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AIN Schottky barrier diodes with low ideality factor (<1.2), low differential ON-resistance (<0.6 mQ cm?), high current density (>5 kA cm~?2), and
high breakdown voltage (680 V) are reported. The device structure consisted of a two-layer, quasi-vertical design with a lightly doped AIN drift layer
and a highly doped Al 75Gag 25N ohmic contact layer grown on AIN substrates. A combination of simulation, current—voltage measurements, and
impedance spectroscopy analysis revealed that the AIN/AIGaN interface introduces a parasitic electron barrier due to the conduction band offset
between the two materials. This barrier was found to limit the forward current in fabricated diodes. Further, we show that introducing a
compositionally-graded layer between the AIN and the AlGaN reduces the interfacial barrier and increases the forward current density of fabricated
diodes by a factor of 10. © 2024 The Author(s). Published on behalf of The Japan Society of Applied Physics by IOP Publishing Ltd

luminum nitride (AIN) has the potential for realizing

semiconductor power devices with breakdown vol-

tages >10kV, ideal for applications in high-voltage,
direct-current power transmission and locomotive drive
systems.” Due to its high breakdown field (>16 MV cm ™)
and high electron mobility,”™ AIN has a Baliga figure of
merit (BFOM) > 30x larger than that of GaN or SiC.
Devices based on AIN with breakdown voltages in the
10kV range would require drift layers only a few micro-
meters thick. Operating at higher frequencies than standard
Si-based power switching technology, such devices would
eliminate the need for bulky transformers in power transmis-
sion systems and greatly reduce their size and cost. However,
such applications require AlN-based devices capable of
passing kA/cm? of current in forward bias (with little to no
loss), while simultaneously blocking electric fields on the
order of MV/cm in reverse bias. The state-of-the-art perfor-
mance is currently far from the requirements for these
applications.

The main obstacle for achieving better performance in AIN
devices has been the lack of controllable doping. N-type doping
is difficult in AIN because donors tend to have very high
activation energies (>250 meV) and are easily compensated due
to low formation energies of compensating point defects.””
Because of this, alternative doping schemes have been explored,
such as distributed polarization doping in compositionally-
graded AlGaN films.*”'? Recently, this method has been used
to demonstrate high forward current density in AlGaN p-n
diodes on AIN substrates.'” In parallel, conventional doping
techniques were advanced by the development of point defect
management frameworks in the Ill-nitrides, that have allowed for
a systematic suppression of self-compensation in these
materials.'*'> Using these methods, controllable n-type con-
ductivity in Si-doped AIN with electron mobilities exceeding
300cm? V~'s™! have been demosntrated.'®>"

Building on these developments, we have recently demon-
strated near-ideal behavior of lateral AIN Schottky diodes that
were stable up to 700 °C.>" Additionally, other groups have
reported on high-voltage AIN Schottky barrier diodes with
blocking voltages >3kV.”>*? Although these are promising

results that show the potential of the AIN technology, the
forward current densities in these devices were far from practical.
To the best of our knowledge, the highest reported current
density in an AIN SBD is by Maeda et al.”* with ~1 A cm 2
However, most reports on AIN Schottky diodes found in the
literature show room temperature current densities on the order
of 107°-10"" Acm 2*'” In this letter, we implement a
compositionally-graded layer to the AIN drift region that enabled
more than 3 orders of magnitude higher current density than the
current state-of-the-art for AIN Schottky barrier diodes. The
diodes sustain forward current densities >1 kAcm_2, while
simultaneously blocking reverse voltage of 680 V.

To achieve desired device performance, formation of low
resistance ohmic contacts is crucial. For this purpose, we
implemented a quasi-vertical structure comprising a heavily-
doped AlGaN layer as a contact layer. Low resistance ohmic
contacts to conductive high Al-content Al,Ga, N with
specific contact resistance on the order of 10~° Q cm? can be
reliably achieved.”®”” Further, conductive high Al-content
AlGaN epilayers of thickness >3 pm can be pseudomorphi-
cally grown on native AIN substrates, making this an attractive
choice for a current spreading layer in a quasi-vertical AIN
Schottky barrier diode.” However, the AIN/Al,Ga, N
heterojunction introduces an electron barrier at this interface
and severely limits the forward current in fabricated devices.

To illustrate the effect of the AIN/AIGaN interface on
device performance, two device structures were simulated
using Silvaco TCAD: a device with an abrupt heterojunction
and a device with a graded-layer heterojunction. Their
schematic cross sections are shown in Figs. 1(a) and 1(b).
Both devices consisted of an n™-AIN drift layer and an
nt-Alg-5sGagosN contact layer with [Si] of 1 x 10'® and
1 x 10" cm ™3, respectively. The simulated equilibrium band
structures around the heterojunction are shown for both cases
in Fig. 1(c). The Si ionization energy is taken to be 0.3 eV
and 0.07eV in AIN and Alj;5Gag,sN, respectively. This
results in a room temperature carrier concentration on the
order of 10" and 10"®cm ™ in the AIN and the AlGaN,
respectively. For the abrupt heterojunction, there is a sharp
discontinuity at the interface due to the conduction band
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Fig. 1.

Schematic cross-section of the simulated device with an abrupt (a) and graded-layer (b) heterojunction. (c) Comparison of the simulated band

structures. (d) Comparison of the simulated room temperature /-V characteristics.

offset between the materials. This introduces an electron
barrier for electrons flowing from the AlGaN into the AIN.
This electron barrier is reverse biased when the Schottky
barrier is forward biased and acts as a nonlinear series
impedance when the Schottky barrier turns on. In contrast,
for the graded-layer heterojunction device, the conduction
band is pulled down close to the Fermi level because of the
bound polarization charge, and there is no electron barrier.
The simulated I-Vs of the two devices are shown in Fig. 1(c).
The graded-layer heterojunction diode shows superior ON-
state performance, with around three orders of magnitude
higher current density compared to the abrupt heterojunction
diode. The results of this simulation suggest that high
forward current density can be achieved by using a compo-
sitionally-graded interlayer to manage the band offset at the
AIN/AIGaN interface.

To test this hypothesis, three different Schottky barrier
diode structures were grown: a control sample with a
homoepitaxial AIN contact layer, a device with an abrupt
heterojunction, and a device with a graded-layer heterojunc-
tion. The drift layers for all the diodes were 1 pm thick and
doped at [Si]=1 x 10" cm™3. For the control device, the
contact layer consisted of a 1 um thick n™-AIN layer with
[Si]=1 x 10" cm ™3, while the contact layers for the hetero-
junction devices consisted of a 2 pm thick n*-Aly 75Gag »sN
with [Si]=1 x 10" cm™>. The graded-layer heterojunction
device had a 100nm thick compositionally-graded layer
between the contact and drift layers, which was doped with
[Si]=1 x 10" cm™3. The schematic cross-sections of the
final fabricated devices are shown in Fig. 2.

The device layers were grown on c-oriented, single crystal
AIN wafers (procured from HexaTech) in a vertical, low-
pressure, radiofrequency-heated, metalorganic chemical vapor
deposition reactor. The substrate had an average dislocation
density of 10°cm 2 Trimethylaluminum, triethylgallium,
silane and ammonia were used as the Al, Ga, Si and N
precursors, respectively. More details on the substrate pre-
paration and subsequent AIN epitaxy can be found
elsewhere.'®*'™* The drift layer was confirmed by Hall
measurements to have a carrier concentration, mobility, and
resistivity of 2 x 10" cm73, 160cm*>V~'s7! and 26 Qcm,
respectively. The n'-Alj5Gag,sN layer had a carrier con-
centration, resistivity, and mobility of 9.8 x 108 em™3,
24cm?V~'s7! and 27 mQ cm, respectively. Hall effect mea-
surements were performed using an 8400 series Lakeshore
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AC/DC Hall measurement system with contacts in the van der
Pauw configuration.

The device fabrication followed a photolithography process.
First, circular mesas with radii ranging from 25 to 300 ym were
defined using photolithography and reactive-ion etching to
expose the underlying AlGaN contact layer. The etch chemistry
was BCLy/Cl, and the etch rate was 30 nm min~'. Then, large
area (>1 sz) ohmic contacts were formed by the electron
beam evaporation of a Cr/Ti/AVTi/Au (20/20/100/45/55 nm)
metal stack on the exposed contact layer surface, and subse-
quently annealed at 950 °C for 30 s in a N, atmosphere. Finally,
the Schottky contact (Ni) was deposited on the AIN drift layer
surface. The Schottky-ohmic contact spacing was 10 ym; 5 ym
from Schottky to mesa edge and 5 ym from mesa to Ohmic. No
edge termination was implemented for field management. The
fabrication process was identical for all devices. I-V and
impedance spectroscopy measurements were performed using
a Keithley 4200 semiconductor characterization system. -V
measurements were performed on devices with r=25 um,
whereas impedance measurements were performed on
r=300 yum devices. Note that the Ohmic contact area was
much larger than the Schottky contact area, so the contribution
of the ohmic contact resistance to the total device resistance was
negligible. Current scaling with the Schottky contact area in the
-V curves was observed on diodes up to »=350um for all
samples. For diodes with r>50um, the current density
decreased with increasing device area in all samples.

Figures 3(a) and 3(b) show the room temperature current—
voltage (/-V') characteristics for the three fabricated Schottky
barrier diodes on a semi-log and linear scale, respectively.
From Fig. 3(a), all devices show a low ideality factor <1.2,
which indicates near-ideal Schottky diode behavior.
Additionally, the devices show a large rectification ratio
(Ion/lorr) > 10" These results indicate that high quality
Schottky contacts were realized, therefore, altering the com-
position of the underlying contact layer did not affect the
formation of the Schottky contact. However, a clear effect of
the ohmic contact layer on the output current is observed. The
device with the graded-layer heterojunction showed signifi-
cantly higher current than the other two diodes: 10°x and
10*x of that of the abrupt heterojunction and control devices,
respectively. This can be more easily visualized by looking at
the differential ON-resistance (Ron) versus applied bias, which
is shown for all devices in Fig. 3(c). The graded-layer

heterojunction device shows the lowest Ron; <1 mQ cm? after
© 2024 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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Fig.2. Schematic cross-sections of the fabricated AIN Schottky barrier diodes: (a) the control device, (b) the abrupt heterojunction device and (c) the graded-

layer heterojunction device.
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structures on a semi-log scale. (b) Forward I~V comparison on a linear scale. (c) Differential Ron comparison for all devices shown on a semi-log scale.

turn-on. This translates to current densities in the kA range,
capable of being driven to current densities >5KkAcm >
without failure. The other two devices show significantly
higher Roy;, as shown in Fig. 3(a). These measurements are in
good qualitative agreement with the simulated /-V curves in
Fig. 2(d). Therefore, the increased current capability in the
graded-layer heterojunction device with respect to the abrupt
device can be explained by the reduced parasitic electron
barrier at the AIN/AIGaN interface. The high Roy in the
control device can be understood in terms of the higher current
spreading resistance of the underlying n*-AIN contact layer,
which has 10°x higher resistivity than the n™-Al-5Gag,sN
contact layer. These results highlight one of the main
challenges in realizing AIN devices—in order to obtain high
performance devices, the challenge of fabricating low resis-
tance ohmic contacts to low-doped AIN must be solved.

It is interesting to note that for the graded heterojunction
device, the differential Ry is not constant after the device
turns on. In fact, after 7V forward bias, the observed Ron
reduces below the value expected from the resistivity of the
AIN drift layer (2.6 Q2 cm?). This observed reduction in Roy
could be explained by a reduction in the resistivity of the AIN
as a function of the applied voltage due to self-heating in the
device. Since the Si donor has a high activation energy, as the
device heats up, more Si will become ionized. For an
activation energy of 0.3eV, a 50°C increase in device
temperature would result in roughly an order of magnitude
increase in carrier concentration. This translates to an order of
magnitude decrease in the AIN resistivity, which is what is
experimentally observed (0.6 versus 2.6 cm?). Since the
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device passes large current density, joule heating is a possible
explanation for the observed lower specific on-resistance.
According to the simulations shown in Fig. 2, the interface
barrier should be reverse biased when the Schottky barrier is
forward biased. Therefore, to provide further evidence for the
parasitic electron barrier at the AIN/AlGaN interface, impe-
dance spectroscopy measurements were performed on the
graded-layer and abrupt heterojunction devices. The measure-
ments were made at frequencies ranging from 10kHz to
10 MHz, with the applied bias ranging from —30 to 430V in
2.5V steps. The corresponding Nyquist plots are shown in
Figs. 4(a) and 4(b). In the reverse bias, the impedance spectra
for both devices are consistent with a single parallel RC model
and the capacitance follows a linear behavior in the 1/C*—V
plot. To illustrate this, the capacitance was extracted from the
reverse bias impedance measurements and the corresponding
1/C*-V plots are shown in Fig. 4(c). The effective doping
concentration can be extracted from slope of this plot and is
found to be Np — Ny =6 X 10 ¢cm 3 for both devices. This
value is consistent with the value extracted from the tempera-
ture dependent Hall measurements for the AIN drift layer.'®
An offset in capacitance is observed between the graded and
abrupt heterojunction devices in Fig. 4(c). The total capaci-
tance is lower in the abrupt device, which causes an
anomalously high built-in potential to be extracted. This lower
capacitance can be explained by the capacitive contribution of
the abrupt AIN/AlGaN interface, which would add in series to
the Schottky barrier and therefore reduce the total measured
capacitance. Nevertheless, the impedance in the reverse bias is

dominated by the Schottky barrier, and the observed
© 2024 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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profile for the same device, showing a maximum electric field of 12.3 MV cm™ .

capacitance modulation corresponds to the modulation of the
space-charge layer at the metal-semiconductor interface.

On the other hand, in the forward bias, the Schottky barrier
is reduced and impedance contributions from other elements
can be observed. For example, for the abrupt heterojunction
diode, a second bias-dependent RC element appeared in the
impedance spectra after the device turned on. This corre-
sponded to the forward bias range of 5-30 V, as shown in
Fig. 4(a). These results are consistent with the expected
behavior of an electron barrier at the AIN/AlGaN interface.
Therefore, this second RC element can be interpreted as the
impedance contribution of the reverse-biased AIN/AlGaN
junction. In contrast, the graded-layer heterojunction device
did not show this behavior, as seen in Fig. 4(b). Instead,
series resistance contributions from both the AIN drift layer
and the spreading resistance of the contact layer were
observed. The absence of a second RC element indicated
that the AIN/AIGaN interfacial barrier was significantly
reduced or completely removed by the introduction of the
compositionally-graded interlayer. Therefore, these experi-
mental results provide further evidence for the existence of a
parasitic electron barrier at the AIN/AlGaN interface and
support the hypothesis that the increased current in the
graded-layer heterojunction device stems from the reduction
or removal of this barrier.

Based on the previous analysis, the influence of the
parasitic elements was found to be negligible under the
reverse bias. Therefore, the properties of the AIN drift layer
can be investigated in this bias range. For the graded-layer
heterojunction diode, it provides a unique opportunity to
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study the breakdown field of the AIN drift layer. The reverse
bias I~V characteristics for this device are shown in Fig. 5.
The breakdown voltage was found to be Vgp =680V, as
shown in Fig. 5(a). Here, Vpp is defined as the voltage at
which the current density reaches 107> Acm 2 in reverse
bias. For comparison, the reverse bias I-V characteristics for
the same device were simulated using TCAD. The simulated
breakdown voltage was found to be Vgp =717V, in very
good agreement with the experimental value of 680V. To
estimate the breakdown field in the AIN drift layer, the
simulated electric field profile at 680 V reverse bias is shown
in Fig. 5(b). From the graph, the maximum electric field at
the experimental breakdown voltage was 12.3 MV cm™ ' It is
worth emphasizing that no intentional field management was
implemented in this device structure.

In conclusion, we have shown that the formation of low
resistance ohmic contacts was crucial to device performance.
Specifically, it was found that using an AlGaN contact layer
to AIN introduced an electron barrier arising from the band
offsets between the two materials. This parasitic barrier was
found to severely limit the forward current in fabricated
devices, as it became reverse biased when the Schottky
barrier was forward biased. By implementing a composition-
ally-graded interlayer between the contact and drift layers, a
10°x increase in the forward current density was observed.
With this device structure, AIN Schottky barrier diodes with
state-of-the-art performance were demonstrated, as evidenced
by a low ideality factor (1.2), low Ron (<0.6 mQ) cm?), high
current density (>5 kA cm ™), and a large breakdown voltage

(680 V).
© 2024 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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