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ABSTRACT

Vertical GaN junction barrier Schottky (JBS) diodes with superior electrical characteristics and nondestructive breakdown were realized
using selective-area p-type doping via Mg ion implantation and subsequent ultra-high-pressure annealing. Mg-ion implantation was per-
formed into a 10 um thick Si-doped GaN drift layer grown on a free-standing n-type GaN substrate. We fabricated the JBS diodes with differ-
ent n-type GaN channel widths L,=1 and 1.5 um. The JBS diodes, depending on L,, exhibited on-resistance (Roy) between 0.57 and
0.67 mQ cm?, which is a record low value for vertical GaN Schottky barrier diodes (SBDs) and high breakdown (BV) between 660 and 675V
(84.4% of the ideal parallel plane BV). The obtained low Roy of JBS diodes can be well explained in terms of the Roy model, which includes
n-type GaN channel resistance, spreading current effect, and substrate resistance. The reverse leakage current in JBS diodes was relatively
low 10°-10* times lower than in GaN SBDs. In addition, the JBS diode with lower L,, exhibited the leakage current significantly smaller (up
to reverse bias 300 V) than in the JBS diode with large L,, which was explained in terms of the reduced electric field near the Schottky inter-
face. Furthermore, the JBS diodes showed a very high current density of 5.5kA/cm?, a low turn-on voltage of 0.74 V, and no destruction
against the rapid increase in the reverse current approximately by two orders of magnitude. This work demonstrated that GaN JBS diodes

can be strong candidates for low loss power switching applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0106321

Vertical gallium nitride (GaN) power diodes are strong candi-
dates for low loss power switching applications due to their low on-
resistance (Roy) and high breakdown voltage (BV)." " In particular,
owing to recent progress in fabrication of a freestanding GaN sub-
strate, it was possible to realize high-quality vertical GaN p-n
diodes."”'? Despite these excellent results, GaN p-n diodes exhibited
a relatively large turn-on voltage (Voy ~ 3) originating from the
bandgap of GaN, which limited their practical applications due to
power loss. On the other hand, Schottky barrier diodes (SBDs) can
provide low Voy (typically < 1V) due to the Schottky barrier interface.
Nevertheless, SBDs suffer from the high off-state reverse leakage cur-
rent due to thermionic-field emission (TFE) at the Schottky interface.
The leakage currents of SBDs can be greatly reduced by the application
of the junction barrier Schottky (JBS) structure. Additionally, the JBS

structure can also provide an excellent avalanche capability due to
the p-n junction, which is important for operating in a switching
environment.

However, realization of the JBS structure for GaN is a challenging
issue because of inefficiency of selective-area p-type doping technol-
ogy. The first vertical Mg-implanted GaN JBS diodes obtained by a
multicycle rapid thermal annealing (RTA) method exhibited high BV
over 600V but a very large Roy (>100 mQ cm?).”’ Devices fabricated
using this approach were improved by Zhang et al.”' who reported
vertical Mg-implanted GaN JBS diodes with the BV of 500-600 V and
the Roy of 1.7 mQ cm?. However, the destructive breakdown occurred
at the Schottky contact edge, probably due to the low Mg activation
ratio. Recently, Fu et al.”” reported the avalanche capability in the Mg-
implanted GaN JBS diodes obtained by the multicycle RTA method,
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but Roy was still high (~3 mQ cm?) as for the BV of 600-800 V. Due
to the lack of effective Mg implantation technology, the other pro-
cesses or structures were employed to GaN SBDs such as the vertical
regrown JBS (RJBS),” trench JBS structure (TJBS),”**” or trench MOS
barrier Schottky (TMBS) structure.”*”” They exhibit very interesting
properties, like keeping low leakage currents at high temperatures
(TMBS structures), but they need the specific design and/or complex
technological processes. On the other hand, Mg-ion implantation
technology can offer flexible/simplified device design and reduced
device fabrication complexity.

Compared to silicon carbide (SiC) JBS rectifiers, the GaN JBS
diodes represent an early stage of development. Thus, the ability to
realize high performance vertical GaN JBS diodes can bring GaN
power electronics to the next level. Recently, our group fabricated vari-
ous Mg-implanted GaN based edge termination structures™”” using
an ultra high-pressure annealing (UHPA) method,”"* which ensured
a high Mg activation ratio. In this Letter, we fabricated the Mg-
implanted GaN vertical JBS diodes using the UHPA process and dem-
onstrated their superior electrical characteristics and nondestructive
breakdown.

Figure 1(a) shows the schematic cross-sectional image of the Mg-
implanted vertical GaN JBS diodes. These devices were fabricated
using a 10 um thick silicon (Si)-doped GaN drift layer grown on free-
standing GaN (0001) substrates prepared via hydride vapor phase epi-
taxy. The threading dislocation density was relatively low of the order
of 10° cm™2. The effective donor concentration (N,) of the drift layer
was estimated to be /2.5 x 10'°cm™ from the capacitance-voltage
measurements. The JBS diodes with different n-GaN channel widths
(L,) were designed [see Fig. 1(a)]: L,=15um (JBS A) and
L,=1.0 um (JBS B). The width of the implanted p-type region (L,)
for both JBS diodes was designed to be 2 um. The thickness of the drift
layer was chosen as 10 um in order to avoid the punch-through phe-
nomenon (according to Ref. 34, for N;=2.5 x 10°cm 3, the non-
punch-through drift layer should have the thickness larger than 5 ym).

The first step of the fabrication process was etching of an 1 um
thick SiO, mask in order to prepare the chosen regions for the implan-
tation. Subsequently, the Mg ions were implanted with the energy of
20 and 180keV at the respective dosages of 5x 10" and
8x 10" cm 2 at a tilt angle of 7°. Such a combination of the Mg
energy and dosages leads to creation of a high p* region near the sur-
face with the Mg concentration ([Mg]) of 10%° cm 2 and 0.22 um thick
box profile’” with the average [Mg] of 4.5 x 10"®cm ™ according to
the Monte Carlo (MC) simulations™ [see Fig. 1(b)]. After implanta-
tion and mask removal, the UHPA process was conducted under an
N, pressure of 500 MPa at a temperature of 1300°C for 30 min at
Japan Ultra-High Temperature Materials Research Institute in Ube
City, Yamaguchi Prefecture, Japan. The Mg depth profile estimated by
SIMS after the UHPA process has been shown in Fig. 1(b). The experi-
mental Mg-depth profile extended more deeply in GaN than those
predicted by MC simulations due to Mg diffusion,””** which occurred
during the UHPA process. The estimated width of the experimental
Mg box profile was 0.44 um with the average [Mg] of 1.18 x 10'® cm >
[Fig. 1(b)]. After the UHPA process, the Ti/Al/Ni/Au Ohmic contacts
were deposited on the substrate at 475 °C, and in the last step, the Ni/
Au Schottky contacts were formed on the top. The JBS diodes were
formed in a square shape with rounded corners as can be seen in the
optical image shown in Fig. 1(c). The device active area contained
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FIG. 1. (a) Schematic cross section of the JBS diodes, (b) SIMS depth profile of
[Mg] together with the simulated [Mg] depth-profile, (c) optical image of the fabri-
cated JBS diode, (d) SCM image of JBS A, and (e) linear profile of dC/dV obtained
along line 1 from the SCM image. The high [Mg] peak on the surface [Fig. 1(b)] is
probably due to a SIMS artifact.

periodically placed n-type and p-type regions, whose numbers of repli-
cations were 17 and 20 for JBS A and B, respectively.

The strong contrast between p-type and n-type regions was
observed at the cross-sectional scanning capacitance microscopy
(SCM) image [see Fig. 1(d)], which indicates a conversion of the
n-type GaN region into p-type one. Figure 1(e) shows the linear profile
of j‘c, along line 1 from the SCM image of JBS A [Fig. 1(d)]. The electri-
cal junction (EJ) locations,” i.e., points where the free electron and
hole concentrations are equal (or points where the Fermi level is
located at the midgap) can be clearly recognized. For JBS A, according
to the TCAD simulations (see the supplementary material), the dis-
tance between EJ points (Lg) should be 1.2 um, which is larger than
experimental Lg;=0.65-0.8 um [Fig. 1(e)]. This discrepancy can be
due to the UHPA Mg lateral diffusion, which leads to shrinking of L,
(and expanding L,) and/or not accurate EJ location estimation in the
SCM measurements. In particular, it was shown that the EJ location
in SCM measurements can be moved due to the AC tip bias.”” "’
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To estimate the EJ error location, we compared two regions A; and A,
[see Fig. 1(e)], which roughly reflect expanding of L, from the original
size 2 um. If the Mg lateral diffusion would be only responsible for
reducing Lg;, A = A,. (Mg diffusion is expected to be similar in both
directions.) In our case, A; >> A,, which is likely due to the influence
of the AC tip bias on the EJ location. Thus, the error of the EJ location
can be estimated as: Al;AZ ~ 0.165 pum. This means that the true Lg; is
Lgy=0.98 um (0.65+ 2 x 0.165) and L= 1.13 um (0.8 + 2 X 0.165).
(We assumed that the true Lz should be larger then that obtained
from the measurement because the AC tip bias enhances the depletion
region.40) However, the determined Lg; is still smaller than theoretical
Lgy= 1.2 um, which indicates the presence of Mg lateral diffusion with
arange Ly between 0.11 and 0.035 um. Due to the Mg lateral diffusion,
L, is reduced by 2 x Ly (L, expands by 2 x Lg), and it is equal to
1.28-1.43 and 0.78-0.93 um for JBS A and B, respectively.

The room temperature forward (Ir—Vy) and reverse (Iz-Vg)
current-voltage characteristics were carried out using an Agilent
B1505A semiconductor analyzer. The representative linear-scale Ir—Vr
and the differential Ron—V5 characteristics of JBS A and B as well as
the Schottky barrier diode (SBD) are shown in Fig. 2(a). Note that I
in Fig. 2(a) is normalized with respect to the total device active area
(Schottky electrode area) equal to 8.6 x 107> cm®. Unfortunately, the
implanted pn diodes exhibited very low I due to the poor Ohmic con-
tacts to implanted p-GaN, and thus, they were not shown in Fig. 2(a).
The reason for poor Ohmic contacts to implanted p-GaN is likely low
Mg concentration near the surface after the UHPA process [see Fig.
1(b)]. At Vp=1.5-1.6 V, the JBS A and B exhibited the minimum
Ron of 0.57 and 0.67 mQ cm?, respectively, while for SBD, Ron was
0.51 mQ cm? In addition, from Fig. 2(a) and its inset, one can note
that the JBS diodes exhibit a very high I > 5.5 kA/cm? at 5V (the total
current at 5V was 0.5 A) and low Vo of 0.74 V. However, the ideality
factor (1) of our diodes was relatively high, around 2 [see the inset of
Fig. 2(a)] probably due to the defects induced by the UHPA process.

The Roy value of JBS B was higher than that of JBS A in the
range Vi up to 2.5V [see Fig. 2(a)], probably due to the shorter L,
and, thus, the higher vertical channel resistance (Rc). In the range
Vi & 2.5-3V, Rpy of the JBS B decreases to the level of the SBD diode
[Fig. 2(a)]. This suggests that some of the metal p-GaN contacts in the
JBS B could be rather Ohmic-like but not Schottky ones because the
range of Vy from 2.5 to 3V corresponds to the turn-on voltage of GaN
pn diodes. However, as we mentioned previously, the Ohmic contacts
were poor. Thus, the reason for this issue is rather not clear at this
moment. Another interesting problem is decreasing of the slope of
I~V curves above Vi > 3 V for all diodes (an increase in Rpy), as
can be seen in Fig. 2(a). Previously, such a phenomenon was observed
for SiC and Ga,Os SBD/JBS diodes’** and attributed to the self-
heating effect (Joule heat generation). More precisely, when high Ir. is
reached the SBD diode (in the case of the SiC SBD, it is of the order of
magnitude of kA/cmz), the Joule heat is generated, which leads to a
significant increase in the lattice temperature and large degradation in
the carriers mobility. As a consequence, Roy increases and the slope of
the I~V curve decreases, as shown in Fig. 2(a). However, in the case
of GaN based SBD diodes, the decrease in slope of the IV curve is
not often observed for Vi up to 5V, and thus, the question arises why
this phenomenon occurred in the fabricated diodes. The simple
answer is that this is a direct consequence of low Rpy of our diodes.
Namely, due to low Roy, the amount of Joule heat (Q = V#£/Ron,
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FIG. 2. (a) Linear-scale I~V curves of SBD and JBS diodes and corresponding Rop
Current distributions in the JBS diode: (b) the start of current spreading from the end of
the pn junction (line 1) and (c) the start of current spreading from the end of the depletion
region (line 2). Two-dimensional (2D) current density distribution in (d) JBS A and (e) JBS
B at Ve=1V. Inset of Fig. 2a shows the linear-scale =V characteristics at V¢ range
from 0.5 to 1.22 V and semilog /=V curves of JBS diodes.

where ¢ is the time) generated in our diodes starts to be significant
already at relatively low Vg, which causes degradation in the carrier
mobility the carriers mobility and the decrease in the slope of the
Ir-Vp curve.
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The difference between Ry of JBS diodes and SBD ones can be
explained using the following Ry model. The Roy of the JBS diode
contains the series of various resistances, as shown in Fig. 2(b) and can
be given by

Ron = Ren + Rprift + Rsub + Reon, (1)

where Rpyif» Rsup and R, are the drift layer resistance, substrate
resistance, and contact resistance, respectively. The Rc,, is typically
much lower than Rg,,;, and, thus, can be neglected. For the calculations
of JBS Ron, two scenarios of the current distribution can be adopted.
In the first one, the current spreading starts from the end of the pn
junction [line 1 in Fig. 2(b)] (similar like in VD-MOSFET, see Ref. 44)
while in the second scenario, the current spreading starts from the end
of the depletion region [see line 2 in Fig. 2(c)] (similar like in SiC JBS
diodes, see Refs. 45, 46). According to the TCAD simulation, in the
case of the fabricated JBS diodes, the current spreading starts from line
3 [see Figs. 2(d) and 2(e)], which is close to line 1 [see Fig. 2(b)]. This
means that the current distribution from Fig. 2(b) is more adequate to
our JBS diodes, and thus, R¢y, can be calculated similarly like the JFET
resistance in VD-MOSFET [see Eq. (6.72) in Ref. 44]

@)

where g is the resistivity of the n-GaN region, Weg=2 x Ly/2+L, is the
cell width, W), is the p-n junction depth, and W) is the depletion region
width at 0 V bias [Fig. 2(b)]. The Rp, in the case of the JBS structure is
expected to be different than in the case of SBD due to the current
spreading from the n-GaN channel, as shown in Fig. 2(c). Assuming the
45° spreading angle, R of the JBS diode is determined by the region
where the current flow area increases [Fig. 2(c)] and the region where
the current flow area is uniform [Fig. 2(c)]. The relationship for the
resistance of a layer, in which the current flow is non-uniform, Rp; is
obtained by the integration of the resistance of an elemental segment
with thickness dx and width Yd = a + 2x [see Fig. 2(b)] over the limits
x=0andx = (Wegy — a)/2, wherea =L, — 2 x W,

dy _ oWean Ween
a—+2x 2 L,—2x W,

Note that the above equation was multiplied by the cell area.

On the other hand, the resistance of the layer in which the cur-
rent flow is uniform, Rp, is determined by the calculation of the thick-
ness of this layer [Tp;, see Fig. 2(b)]. By the simple consideration of a
45° triangle from Fig. 2(b), we obtain that Tp, is equal

L

Rp; = JdRDl = JWCelZQ } . (3)

Ween

Tpa = Tprip +7n - Wo— 5 (4)
where Tpyip is the drift layer thickness. Thus, Rp; is given by
L \44
Rpy = olp = ¢ [Tant + ?n - Wy — 2&1]} . (5)
Fma]ly, RDm_'ﬁ‘ is the sum OfRD1 and sz,
oWeen Ween
Rprit = R Rpy = 1
Drift D1 + Rpo > n Ln T x WJ
L )44
+o [(Tpn-ﬂ +o = Wo - zc‘f”} : ©)
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All the parameters in Egs. (1)-(6) are known expect from ¢ which can
be determined from Roy of SBD. Namely, Roy of SBD is given by the
relationship (after neglecting R¢,,,)

Ron = Rps + Rsup, (7)

where Rpg= 0Tpyi is the drift layer resistance of SBD. The Rg value
for the used GaN substrate was estimated as 0.294 * 0.023 mQ cm?,
and thus from Eq. (7), we obtained ¢ =217 = 23 mQ cm (assuming
Roy=0.51 mQ cm? of SBD). The ¢ range of 194-240 mQ cm corre-
sponds to the average mobility y = 1/(gNpg) = 1166 + 124cm*/V's,
which is reasonable for the GaN layer with N; =2.5 x 10'°cm™>
grown on a GaN substrate.”” In order to improve the accuracy of the
Ry, estimations, we used the L, determined based on SCM data [see
discussion on Figs. 1(d) and 1(e)]. For the JBS A, average L, ~ 1.36
and Wey=3.5um, while for JBS B, average L, ~ 0.86 and
Ween= 3 pm. Thus, after introducing these parameters to Egs. (1)-(6)
together with ¢ =220 mQ cm, Tp,;z = 10 um, and Wy =0.31 um (cal-
culated assuming the graded p-n junction, see the supplementary
material), and W, = 1.1 um [see the SIMS profile, Fig. 1(b), point
where [Mg] = N, we obtained that Roy of the JBS A and B is ~0.64
and 0.86 mQ cm?, respectively. These values are in good agreement
with the experimental ones (0.57 and 0.67 mQ cm?). Based on these
results, we can conclude that the increases in Rpy of both JBS diodes
with respect to SBD are mainly due to Rg,. The difference between the
experimental and theoretical Roy values is probably due to overesti-
mation of the Mg lateral diffusion from the SCM analysis [Fig. 1(e)]
and not accurate estimation of ¢ (194-240 mQ cm). If we assume the
lack of Mg lateral diffusion, ie., L, values as designed [see Fig. 1(a)]
and ¢ =194 mQ cm, we obtain the Rpy values almost the same as
experimental ones, i.e., 0.59 mQ cm? 2 (JBS A) and 0.69 mQ cm?® (JBS
B). These results suggest that the EJ locations [see Fig. 1(e)] are manly
affected by the AC tip bias.

Figure 3(a) shows the representative Iz—Vy characteristics of the
JBS diodes, SBDs, and implanted p-n diodes. The Ip-Vy were
obtained using the fluorinert. On can note the large improvement of
the reverse characteristics of the JBS diodes with respect to SBD. In
particular, the SBD exhibited the BV of 120 V while the JBS diodes BV
of 660-675V (84.4% of ideal BV =800 V for Np=2.5 x 10'®cm™3;
more details on the ideal BV, one can find in Ref. 34), which is close to
the implanted p-n diode. The maximal electric field (E,,,,) at the
breakdown (estimated according to Ref. 13) was E,qc > 2.47 MV/cm
(for JBS A), which is consistent with E,,, reported by Maeda
et al”**** for N; =25x% 10" cm 3. Furthermore, compared to
SBDs, the JBS devices had much lower leakage currents (by the factor
of 10°~10* orders of magnitude) at Vi, = 120 V. It is interesting also to
note that the leakage currents in the JBS B are one order of magnitude
lower than in JBS A. Moreover, the behavior of the leakage currents as
a function of Vy is slightly different between the JBS diodes A and B.
The leakage currents in the JBS A initially increase like in SBD while
in the JBS B such an initial increase is not observed [Fig. 3(a)]. To
understand this discrepancy, we simulated the two-dimensional (2D)
electric field distribution in the JBS A and B, as shown in Figs. 3(b)
and 3(c) under V=200 V. It is clear that in the case of the JBS B, the
electric field in the n-GaN channel near the Schottky interface is signif-
icantly lower than in the JBS A. This is because in the JBS B, the p-
type regions are much closer than in the JBS A with more effectively
depleted n-GaN channel and, thus, reduced electric field near the
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FIG. 3. (a) Iz-Vk characteristics of SBD, JBS, and p-n diodes and calculated 2D
electric field distributions in JBS A (b) and (c) B at Vr =200 V. Dashed lines were
calculated using Eq. ().

Schottky interface. Due to the lower electric field near the Schottky inter-
face, TFE in the JBS B is more suppressed compared to the JBS A, which
results in the lower leakage currents and weaker Vi dependencies. An
additional finding in Fig. 3(a) is that the pn diode exhibits the higher
leakage current than JBS diodes at bias larger than 500 V. We attributed
this phenomenon to the Mg condensation at threading dislocations’”
(TSDs), which is more probable in the pn diodes than in JBS ones
because of much larger implanted Mg areas. Finally, it is important to
note that the Ir-Vy characteristics of our JBS diodes can be excellently
explained using a well verified reverse leakage model of the JBS
diode."** According to this model, I of the JBS diode is given by

L q(l) q? ]BS%
1 ART? ex ( ) exp| ————— | exp (CE 8
T Wea Tt TP\ k) P ((4n£) W) s ®

where Ay is the Richardson constant equal to 24 A/ (K* ecm?), ¢, is the
dielectric constant of GaN with the relative permittivity of 10.4, C is
the tunneling constant, @ is the SBD barrier height, and Ejgs is the
electric field in the Schottky region given by

2gNy4

S

Epgs = (Ve+ V), )

where V), is the Schottky contact potential.

scitation.org/journal/apl

When Vj exceeds the pinch-off voltage Vp = L qN" — Vi [where

Vi is the built-in voltage of the p—n junction (3.4 V)], E]SB and, thus, I
of JBS become approximately constant due to the channel pinch-off
effect. From fitting of the experimental I, for a simple SBD in Eq. (8)
[see Fig. 3(a)](without the L,/Wc,y factor), we determined ®=0.7V
and C=10"1" cm?/V>. We used these parameters to calculate I of
JBS diodes using Eq. (8). As can be seen from Fig. Fig. 3(a), when we
assume L, values very close to the designed ones, ie., 0.8 um
(Vp=0.079 V) for JBS diode B, the calculated Iy, is in excellent agree-
ment with experimental data. Furthermore, for JBS B, if we assume the
exact designed L, value of 1 um (Vp=2V), I is also consistent with
experimental one [see Fig. 3(a)]. This means that I of the JBS diodes
can be well explained only by variations of the L, parameter.

Figure 4 shows the Iz-V characteristics of JBS A after several
repetitive measurements. The diode showed no destruction against the
rapid increase in Ir above two orders of magnitude up to 3 A/cm’.
Unfortunately, the temperature dependencies of the Iz—Vy characteris-
tics were difficult to obtain since BV of the JBS diodes was very sensi-
tive to the presence of the fluorinert medium, which evaporates at
elevated temperatures (without the fluorinert medium, the BV of JBS
diodes was below 500 V, see Fig. 4). Figure 5 shows the dependencies
of Ron vs BV of GaN-based quasi and vertical SBDs and GaN p-n
diodes with BV of 700 V. The figure of merit of the fabricated JBS
diodes was from 0.68 to 0.76 GW/cm?, which is one of the highest val-
ues reported so far for GaN SBDs. Furthermore, Roy of our JBS diodes
is the lowest among all reported so far for the vertical GaN SBDs and
is comparable with Ry of vertical GaN p-n diodes with the BV of
630-720 V. It should also be highlighted that Roy of JBS diodes will
still be a record low even if I of JBS diodes is normalized to the total
JBS device area of 9.7 x 10> cm? (i.e.,, the Schottky metal area plus
edge termination area). In this case, Roy will be 0.64 mQ cm? for JBS
A and 0.75 mQ cm? for JBS B.

In conclusion, we demonstrated the Mg-implanted GaN vertical
JBS diodes fabricated using the UHPA method, which exhibit superior
electrical characteristics and nondestructive breakdown. The JBS
diodes have the record low Roy in the range from 0.57 to 0.67 mQ cm?,
high BV in the range from 660 to 675 V and low Vo 0f 0.74 V. In addi-
tion, the JBS diodes showed a very high Ir > 5kA/cm® and relatively
low leakage currents. This work showed that GaN JBS diodes can be
strong candidates for low loss power switching applications.

T T T T T T
100 |- Hard breakdown -
o~ | without fluorinert J
§ 102 .
< :
K404 6 repetitions
with fluorinert

1 | 1 | 1 |
0 200 400 600
Vg (V)

FIG. 4. |z-Vk characteristics of the JBS diode after several-time repeated treatment
using the flourinert and Iz-Vr characteristics of the same diode obtained without
flourinert.
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FIG. 5. Ron-BV benchmark comparison among most GaN SBDs,*” %%

implanted JBS,*"* regrowih JBS (RJBS),” trench JBS (TJBS)**° TMBS,ZG’%
and p—n diodes (PNDs)**°" with the BV of 630720 V. Our JBS diodes demonstrate
the lowest Roy for vertical SBDs, which are comparable with Roy of GaN p-n
diodes.

See the supplementary material for estimations of the electrical
junction location (Fig. S1) and depletion layer width at the zero bias
(Fig. S2) from TCAD simulations.
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