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Abstract—We report on vertical GaN junction barrier
Schottky (JBS) diodes formed by Mg ion implantation and
ultrahigh -pressure annealing (UHPA). The static on-state
characteristics of the diodes show an ideality factor of 1.05,
a turn-on voltage of ~0.7 V, a current rectification ratio
of ~10'!, and a low differential specific on-resistance that
scales with Schottky stripe width in fair agreement with
the analytical model. The reverse leakage dependence on
Schottky stripe width also agrees well with the analytical
model. Implanted p-n junction diodes fabricated on the
same wafer exhibit avalanche breakdown in reverse bias
with a positive temperature coefficient, but the forward cur-
rent is limited by a series barrier. Temperature-dependent
current-voltage measurements of th p-n diodes verify the
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presence of the implanted p-n junction and reveal an addi-
tional 0.43-eV barrier, which we hypothesize arises from a
p-Schottky contact and forms a second diode back-to-back
with the p-n junction. This interpretation is supported by
analysis of the capacitance-voltage characteristics of the
implanted p-n diodes, epitaxial p-n diodes fabricated with
intentional p-Schottky contacts, and comparison to TCAD
simulations. Ultimately, the presence of the p-Schottky
contact does not hinder JBS diode operation. The use of
diffusion-aware designs and/or diffusion reduction repre-
sents future directions for Mg implantation technology in
GaN power devices.

Index Terms— lon implantation, junction barrier Schottky
(JBS) diode, Mg activation, p-n diode, power semiconduc-
tor device, Schottky contact, ultrahigh-pressure annealing
(UHPA), vertical GaN.

. INTRODUCTION

ERTICAL GaN power devices are promising candidates

for future kV-class power electronics due to the wide
bandgap (WBG) and high critical electric field (E¢) of GaN
[1], [2]. Many reports of high-performance vertical GaN power
diodes and transistors have been published showing high
breakdown voltage (BV) and low specific on-resistance (Ron)
approaching the material limits [3], [4], [5], [6], aided by
the availability and ongoing development of high-quality bulk
GaN substrates [7].

Junction barrier Schottky (JBS) diodes are attractive can-
didates for WBG semiconductor power rectifiers as they
combine the advantages of p-n and Schottky barrier diodes
(SBDs). Unipolar SBDs possess low turn-on voltage (Von)
determined by the Schottky barrier height as well as low
switching losses due to the lack of reverse recovery. How-
ever, due to the high Ec of WBG semiconductors, the high
electric field (E-field) at the metal-semiconductor interface
in reverse bias leads to high leakage current and reduced
BV due to Schottky barrier lowering and electron tunneling
[8]. The lateral p-n junction grid of JBS diodes depletes
and pinches off the n-type channel when blocking, in turn
shielding the Schottky interface by reducing the E-field at
the surface, which lowers the leakage current and enables p-n
junction-limited blocking characteristics, including high BV
and avalanche capability. For this reason, JBS diodes are the
device of choice for commercial SiC power rectifiers [8], [9].
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To form the lateral p-n junctions needed for JBS diodes as
well as other power devices, such as MOSFETs or JFETsS,
selective area doping is required. Methods to selectively
dope GaN have included etch-and-regrowth [10], [11], [12],
[13] and ion implantation [14], [15], [16], [17], [18]. Etch-
and-regrowth typically results in impurity-related leakage at
the regrown interface, increases fabrication complexity, and
makes control of the dopant profile challenging [12], [13].
Ion implantation is the standard technique for Si and SiC
since it grants excellent control of the dopant profile and
concentration, and simplifies device design and fabrication.
Yet, the activation of implanted ions in GaN has long been
hindered by the tendency of the GaN surface to decompose at
high temperatures [19]. Various specialized postimplantation
annealing techniques have been studied, but challenges with
damage removal and activation remain [14], [15], [16], [17],
[18]. It has also been observed that capping layers do not fully
prevent decomposition and are difficult to strip following the
anneal [20]. Recently, ultrahigh-pressure annealing (UHPA),
wherein sufficiently high N, overpressure is used to stabilize
the GaN surface during the high-temperature anneal, has
routinely provided high-implanted Mg activation ratios of
~70%—-100% after annealing at 1300 °C-1400 °C, without
the need for a capping layer [21], [22], [23], [24].

Recently, vertical GaN JBS diodes have been reported
using Mg ion implantation followed by UHPA [25], [26],
demonstrating high BV and low differential Roy. This work
is a continuation of our previous work on JBS diodes formed
by Mg ion implantation and subsequent UHPA [25] and
characterizes the forward and reverse current—voltage (/-V)
characteristics, as well as the dependence on the JBS stripe
width (w,), and compares them with the theoretical model
[8]. In addition, we discuss the temperature-dependent forward
and reverse bias /-V characteristics of p-n junction diode test
structures fabricated on the same wafer to isolate the behavior
of the implanted junctions and p-contacts. These diodes exhibit
avalanche capability, which, to the best of authors’ knowl-
edge, is the first such report for GaN p-n diodes formed via
Mg implantation and UHPA. The capacitance—voltage (C-V)
characteristics of the p-n diodes are compared to simulation
to understand the role of the p-contact. Overall, it is found
that the electrical behavior of the devices is dominated by the
p-contact and Mg diffusion, rather than by defects resulting
from implantation or annealing. These results help inform
design rules for future work.

Il. DEVICE FABRICATION AND LAYOUT

Schematic cross sections of the fabricated JBS and p-n
diodes on the same wafer are shown in Fig. 1(a) and (b),
respectively. First, a 5-pum-thick n-GaN drift layer was
grown on a 2-in, 370-um-thick conductive ammonothermal
GaN substrate using a vertical, cold-wall, radio frequency-
heated, low-pressure metal-organic chemical vapor deposition
(MOCVD) reactor using chemical potential control and defect
quasi-Fermi level control [27]. These techniques reduce carbon
compensation in the film, allowing controllable Si-doping at
the low concentrations necessary to obtain a high blocking

(a) Ni/Au (Schottky)
P R A I P

>
Wo n-GaN
2x10"6 cm3, 5 um

Ti/AlI/Ni/Au

(b)  NilAu (Schottky) [Sil.[Mg] (em)

Ni/Au (Ohmic) Implanted [Mg]
p ! 2E19 f &
1
,—
n-GaN t,~2pm
16 -3
2x10% em, 5 /m 2E16 [Si] (drift)
Depth
Ti/AlNi/Au (c)

Fig. 1. Schematic cross section of the fabricated: (a) JBS diode and
(b) p-n diode. (c) Schematic representation of the implanted Mg depth
profile along the cutline in (b) before and after UHPA.

voltage in conjunction with high electron mobility for mini-
mizing on-state resistance. The selective p-type regions were
obtained by room-temperature (RT) Mg ion implantation, with
a tilt angle of 7°, using two ion energies of 25 and 75 keV
with corresponding doses of 4.4 x 103 and 2 x 10 cm~2,
respectively, to form a ~100-nm-deep box profile with a
Mg concentration of ~2 x 10'° cm™3. After stripping the
implantation mask, damage recovery and dopant activation
were achieved via UHPA at 1300 °C for 30 min at a pressure
of 400 MPa in N, ambient. Based on [21], this annealing
condition is expected to give a high activation ratio >80%,
a peak Mg concentration of ~2 x 10'® cm™3, and a deep
Mg diffusion tail with a final metallurgical junction depth (z,)
of ~2 um. Fig. 1(c) shows a schematic visualization of the
implanted Mg depth profile before and after UHPA.

Following UHPA, the surface was treated to obtain near-
ideal, homogeneous n-GaN Schottky contacts after UHPA
[28]. Subsequently, rapid thermal annealing (RTA) at 700 °C
for 10 min in the air was used to drive out any hydrogen
incorporated during UHPA [29], [30]. The surface was then
cleaned in 1:1 HCIL:H,O, prior to depositing Ni/Au p-type
contacts by electron-beam evaporation and annealing at 600 °C
for 10 min in air. Ni/Au Schottky contacts were then deposited
without a subsequent contact anneal. Lastly, a large-area
Ti/AI/Ni/Au n-type ohmic contact was evaporated onto the
backside of the substrate for the cathode.

A linear stripe cell geometry is used for the JBS diodes with
variable Schottky n-stripe width (w,) ranging from 2 to 8§ um
and p-stripe width (wp) of 4 um. Only JBS diodes with
the unannealed Ni/Au Schottky metal are discussed in this
study [Fig. 1(a)]. JBS diodes that also included the annealed
Ni/Au contacts on the p-GaN stripes were fabricated as well,
but the /-V characteristics show no difference from those
without annealed contacts. An explanation for this is provided
in Section IV. The anode for the p-n diodes consists of
the annealed contact first with the Schottky contact on top
[Fig. 1(b)]. SBDs were also fabricated on-wafer using the
unannealed Ni/Au contacts. The JBS, p-n, and SBDs all have
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Fig. 2. (a) Semilogarithmic plot of the forward /-V characteristics of the
SBD, p-n diode, and JBS diode with w,, = 2 um. The extracted ideality
factors are plotted against voltage in the inset. (b) Linear scale plot of
the forward /-V characteristics of the SBD and JBS diodes. (c) Square
of the inverse capacitance plotted versus voltage for the SBD, used to
extract Np and ®g. (d) Extracted differential Rgy for each value of w;,
for the measured JBS diodes and the theoretical values.

a simple junction termination extension (JTE) formed by the
Mg implantation and UHPA steps, which extend 15 pum past
the edge of the anode contact. The active area of the diodes is
0.1 x 0.1 mm?. For the JBS and SBD, this corresponds to the
area of the Schottky contact enclosed by the JTE where carrier
injection occurs, whereas for the p-n diode, it corresponds to
the total p-n junction area including the JTE.

[1l. JBS DIODE CHARACTERIZATION

The forward I-V characteristics of the JBS diodes and
SBD in semilogarithmic and linear scales are shown in
Fig. 2(a) and (b), respectively. The forward I-V of the p-n
diode is also shown in Fig. 2(a) for comparison, but the
analysis thereof is contained in Section IV. The data were
measured using a Keithley 4200A-SCS parameter analyzer.
The SBD and JBS diodes exhibit an ideality factor (n) of
1.05, indicating near-ideal Schottky characteristics dominated
by thermionic emission. The diodes exhibit a high current
rectification ratio of 2 x 10'!, and a turn-on voltage (Von)
of ~0.65-0.7 V by linear extrapolation. C—V measurement of
the SBD, shown in Fig. 2(c), reveals a net drift layer donor
concentration (Np — Na) of 2 x 10'® cm™ from the slope
of the (A/C)>~V curve. Linearly extrapolating the curve to
(A/C)? = 0 yields a built-in potential (Vi;) of 0.90 V, from
which the Schottky barrier height (¢5) can be calculated as
¢ = qVvi + (Ec—Ep) + kT = 1.05 eV, where Ec—EF is the
difference between the conduction band edge and Fermi level
and is calculated from the extracted net donor concentration.
These parameters are in agreement with our previous results
on Ni Schottky contacts on UHPA n-GaN [28].

From this point, the current flows in a uniform area through the
remainder of the drift region with a specific resistance given
by

Yp
Ros = pu(in — 5% = 2wy) 3

where f, is the thickness of the drift layer underneath the
p-region and is equal to 3 um. The total differential Roy is
calculated from the sum of the three resistance components
and the substrate resistance, equal to 0.22 m$2-cm? [25], and
plotted as a function of w, in Fig. 2(d) alongside the measured
values. It should be noted that the analytical model does
not account for Mg diffusion. An excellent fit for the SBD
is obtained using Np = 2 X 10'6 ¢cm™3, as extracted from
the C-V data, and p, = 850 cm?/V-s. The measured Ron
values of the JBS diodes are also in good agreement with
the theoretical values but deviate more for smaller w,. This
is likely due to lateral Mg diffusion in the fabricated devices,
which will result in larger wy, and smaller w, compared to the
nominal values, as well as possible background compensation
due to the Mg diffusion tail extending beyond the p-n junction
which would reduce the Np within the JBS channel and raise
the resistance [2]. Further reduction of Ron for future diodes
can be achieved by decreasing w, or optimizing the annealing
conditions to minimize diffusion.

Fig. 3(a) shows the reverse -V characteristics of the JBS
diodes measured using a Keithley 2657A high power source
meter, overlaid with the theoretical /-V curves as well as
the measured curves of the SBD and p-n diode. Note that
the current measurement limit for the JBS diodes and SBD
with the high voltage setup was 107!% A, corresponding to
a current density of 107® A. The lower current measured for
the p-n diode was enabled using a smaller voltage step size
to improve the current measurement resolution. The leakage
current decreases as w, becomes smaller due to the depletion
of the n-GaN channel that reduces the E-field at the Schottky
interface, resulting in a higher BV. The measured /-V curves
of both the p-n and JBS diodes are repeatable and show no
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Fig. 3. (a) Reverse blocking -V characteristics of the SBD, p-n, and

JBS diodes for each w;, overlaid with the theoretically calculated JBS
leakage current. (b) BV extracted at 1 mA/cm? and (c) BFOM for the
diodes as a function of wp.

destruction up to a compliance 0.1 A/cm?. The JBS diodes do
not exhibit a sharp breakdown, while the p-n diode exhibits a
sharp breakdown at a BV of ~900 V.

The theoretical JBS leakage current is given by [8]

q¢s

I = ART? - =
N
qA¢p

- exp

kT
where Agr is the Richardson constant for GaN and is equal
to 26.4 A-K~2.cm™2, T is the temperature, k is Boltzmann’s
constant, A¢g is the change in Schottky barrier height due
to image force barrier lowering, Ct is a Schottky tunneling

coefficient, and Ey, is the E-field at the Schottky interface.
Agp is given by

Wy

Wy + Wp

) exp(CrES) (4

qE
Agp = [— )
4 e,
where & is the permittivity of GaN, and E,, is given by
2g Nj
En= \/ T2 (@ Ve + Vi) (©6)
S

where Vp is the Schottky contact potential, Vy is the applied
reverse voltage, and « is a coefficient used to account for the
reduction of Ey, due to the shielding of the Schottky contact,
which for SiC has been related to the JBS aspect ratio [31]

by
o= exp(—ﬁ;—P). @)
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The theoretical reverse leakage current (/1) plotted in Fig. 3(a)
was calculated and fit to the experimental data using ¢p =
0.93 eV, Cr = 3.62 x 10712 cm?/V2, and B =0.57.Our Cr is
two times smaller than the value obtained by Ozbek and Baliga
[32] and 28 times smaller than the value obtained by Matys
et al. [26], indicating that the tunneling rates of our Schottky
contacts are lower than other reported values. The smaller 8
estimated in our devices compared to the value found for SiC
(5.75 [31]) indicates a weaker shielding of the Schottky contact
for our diodes. This is likely attributable to the Mg diffusion in
GaN during UHPA, which grades the p-n junction [2], whereas
SiC retains its abrupt junctions after activation annealing due
to negligible dopant diffusion.

The BV of the JBS diodes defined by I; = 1 mA/cm? for
each w, is plotted in Fig. 3(b). The measured BV increases
with decreasing w;, and follows the model well. Since the Ron
also increases with decreasing wy, the Baliga figure of merit
(BFOM), given by BV?/Roy, is plotted in Fig. 3(c) to assess
the tradeoff between BV and Rgn as a function of w,. The
BFOM increases with decreasing w, across the entire range.
w, = 2 um gives the highest BFOM of 0.29 GW/cm?. Note
that if a higher I of 0.1 Al/em? is used to define the BV, the
BV for this diode becomes 775 V and the BFOM becomes
0.49 GW/cm?. By improving B via optimization of the JBS
aspect ratio or Mg concentration, the E-field at the Schottky
contact and the resulting JBS leakage can be reduced. This
would, in turn, increase the BV and BFOM of the JBS diodes
until limited by junction breakdown. This requires adjusting
the implantation profile or optimizing the annealing conditions
to reduce the Mg diffusion.

IV. P-N DIODE AND CONTACT CHARACTERIZATION

In this section, the implanted p-n junctions and p-contacts
are studied by characterizing p-n diode test structures fabri-
cated on the same wafer. The reverse /-V breakdown curves
of the p-n diode from RT to 125 °C are plotted in Fig. 4.
The BV linearly increases with temperature according to the
relationship BV = BVgrr(l + yAT), where y is the tem-
perature coefficient, which is indicative of impact ionization.
Furthermore, the y measured here is 5.5 x 10~* K~!, which
is 8% smaller than the value of 6 x 10~ K~! measured for
epitaxial p-n diodes [33]. This demonstration of avalanche
breakdown for ion-implanted GaN p-n junctions suggests
great promise for the use of UHPA for GaN power diodes
and transistors requiring selective area doping, as avalanche
ruggedness is important for power switching. It also indicates
that, although the fabricated JBS diodes do not show a positive
temperature coefficient, the same p-n junction of the JBS
diodes is capable of avalanche breakdown. Therefore, if the
JBS leakage can be reduced, GaN JBS diodes with avalanche
capability should be demonstrable.

The temperature-dependent forward /—V characteristics of
the p-n diode are shown in Fig. 5(a). Two different regions
are noticeable: 1) below ~2 V, when the forward current is
low, the current increases exponentially with an ideality factor
of n = 1.95 at RT. n slightly increases with temperature up
to ~2.4 at 80 °C and 2) above ~2 V, the current abruptly
becomes limited at a forward current of ~107° A/cm?2,
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Fig. 5. (a) Forward I~V characteristics of the implanted p-n diode
from RT to 80 °C. The inset shows the ideality factor of the diode in
the exponential region for each temperature. (b) Plot of In(l) versus
1/kT for the p-n diode, used to extract the bandgap of GaN from
the junction current. (c) Arrhenius plot of the current taken at 5 V,
which gives an estimated energy barrier of 0.43 eV for the current
limiter.

showing a weak voltage dependence but strong temperature
dependence. The n of 1.95 at RT suggests that the conduction
mechanism at low current is a mixture of diffusion current
and Shockley—Read-Hall recombination current at the p-n
junction. The change of conduction mechanism at ~2 V
points to a current-limiting mechanism in series with the
p-n junction, so that once the junction becomes more con-
ductive (above ~10=° A/cm?), the second mechanism takes
over.

The presence of the GaN p-n junction can be verified by the
temperature dependence of the exponential region of the /-V.
The temperature dependence of the saturation current (Ip) of

I~V characteristics of TLM structures fabricated using the same anode
contact scheme for two different contact spacings.

a p-n junction is approximately [34]
Iy x exp(—qu/nkT) ®)

where E, is the bandgap of the semiconductor. Iy for the p-n
diode is linearly extrapolated from the exponential region of
the 7-V, and In(/p) is plotted against 1/kT in Fig. 5(b). The
slope of this relationship is —Ey/n = —1.78. Therefore, E,
for the p-n junction can be estimated from the temperature-
dependent /-V by multiplying the slope by the value of n at
RT. The extracted value of E, is 3.47 eV, which is very close
to the E, of GaN and confirms that the exponential portion of
the forward -V is due to the GaN p-n junction.

The temperature dependence of the series current-limiting
mechanism is also analyzed via an Arrhenius plot of In(/)
taken at 5 V versus 1/kT, as shown in Fig. 5(c). The slope
gives an activation energy (E4) of 0.43 eV. This value is close
to the Schottky barrier height measured for unannealed Ni
contacts on highly doped epitaxial p-GaN [35]. It is known
that the Mg concentration at the GaN surface is reduced to
~2 x 10" cm~3 after UHPA due to drive-in [21], which would
be expected to result in a significant barrier height even with
contact annealing. Therefore, the Ni/Au contact likely forms
a p-Schottky diode back-to-back with the p-n junction, so that
when the p-n diode is forward-biased, the reverse-biased
p-Schottky diode limits the current to ~107% A/cm? based
on the reverse Schottky leakage level.

Fig. 6 shows the forward I-V of the implanted p-n diode at
RT up to 15 V overlaid with /-V curves of rectangular transfer
length method (TLM) test structures with contact spacings
of 5 and 25 um fabricated using the same anode contact
scheme as the p-n diode. The TLM current is highly non-
ohmic, exhibits the same exponential slope as the p-n diode
in the current-limited region, and shows no dependence on
lateral contact spacing. These characteristics further support
the hypothesis that the p-n diode current is limited by the
anode contact rather than bulk effects.

To investigate this hypothesis, the C-V characteristics of
the p-n diode were studied. Fig. 7(a) shows the measured
C-V of the implanted p-n diode, as well as the simulated
C-V of the device using Silvaco TCAD, taking into account
the p-Schottky contact and the diffused acceptor profile. Both
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Fig. 7. Measured and simulated C-V characteristics of: (a) implanted
p-n diode and (b) epitaxial p-n diode with Ni/Au Schottky p-contact, with
inset showing the forward /-V of the device. (c) Dependence of the
forward voltage drop across the p-n junction and p-Schottky contact
on the total applied voltage. (d) Theoretical depletion capacitance of
each diode and the series capacitance plotted against the total applied
voltage while taking into account the voltage division between the back-
to-back diodes.

curves give unique C-V characteristics, consisting of two
different regions separated by a kink, similar to the I-V.
At low voltages, the capacitance exhibits a typical (Vg)~!/?
dependence of a depletion capacitance. At ~2 V, the same
voltage where the series barrier begins to limit the forward
current, the slope of the C—V curve abruptly decreases, until
the capacitance eventually rises again to a peak at ~25 V
before turning over with a negative slope. The poor overlap
below ~2 V and above ~20 V points to imperfections in the
model. To address these, future studies will focus on more
precisely modeling the doping profiles near the junction and
considering the impact of defects.

To further assist with the C—V analysis and verify the role
of the Schottky p-contact, epitaxial p-n diodes were fabricated
with unannealed Ni/Au anodes, to allow a direct analysis of
a Schottky-p-n (SPN) structure with abrupt junctions and uni-
form doping profiles. The epitaxial stack from top to bottom
consisted of 300 nm of 2 x 10" cm™ Mg-doped p-GaN
followed by 5 um of ~10'® cm™3 Si-doped n-GaN, on top of
a conductive ammonothermal n-GaN substrate. The measured
and simulated /-V and C-V characteristics of this device are
shown in Fig. 7(b). The measured and simulated data match
well, and very similar characteristics as the implanted diode
are observed but over a narrower voltage range, likely due to
the higher Mg concentration of 2 x 10'° cm™3. The excellent
overlap can be attributed to better agreement between the
experimental and simulated structures with an abrupt junction
and uniform doping profiles. It is also worth noting that when
performing the same temperature dependent /—V analysis as

qv, p-n
junction

CB

Metal

bl $ qVs T
p-Schottky )
~04 gy Decreasing Mg
concentration

Fig. 8. Proposed energy band diagram of the implanted vertical GaN p-
n diode, consisting of a p-n junction in series with a p-Schottky contact,
and a decreasing Mg concentration toward the p-n junction.

illustrated in Fig. 6 for the SPN diode (not shown), an E,
of 3.71 eV and EA of 0.33 eV are extracted, validating this
technique for the estimation of the GaN bandgap and giving
a similar value for the p-Schottky barrier height.

The C-V characteristics of the SPN can be explained by
a division of the total applied voltage (V4) between the two
back-to-back diodes. Fig. 7(c) shows the forward voltage drop
across the Schottky contact (Vsp) and across the p-n junction
(Vip) as a function of V,, which were extracted from the
device band diagram at each bias point using the TCAD
simulation. At low voltages, when the Schottky contact is
forward-biased or the total current is below the leakage level of
the Schottky contact, Vsr is zero and independent of Va. Thus,
in this voltage range, all of the applied voltage is dropped
across the p-n junction and the /-V and C-V characteristics
are solely determined by the junction. Once the Schottky
contact begins to limit the current at higher voltages, the rate
at which Vjp increases with Va abruptly decreases and most
of the additional voltage is dropped across the reverse-biased
Schottky contact. Thus, the C—V curve of the p-n junction
in this region appears stretched out with respect to Vj,, until
Vir eventually reaches the junction built-in potential at a
much higher value of V, and the junction capacitance finally
approaches infinity. The turnover in capacitance after this point
is due to the high leakage current of the Schottky contact
at sufficiently high voltage. Using the known dependence of
Vsg and Vig on Vj, the theoretical depletion capacitances
of the two diodes (Cs, Cy) and the total series capacitance
were plotted against V, in Fig. 7(d). The theoretical series
capacitance of the back-to-back diodes with proper accounting
of the voltage division between them successfully replicates
the kink and change of slope observed for the measured and
simulated C-V of the epitaxial and implanted p-n diodes,
further supporting the SPN model.

The equilibrium energy band diagram of the proposed
SPN model for the implanted p-n diode is shown in Fig. 8.
The key components include the nonabrupt p-n junction at
a depth 7, from the surface determined by the diffusion
of the implanted Mg during UHPA, and the p-Schottky
diode at the surface which results from the low-surface
Mg concentration after diffusion. As the Mg concentration
decreases across the diffusion tail toward the junction, the
Fermi level (Ep) gradually moves farther from the valence
band (VB).
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The Schottky-like behavior of the p-contact indicates that
the contact annealing procedure that was used cannot cur-
rently produce ohmic contacts to the p-GaN, perhaps due
to insufficient Mg concentration at the GaN surface due
to UHPA-induced diffusion. Yet, since Vs remains equal
to 0 V and V, is dropped entirely across the p-n junction
when the diode is reverse-biased, as shown in Fig. 7(c), the
p-contact can directly modulate the junction to deplete the
n-type channel of the JBS diode in reverse bias without
being ohmic. Therefore, the Schottky-like p-contacts are suf-
ficient for obtaining excellent JBS diode operation, as well
as avalanche breakdown for p-n junctions. This also explains
why JBS diodes with annealed and unannealed p-contacts
show identical I-V characteristics, as mentioned in Section II.
For other devices, such as merged pin-Schottky (MPS) diodes
requiring surge capability or power MOSFETSs with a flyback
body diode for which bipolar carrier injection at the p-n
junction is needed, an ohmic p-contact will be required.
An investigation of different contact annealing conditions to
obtain ohmic contacts to p-GaN with lower Mg concentration
and/or p-GaN formed by ion implantation and UHPA will be
worthwhile for these applications. Alternatively, the use of
regrown p-GaN contact layers with high Mg concentration on
Mg-implanted regions could be used. In the former approach,
optimization of the implantation or annealing conditions to
account for or minimize Mg drive-in would also facilitate the
formation of ohmic contacts, while improving the Ron and
BV of JBS diodes as well.

V. CONCLUSION

In conclusion, JBS diodes were demonstrated with excellent
static on-state characteristics, namely, on-resistance and reverse
leakage current that scale with the Schottky stripe width in
agreement with the analytical model. Moreover, the implanted
p-n junctions exhibit an RT BV of ~900 V and avalanche
capability characterized by a positive BV temperature coef-
ficient. Temperature-dependent /-V and C—V measurements
reveal that the forward current of the p-n diodes is limited
by the contact with the implanted p-GaN, which forms a
reverse-biased Schottky diode back-to-back with the forward-
biased p-n junction, possibly due to Mg diffusion away
from the surface. While an impediment to forward surge
capability, this does not prevent the implanted p-GaN grid
under the anode from screening the Schottky interface and
reducing leakage current. These results underline the promise
of UHPA for GaN power devices requiring selective area
doping.
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