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AllInN for Vertical Power Electronic Devices

Matthew R. Peart
and Jonathan J. Wierer

Abstract—The known benefits and challenges of AllnN
as a next-generation power electronic semiconductor are
presented. Alxln{_xN is lattice matched to GaN at x = 0.82
and has the advantages of an available substrate, a wide
bandgap (~4.4 eV), and high mobility (~450 cm2/V - s). The
power figure of merit (FOM), determined using empirical
and theoretical values of mobility and estimated critical
electric fields determined from reported bandgaps, spans
from ~20% to 130% times greater than GaN. In order to
realize and precisely determine these high AliInN FOM val-
ues, experimental challenges will need to be overcome such
as polarization-induced electric fields and bandgap dis-
continuities at AllnN/GaN interfaces, and controlling carrier
concentration levels.

Index Terms— AllnN, GaN, power electronic devices,
power figure of merit (FOM), vertical power diodes.

I. INTRODUCTION

IDE-BANDGAP semiconductors, such as SiC [1] and
GaN [2]-[4], are of interest for high figure-of-merit
(FOM) power electronic devices to replace Si [S]. The wide
bandgap enables power devices with high breakdown voltage,
high operating electric fields, high operating temperature, high
switching frequency, low switching losses, and an overall
higher power FOM. Such devices enable a reduction of the
size, weight, and power consumption of electrical systems.
Indeed, wide-bandgap SiC and GaN power devices have
progressed into viable alternatives with commercial products
now replacing some Si-based power devices. There are other
less developed semiconductors such as AlGaN and Ga;03
with even wider bandgaps than GaN and SiC that are also
interesting for power devices [5]. Power devices based on
AlGaN and GayOsz have great potential but are currently
limited because of unavailability of a lattice-matched substrate
and no reliable method for p-type doping, respectively. These
limitations represent exciting research questions, but no clear
solutions exist.
Another possible candidate that, up till now, has been
unexplored for future power electronic devices is AlInN.
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AlInN has a significantly wider bandgap than GaN and there-
fore can be classified as an ultrawide-bandgap material [5].
Of interest here is Al,In;_,N that is lattice matched to GaN
(x = 0.82) [6] and with a bandgap of ~4.4 eV. Most
research on AllnN has capitalized on this lattice-match prop-
erty to create AlInN/GaN distributed Bragg reflectors [7], [8],
high-electron-mobility transistors [9], [10], Schottky diodes
for ultraviolet detection [11], [12], integration as barriers in
quantum-well LEDs [13], and thermoelectricity [14], [15].
At this lattice constant and bandgap, it also has many benefits
that make it attractive for power electronic devices such as
a reasonably high mobility (~450 cm?/V -s) [15] and the
ability to dope both p-type and n-type [16]. Of course, there are
also challenges that need to be overcome such as overcoming
polarization fields and bandgap discontinuities at GaN/AlInN
heterointerfaces, and controlling carrier concentration levels.
This paper is an early investigation into AlInN semi-
conductors as a new direction beyond GaN and SiC for
power electronic devices. First, the power FOM is deter-
mined using best-known physics in order to compare with
existing wide-bandgap semiconductors. This includes using
simple analytical formulas, and the Silvaco Atlas [17] tech-
nology computer-aided design (TCAD) simulator to account
for polarization fields and band offsets. As expected, AlInN
has a higher FOM than GaN that ranges between ~20%
and 130% depending on the values used. Also, the benefits
and experimental challenges to realize AlInN power devices,
as well as comparisons with AlGaN and Ga;03, are discussed.

Il. MATERIAL PARAMETERS AND FIGURE OF MERIT

The most common way to compare the breakdown voltage
and forward resistance properties across power semiconductors
is the Baliga FOM [18] expressed as

Fom = b _ cmnEl

Rox 4

where V}, is the breakdown voltage, Roy is the specific forward
(ON) resistance, u, is the mobility of the drift layer, and E, is
the critical electric field which includes the effects of impact
ionization and avalanche. In general, a higher bandgap leads
to higher critical electric fields and a higher FOM; however,
this should not be at the determent of lower mobilities and
a higher Royn. To determine the FOM of Alg 13Ing g>N, the
values of E. and u, are taken from theoretical Monte Carlo
simulations [19] and also from experimental data [15].

For the Alp 18Ing g>N theoretical values, two extreme data
sets are used from [19] to provide values for E. and u,.
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TABLE |
THEORETICAL AND EXPERIMENTAL VALUES FOR ALg g2INg 18N

E. n
(MV/em) || (cm*/Vs)
MC alloy scattering 7.6 175
MC no alloy scattering 5.1 800

Empirical 7.0 450

FOM
(GW/em?)
16.42
22.68
32.99

Parameter set Ref.

[19]
[19]
[15],[21]

The first set assumes full alloy scattering that results from
the total disorder of the Alg 1gIngg>N lattice, and the second
set is for a totally ordered lattice without alloy scattering.
This is different from pure elemental semiconductors without
alloy scattering and binary III-V compound semiconductors
where alloy scattering is minimal, and causes the analysis of
ternary compounds to be more difficult. In reality, the final
parameters for Alg 13Ing g2N can be expected to fall between
these scattering extremes and should be dependent on variables
such as growth conditions and defect densities. The result
is two sets of ionization rates and mobilities where alloy
scattering results in lower mobilities and lower ionization
rates.

To determine the critical fields from the Monte Carlo sim-
ulations, the ionization rates are converted to fit Chenoweth’s
model

O = aef% )

where «, is the ionization rate for electrons, a and b are
the ionization coefficients, and E is the electric field. For
AlInN, the ionization rate for holes is considered negligible
as their impact ionization is much lower than electrons at this
aluminum composition [19]. This ionization rate model is then
used to determine E, by inputting it into the TCAD simulator
for a simple 1-D vertical diode and observing the magnitude of
the electric field at the junction during avalanche breakdown.

The empirical FOM values for Alp j13Ing.goN are determined
the following way. A true experimental value for E. has yet to
be measured, so as an alternative, the measured bandgap (E)
is used and the critical electric field is estimated using the
expression [20]

E. = 173 x 10°(Ey)*? 3)

This relationship is derived from a least-squares fit of the
known E. and E, for various direct bandgap semiconductors
and has proven to be relatively accurate for wide-bandgap
semiconductors. In fact, for GaN, it slightly underesti-
mates E. (~3.7 MV/cm? compared to measured values of
~4 MV/cm? [3]), indicating it is a conservative estimate of
the actual value. A value of 4.4 eV is used for E, for AlInN,
as reported by others [21], resulting in an E. = 7 MV/cm?.
An experimental mobility value is used (450 cm?/V - s) from
the published Hall measurement data for n-type AllnN [15].
The summary of critical electric field and mobility values
used for Alg.1gIng.gaN are shown in Table I and are used to
determine the FOM and compare to other semiconductors.
Fig. 1 shows a plot of Ron versus breakdown voltage for
power devices with drift layers comprised SiC, GaN, Ga0O3,

0.1

Diamond

AN

BN

Specific On-Resistance (mOhm-cm?)

0.01

1000 10000

Breakdown Voltage (V)

Fig. 1. Specific ON-resistance versus reverse breakdown voltage for
SiC, GaN, Gay0Og3, Alg75Gag 5N, AIN, diamond, BN, and theoretical
and empirical values of Alg goIng.1gN. The FOM becomes higher from
the top left to the bottom right. The Alg g2Ing.1gN has comparable FOM
with Ga203 and A|0_75G3.0‘25N.

Alp.75Gag 25N, AIN, diamond, and BN using acceptable values
for E. and u, [3], [5]. The particular alloy concentration
for Alp75Gag,rsN was chosen, because at this high Al con-
centration, the mobility is less dominated by alloy scattering
and higher FOMs than GaN can be achieved while also
having an aluminum concentration low enough that donors
are ionized [22]. Fig. | also includes the three different theo-
retical and empirical values for Alg 1glng g2 N for comparison.
Semiconductors with data on the bottom right of the plot have
higher FOM as suggested by (1).

Two distinct groupings are visible in Fig. 1 where group 1
is close to, but at higher FOM than GaN (Alp 13InggN,
Ga;03, and Al 75Gag25N), and the second group with much
higher FOM (diamond, AIN, and BN). Alg gInggoN has a
higher FOM than GaN and potentially could be similar in
performance to Ga;O3 and Aly75Gag 25N. The two theoretical
values are less than the empirical value, and of course,
further work will be necessary to determine the absolute
FOM. The second grouping has much larger bandgaps and is
approaching insulator properties. The benefits and challenges
of the three semiconductors in the first grouping are discussed
later because of their similar FOM.

Ill. TCAD SIMULATION RESULTS

A vertical AlygyIng 1gN power diode is simulated using
the Silvaco Atlas TCAD software with the empirical critical
electric fields and mobility values shown in Table I. To perform
this simulation, E. is converted into an impact ionization
rate using (2), and the mobility is a simple constant value.
The TCAD simulation is not expected to reveal a different
FOM compared to the analytical solutions but is performed to
understand some of the unique challenges of AlInN power
devices. For example, it is shown in the following that a
conduction band discontinuity across the GaN/AlIInN heteroin-
terface causes increased resistance unless it is engineered
properly. Other parameters included in the TCAD model are
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Fig. 2. (a) Cross-sectional schematic of the simulated AllnN power

diode. (b) Plots of conduction band energy versus vertical position and
(c) carrier concentration (n) versus vertical position for the structures with
and without a doping grade at the AllInN/GaN heterointerface and at a
forward voltage of 10 V. Arrows: length of the depletion layer thickness.

the spontaneous polarization, bandgaps, dielectric constants,
effective masses, and affinities [21], [23], [24].

The simulated structure is shown in Fig. 2(a). The n-type
drift layer consists of AlygoIng.1gN that is 40 um thick and
doped with a Si (donor) concentration of 10'® ¢cm™3. This
donor concentration calculated by (4) is nearly optimal for
a 40-um-thick drift layer to spread the electric field over its
entire length while avoiding punchthrough

ek,
=W

The p-type layer consists of AlygoIng 1gN that is 400 nm
thick and doped with a Mg (acceptor) concentration of
10" cm—3. Alternatively, p-type GaN could have been used
because it is lattice matched and it could also be a method
to ensure ohmic contacts. These layers are formed on a GaN
substrate. At the Alg gyIng 1gN and GaN heterointerface, there
is a bandgap discontinuity, an electron concentration or Fermi
level discontinuity, and band bending caused by polarization
charges. A conduction band offset A E. of 70% of the bandgap
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Fig. 3. Plots of current versus (a) forward and (b) reverse voltages for
the simulated diodes with and without a doping grade at the AllnN/GaN
heterointerface. The doping grade reduces the depletion layer [arrows
in Fig. 2(b)] resulting in a lower specific on-resistance. The reverse
breakdown voltage is ~13 kV.

offset is used [21] although this value varies from 60% to 90%
in various reports.

There is a unipolar n™/n~ junction at the AIINN/GaN
heterointerface that is in series but in the opposite in polarity to
the main p-n junction. When the entire structure is biased such
that the main p-n junction is in the forward bias, the n™/n~
heterojunction is in the reverse bias. At a high enough voltage,
the heterojunction dominates the resistance and limits current.
Fig. 2(b) and (c) shows the conduction band energy and
carrier concentration versus vertical position at the GaN/AlInN
heterointerface and a forward bias of 10 V. For the structures
without a doping grade (black line), the conduction band
bends over a long distance (~600 nm), resulting a low carrier
concentration depletion (or space charge) layer. This depletion
layer represents the high resistance in series with the forward-
biased p-n junction. To overcome this detrimental resistance,
a doping grade is used that begins at the heterointerface
at a donor concentration of 5 x 10'° cm™ and terminates
200 nm into the AlggIng 18N down to the drift doping level
of 10'® cm™3. This doped structure greatly reduces the length
of the band bending, the thickness of the depletion layer, and
the resistance.

The resultant current versus voltage (IV) characteristics
of both structures is shown in Fig. 3(a) and (b) for the
forward bias and the reverse bias, respectively. The diode
without the doping grade has an /-V characteristic with two
different resistance regimes. At the lowest currents, the resis-
tance is comparable to the structure with the graded doping
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TABLE Il
COMPARISON OF SEMICONDUCTORS WITH COMPARABLE FOM
Property GaN || Alosa2Ino.sN sz—Os Alo75GaoasN
Bandgap (eV) 34 44 49 53
Critical electric field (MV/cm)|| 3.9 7 10 11
Lattice Matched Substrate Yes Yes Yes No
Demonstrated p-type doping [[ Good Moderate No Poor
Demonstrated n-type doping || Good Good Good |[ Moderate
Mobility (cm*/Vs) 1100 450 153 150
Thermal conductivity (W/mK)|| 253 5 11-27 30

(~14 mQ - cmz), but at higher bias, the depleted resistive
layer increases and finally dominates the forward resistance
with Roy ~ 46 mQ - cm? The graded doping mostly
corrects the heterointerface resistance. If one uses even lower
conduction band discontinuities, then the resistance improves
(data not show) and is solely due to the drift layer which
is ~5.5 mQ - cm?. This doping scheme is far from optimized
and only highlights the problem and potential solutions. For
example, the resistance could be further reduced by other
means such as using an AlGaN interlayer or alloy grading.

The reverse bias performance for both structures is the
same because when the p-n junction is in the reverse bias,
the unipolar AIInN/GaN heterointerface is forward biased.
Fig. 3(b) shows a reverse breakdown of ~13 kV for both
structures that are consistent with the high critical electric
field for AlInN. As a comparison, a power diode with a GaN
drift layer of the same thickness and doping has a reverse
breakdown of ~4 kV. Of course, this breakdown voltage is a
function of the drift layer thickness and doping, and higher
breakdown voltages are possible.

IV. DISCUSSION OF BENEFITS AND CHALLENGES

It will take some experimental work to overcome some
unique challenges and realize these impressive FOM values
for AlInN. Table II highlights the benefits and challenges of
AlInN compared to other ultrawide-bandgap semiconductors
in the same class. The discussion is limited to the first band
of semiconductors shown in Fig. 1 with higher FOM than
GaN and similar bandgaps (Alg g2Ing 18N, Aly75Gag 25N, and
Gay03). The semiconductors in the second higher grouping
have far greater bandgaps that are approaching insulating
characteristics and are not discussed. They also have more
difficult challenges in doping and growth although there has
been significant progress with diamond [5].

The primary advantage of AlInN is it can be lattice matched
to GaN. With the availability of GaN substrates, this enables
vertical AlInN devices and the ability to create thick drift
layers without creating dislocations that can occur from
lattice-mismatched growth. It is the availability of substrates
for any semiconductor that is a huge barrier to realize vertical
power devices, and substrate availability has, for example,
generated a lot of research on GaN and Ga;O3 for power
devices [5], [25], [26]. This is clearly an advantage over
Alg.75Gag 25N which has to be grown on nonconductive AIN,

GaN, or SiC, all of which are highly lattice mismatched.
There has been some work on AlGaN power devices that
use patterning and regrowth to compensate for the lattice-
mismatched growth [27], but the dislocation densities are still
higher than those of lattice-matched growth.

Another benefit of AlpgyIng 1N is the ability to dope
both n-type and p-type. [21] Again, this is an advantage
over Alg75Gap2sN and GayOs, both of which have demon-
strated low or no p-type conductivity. For Algy75GagosN,
polarization doping can possibly be used [27], [28], but this
limits layer thicknesses to the hundreds of nanometers. The
ability to complimentary dope Algpg2Ing.1sN means that one
can more easily create three-terminal devices such as field-
effect transistors or bipolar junction transistors. However, one
possible challenge is if selective doping (via implantation,
diffusion, or regrowth) can be achieved in Al gxIng 1gN with-
out compromised interfaces, because this is a problem that
currently has not been overcome in GaN.

Alternatively, p-type GaN layers could also be used
although band bending due to spontaneous polarization needs
to be considered in any device design. However, this also raises
the intriguing possibility to create vertical power devices with
GaN/AlInN heterointerfaces. Although outside the scope of
this discussion, there is the possibility of capitalizing on polar-
ization doping (using lattice-matched and graded composition
AllnGaN) or forming channels as done in AlnN/GaN high-
electron-mobility transistors (HEMTs) [9], [28].

Another major challenge in doping Alpg2Ing 18N
will be the ability to control carrier concentration
levels. Measured electron concentrations are typically

high >5 x 1017 e¢cm=3 [6], [29], and hole concentrations are
low ~5 x 10" ¢cm™3 [16], [29]. It is known that there is a
high concentration of oxygen in the films that most likely
behave as an n-type dopant [29] that limits the concentrations
of electrons and holes. Experiments are necessary to identify
and remove these compensating mechanisms. Even with high
compensation, AlggzIng.1gN has been able to achieve high
experimental electronic mobilities that even in the presence of
alloy, scattering is higher than Al 75Gag 25N and Gap;O3 [15].

All three semiconductors in this class have lower thermal
conductivity compared to binary and elemental semiconduc-
tors. Current-known values place AllnN slightly lower than
Alp75Gag 25N and GayO3. However, the experimental work
to produce these AlInN films were designed to have low
thermal conductivity for thermoelectricity applications [15].
There is a possibility that experimentation focused on reducing
alloy scattering will produce higher thermal conductivities.
Also, AlInN has the benefit of being able to be grown on
higher conductivity GaN substrates which could also help with
thermal dissipation.

Previous reports have identified gate leakage as an issue
in AlInN/GaN HEMTs [31]-[33]. These HEMTs are grown
on high dislocation GaN/sapphire templates and consist of
thin AlInN layers. One could expect leakage in other AllnN
devices, but most of these leakage mechanisms should not
negatively affect the performance in vertical AlInN power
devices grown on low dislocation substrates with thick AlInN
drift layers. For example, leakage due to tunneling [31], [32] is
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not of concern in thick drift layers, and space-charge leakage
caused by dislocations [32] should be minimized on bulk GaN
substrates.

Finally, there are some other challenges that are of concern
for AlInN mostly because power devices have never been
attempted in this material system. One potential challenge that
has yet to be demonstrated is the growth of thick (tens of
micrometer) drift layers where lattice matching and carrier
concentration are maintained for vertical devices. In addition,
these drift layers will require fast growth rates for ease of
manufacturability, and in fact, high growth rates at 0.9 u
m/h have been demonstrated [34], which should allow for the
exploration of thick AlInN drift layers until faster growth rates
are achieved. In fact, this paper will also motivate experiments
on high growth rates of AlInN. Prior work did not identify this
as a specific need as the primary structures were based on the
nanoscale and thin-film structures. Finally, just as with other
power devices, edge termination schemes [35], [36] will need
to be developed to realize high breakdown voltages.

V. CONCLUSION

The benefits and challenges of AlInN as a next-generation
power electronic semiconductor are presented. Algg>Ing g
has an FOM that exceeds that of GaN and be competitive
with Alg75Gag 5N and GayOs. It also has additional benefits
such as a lattice match substrate, the ability to dope n-type
and p-type, and high electron mobilities. The advantages of
AllInN elucidated here should motivate further interest to tackle
the challenges faced in this material for power electronic
applications.
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