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1. Gallium Nitride and Power Systems—A Match Made in Heaven
Modern life is a world of electronics – computers, tablets, phones, LED lighting, TV, audio,
gaming systems, household appliances, and electric and gas-powered vehicles. With the
advent of Internet of Things (IoT), the digital era of connected world is here. These
electronic systems require power. Electrical power goes through many transformations or
conversions at multiple points in its journey from generation in turbines or solar cells, to
transmission in high voltage lines, to its distribution to the outlets in our homes. Power
conversion is a multi-billion dollar and rapidly growing industry. As such, there is a global
opportunity to improve the efficiency with which electric power is generated, distributed,
and converted.
Consumers are all too familiar with the power adapters that plug into the wall. These
systems convert power from AC (alternating current) to DC (direct current). Power
converters or adapters are ubiquitous and come in all shapes and sizes. Some are external
(e.g. laptop), whereas others are neatly tucked away inside the product (e.g. TV). Even
within a given power system, conversion is required between various sub-systems with
different DC operating voltage requirements. Innovation in power converters would greatly
benefit all aspects (size, cost, weight, complexity, etc.) of power systems.

Figure 1 Block diagram of SMPS based AC-to-DC power converter.
Semiconductor switch is the key element in this system.
Power electronics employ solid-state devices to process or convert electrical power—where
input power is processed with some control to produce conditioned output power. Most
converters today are Switch Mode Power Supplies (SMPS), which convert input power to
output power at a different voltages and/or currents from the input power. This
transformation is done by first storing input energy in components called capacitors and
inductors, then transmitting that energy in packets using a semiconductor switch, and then
lastly, altering these energy packets with a transformer so that output is at the desired
voltage and current.
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Converters can broadly be classified as:
•

DC-to-DC converter: DC input voltage converted to DC output voltage with smaller
or larger magnitude,

•

AC-to-AC rectifier: AC input voltage is rectified to produce DC output voltage, or

•

AC-AC cyclo-conversion: AC input voltage is converted to a given AC output voltage
of different magnitude and frequency).

Figure 1 shows a block diagram of SMPS based AC-to-DC converter. Capacitors, inductors
and transformers are considered passive components. In SMPS, these components are
physically large. The semiconductor switch that allows transmission of energy is the key
element in this system. The switch manages high current flow and power losses that
manifest as heat. Heat generated from the conversion losses, along with the inductors and
capacitors, dictates the size of SMPS. Today’s SMPS are physically large, whereas an ideal
SMPS would weigh nothing, have no volume, and incur no losses when it converts power.
The size of SMPS is inversely proportional to the switching frequency. Passive
components, such as inductors and capacitors, make up the bulk of power system volume.
As the switching frequency increases, these passive components can reduce in size.
However, in order to achieve higher frequencies than what is available today, a better
switch is required–one that can run at MHz (106 or million Hz) frequencies. Today’s switches
only operate in the kHz (103 or thousand Hz) range. For the last three decades, silicon
power devices (MOSFETs, IGBTs, and diodes) have dominated the power device market.
Although there have been tremendous improvements in silicon power device performance,
they are now approaching the physical limits of silicon, partially caused by the limits to
switching frequency. High frequency power semiconductor switches are key to enable high
efficiency power conversion and the current solutions are inadequate. The potential
opportunity driven by power conversion cost savings is in the hundreds of billions over the
next decade.
Power semiconductor devices have historically been fabricated using silicon (Si) and, more
recently, silicon carbide (SiC). The interest in developing gallium nitride (GaN) power
devices is driven by the performance advantages GaN offers over silicon-based devices
and the subsequent substantial improvements in the efficiency of power electronics. There
are three main types of GaN available today: GaN-on-Si, GaN- on-SiC and GaN-on-GaN.
Vertical GaN™ technology utilizes GaN-on-GaN, i.e. GaN grown on GaN substrates.
In addition to switching frequency, power semiconductor switches can be appraised based
on two other important performance indicators: breakdown voltage and ON-state
resistance. The breakdown voltage of a semiconductor switch is the limit at which the
device can no longer support high voltage across two terminals in a non-conducting or OFF
state. The ON-state resistance of a semiconductor switch is the resistance between two
terminals in a conducting state. The ideal power semiconductor would have both an
infinitely high breakdown voltage and zero resistance between the two terminals in a
conducting or ON-state.
The ON-state resistance of semiconductor switches can be lowered simply by using a larger
© NexGen Power Systems Inc.

Page 3

size die. However, breakdown voltage and frequency are qualities derived innately from
materials themselves (i.e. Si, SiC, GaN). Figure 2 compares available technology by maximum
breakdown voltage and frequency. Vertical GaN™ is unique – it offers both high voltage and
high frequency. Due to its inherent material properties, Vertical GaN is capable of competing in
other markets with ease.
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Figure 2 Power electronics market segmentation by breakdown voltage and
frequency.
Table 1 presents a comparison of key material properties pertaining to power
semiconductor devices. Bandgap is energy difference between conduction and valence
band of semiconductors. Higher bandgap materials can operate at higher temperatures and
withstand higher voltages before breakdown occurs. SiC and GaN both fall into a class of
semiconductors referred to as Wide Bandgap semiconductors. GaN has a 3X advantage
over Si and it is also better than SiC. In electron-based unipolar devices, higher peak
electron velocity enables higher switching frequency. Higher frequency enables reduction
in size of passive components like inductors, transformers and capacitors in power
conversion systems.
Critical electric field is the property of semiconductor device that determines the voltage at
which breakdown occurs. Materials with higher critical electric field are capable of operating
at higher voltages at lower thickness or distance between two terminals in OFF-state. Lower
thickness results in lower resistance between the same terminals in the ON-state. Critical
electric field of GaN is significantly better than SiC and Si.
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Table 1: Comparison of GaN with Si and SiC
Parameter

Symbol

Unit

Si

SiC

GaN

Bandgap

EC

eV

1.12

3.2

3.43

Relative Dielectric
Constant

es

-

11.9

10

9.5

Electron Mobility

µn

cm 2/(V.s)

1500

700

2000

vpeak

107 • cm/s

1

2

2.5

MV/cm

0.3

3.0

3.3

W/cm2

1

392*

1416*

Peak Electron Velocity
Critical Electric Field
Baliga Figure of Merit
(BFOM)

Ec
es µ n E c 3

* Normalized to Si

Baliga Figure of Merit (BFOM) is a unified figure of merit for power semiconductor
switches as it simultaneously takes into account both the critical electric field and
mobility properties of materials. BFOM will increase as devices operate at
increased frequencies and/or increased voltage. Table 1 shows BFOM
normalized to the value of Si to show the relative advantages of materials. Using
this metric, GaN is over 1000x better than Si and nearly 3x better than SiC.
In summary, for power electronics systems, GaN offers unprecedented
advantages over Si and SiC. Operating at high voltage operation with both
significantly higher frequencies and extremely low conduction losses results in:
• Increased efficiency,
• Reduction in size of passive components at higher frequency and thus,
• Reduction in overall power conversion system size, weight and cost.
NexGen’s unique, proprietary design achieves lossless switching by fully
exploiting the benefits of Vertical GaN™ technology through resonant circuit
topologies and control circuits. The Vertical GaN™ platform will enable the
smallest, lightest and most efficient power systems on the planet.
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3. Vertical GaN™ Technology
Epitaxy is the technique of atomically growing a crystal, layer by layer, on the
surface of another crystal. Homoepitaxy refers to growth where a crystal is grown
on the surface of a substrate of the same material. GaN power transistors can
be created via epitaxially grown GaN layers on different types of carrier wafers.
Thus, GaN power transistors can be classified by the type of wafer upon which
GaN is grown epitaxially. Figure 3 shows the three main types of GaN substrates
available today. There is a fourth option, GaN-on-Sapphire, that has not been
widely adopted.

Device Area à
Carrier Wafer à
Figure 3: Different types of GaN substrates
There are significant impacts in the choice of substrate material in terms of
realizing the full potential GaN’s superior material properties. By maintaining a
GaN-only structure via homoepitaxy, GaN substrates offer the superior approach
for fabricating vertical power devices. Therefore, Vertical GaN™ technology is
based on growing GaN on GaN wafers as compared to other available options,
as shown in Table 2.
Table 2: Comparison of different types of GaN substrate

Device Area à
Carrier Wafer à
Attribute

GaN-on-Si

GaN-on-SiC

GaN-on-GaN

Defect Density [cm-2]

109

5x108

103 to 105

Lattice Mismatch [%]

17

3.5

0

CTE Mismatch [%]

54

25

0

Layer Thickness [µm]

1-2

2-6

> 40

Reliability

Low

Low

High

Lateral

Lateral

Vertical
& Lateral

Device Types

The differences between various GaN substrates are driven by impacts on
crystal structure in each material combination. Lattice or crystal structure is the
unique arrangement of atoms in a crystalline semiconductor. Lattice constant
characterizes the spacing between two atoms in this highly ordered structure.
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GaN-on-Si and GaN-on-SiC are considered heteroepitaxial structures as they
involve assimilation of two different lattice structures, namely the lattice structure
of GaN versus the lattice structure of Si or GaN versus SiC, respectively. GaNon-GaN substrates are homogenous and require no such assimilation.
The major disadvantage of epitaxial growth of GaN on Si or SiC carrier wafers is
driven by the lattice constant mismatch of the two material systems. Mismatched
lattice structures lead to high stress in the epitaxial layer of GaN being grown on
the top. This stress leads directly to defects in the crystalline structure known as
dislocations. These dislocations alter and degrade the electrical properties of
GaN. These degradations are the reason GaN-on-Si and GaN-on-SiC cannot
offer breakdown voltages competitive with Si MOSFET or SiC switches.
Additionally, they are the source of poor reliability of these devices under stress.
Epitaxially growing thick (>10μm) device layers on materials with mismatched
lattice and coefficient of thermal expansion (CTE) results in wafer deformations:
bowing, warping, and cracking. In case of GaN-on-GaN, both lattice and CTE
are identical. As a result, very thick layers of GaN can be epitaxially grown on
bulk GaN substrate and maintain reliability of the switch. Critically, as the
thickness of the GaN layer increases, the breakdown voltage also increases,
enabling the fabrication of high breakdown voltage switches. NexGen has
demonstrated the growth of 40µm GaN layers and >4000V breakdown voltage
diodes, far exceeding the breakdown voltage of other materials.

GaN
Si or SiC

X

GaN
GaN

Figure 4: GaN-on-GaN enables creating vertical devices whereas
heterostructures are limited only to large area lateral devices.
These vertical devices shown in Figure 4 are an enormous advantage of GaNon-GaN over GaN-on-Si (or GaN-on-SiC). GaN-on-Si devices can only be
fabricated laterally where the GaN material exists due to reliability concerns
discussed above. In order to achieve higher breakdown voltage for GaN-on-Si,
the device area must be increased instead thereby reducing yield and increasing
cost.
NexGen’s team has developed and patented a wide variety of proprietary
chemical recipes, equipment specifications, and manufacturing procedures in
commercializing Vertical GaN, among them is the process of homoepitaxial
growth of GaN on GaN wafers. Homoepitaxial growth on GaN wafers requires
polished surfaces cleaved along specific crystallographic axes at specific angles,
referred to as ‘offcut’ or ‘miscut’. The offcut surface exposes the atomic bonds
that initiate epitaxial growth on the substrate. The choice of offcut angle
determines the morphology, or the three-dimensional shape, size, texture and
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phase distribution, of the surface. An optimal choice of offcut results in defectfree (no hillocks or local bumps) GaN layer with minimal average roughness. It
also impacts dopant incorporation in the growth layer which can in turn impact
the device performance negatively.
NexGen has patented the most optimal spectrum of these offcut angles that
results in best morphology and, thus, optimal device performance. Utilizing
optical profilometer scans of wafers, NexGen has been able to create models to
accurately achieve yields based on offcut angle. NexGen does leverage the
predictive power of these models on incoming wafers during manufacturing. To
date, NexGen has successfully demonstrated growing extremely thick (40µm)
using this patented technique. Additionally, NexGen’s team has worked closely
with various vendors that supply bulk GaN substrate to validate growth and
regrowth techniques across variety of different bulk GaN substrates
manufactured via different processes.
There are two types of layers used to fabricate semiconductor devices: 1) n-type
doped GaN layer (n-GaN) and 2) p-type doped GaN layer (p-GaN). NexGen has
developed homoepitaxial process to produce ultra-low doped n- type GaN layers
(n-GaN). As mentioned previously, the thickness of the GaN layer increases, the
breakdown voltage increases. This occurs at the n-GaN layer, making it a critical
component of producing higher breakdown voltages than currently available
switches. During the epitaxial growth of n-GaN on top of a p-GaN layer,
magnesium (Mg) memory effect is a commonly encountered problem. Mg is a ptype dopant used with GaN. However, Mg produces an undesirable effect in ntype GaN layers. NexGen has also developed techniques to control the Mg
memory effect and, therefore, the ability to grade p-n junctions or to produce
sharp p-n junction profiles as desired.
Lastly, while performing homoepitaxy on flat surfaces is challenging in and of
itself, Vertical GaN presents an added level of challenge due to its 3-D structure.
For instance, post-epitaxy holes and trenches need to be perfectly planarized.
NexGen has developing a regrowth process for n-GaN on n-GaN and p-GaN on
p-GaN with very low surface roughness and high planarity.
In summary, Vertical GaN™ technology offers superior semiconductor switch
performance based upon:
• Homoepitaxial growth of GaN on GaN substrate,
• Optimized morphology resulting from the most optimal spectrum of offcut
angles, which are protected by patents,
• Ability to source bulk GaN substrates from all major vendors,
• Ability to produce ultra-low doped n-GaN,
• Proprietary methods to grade p-n junctions or produce sharp p-n junction
profiles by controlling Mg doping during growth, and
• Proprietary highly planarizing regrowth process with very low surface
roughness.
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5. Vertical GaN™ Devices
A p-n junction diode is one of the most basic two-terminal devices and analysis
of diode performance reveals the basic quality of epitaxial layers based upon
electrical metrics such as breakdown voltage and specific on-resistance.

Figure 5: Diode characteristics with BV>4000V and Ron,sp=2.8mΩ.cm2.
Active die area was 0.12mm2. Inset shows forward characteristics at
different temperatures.
Using Vertical GaN™ technology described earlier, NexGen has successfully
fabricated diodes with breakdown voltage >4000V and specific on-resistance
2.8mΩ.cm2 (see Figure 5).
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(b)
Figure 6: (a) Forward characteristics of high current diodes of 8mm2 and
16mm2 (b) Breakdown voltage distribution of diodes 1mm2 to 16mm2.
NexGen has also successfully created very high current (400A) diodes and
thereby demonstrated scalability of the devices. Figure 6 shows the performance
of these high current diodes.

Figure 7: Artistic rendering of Vertical GaN™ JFET.
After successfully demonstrating Vertical GaN™ technology in diodes, NexGen
continued development of this technology towards proof of concept in
transistors. Diodes are the essential building blocks of transistors, specifically
junction field-effect transistors (JFET). Figure 7 shows an artistic rendering of
Vertical GaN™ vertical JFET. Transistors are three terminal devices: 1) Source
terminal – the source of electrons, 2 ) Drain terminal - the d e s t i n a t i o n o f
electrons, and 3) Gate terminal – the barrier for electrons that controls the
conduction between Source and Drain.
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In ON-state, the Gate and Source terminals are grounded to zero potential and
Drain potential is biased positively to a desired value, depending on [the overall
system]. ON-state resistance between the Drain and Source (RDS,ON) determines
the amount of current that flows between the Drain and the Source. In OFF-state,
a negative bias is applied to the Gate which creates a potential barrier in the
channel preventing electrons traveling from Source to Drain. Source remains
grounded to zero potential and Drain potential can increase up to the breakdown
voltage. In OFF-state, the electric fields and, thus, leakage currents are highest.
Junction Termination Extension (JTE) is used to terminate high electric fields at
the edge of the device to realize the highest breakdown voltage.
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Figure 8: Schematic of Vertical GaN™ JFET and GaN-on-Si HEMT.
Dotted green lines denote the electron conduction path between Source
and Drain terminals. For higher breakdown voltage scaling in Vertical
GaN™ JFET, Drift thickness is scaled up with no 2-D area penalty. In
contrast, GaN-on-Si HEMT suffers an area penalty with Drain to Gate
spacing.
Figure 8 shows the schematics of Vertical GaN™ JFET and GaN-on-Si high
electron mobility transistor (HEMT). In the case of Vertical GaN™, the substrate
and the epitaxial layers are both GaN with extremely low defect densities. For
higher breakdown voltage scaling in Vertical GaN™ JFET, drift thickness is
scaled up without increasing area. NexGen has demonstrated drift thickness of
40µm producing diodes with breakdown voltage exceeding 4000V. In contrast,
for GaN-on-Si HEMT to increase breakdown voltage, the spacing from Drain to
Gate across the lateral place must be increased, thereby increasing area and
reducing the ability for GaN-on-Si to be cost-competitive. This area penalty is not
the only limitation for GaN-on-Si HEMTs. Leakage control between Drain and
Source requires thicker epitaxial region. The epitaxial region cannot be made too
thick due to the increase in stress caused by CTE mismatch between GaN and
Si. In turns, this leads to wafer warpage or breakage. GaN-on-Si is thus bounded
by two limitations for higher breakdown voltages. As of today, GaN-on-Si HEMT
is unsurprisingly limited to breakdown voltages at or below 650V.
Unlike GaN-on-Si, Vertical GaN™ JFET also has avalanche breakdown
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capability. When a device exceeds the breakdown voltage, the resulting electric
field becomes strong enough to create a negative feedback loop in regards to
management of carriers. In this case, free carriers collide with and dislodge
carriers from the lattice. These newly dislodged carriers create new additional
free carriers and an immediate increase in free carriers, resulting in avalanche
breakdown. Vertical GaN™ JFET, on the other hand, allows reverse biased
voltage to exceed the maximum breakdown voltage value for a specified energy
and current limitations. In GaN-on-Si HEMT, the leakage gradually increases
through sub-surface conduction and, thus, avalanche behavior is not realized.
GaN-on-Si HEMT rely on sheet of electron charge due to polarization (referred
to as 2DEG) at the interface between AlGaN and GaN. This polarization charge
is highly sensitive to traps at the AlGaN and nitride passivation interface. It is
also affected by traps in the buffer layer below the channel. These traps can get
charged and discharged due to gate bias and impacts the 2DEG to increase the
resistance dynamically (or reduce the current—‘current collapse’).
Table 3 demonstrates that for the same RDS,ON, Vertical GaNTM die size is 15X
smaller than GaN-on-Si HEMT at 600V and 17X smaller at 1200V. Obviously,
GaN-on-Si has not yet demonstrated the ability to exceed 650V.
Table 3: Comparison of Vertical GaN™ JFET with GaN-on-Si HEMT
Vertical GaN™ JFET
S

G

GaN-on-Si HEMT

S

pGaN

BV>1200V

BV<650V, limited by buffer layers & substrate

RDS,ON = 290mΩ

RDS,ON = 290mΩ 600V: 6.0 mm2
1200V (not possible): 12.0 mm2

600V: 0.4 mm2 (15X)
1200V: 0.7 mm2 (17X)
Avalanche capable

No avalanche capability

No dynamic RDS,ON (no current collapse)

Suffers from dynamic RDS,ON (current collapse)

While the cost benefits associated with utilizing less material in smaller die sizes
are self-explanatory, reducing the die size also produces additional benefits:
reducing input (CISS) and output (COSS) capacitances. Lower capacitances
increase switching speed while lower input and output reduce switching losses.
Lastly, a key benefit of both Vertical GaN™ and GaN-on-Si HEMT devices over
Si-based devices is that unlike Si-based devices, there is no body diode across
the Drain and Source terminals. Thus, the reverse recovery charge (and thus
time) is zero.

Baliga figure of merit (BFOM) for power semiconductor devices (es µn Ec3)
relates the specific on-state resistance and breakdown voltage for a given
material system. This relation is given by
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Figure 9 shows the plot of breakdown voltage vs. specific ON-state resistance
for various devices. The lines denote the BFOM for the material system. The plot
shows four different types of materials: Vertical GaN™, GaN-on-Si, Si and SiC.
Different manufacturers are designated by unique letters. only commercially
available parts in this plot are shown. Accomplishments based on devices with
impractical die sizes and manufacturing processes in research studies have not
been considered.
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Figure 9: Performance comparison of Vertical GaN™ JFET vs. Si, SiC and
GaN-on-Si devices from current manufacturers. No other material system
currently matches the performance of NexGen’s Vertical GaN™ technology
The highest performing devices will appear in the lower right quadrant of the plot
(low RDS,ON and high BV). No other material system currently matches the
performance of NexGen’s Vertical GaN™ technology. NexGen continues to
optimize its processes to achieve optimal performance for JFET. Qualification of
Vertical GaN™ JFET for use in power systems requires reliability tests to pass
stringent requirements. NexGen follows JEDEC specified stress conditions, and
where applicable, supplemented with AEC.
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6. Looking Ahead

S

G
pGaN

S

S

G

S

pGaN

Figure 10: Vertical GaN™ JFETs and their cross-section SEM pictures
NexGen is currently manufacturing a normally-OFF or enhancement-mode JFET
on 4” wafers in its Syracuse Fab shown in Figure 10. There is a common
misconception about cost of die manufactured on bulk GaN wafers being too
high due to expensive substrates. Currently, there are five major manufacturers,
namely, Sumitomo (SEI), SCIOCS (ex-Hitachi), Saint Gobain (Lumilog), Sino
Nitride and Eta Research that are ramping their production of 4” bulk GaN
substrates to support LED, laser diode, and power electronics industries. As a
result of increased demand and economies of scale, wafer costs have been
reduced ~40% over that last 3 years. Given the overwhelming evidence that
GaN-on-GaN switches are the ideal solution for semiconductor switches,
demand for GaN substrates should increase which will, in turn, drive costs for
substrates down with increased volume. This trend is also well supported by the
history of silicon substrate cost history, which decreased dramatically due to
increased volume.
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