND = 5×1018 cm−3 is ∼1.6.

In comparison, the ideality factor of the experimental device is ∼2.3, as reported above. The

higher ideality factor observed experimentally might be due to the additional leakage current

at lower biases. Figure 6.10(d) shows the linear I-V characteristics simulated till 4 V in the

forward bias. As per the graph, the I-V has another turn-on at 3.4 V. This is due to the

turn-on of the p-n+ junction in the Ga-polar domain and the turn-on of the p-n junction
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Figure 6.10: (a) Cross-section of the simulated LPJ structure using Silvaco. The I-V characteristics
comparison of three different top p+ layer designs (mentioned in the legend of the figure) in (b)
linear and (c) semilog scale. (d) The I-V characteristics of 15 nm thick p+ layer with doping level
5×1018 cm−3 operated up to 4 V in forward bias.
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Figure 6.11: 2D contour of simulated conduction current density across the LPJ for the case of top
15 nm thick p+ layer with doping level 5×1018 cm−3 diode at a forward bias of (a) 2 V and (b) 4 V.

between the lateral domains. To confirm that, the 2D contour of conduction current density

across the structure, for the case of 15 nm thick p+ layer with doping level 5×1018 cm−3, at

forward bias 2 V and 4 V are shown in Figs. 6.11(a) and 6.11(b), respectively. As per the

graphs, it is evident that at 2 V, the current flows only through the N-polar domain, whereas

at 4 V, the current flows across both the domains.

C-V measurements are performed to estimate the doping level in the LPJ structure.

Figure 6.12(a) shows the 1/C2-V characteristics of the fabricated LPJ diode measured at 100

kHz frequency. As per the graph, the built-in potential measured using 1/C2-V is ∼3.4 V,

which is the bandgap of GaN. This could be due to the dominant capacitance from the p-n+

junction in the Ga-polar domain or the p-n junction at the lateral polar domain. In any case,

it is evident that the Ga-polar domain has a p-type layer, which again proves that there are

no oxygen impurities in it. To estimate the doping level, the correct area needs to be divided

by the measured capacitance. If the wrong area is assumed in this calculation, it could lead

to an incorrect estimation of the doping level. For reference, the equation for the net doping

level calculation is shown as follows:
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N = − 2

qεS

1

d
(
A2

C2

)
/dV

(6.1)

where, N is the net doping level, q is the elementary charge, εS is the dielectric permittivity,

A is the cross-section area of the diode, C is the capacitance, and V is the voltage. In the

case of SJ diode, there are three capacitances in parallel, which are from a p+-n junction in

N-polar domain (CN), p-n
+ junction in Ga-polar domain (CGa), and a lateral p-n junction

between two domains(CGa-N). To demonstrate that, the exact fabricated structure is simulated.

Figure 6.12(b) shows the depletion regions inside the structure at reverse bias -5 V. As per the

graph, it can be observed that there are three depletion regions at the junctions mentioned

above. Now, as these three capacitances are in parallel, the effective area of the diode would

be different than the actual cross-section area of the diode. In addition, the value of these

capacitances would not be the same. Thus, the area of the diode is estimated based on the

following analysis. First, the total capacitance (CLPJ) of the diode can be written as:

Figure 6.12: (a) 1/C2-V characteristics of the LPJ structure measured at 100 kHz frequency. (b)
Cross-section of the simulated LPJ structure demonstrating depletion boundary at reverse bias -5V.
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CLPJ = CN + CGa + CGa−N (6.2)

where, CLPJ is the total capacitance of the LPJ structure, CN is the capacitance from a p+-n

junction in the N-polar domain, CGa is the capacitance from a p-n+ junction in the Ga-polar

domain, and CGa-N is the capacitance from the lateral p-n junction between both domains.

The above equation can also be written as:

CLPJ =
εSAN

tN
+

εSAGa

tGa

+
εSAGa−N

tGa−N

(6.3)

where, A and t are the area and the depletion width of each capacitance mentioned above.

For the area (A=X×Z) of the simulated structure shown in Fig. 6.12(b), one side (Z

direction) of the area is the same for all three cases. For the other side (X) in the area, for AN

and AGa cases, the dimension is 0.5 µm for each case. In contrast, for AGa-N, the dimension

for the X is only 0.3 µm, subtracting 0.2 µm from 0.5 µm due to depletion from the top and

bottom junctions [see Fig. 6.12(b)]. Now, comparing the A/t ratios for all three capacitances,

the portion from the lateral p-n junction can be neglected as the area is smaller than the

other two junctions. Thus, it can be assumed that the total capacitance could be mainly

from the two parallel capacitances from p+-n and p-n+ junctions. This assumption is only

valid as the drift region thickness is comparable to the column widths. In the case that a

thicker drift region would be used, however, the capacitance from the lateral junction would

be higher than the other two capacitances.

Using the above assumption, the doping level of the LPJ structure is calculated from the

experimental C-V analysis by considering the area of the diode based on 70 µm diameter. The

calculated doping level as a function of the bias is shown in Fig. 6.13. It can be observed that
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Figure 6.13: Extracted net doping level as a function of the bias extracted from the C-V measure-
ments.

Figure 6.14: Experimental I-V characteristics of the grown LPJ structure for two different diameter
devices in (a) linear and (b) semilog scale.
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the effective doping obtained for the LPJ structure is ∼1×1018 cm−3 which is in agreement

with SIMS and APT results.

Figures 6.14(a) and 6.14(b) show the reverse bias I-V measurements to investigate the

breakdown performance of the grown LPJ structure for two different diameters (50 µm and

70 µm) in linear and semilog scales, respectively. Per the linear I-V shown in Fig. 6.14(a), the

breakdown voltages are around 25 V for both the diodes. This is a minimal value from a GaN

SJ standpoint as the doping levels in the lateral p-n drift region are 4 times higher than the

required doping level to obtain complete lateral depletion for the designed column width. Thus,

the LPJ structure grown here behaves as a camel diode rather than a SJ diode, which is why

the breakdown voltage is reduced. For future devices, either the column width can be reduced

to 1/4 for the obtained doping (∼1×1018 cm−3) here, or the doping level in the drift region can

be reduced to 1/4 for the designed column width (1 µm) here. In addition, a thicker drift region

is also necessary to obtain higher breakdown voltages. For example, Fig. 6.15 shows required

device design parameters to obtain 1750 V breakdown voltage GaN SJ using LPJ approach.

Figure 6.15: Proposed 1750 V breakdown voltage GaN SJ device using LPJ approach.
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6.5 Conclusion

In conclusion, the development of supersaturation modulated growth technique allowed to

obtain equal height and charge-balanced lateral polar junctions in a single and continuous

growth run. The SEM and TEM images confirmed that the surface of the LPJ is smooth,

and the IDB is abrupt. The SIMS and APT results confirmed that the drift region of the

Ga-polar domain is p-type and the N-polar domain is n-type and have equal doping levels

∼1×1018 cm−3 in both domains. The C-V characteristics are also in agreement with the

SIMS and APT analysis. The I-V characteristics confirmed the formation of the camel diode

on the N-polar GaN domain with the help of an additional thin p+ layer on top of the drift

region. The breakdown voltage of the fabricated LPJ is around 25 V only. This is due to

the wider column width (1 µm) than the required column width (<250 nm) in order to

have complete lateral depletion. Nonetheless, the experiment designed here demonstrates

the necessary charge balance from a SJ application perspective and serves as a pathway for

future GaN-based vertical superjunction devices. High-performance GaN SJ devices can be

realized in the future by reducing the doping or column widths further and increasing the

drift region thickness.
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Chapter 7

GaN-on-GaN PN Diodes using Mg Ion
Implantation

Besides LPJs, ion implantation can be another approach to obtain the p- and n-type columns

needed to construct SJ devices, and has already been demonstrated in Si and SiC technology.

In GaN technology, the SJ would be realized by forming n-type regions during epitaxy, while

p-type doping would be achieved via selective-area Mg ion implantation. However, GaN does

not possess a robust ion implantation toolbox that allows for reliable implantation control

and activation. Recent advances in the realization of p-type GaN via Mg ion implantation

and high-temperature and ultra-high-pressure post-implantation annealing techniques have

opened a path to achieve SJ devices in GaN. A detailed review on the state-of-the-art p-type

ion implantation post-activation annealing techniques was presented in Chapter 1.

7.1 Introduction

Mg implantation into GaN represents a critical technological step required to realize p-type

selective area doping for various devices such as GaN Junction Barrier Schottky (JBS) diodes,

Junction Field Effect Transistors (JFETs), and Superjunction diodes and transistors with a

high voltage blocking capability. For simplicity, in this work, a p-n diode is fabricated with

uniform Mg ion implantation across the wafer to demonstrate the capability of achieving

p-type doping. The p-n diode is fabricated with a 2 µm junction depth and n-GaN drift

167



region thickness of 5 µm. A negative bevel edge termination with a shallow angle of 30◦ is

used to suppress surface electric field crowding and achieve a maximum breakdown electric

field strength. To this end, this chapter presents a GaN-on-GaN p-n diode whose p-region is

formed by Mg implantation into a GaN epitaxial layer and exhibits a breakdown voltage of

1 kV. The maximum electric field measured across the p-n diode is 3.36 MV/cm at 1 kV.

This is among the best reported measured breakdown fields for a vertical GaN p-n diode, and,

to the best of our knowledge, the first for Mg-implanted devices of this type. The successful

demonstration of Mg activation and achieving p-type doping in GaN opens up a path to

realize GaN SJ devices using selective area p-type doping.

7.2 Experimental Details

A total 7 µm-thick Si doped n-GaN epilayer (ND ∼2×1016 cm−3) was grown using MOCVD

on n+-GaN substrate to fabricate a p-n diode as shown in Fig. 7.1(a). Using Monte Carlo

Figure 7.1: (a) Schematic cross-section of an epi-layer grown on Ammono GaN substrate used for
Mg ion implantations. (b) Monte Carlo simulation predicting the implanted Mg ion profiles.
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simulation (Fig. 7.1(b)), a Mg box profile with a depth of 50 nm was designed using ion

implantations at 20 and 50 keV energies and 4×1013, 1×1014 cm−2 doses, respectively. The

Mg activation anneal was performed at 1300 ◦C for 100 minutes, at a high-pressure of 1 GPa

in N2 ambient, and without a capping layer [87]. Fig. 7.2 show SIMS results of Mg and Si

concentration profiles in the device, respectively. The as-implanted Mg ion profile matches

our Monte Carlo simulations. After the high-temperature activation process, the Mg ion

profile forms a 2 µm diffusion tail into n-GaN, as shown in Fig. 7.2. The Mg concentration

decreases from 2×1018 cm−3 to 5×1016 cm−3 over the 2 µm depth.

Figure 7.2: Secondary ion mass spectroscopy (SIMS) depth profiles of Si and Mg concentration
immediately following implantation and after high-pressure, high-temperature annealing (HPHT) at
1 GPa and 1300 ◦C for 100 minutes in N2 ambient.
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Figure 7.3: (a) Schematic cross section of a vertical GaN p-n diode with bevel edge termination. (b)
Cross-sectional SEM showing 30◦ bevel edge termination, and (c) tilted SEM image of the fabricated
p-n diode.

After Mg activation anneal, the p-n diode fabrication process started with the formation

of a bevel edge termination. A 4 µm thick photoresist was used for photolithography, followed

by a high-temperature hard bake anneal at 125 ◦C and for 2 min on a hot plate. Mesa etching

was done using Cl2-based inductively coupled plasma reactive ion etching (ICP-RIE). The

height of the bevel edge was 2.5 µm with an edge angle of approximately 30◦. The electrodes

were then deposited by e-beam evaporation with Ni/Au (20/40 nm) on the epitaxial layer for

the anode and V/Al/Ni/Au (30/100/70/70) for the cathode on the backside of the substrate,

respectively. The contacts were then alloyed at 600 ◦C for 10 min in air ambient to achieve

ohmic behavior. The schematic cross-section of the fabricated p-n diode is shown in Fig. 7.3(a).

Fig. 7.3(b) shows the cross-sectional scanning electron microscopy (SEM) image of the bevel

edge termination. The SEM image of the fabricated p-n diode is shown in Fig. 7.3(c).

7.3 Results and Discussion

Capacitance-voltage (C-V) measurements were done to extract the built-in potential and the

effective doping concentration in the drift region. Fig. 7.4(a) shows that the built-in potential

of the diode is around 4 V. The effective doping concentration vs. voltage profile for the
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Figure 7.4: (a) The C-V and the 1/C2-V characteristics of the fabricated p-n diode. (b) The extracted
charge concentration up to -30 V. The average charge concentration in n-GaN is 2.5×1016 cm−3.

Figure 7.5: Reverse bias I-V characteristic of the fabricated GaN p-n diode.

n-GaN layer can be obtained using the 1/C2-V plot shown in Fig. 7.4(b). The net doping

concentration for the n-GaN layer is thus confirmed to be around 2.5×1016 cm−3. Figure 7.5

shows the reverse bias characteristic of the device, which exhibits a breakdown voltage of

1 kV. This result points to the effectiveness of the bevel edge termination. The minimum

measurable reverse leakage current was limited by the Keithley 2657A that was used.
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To estimate the maximum electric field in the device at 1 kV, TCAD simulations were

performed using Silvaco. The p-type doping profile was modeled to fit the Mg doping profile

obtained from SIMS in order to most accurately and realistically represent the measured

device’s behavior. The simulated p-type doping profile to match SIMS Mg doping profile

after UHPA activation anneal is shown in Fig. 7.6(a). The n-type doping value that is used

Figure 7.6: (a) The fitted Mg doping profile used in TCAD compared with the obtained Mg profile
from SIMS after implantation and activation anneal. (b) The 2-dimensional electric field distribution
at 1 kV calculated by TCAD simulation. The maximum electric field in the device is 3.36 MV/cm.
The electric field profile (c) at the p-n junction interface (d) at the bevel edge surface. The max.
E-field is inside the device rather than the bevel edge surface.
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comes from the 1/C2-V graph. The 2D electric field contour in the device at 1 kV reverse bias

voltage is obtained and shown in Fig. 7.6(b). Fig. 7.6(c) displays the electric field distribution

in the x-direction (A-A’) along the p-n junction. It is found that the electric field in the

bulk of the p-n diode is 2.75 MV/cm, and the maximum electric field of 3.36 MV/cm is

located below the surface and away from the mesa sidewall. For comparison, the electric field

distribution along the surface of the bevel edge is shown in Fig. 7.6(d). A maximum surface

electric field strength of 3.0 MV/cm demonstrates that the negative bevel edge termination

helps to reduce the electric field at the surface with respect to the bulk. It is worth noting

that even though the bevel angle is relatively high (30◦), the negative bevel edge termination

is effective here because of the low NA/ND ratio [260]. These results demonstrate that the

p-type GaN via Mg implantation can be achieved and used to block high voltages.

7.4 Conclusion

In conclusion, Mg implantation was used to form p-n junctions in GaN with 1 kV blocking

capability. Both the 1 kV breakdown voltage and the maximum electric field of 3.36 MV/cm

are among the best reported thus far and compare favorably with the p-n diodes formed

via epitaxy. This represents a critical milestone towards the realization of selective area

p-type doping from the GaN SJ design perspective. This technology can also be leveraged

in the future to create GaN-based junction barrier Schottky (JBS) diodes, vertical GaN

MOSFETs/JFETs, or highly efficient edge terminations, such as floating field rings (FFRs).
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Chapter 8

Conclusions and Outlook

8.1 Conclusions

The objective of this thesis has been to explore techniques to realize GaN-based vertical

SJ devices. The use of LPJ’s has been principally studied, as it represents a unique growth

approach heretofore unavailable in traditional Si and SiC technologies. The chemical and

electronic properties of N-polar GaN were studied to systematically establish, for the first

time, methods to fabricate barrier-controlled and thermally-stable diodes. Moreover, the first

charge-balanced GaN SJ structure was designed and characterized. Both of these outcomes

represent key technological milestones towards the realization of LPJ-based GaN SJ devices.

The viability of Mg implantation for selective area p-type doping in GaN was also established

for SJ devices, edge terminations or both. Overall, the designed experiments and their

outcomes demonstrate that these techniques provide a path towards realizing GaN SJ devices

in the future.

Chapter 2 provided a simple theoretical model to predict GaN SJ device design parameters

such as drift region columns thickness, widths, and doping levels for a given breakdown voltage

application. An ideal specific on-resistance vs. breakdown voltage performance for GaN SJ

devices was reported for three different column widths (WN = WP) 0.2 µm, 0.5 µm, and 1 µm.

Compared to conventional GaN unipolar devices, these GaN SJ devices showed significantly

lower on-resistance at given breakdown voltages. Using the developed analytical model, a

GaN SJ drift region with 1750 V breakdown voltage was designed and simulated using Silvaco.
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TCAD simulation results were in agreement with the developed theoretical model for GaN SJ,

which indicated that the GaN SJ device parameters could be predicted using these designed

equations. The developed theroretical model in this work provides a simplified and more

intuitive approach to design GaN SJ devices in comparison to the literature, which would save

substantial computation and time. The impact of charge imbalance on GaN SJ performances

was studied by varying the doping levels in either p- or n-type columns when the doping in

the other column is at the optimum level.

In Chapter 3, n-type N-polar GaN material properties were studied by forming Schottky

contacts on them. From I-V characteristics, the extracted threshold voltage, ideality factor,

and Schottky barrier height for as-grown N-polar GaN surface are 0.4 V, 1.07, and 0.4

eV, respectively. The extracted doping for n-type N-polar GaN via C-V measurements is

7×1017 cm−3. This demonstrates that the unintentional oxygen level is reduced in N-polar

GaN substantially from high 1019 cm−3 to lower than 1018 cm−3 doping range, which is

necessary for the n-type drift region of the envisioned GaN SJ. From the high voltage rating

SJ device application perspective, the measured barrier height for the N-polar GaN Schottky

diode was very low. In addition, it was observed that the N-polar GaN surface reacts to

different chemicals such as bases and acids. A thorough investigation of how these chemicals

alter the electrical properties of the Schottky contacts was provided. It was observed that bases

and acids can etch the surface and increase the roughness by forming triangular/hexagonal

crystallographic facets. It was observed that the sizes of these features are in the range of

tens to hundreds of nm. This etching would create an issue especially when a few nm thin

p+-type layer would be grown on n-type N-polar GaN to form camel junction. The Schottky

diodes on this rough N-polar GaN surface showed slightly higher barrier height, as a result of

the metals in contact to the exposed facets that were a mixure of N-polar and semi-polar

crystal faces. Also, the diodes showed higher ideality factors, which could be due to the
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additional tunneling components at lower biases as a result of enhaced filed at the sharp

crystal facets. It was noticed that the solvent-based e-beam lithography resist developer

(MIBK) does not damage the N-polar GaN surface, which demonstrates a possible solution

to process N-polar GaN devices. The results of this study underline the critical role played by

common processing chemicals in determining the performance of the N-polar GaN devices.

To tackle the challenges associated with N-polar GaN, such as chemical sensitivity and

low barrier height, an ultra-thin LPCVD SiN interlayer was introduced in Chapter 4. First,

7 nm LPCVD SiN was deposited on N-polar GaN to investigate its properties. It was found

that the SiN interlayer has a high density (>1019 cm−3) of point-defect level, which forms

the defect band aligned with the N-polar GaN conduction band edge. It was observed

that the surface termination of the SiN interlayer had a significant influence on the diode

barrier characteristics. When metal is deposited on HF-treated SiN, the SiN/GaN interface is

responsible for determining the system’s barrier height (0.4 eV), whereas the use of oxidized

SiN leads to a metal/SiN-dominant barrier (1.1 eV). Using this knowledge, a 5 nm SiN

interlayer was introduced between the metal and N-polar GaN to leverage high-performance

Schottky diodes. The barrier height was increased to 0.8 eV, which is 0.4 eV higher than

as-grown surface Schottky diodes. The increment in barrier height helped reduce the reverse

bias leakage and improved the elevated temperature operation capabilities of the N-polar

GaN diodes. Reliable operation of N-polar GaN diodes with SiN interlayer was demonstrated

till 400 ◦C. In contrast, before this study, the highest reported temperature of operation for

an N-polar GaN Schottky diode was 175 ◦C. This could offer a reliable solution to N-polar

GaN technology, which would help to realize GaN SJ devices using the LPJ approach. Further

performance improvement can be achieved by tuning the thickness of the SiN layer and the

choice of metal. This work is the first demonstration of increasing the barrier height with the

use of thin SiN interlayer in N-polar GaN technology.
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As an alternative approach to increase the barrier height of the N-polar GaN diode,

camel diodes are proposed in Chapter 5. Not only do camel diodes offer a pathway to even

higher barrier heights than diodes with SiN interlayers, but they also avoid the reliability

issues associated with time-dependent dielectric breakdown, which would represent a major

bottleneck. To obtain camel diodes, first p-type doping in N-polar GaN was demonstrated

via Hall measurements. The free hole carrier concentrations, mobility, and resistivity at room

temperature were reported to be around 1.5×1018 cm−3, 3.4 cm2/Vs, and 1.2 Ω·cm. Mg

ionization energy in the p-type N-polar GaN was around 150 meV, and the compensating

oxygen and nitrogen vacancies were only 10% of the total Mg. Later, N-polar GaN p-n diodes

were fabricated and compared to Ga-polar GaN diodes. Extensive electrical characteristics

are reported and analyzed. It was observed that the N-polar GaN p-n diodes showed inferior

characteristics compared to the diodes made with Ga-polar GaN. SIMS measurements were

performed on both polarity diodes, which demonstrated the delay in Mg incorporation at

the start of the p-type layer growth. The theoretical design for the GaN camel diode is

first presented and validated with the TCAD simulations. Two different p+ layer doping

camel diode were fabricated and characterized. Although these diodes showed poor reverse

bias performance due to high unintentional background oxygen incorporation, the threshold

voltage of these camel diodes was higher than the Schottky diodes. The threshold voltage

was increased to 1 V in the case of 10 nm p+ layer with Mg doping level 1019 cm−3, which

is 0.6 V higher than the Schottky diode. The observed higher reverse bias leakage could be

reduced by lowering the unintentional oxygen level in the camel diode’s p+- and n-type layer.

The demonstration of achieving higher threshold voltage using the camel junction in N-polar

GaN realizes an essential design requirement in the pathway towards a GaN SJ.

By integrating all the developed building blocks mentioned above, a charge-balanced

GaN lateral polar junction with equal domain heights is reported in Chapter 6. Prior to LPJ
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growth, the AlN buffer layer was patterned with a 2 µm pitch size to realize 1 µm wide Ga-

and N-polar GaN domains. The topmost layer of the grown LPJ structure consisted of a

20 nm p+ layer with a 1019 cm−3 Mg doping level to form a camel junction in the N-polar

domain. The grown LPJ structure was then analyzed using different material characterization

techniques. First, the SEM and TEM analysis demonstrated that the LPJ domains have equal

heights and have a single atomic layer IDB. SIMS and APT analysis demonstrated that the

Ga-polar domains were p-type with doping level ∼1×1018 cm−3 (Mg), and N-polar domains

were n-type with net doping level ∼1×1018 cm−3 (O-Mg). Later, LPJ diodes were fabricated

and performed electrical characterizations. The I-V characteristics demonstrated a higher

threshold voltage (1.15 V) than the Schottky diode, which suggested the formation of camel

junction. Using the C-V analysis, the extracted net doping level in the LPJ structure was

around 1×1018 cm−3, which again confirmed the SIMS and APT analysis results. It is worth

noting that these charge balanced domains were obtained in a single growth run, which means

a desired drift region thickness could be achieved without any issues related to regrowth

requirements or lithographic misalignments errors for regrowth. This is a fundamentally new

approach to SJ growth compared to traditional techniques used in Si and SiC technology. The

result presented here is the first demonstration of achieving equal p- and n-type doping levels

selectively in GaN technology. Additionally, the demonstration of low oxygen concentration

level in N-polar GaN domain opens up a path towards achieving high breakdown voltage

drift regions for SJ devices, which had not been demonstrated in previously reported lateral

polar junctions. All these results concluded that the lateral polar junction approach could be

utilized to obtain GaN-based vertical SJ devices in the future.

In an alternative approach to LPJ to realize GaN SJ, selective area p-type doping using

Mg ion implantation was proposed. To this end, p-n diodes were realized via blanket Mg ion

implantation on n-type epi-layer grown on GaN substrate. After the implantation, Mg ions
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were activated using the UHPA technique at 1300 ◦C and 1 GPa pressure for 100 min under N2

ambient. Electrical characterization results demonstrated that 1 kV breakdown voltage was

achieved in these p-n diodes. The estimated maximum electric field using TCAD simulations

was 3.36 MV/cm. These results are the first demonstration of such high breakdown voltage

and electric field in GaN technology using Mg ion implantation. This was only possible due

to the full activation of Mg ions as a result of successful post-implnatation activation anneal

using UHPA technique. These results motivate that the selective area doping in GaN can be

obtained via Mg ion implantation coupled with UHPA post-implantation activation anneal.

8.2 Future Work

In addition to the studies presented in this thesis, the following future research work is

proposed.

• High-temperature stable SiN/N-polar GaN diodes: In Chapter 4, the high-

temperature performance of the SiN interlayer N-polar GaN Schottky diodes were

reported reliable operation up to 400 ◦C. Operating devices higher than that temper-

ature might have caused reaction at the interface of the Ni Schottky metal and the

Si-rich SiN. Because of that, the I-V characteristics at room temperature after operating

at 500 ◦C were changed. Thus, to further improve the elevated temperature operation

capability, different refractory metals such as Pt or W could be used as a Schottky

metal. Another alternative could be the in-situ surface passivation of the SiN at the

end of LPCVD deposition by passing oxygen gas. This would passivate the free Si on

the SiN surface and prevent the formation of metal silicide.
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• Further improvements in N-polar GaN camel diode: As reported in Chapter 5,

the fabricated N-polar GaN camel diodes suffered from high reverse bias leakage due to

the higher oxygen doping in the p+- and an n-type layer. Thus, the first improvement

in the device performance could be realized by reducing the oxygen level to the order

of 1017 cm−3. Once the oxygen level is controlled, camel diodes with different p+ layer

thickness and doping levels could be fabricated using the reported model in Chapter 5.

The barrier height should be extracted using temperature-dependent I-V measurements

to investigate whether different design parameters correspond to barrier height change

accordingly.

• Ga-polar GaN camel diode: The barrier height for the Ga-polar GaN Schottky

diodes is reported to be ∼0.7 eV [125], which is still lower in comparison to SiC Schottky

diodes. Thus, a camel diode design could also increase the barrier height similar to

what has been demonstrated in this thesis for N-polar GaN. This way, the barrier can

be tuned from the Schottky limit to the p-n diode built-in potential depending upon

the application. The increment in the barrier height should reduce the leakage current

and improve the device performance.

• Development of edge termination techniques for LPJ-based GaN SJ: Due

to the electric field crowding near the device periphery, a better edge termination is

required to achieve maximum possible breakdown voltage near to its theoretical value.

As the electric field would be higher throughout the drift region, as shown in Chapter 2,

compared to its conventional device, it is critical to develop an edge termination for SJ

devices. In literature, an edge termination technique compatible with the standard SJ

fabrication process is developed [6] in which dielectric is refilled to the same thickness of

the p/n column to get a breakdown within the drift region rather than at the periphery
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of the SJ device. As the GaN SJ fabrication process flow using the LPJ approach

is different from Si and SiC SJ devices, an edge termination technique needs to be

developed for LPJ-based GaN SJ devices.

• Realization of a kV-class vertical GaN SJ: As reported in this thesis, the first

major milestone towards achieving the GaN-based vertical SJ devices is demonstrated

by obtaining the charge balance between the Ga-polar and N-polar domains while

maintaining the equal heights of these domains. Nonetheless, the doping levels in these

domains were around 1×1018 cm−3, and the columns’ width was 1 µm each. The total

thickness of the drift region was only 0.5 µm. Based on the developed theoretical device

design in Chapter 2, the drift region should be at least 4 µm thick to obtain at least a

kV-class device. In the case of 1 µm column width for each domain, the required doping

level should be in the order of ∼3×1017 cm−3 or lower than that. If the doping levels

cannot be reduced from 1×1018 cm−3, each column width needs to be at least 250 nm

or lower. In addition, edge termination needs to be employed to obtain the breakdown

voltage near the designed value, as mentioned above.

In general, the experiments and results of this thesis provided a pathway towards achieving

GaN-based vertical SJ devices.
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