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AlInN/GaN power diodes consisting of a p-type GaN and a 300 nm thick n-type AlInN drift layer are demonstrated. The p—n junction is grown using
metalorganic chemical vapor deposition, and the Al n;_,N drift layer is lattice-matched to GaN (x ~ 0.82) with an electron concentration of
~8 x 10'® cm~3 after correcting for the 2-dimensional electron gas. The diodes exhibit ~—60 V blocking capability. Under forward bias, the diode
has a turn-on voltage of ~4 V. If experimental challenges are overcome, the ultrawide bandgap and high mobility of an AllnN drift layer could
increase the performance of GaN-based power devices. © 2020 The Japan Society of Applied Physics

ment as higher-performance alternatives to conven-

tional Si and SiC power devices. This research is
driven by the availability of bulk GaN substrates and the
advantages of GaN, which include higher power density,
higher temperature of operation, faster-switching speed, and
higher operating voltages that lead to enhanced efficiency in
power circuits. The higher operating voltage of GaN is
directly related to its wider bandgap and high critical electric
fields. Now even wider bandgap semiconductors beyond
GaN are beginning to be investigated. These so-called ultra-
wide bandgap (UWBG) semiconductors include AlGaN,"
Ga203,2) diamond, cubic-BN,> and AllnN."

For vertical power devices that operate at low switching
frequencies, the semiconductors can be compared by the
widely used Baliga’s power figure of merit (FOM). It is
defined as Vzbr/Ron_sp, where Vy, is the maximum blocking
voltage, and R, is the specific on-resistance. The FOM can
also be expressed alternatively as YepE.' where ¢ is the
permittivity, p is the mobility and E. is the critical electric
field which is the field intensity at which avalanche break-
down is initiated. Since the critical electric field increases as
~2.5 times the bandgap (E,) the FOM N(Eg)ﬁ, and these
UWBG semiconductors have the potential for significantly
higher performance in power devices.”

Al g-oIng 1gN, which is lattice-matched to GaN, has been
proposed as a further enhancement to GaN for vertical power
devices” due to its wide bandgap (~4.4eV) and high
electron mobility (~450 em®> V7' s71). These attributes
lead to a potentially higher FOM at 33 GW cm ™2 than GaN
(14 GW cm?) and similar to those of Ga,0O5 (37 GW cm ™ %)
and AlGaN (41 GW cm2).Y The availability of GaN sub-
strates provides AlInN with a low defect density substrate,
and its proven ability for n- and p-type doping shows it has
capabilities beyond other UWBG in the same class, such as
Ga,05 and AlGaN.>*

The potential increase in performance by adding AlInN to
GaN-based devices motivates experimental investigations.
AlInN is still a relatively immature semiconductor with far
fewer growth studies and device results compared to GaN,
InGaN, and AlGaN. Growth studies have concentrated on
morphology, microstructure, and impurities,”'" and n- and
p-type doping.”'? In devices, AlInN has been primarily used
in high-electron-mobility transistors,”® for high index con-
trast layer in distributed Bragg reflectors,”'*'? as functional
layers in LEDs or LDs,13_'6’ thetmoelectricity,”) and solar-

G aN-based vertical power devices are under develop-
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blind photodetectors.”'*'® There have been no reports of
using AlInN in a power diode. Here, we demonstrate a quasi-
vertical diode (a bipolar device) consisting of a highly doped
p-type GaN and a low-doped n-type Alj g,Ing gN drift layer
formed on GaN templates as a prototype power diode.

The AIInN/GaN power diode is grown by metalorganic
chemical vapor deposition on n-type GaN templates (formed
on sapphire substrates) with an electron concentration of
5 x 10" cm > The growth of thick lattice-matched layers of
AllInN on GaN is investigated first. A 300 nm thick and
unintentionally doped AlInN layers are grown at 790 °C and
75 Torr. The group-III precursors are trimethylindium
(TMIn) and trimethylaluminum (TMAI), and the growth
uses a TMIn/TMAI molar flow ratio of ~1.65. The growth
conditions produce relatively smooth AlInN surface mor-
phology, with a root-mean-square roughness of ~3.5 nm, as
is typical for the growth of AlInN on GaN/sapphire templates
due to the formation of V-defects and threading
dislocations.'” X-ray reciprocal space mapping at the (20—
25) reflection of the AlInN on GaN is shown in Fig. 1. The
vertical alignment of the AlInN and GaN peaks indicate the
AlInN drift layers are lattice-matched to the underlying GaN
with an Al content of ~0.82. The carrier density and mobility
of the AlInN layer measured by Hall measurement in the Van
der Pauw configuration show n-type carrier concentrations of
n~2x10"cm? and electron mobilities of s ~ 370 cm?
v isL However, there is additional carriers included in the
Hall measurement due to the 2-dimensional electron gas
(2DEG) at the AlInN/GaN interface.'” If the additional
electrons within the 2DEG are removed using the calcula-
tions from Ref. 19 the electron concentration is corrected to
~8 % 10'"®cm™. This carrier concentration is one of the
lowest reported,”” and secondary ion mass spectroscopy of
the AlInN show the unintentional doping is caused by the
incorporation of residual silicon in the growth chamber.
Further details of the growth can be found in Ref. 19.

These low-doped and lattice-matched AlInN layers are
then incorporated into the growth of the p-n junction
structure shown in Fig. 2 to enable an AlInN power device
and experimentally evaluate its voltage blocking capability.
First, a 500 nm thick Si-doped n"-GaN layer is grown on n-
type GaN templates with an electron concentration of
5 x 10" cm™>. This layer is used for Ohmic contacting and
current spreading because of the insulating substrate and top
side contacting scheme. This layer was followed by the
growth of a 300 nm thick unintentionally doped (n~) AlInN

© 2020 The Japan Society of Applied Physics
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Fig. 1. (Color online) X-ray reciprocal space map at the (20-25) reflection.
The peak of the GaN and AlInN are vertically aligned, demonstrating the
AlInN is latticed matched to GaN.
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Fig. 2. (Color online) Schematic cross-section of the fabricated AlInN/
GaN quasi-vertical power diode. A highly doped p*-GaN layer and lightly
doped n™-AlInN drift form the main junction. A highly doped n*-GaN layer
is for current spreading and cathode contacting.

drift layer. The AlInN layer was followed by a 300 nm thick,
Mg-doped (~10" cm™>), p-type GaN layer grown at 950 °C
and 200 T resulting in a hole concentration of 2 x 10'7 cm™>.
Finally, growth is concluded by a thin (~20nm) highly
doped p-type GaN layer.

Following the growth, a simple fabrication process is
performed to facilitate the electrical characterization of the
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Fig. 3. (Color online) The forward and reverse current versus voltage
characteristic. The inset shows a top-view microscope image of the device
after the Al is deposited.
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diodes. First, 60 um diameter circular p-contacts consisting
of Ni/Au (15nm/15nm) are formed on the p-GaN by
electron-beam evaporation and lithography liftoff. Then rapid
thermal annealing is performed in N, at 600 °C for 1 min to
ensure Ohmic contacts to the p-GaN. Then an inductively
coupled plasma etch with Cl,/BCl; to form 60 ym diameter
circular mesas is performed to expose the underlying n*-GaN
contact layer. Next, 2000 nm of Al is deposited to form the
cathode contact to the n™-GaN that surrounds the circular
mesa, and on top of the Ni/Au p-contact. This step is
followed by depositing and patterning a Ni/Au (15 nm/
100nm) on both metal contacts for probing. Finally, a
SizN, passivation layer is deposited by plasma-enhanced
chemical vapor deposition and removed from the metal
contact areas by reactive ion etching. A top-view image of
the fabricated device after the formation of the Al contacts is
shown in the inset of Fig. 3.

The fabricated devices are tested by wafer probing, and the
current versus voltage (IV) characteristic is shown in Fig. 3.
The AlInN/GaN p-n diodes are rectifying with an expected
turn-on voltage ~4 V. Under reverse bias, the leakage current
at —5V is ~9mA cm 2 The reverse breakdown is limited
by current leakage at~—60V. It is expected the leakage
currents would improve with the use of low defect density
GaN substrates. The maximum breakdown voltage is limited
by the thickness of the AlInN drift region and is estimated by
Eq. (1), where Wy is the width of the depletion region and the
other variables are defined previously”"

1
Vor = E%EC (1)

Assuming a critical electric field of 7.6 MV cm™'® and a drift
layer thickness of 300 nm, the maximum predicted break-
down is 114 V. The Ry is 0.53 mohm cm? and is limited
by the spreading resistance within the n*-GaN contact layer
and at the n-AlInN/n"-GaN heterointerface.”

The doping in the AlInN drift layer is verified using
capacitance versus voltage measurements, as shown in Fig. 4.
The analysis is made by fitting a line to the inverse of the
capacitance squared (1/C%), which results in two linear
regions, the slopes of which provide measures of the carrier
concentrations. The ~300nm AlInN drift layer is depleted
first, and a linear fit to the data gives a donor concentration
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Fig. 4. (Color online) Inverse capacitance squared versus voltage char-

acteristic for the AlInN/GaN power diode. The first linear region corresponds
to a donor concentration (Ng) of 8.6 x 10" cm™ for the AllnN layer and
Ng=13.2 x 10" cm ™ for the underlying n"-GaN layer.

© 2020 The Japan Society of Applied Physics
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Fig. 5. (Color online) Electroluminescence of the AlInN/GaN diodes under
forward bias. (a) Plot of intensity versus wavelength at different currents (I).
(b) Plot of peak wavelength versus current. The data is the circles, and the
dotted line is a guide for the eye.

(Ny) of 8.6 x 10" cm™>. This is among the lowest values
reported and is within the measurement error compared to the
electron concentration found in the Hall measurement when
correcting for the 2DEG.'” Under more substantial reverse
bias, the n"-GaN layer becomes depleted, and the measured
donor concentration found in the second linear region is
32 %10 cm ™. This is close to the targeted electron
concentration of 5 x 10'®cm™. The additional electron
concentration over donor concentration found by the Hall
measurement for AlInN is possibly overestimated due to
substrate conduction and the polarization induced 2DEG
formed between the AlInN GaN interface.'”

Under forward bias, strong visible electroluminescence is
observed in all measured devices despite the lack of a layer with
the appropriate bandgap in the structure. Plots of the spectra
versus increasing current and peak wavelength versus current
are shown in Figs. 5(a) and 5(b), respectively. While some
electroluminescence is expected during forward bias due to
band-to-band recombination, the measured wavelength range of
465-495 nm corresponds to bandgap energies of 2.51-2.67 eV,
which is well below the bandgaps of GaN or AlInN at 3.4 and
4.4 eV, respectively.”” The blue-shift with the increased current
is similar to InGaN quantum well (QW) behavior in LEDs
where injected free carriers screen the polarization fields
between layers and reduce the quantum-confined Stark effect.

One possible explanation for this emission is the formation of
an unintentional QW between the p"-GaN and n-AlInN due to
indium diffusion from the AlInN during the growth of the higher
temperature p*-GaN. Annealing AlInN layers at higher tem-
peratures (>880 °C) under conditions similar to growth tem-
peratures results in surface morphology changes that can be
attributed to In loss.'>”” During the growth of the p-GaN at
950 °C, some of the In is incorporated into this layer, forming the
unintentional InGaN QW at the p-GaN/n-AlInN heterointerface.
Even though this QW is unwanted, the band-to-band recombina-
tion in this layer does verify bipolar p—n junction operation.

There are other, but less likely, causes of this emission that
could be considered. One possibility is due to recombination
from states at the AlInN/GaN heterointerface where the severe
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band bending results in a lower bandgap.”*> However,
emission from AlInN/GaN interfaces in Ref. 25 are at higher
energies observed in this work. Another possibility is emission
via defects that would also occur at lower energies, but this too
would be highly unlikely because carriers should be lost via
faster band-to band recombination rates.

In summary, a quasi-vertical p"-GaN/n"-AlInN diode was
fabricated, demonstrating for the first time the feasibility of
AlInN for a bipolar power device. These initial results show
rectification and good breakdown voltages despite the thin
layers, but further experimental work will be required to
optimize reverse leakage currents and lower Ryngp.
Improvements in reverse leakage and breakdown voltage
will occur with growth on GaN substrates and the removal
of the unintentional InGaN QW by controlling the p-type layer
growth on the AlInN. Likewise, R,,.¢p Will be significantly
reduced once the lateral current spreading is removed by
transitioning to bulk GaN substrates, and also by using
interlayer and doping grading designs are incorporated to
reduce the resistances from the AlInN/GaN heterojunction.
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