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Abstract: This paper describes the merits of the so-called 

“ultra-wide-bandgap” materials with bandgaps larger 

than that of GaN (3.4 eV) for power electronics 

applications, with a particular focus on the Aluminum 

Gallium Nitride (AlGaN) materials family. High-voltage 

vertical GaN and AlGaN PiN diodes are demonstrated to 

have breakdown voltages of approximately 3.9 and 1.5 kV, 

respectively. Furthermore, two-dimensional electron gases 

are shown to exist in AlGaN heterostructures with 

aluminum composition >70%, as required to achieve 

conductivity in the channel of a transistor. To our 

knowledge, this is the first report of such results in AlGaN. 
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Introduction 
Dramatic improvements in Size, Weight, and Power 

(SWaP) for power conversion systems have recently been 

enabled by the adoption of Silicon Carbide (SiC) and 

Gallium Nitride (GaN) based power switching devices [1-

5]. Despite significant progress in Wide-Bandgap (WBG) 

materials and the dramatic advantages conferred by them 

relative to the incumbent Silicon (Si) based technology, 

various challenges related to performance and reliability 

remain. For example, SiC MOSFETs have suffered from 

low channel mobility [6,7] and gate oxide reliability 

problems [8], while non-MOS SiC devices such as JFETs 

may not be normally-off [2]; similarly, GaN-channel 

HEMTs are intrinsically normally-on, and normally-off 

operation requires complex gate stack processing that may 

degrade long-term device reliability [4]. Lateral GaN 

HEMTs are also limited in breakdown voltage [9], and do 

not exhibit avalanche behavior. Consequently, these 

devices must be over-designed to ensure reliable operation. 

Improvement in WBG material and device technology has 

slowed as the technology has matured and become 

commercially available, and fundamental material 

properties now limit performance. Thus, dramatic leaps in 

power electronics require a new generation of materials, the 

so-called “Ultra” Wide-Bandgap (UWBG) materials with 

bandgaps larger than 3.4 eV. This paper presents highlights 

of Sandia National Laboratories’ efforts to develop the 

Aluminum Gallium Nitride (AlGaN) system into a viable 

material for generation-after-next power electronics. 

A variety of “Figures of Merit” (FOM) are often used to 

compare materials for power semiconductor devices. The 

most common of these is the so-called “unipolar” FOM, 

defined by [10]: 
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where VB is the avalanche breakdown voltage due to 

impact ionization [11] in the off-state, Ron,sp is the 

resistance of the device in the on-state multiplied by the 

device area (i.e. the so-called “specific” on-resistance),  

is the material’s permittivity, n is the electron mobility, 

and EC is the “critical electric field”, which is defined as 

the maximum field in a one-sided junction at the onset of 

avalanche breakdown. In such a junction, the electric field 

profile is a linear function of position, and the maximum 

field occurs at the junction itself. This is the strict 

definition of EC, but it is often misinterpreted as the field 

which, when exceeded anywhere in a device of arbitrary 

geometry, leads to breakdown (whether by avalanche or 

some other process); despite this lack of rigor, the concept 

of the critical field is nevertheless a convenient metric by 

which to compare the merits of different materials for 

power devices. Strictly speaking, Equation 1 is only valid 

for an infinite planar junction, but it is often used as a 

universal comparison for power devices of arbitrary 

geometry (indeed, a different FOM can be derived for 

lateral devices [3,12]); the approach taken in this paper is 

to utilize the standard unipolar FOM, in order to facilitate 

easy comparison to the majority of the WBG power 

electronics literature. 

The most important aspect of Equation 1 is that the FOM 

scales as the cube of the critical field. The critical field, in 

turn, is a strong function of the bandgap. Hudgens et al. 

[13] have reported that the critical field scales as the 

square of the bandgap for indirect-gap semiconductors 

and as the 2.5 power of the bandgap for direct-gap 

semiconductors. These dependencies are plotted in Figure 

1; the predicted critical fields of a few semiconductors of 

interest are also noted on the plot. These curves are 

calculated from the empirical relationships given in 

Reference 13, which are based on measurements of a 

variety of semiconductors. However, it is possible that the 

dependence of the critical field on bandgap is even 

stronger for AlGaN, due to the predicted lessening of the 

hole impact ionization coefficient relative to the electron 

impact ionization coefficient as the bandgap is increased 

[14]. In theory, a device constructed out of a material in 
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which only the electron impact ionization coefficient is 

non-zero will never avalanche [15]; of course, it will 

eventually fail by some other high-field related 

mechanism (e.g. dielectric breakdown of the surface 

passivation). 

 

Figure 1. Main figure: Postulated dependence of the critical 

electric field on bandgap for direct-gap and indirect-gap 
semiconductors, after Hudgens et al. [13]. Inset: Unipolar 
figure-of-merit for Si, SiC, GaN, and AlN. 

The predicted dependence of EC on bandgap, combined 

with Equation 1, implies that the FOM scales between the 

6 and the 7.5 power of the bandgap. To be conservative, 

assume that the scaling power is 6. All other things being 

equal, comparing conventional Si to the WBG material 

GaN, one predicts a factor of (3.4/1.1)
6
  870 

improvement in the FOM! Further comparing UWBG 

Aluminum Nitride (AlN) to GaN, an additional factor of 

(6.2/3.4)
6
  37 improvement is anticipated. The predicted 

FOM curves (Ron,sp vs. VB) for Si, SiC, GaN, and AlN are 

plotted in the inset of Figure 1. Other factors in Equation 

1 also depend on bandgap; for example, the electron 

mobility in AlGaN will be less than that in GaN due to 

alloying effects [12]. Additional issues such as the size, 

quality, and cost of native substrates [16] as well as the 

ability to selectively and controllably dope WBG and 

UWBG materials (e.g. ion implantation is difficult in GaN 

[17], and the Si dopant becomes very deep in Al-rich 

AlGaN [18]) are likewise challenges. Further, Si enjoys a 

tremendous advantage in terms of process maturity even 

compared to “conventional” WBG materials such as SiC, 

let alone an emerging material such as AlN. Nevertheless, 

the extremely strong dependence of the FOM on bandgap 

makes a compelling case for the investigation of UWBG 

materials for power electronics. This is especially true for 

very demanding applications such as pulsed power, where 

extremely high power is required in a constrained volume 

for a very short time, the market is small but critically 

important, and cost may not be a primary constraint. 

GaN and AlGaN PiN Diodes 
Due to the recent availability of conducting GaN 

substrates, vertical GaN power devices are now possible 

and have been reported by a number of groups [19-25]. 

As an initial set of work on vertical power devices, Sandia 

has fabricated and tested GaN PiN diodes grown on GaN 

substrates. The I-V characteristic of a representative high-

voltage GaN diode is shown in Figure 2. The diode was 

grown by Metal-Organic Chemical Vapor Deposition 

(MOCVD) and has a drift region thickness of 

approximately 15 m with net n-type doping in the mid-

10
15

 cm
-3

 range. The diode processing included edge 

termination to mitigate early breakdown [25]. The main 

part of the figure shows the reverse I-V characteristic on a 

linear scale, where the breakdown at approximately 3.9 

kV is evident. This breakdown is reversible and is 

suggestive of impact-ionization-induced avalanche 

breakdown, consistent with previous work on similar 

diodes [26]. The inset shows the forward I-V 

characteristic; a low specific on-resistance of Ron,sp  1.9 

m·cm
2
 was extracted from this curve. 

 

Figure 2. Main figure: IV characteristic of vertical GaN PiN 

diode grown by MOCVD on GaN substrate. Inset: Forward 
IV characteristic of same diode. 

Figure 3 shows (VB, Ron,sp) pairs measured for several 

Sandia GaN PiN diodes, as well as values reported in the 

literature from a number of groups. Further, the calculated 

GaN unipolar FOM is shown for several assumed values 

of the critical electric field; for these calculations n = 

1200 cm
2
/V·s, which is quite conservative compared to 

recently reported results [21]. Comparison of the data to 

the calculated curves indicates that the critical electric 

field for GaN may be as high as 4 MV/cm. 



 

 

Figure 3. Measured (VB, Ron,sp) pairs for Sandia-fabricated 

GaN PiN diodes, compared to literature values as well as 
theoretical Ron,sp vs. VB FOM curves calculated assuming 
various values of the critical electric field for GaN. Sandia 
Al0.3Ga0.7N PiN diode is also shown. 

 

Figure 4. Main figure: IV characteristic of quasi-vertical 

Al0.3Ga0.7N PiN diode grown by MOCVD on AlN template on 
sapphire. Inset: Forward IV characteristic of same diode. 

With the true goal being the demonstration of UWBG 

devices, Al0.3Ga0.7N PiN diodes were also grown and 

processed. An aluminum mole fraction of 0.30 was used for 

this initial UWBG diode due to the relative ease of doping 

30% material compared to more Al-rich material [18]. The 

AlGaN diodes were grown by MOCVD on AlN templates 

on thick sapphire substrates, developed for previous UV 

optoelectronics work [27]. Due to the insulating nature of 

the sapphire substrate, these vertical diodes are mesa-

etched and the n-contact is deposited to the side of the mesa 

on the top surface of the wafer such that the diode assumes 

a “quasi-vertical” configuration. An I-V characteristic of a 

representative Al0.3Ga0.7N diode is shown in Figure 4. The 

drift region thickness for the diode shown is ~ 4 m, with 

net n-type doping in the low 10
16

 cm
-3

 range. VB > 15 kV 

and Ron,sp ~ 4 m·cm
2
 is achieved. To our knowledge, this 

is the first report of a high-voltage vertical AlGaN PiN 

diode. 

Al-Rich AlGaN Heterostructures 
In contrast to the vertical devices described above, lateral 

devices may be achieved using thinner Al-rich epilayers 

and do not require pn junctions. Thus, a three-terminal 

power transistor based on Al-rich AlGaN is most likely to 

be achieved first in a lateral device configuration, e.g. 

using a Heterostructure Field-Effect Transistor (HFET) 

architecture wherein a 2-Dimensional Electron Gas 

(2DEG) conducting channel formed at the interface 

between layers of differing bandgap is utilized to carry 

the current. Thus, the goal is to use an AlxGa1-xN channel 

layer in conjunction with a wider-bandgap AlyGa1-yN 

barrier (y > x). A number of groups have previously 

reported on both experimental [28-35] and computational 

[12,36] work on similar structures. Among the 

experimental papers, the highest Al% reported was an 

AlN/Al0.60Ga0.40N barrier/channel structure [35]; in 

contrast, our focus is on heterostructures with channel Al 

composition > 70%. 

We have grown by MOCVD a number of Al-rich 

heterostructures such as described above, intended for 

processing into power switching devices. These 

heterostructures were grown on patterned AlGaN 

templates on thick sapphire [27]. Barrier/channel 

heterostructures of two compositions were grown: 

Al0.85Ga0.15N/Al0.70Ga0.30N and AlN/Al0.85Ga0.15N. As a 

representative example, a capacitance-voltage (C-V) curve 

was obtained using a mercury probe on an 

AlN/Al0.85Ga0.15N heterostructure with a 40 nm thick Si-

doped barrier, and the carrier density vs. depth was 

extracted from this curve, as shown in Figure 5. The 

exponential drop in charge density between 30 and 70 nm 

provides evidence that a 2DEG is present in the 

heterostructure (this is also apparent in a similar plot for 

the Al0.85Ga0.15N/Al0.70Ga0.30N Si-doped heterostructure), 

and to our knowledge this is the first demonstration of a 

2DEG channel layer in an AlyGa1-yN/AlxGa1-xN 

heterostructure with y > x > 0.7. 

Contactless sheet resistance measurements were made on 

the heterostructure, and coupled with the C-V 

measurements the following values were obtained: Sheet 

resistance Rsh  10 k/square, 2DEG density ns  

2.4×10
12

 cm
-2

, and channel mobility n  250 cm
2
/V·s. 

Assuming source-to-gate length LSG = 1.0 m, gate length 

LG = 1.0 m, and gate-to-drain length LGD = 12.5 m 

(consistent with dimensions commonly utilized in 



conventional GaN-channel power switching devices [9]), 
these values are not far from those necessary to achieve a 

5 kV, 5 m·cm
2
 switch; such a device would match the 

theoretical performance of SiC. Si-doped heterostructures 

of varying barrier thickness were also grown, and the 

pinch-off voltage was observed to move closer to zero for 

thinner barriers, as is the case for conventional GaN-

channel heterostructures [37]. This provides the 

possibility, when combined with a high Schottky barrier 

height, to achieve an intrinsically normally-off device. 

2DEGs were also observed in heterostructures of both 

compositions but without intentional Si doping in the 

barrier. 

 

Figure 5. Main figure: Carrier density vs. depth for 

AlN/Al0.85Ga0.15N barrier/channel heterostructure with a 40 
nm thick Si-doped barrier. Inset: Schematic of structure. 
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