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ABSTRACT In this work, we develop highly efficient ET schemes based on a selective-area processing
methodology that can effectively stymie device leakage, resulting in reliable device operation. In particular,
we demonstrate plasma-assisted molecular-beam epitaxy (PAMBE) facilitated silicon nitride shadowed
selective-area growth (SNS-SAG) technique, capable of producing smooth GaN interfaces and sidewalls
as an enabling technology for high-performance vertical GaN power devices. SNS-SAG is shown to
reduce leakage current by at least four orders of magnitude compared to a dry etched device. Floating
guard ring (FGR) and junction termination extension (JTE) based ET designs for GaN p-i-n diodes
for punchthrough operation have been simulated and analyzed in order to develop SNS-SAG compatible
space-modulated junction termination extension (SM-JTE) schemes capable of achieving maximum reverse
blocking efficiency > 98% while maintaining a wide doping window of up to ~ 5x10'7cm™3 at a minimum
reverse blocking efficiency of ~ 90% extending well into high 10'7cm™3 range (~ 8x10'7cm™3). In
conjunction with the proposed SNS-SAG technique, SM-JTE schemes have the prospects to offer reliable
GaN vertical power device operation.

INDEX TERMS Punchthrough (PT), reverse blocking efficiency, silicon nitride shadowed selective-area

growth (SNS-SAG), space-modulated junction termination extension (SM-JTE).

I. INTRODUCTION

ALLIUM nitride (GaN) is a promising material in the
Gpower electronics field due to its superior properties
like wider bandgap energy, Eg, higher electron mobility, ji,,
and larger critical electric field, E. compared to already
established power electronic material platforms such as sil-
icon (Si) and silicon carbide (SiC) [1]. Availability of
high-quality bulk GaN substrates has recently sparked devel-
opment of fully-vertical GaN devices with high-current and
large reverse blocking capabilities [2]-[7]. However, all of
these devices have resulted in far lower breakdown voltage,
Vir, than predicted by the ideal parallel-plane calculation,
Vbr.ia. In punchthrough (PT) operation with different drift
region thicknesses (#4-) and drift doping concentrations (N ),

Vbr.ia 18 given as [8]
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Here € and eg,n refer to free-space and GaN relative per-
mittivities, respectively. In PT operation, a thinner drift layer
is used with a reduced Ny value to support a large Vp, in
a fully depleted drift region in reverse blocking mode [8].
Typically, reducing Ng- is not easy and, instead, a thin-
ner drift layer is used for PT operation, reducing specific
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FIGURE 1. The effective doping window (EDW) for a junction termination
extension (JTE) is defined here as the difference between the upper bound
of the JTE doping, Nj7g yg, and the lower bound of the JTE doping, Nyr¢ 18,
between which bounds the device breakdown voltage, Vp, is greater than
the target value of np, x Vp, ;4. where 55, and Vj, ;4 refer to the target
reverse blocking efficiency and ideal parallel-plane breakdown voltage,
respectively.

on-resistance (R,n,sp) and further increasing performance
(Vbzr/Ro,wp). In this work, we will limit our designs to PT
operation.

As an example of reverse blocking underperformance, a
30um-base PT p-i-n diode (Ng ~ 3x10cm™3) report-
edly demonstrated Vp, &~ 3.9kV [10]. The diode employed a
bilayer single-zone junction termination extension (SZ-JTE)
as the edge termination (ET) scheme [11]. Considering E, ~
3.9MV/cm [10], from (1), we have Vj, js =~ 9kV. The result-
ing reverse blocking efficiency is npr = Vir/Vir.ia = 43%.
The effective critical electric field is calculated to be E. o7 ~
2.2MV/cm and PT operation is maintained. While this diode
demonstrates less than 50% blocking efficiency, it still
demonstrates one of the highest reported values of Vj,.. This
reinforces that the primary hurdle for the GaN platform is
reverse blocking efficiency.

The struggle of GaN devices to achieve the material limits
of efficiency is primarily explained by the lack of suitable
processing methods and ET schemes. Conventional selective-
area processing techniques typically consist of dry etching
[i.e., inductively-coupled plasma reactive-ion etching (ICP-
RIE)] and ion implantation, both of which are known to
introduce lattice damage and defects generating significant
device leakage. This device leakage contributes to decreasing
breakdown voltage and device lifetime. Additionally, many
of the conventional edge termination schemes are designed
for very specific ET doping levels. In these cases, even
small deviations in doping level can significantly decrease
the blocking ability of the device. This makes it imperative
to have a range, or effective doping window (EDW), where
the dependence of blocking voltage on doping level is not
significant, as is detailed in Fig. 1.

In this work, we address these issues. First, we develop
and experimentally demonstrate a selective-area processing
technique capable of producing high-quality, smooth, and
low-leakage interfaces and sidewalls. Second, we design
and analyze floating guard ring (FGR) and JTE-based
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ET schemes compliant with our selective-area processing
technique for fully-vertical GaN p-i-n diodes on bulk GaN
substrates. Together, these techniques and designs can unlock
the full potential of GaN power devices.

Il. SELECTIVE-AREA GROWTH

A. MOTIVATION AND BACKGROUND

A power device, such as, a p-i-n diode with or without ET,
can be conventionally fabricated via epitaxial growth fol-
lowed by either ion implantation or dry etching. In general,
various power devices with ET structures can be processed
by using ion implantation in combination with ICP-RIE.
Mg-implantation (Mg being the main p-type dopant in
GaN) causes various defects including dopant clustering,
vacancies, dislocation, and Mg diffusion along threading dis-
locations [12], [13]. Recently, symmetric multi-cycle rapid
thermal annealing has been proposed to activate ~ 8% of the
implanted Mg (up from ~ 1% typical of ion implantation) by
restoring some degree of crystallinity [14]-[16]. However,
not all defects can be expected to be removed by any rapid
annealing process. In addition to the effects on blocking
capability, ion implantation was shown to impair the for-
ward current density seriously in SiC merged p-i-n Schottky
barrier (MPS) diodes [17]. GaN, being hyper-prone to vari-
ous native defects, is only expected to have more aggravated
issues.

Dry etching (ICP-RIE) introduces similar point and line
defects (e.g., vacancies) [18] contributing to sidewall leakage
component [19] and higher overall leakage current contri-
bution [5]. Therefore, both conventional processing routes
result in the loss of crystallinity forming leakage pathways.
Because of the crystal damage, it is inferred that the dopant
activation in the damaged areas is reduced. This has been
experimentally demonstrated with depletion or even inver-
sion occurring in etch-damaged p-regions [20]. To appreciate
the effects from this, we consider the electric field profile
of a SZ-JTE structure in Fig. 2(a). In a functional SZ-JTE
ET scheme, the JTE region is expected to be fully depleted
so that it acts as a high-resistivity region. Consequently, the
whole drift region underneath the p-base and the JTE is
depleted to sustain a large Vj, value in PT operation [32].
However, in a damaged p-base/JTE interface, a lower effec-
tive doping (Npgm) causes the JTE to be loosely connected
to p-base. In the worst case, this damaged region might even
turn into an n~ -region [20]. As a result of this, the long JTE
region [which is 50um long in Fig. 2(a)] fails to fully deplete,
a fact also confirmed from simulations. Consequently, prema-
ture breakdown initiates in the damaged region at the lower
end of p-base/JTE interface [Fig. 2(a)] due to the electric
field crowding. To appreciate the effect of damage spot size,
Lpam (extent of damage on each side) and Np,, we plot n,
as a function of Np,,, for different Lp,,, values in Fig. 2(b).
Clearly, the lattice damage reduced Vj, is quite insensitive
to the exact value of Np,. For the damaged diode depicted
in Fig. 2(a), Vp, ~ 2.4KV, in contrast to an expected Vp, ~
4.4kV for the undamaged diode. In addition to these effects,
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FIGURE 2. Effect of lattice damage: (a) two dimensional (2-D) simulated
post-breakdown electric field profile at a reverse bias of ~ 3kV and (b)
plots of reverse blocking efficiency, 5, versus active Mg concentration in
plasma-damaged p-regions, Npgmy in a single-zone junction termination
extension (SZ-JTE) edge termination (ET) scheme. Premature breakdown
due to the electric field crowding at the lower end of p-base/JTE interface
is clearly visible in (a). The damage spot size, Lpgy, is also indicated in (a).
In accordance with the experimental observation [20], a lower effective
dopant concentration in ICP-RIE etch-damaged p-regions is assumed in the
simulations. The schematic diagram of SZ-JTE ET is illustrated in Fig. 14(a).
We assume Npgm = 1 x 10'3cm=3 and Lpgy, = 1xm for this case.

concomitant defects and lattice damage in GaN [not reliably
modeled in technology computer-aided design (TCAD) sim-
ulations] are expected to cause large leakage contribution,
compromising the long-term device reliability. Therefore,
the simulations in Figs. 2(a) and 2(b) represent a more
ideal version of the true impact that conventional processing
methodologies can have.

Supporting this, a bilayer SZ-JTE ET was reported to have
an experimental Vj, ~ 2.6kV in contrast to a target Vj, ~
4.7kV [11]. Hayashida et al. demonstrated that a larger ICP-
RIE damage area ushers in a huge leakage current, lowering
the effective Vp, [5]. In experimentally demonstrated 1um
and 2pum p-striped merged p-i-n Schottky (MPS) diodes by
Li et al. [21], the leakage current density was almost the
same as that of a fabricated p-i-n diode, even though the
TCAD simulation suggested leakage current density many
orders smaller (close to the computational precision limit of
the TCAD software) in the p-i-n diode. This suggests serious
p-sidewall leakage, a fact also suggested and experimentally
corroborated elsewhere [19].

B. METHODS

We require a selective-area processing (SAP) technique that
avoids dry etching or ion implantation induced damages and
defects. Our group previously reported a plasma-assisted
molecular-beam epitaxy (PAMBE) enabled selective-area
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FIGURE 3. The PAMBE-SAG process from a cross-sectional schematic view
[top row] and a top-down scanning electron microscope (SEM) view
[bottom row] as read from the left to the right. Step # 1 is the deposition
and patterning of the silicon dioxide (Si0,) mask. Step # 2 is the regrowth
of the GaN layers, with polycrystalline GaN (poly-GaN) forming on the
mask region. Step # 3 is the mask stripping, which leaves a clean surface
for further processing. Poly-GaN growth on masked region is believed to
be both a result of the lower growth temperatures and the high reactivity
of atomic nitrogen in the PAMBE system. The SAG layers here are ~ 200nm
thick with a root-mean-squared (RMS) roughness of ~ 0.7nm.

growth (SAG) process, or PAMBE-SAG, which bypasses
both etching and implantation damages, and achieved record
low n-type ohmic contact resistance [22]-[27]. Very recently,
we demonstrated smooth p-n grid structures using this
methodology [28], [29]. Fig. 3 shows this SAG process as a
cross-sectional diagram as well as a top-down view via scan-
ning electron microscope (SEM) imagery. The regrown areas
are well defined with a thickness of ~ 200nm, above which
noticeable sidewall roughness begins to occur. However,
many structures, including edge termination, require thicker
layers.

This version of the SAG process could not be directly
extended to thicker layers due to the poly-GaN that grows
on the mask sidewalls. The poly-GaN will inevitably inter-
sect with the epitaxial regions unless somehow prevented.
PAMBE, being a line-of-sight restricted technique (due to
the low surface diffusivity of atomic nitrogen), provides a
solution. By making the sidewalls out of line-of-sight of
the nitrogen plasma source, the sidewalls are “‘shadowed”
or starved of flux, and there is no growth of poly-GaN as
well as limited growth of epitaxial GaN in the intersecting
region as illustrated schematically in Fig. 4(a). Clearly, the
maximum amount of shadowing that could be achieved by
most methods is that from a perfectly vertical mask sidewall.

However, in a real growth scenario, the substrate is rotated
for the sake of uniformity and, as such, even a nearly 90°
sidewall will result in a small amount of roughness as seen
in Fig. 4(b). This means that to achieve total shadowing, the
base of the sidewall must be removed. To achieve this, we
integrated a secondary base layer of silicon nitride (SiNjy)
beneath the original SiO; that can be selectively wet etched
out via hot phosphoric acid (H3POy4). This allows us to pro-
duce a controllable amount of undercut in the SAG growth
mask. In addition to providing this shadowing, the SiO>
acts as the structural layer with its superior strength and the
SiN, acts as a stress relief interlayer with a coefficient of
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FIGURE 4. The shadowing effect in PAMBE-SAG: (a) a schematic diagram
showing the geometry that creates shadowing and (b) SEM (tilted 30°)
image of SAG sidewall from a fully vertical silicon dioxide mask sidewall.
The roughness at the base is indicative of the intersection of the mask and
epitaxial layer that is addressed by the bilayer mask.
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FIGURE 5. SEM images of: (a) silicon nitride shadowed SAG (SNS-SAG)
mask (tilted 45°) with inset showing mask schematic and (b) cross-section
of an undercut mask (the gap in the SiNy interlayer between the SiO,
mask and the GaN substrate) post-growth. The cross-section in (b) is
produced by focused ion-beam milling and is tilted 52° from the top
surface. The mask is 1.m in this case but can easily be made thicker. The
grown layer is approximately 1.5xm thick. The undercut mask in (b)
corresponds to the gap shown in (a) and the inset therein.

(a)

thermal expansion (CTE) between that of SiO, and GaN.
This method for producing selective epitaxial growth of thick
(> 1um) layers is here referred to as silicon nitride shadowed
SAG (SNS-SAG).

C. RESULTS AND DISCUSSION

Both the smooth SiO; sidewall as well as the gap from
the recessed SiN, interlayer post-H3PO4 etch can be seen
in Fig. 5(a) for SNS-SAG processing. The inset shows the
schematic diagram of the stack. Fig. 5(b) shows a cross
section of an undercut mask post-growth. The mask on the
right side of the image shows the bilayer structure with part
of the SiN, interlayer (the void between the SiO, mask and
the GaN substrate) etched out. Note that in this case the
height of the grown mesa was larger than the mask resulting
in some roughness at the top. SEM images of typical SNS-
SAG grown mesas after mask stripping appears in Fig. 6(a).
The root-mean-squared (RMS) roughness of the mesas is the
same as the planar grown regions, being ~ 0.7nm.

To assess the efficacy of PAMBE-SAG, we fabricated two
Schottky barrier diode (SBD) structures identical to the one
pictured in Fig. 7(a), each using only one of the two process-
ing techniques: ICP-RIE or SNS-SAG. To do this, a GaN
ICP-RIE technique using a Ni hard mask was developed
based on Zhang et al. [19] and Shul et al. [30]. The SEM
image of side-by-side SNS-SAG and ICP-RIE mesas appear
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FIGURE 6. SEM (tilted 45°) images of: (a) SNS-SAG grown GaN mesa after
mask stripping and (b) SNS-SAG GaN mesa with an ICE-RIE etched mesa in
a tiered fashion.

in Fig. 6(b). For this demonstration, a 1.5um-thick UID
drift layer was initially grown atop a 330um-thick bulk GaN
substrate (n > 1x10'8¢cm™3) purchased from the SixPoint
Materials. Then, half of the sample was patterned with an
SNS-SAG mask while the other half was left bare. An addi-
tional 1pum was then grown on the sample. In the patterned
region, this resulted in SNS-SAG mesas where growth in the
bare region was planar. The planar region was then etched
1um using the ICP-RIE technique to produce mesas parallel
to the SNS-SAG mesas.

The I-V characteristics of both cases are shown in
Fig. 7(b). The SNS-SAG grown SBD shows an improvement
by more than four orders of magnitude in leakage current
compared to its ICP-RIE counterpart, validating the fact that
SNS-SAG is a promising technique leading to high-efficiency
GaN power device structures. By nature, the sidewalls should
have defect densities comparable to planar epitaxy. As such,
the grown mesas will have minimal defects and leakage, and
is, thus, suitable for the JTE- and FGR-based ET schemes
discussed in the following sections. The only difference in
processing the SBD structures for ICP-RIE and SNS-SAG
cases is the sidewall. Therefore, the large leakage component
associated with ICP-RIE processed SBDs must be attributed
to the sidewall leakage component. Sugimoto et al. con-
firmed and experimentally measured this sidewall leakage
current component, which Zhang et al. went to great lengths
to target and reduce, albeit with limited success [19], [20].
This well documented sidewall leakage component arising
from ICP-RIE has clearly been significantly reduced by sim-
ply using SNS-SAG instead. This leakage component is
indicated in Fig. 7(a) in blue dotted arrow.

Notably, the current of the ICP-RIE processed SBD in for-
ward direction is larger compared to that of the SNS-SAG
processed SBD. The ICP-RIE and SNS-SAG diodes turn on
at ~ 0.55V and ~ 0.75V, respectively. Suda ef al. experimen-
tally demonstrated thermionic field emission (TFE) rather
than thermionic emission (TE) as the tunneling mechanism
in GaN SBDs [31]. The reduction in diode turn-on voltage
for the ICP-RIE case is, thus, speculated to be due to TFE
and the overlap of the Schottky anode electrode with etch-
damaged area. The larger current before turn-on reinforces
this as higher leakage through the Schottky contact signi-
fies a reduced Schottky barrier. This continues through the
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FIGURE 7. Schottky barrier diode (SBD): (a) schematic diagram of the
device half-structure and (b) comparison of experimental I-V
characteristics for devices processed using ICP-RIE or SNS-SAG. In (b), the
device structure [shown in (a)] is identical for both ICP-RIE and SNS-SAG.
The top 1xm-thick UID drift layer in (a) is processed using either ICP-RIE or
SNS-SAG. The ICP-RIE sidewall leakage path is also shown in (a).

forward-bias and contributes to larger forward current ini-
tially. However, clearly the SNS-SAG processed SBD catches
up with ICP-RIE processed SBD and implies a lower Ry gp.
This larger leakage through Schottky contacts can be a factor
in dampening bipolar surge current strength in a GaN MPS
diode, for example. This preliminary demonstration, while
meant to be predominantly comparative, clearly showcases
the benefits of using SNS-SAG to minimize defect density.

11l. SPACE-MODULATED JTES

A. MOTIVATION AND BACKGROUND

Edge termination greatly impacts device performance in the
reverse blocking mode. Without it, Vj, will always be signif-
icantly below Vp, ;s. However, with optimized ET, Vj, can
come within a few percent of Vp, ;4. In a JTE for exam-
ple, this optimization process typically involves choosing a
very specific ET doping concentration, Nyrg. In practice, it
can be very difficult to reliably obtain the optimum value
of Nyrg and therefore Vj,. First, the degree of precision
achievable in epitaxial growth or implantation for the ET
may be limited. For example, SZ-JTE ET scheme proposed
by Wierer et al. [32] resulted in a very narrow centroid-
shaped Vj, characteristic as a function of net SZ-JTE doping,
Ny7E. Second, due to the presence of surface charges [33],
this characteristic is modified sometimes unpredictably along
with the optimum value of Vj,.. By choosing a minimum
desired 1, we can consider an effective doping window
(EDW) where deviations from the optimum N;rg do not
significantly reduce Vp, [vide Fig. 1].

72
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FIGURE 8. Schematic diagram of the core p-i-n diode half-structure,
serving as base for ET schemes in this work.

Increasing the JTE thickness can widen the EDW [32].
However, this is a small improvement and can be problem-
atic in terms of processing. The multi-zone (MZ-JTE) ET
scheme offers a solution to this problem by helping widen
the EDW to some extent, but it comes at the expense of
increased processing steps and, more significantly, with the
requirement of very precise control in the ratio of the net
doping concentrations in various JTE regions for optimum
operation [33]. Another important issue is the value of the
lower bound of the EDW, Nyrg 1p [defined in Fig. 1]. In
metal-organic chemical-vapor deposition (MOCVD) grown
UID GaN layers, Ny, yip ~ 1-2x10'%cm=3 [4], [34], [35].
This was also found to be true even for PAMBE sam-
ples [28], [29], though lower values can be achieved via
compensation doping [36], [37]. Therefore, it is desirable
that Nyre g be as far away from Ny yip as possible, i.e.,
NjTE.LB = 1.5%107cm=3 while maintaining a large EDW
for practicality to ensure the JTE is of p-type.

In the following sections, we gradually develop ET
schemes that address the following design targets: (1) com-
patibility with SNS-SAG processing to ensure low-leakage
and reliable operation, (2) simplicity in SNS-SAG process-
ing (fewer SAG mask steps), (3) Njre.1p > 1.5x107c¢cm=3
to avoid JTE layer accidentally being n-doped, (4) EDW >
4%107cm™3 for npr ~ 80% to ensure a reasonable reverse
blocking efficiency in the worst-case processing deviation,
(5) EDW > 1.5x107cm™3 for np, ~ 90% (i.e., Vpr ~ 4kV
for a thin drift layer for PT operation), and (6) reduction in
electric field crowding at critical points to avoid premature
breakdown and other associated nonidealities.

B. METHODS

The design proceeds with the two dimensional (2-D) simu-
lation performed by TCAD tool [38]. The core p-i-n diode
half-structure for simulation is shown in Fig. 8 with vari-
ous dimensions mentioned therein. The p-base net doping
concentration (Np—pase), Nar, and the field stop (FS) dop-
ing concentration (Nfs) are 1x 10Y%m=3, 5x10%cm =3, and
1x10%cm™3, respectively. The impact ionization rates at
an electric field, E can be calculated using the Chynoweth
equation as [39]

B
dnp = Anp exp(—%) 3)
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TABLE 1. Various parameters used in TCAD simulations.

Symbol | Value Reference(s)
E, 3.437eV [32]

Mnp 0.2, 1.25 [40]

€GaN 9.0 [32]

Anp 3.1x107em ™1, 3.1x107cm ™1 | [11]

Bnyp 3.5x107V/em, 3.5x107V/em | [11]

Ep.a 17meV, 180meV [40], [32]
ge,v 2,4 [32], [40]
Jor 1pAlcm? —

Tamp |27°C ——

Here mn,p are the electron and hole effective masses,
Ep, 4 are the donor (Si) and acceptor (Mg) impurity
levels, gc,» are the donor and acceptor degeneracies,
Jur is the threshold cathode current density for break-
down, and T'4,,,p is the ambient temperature.

where A, , and B, , are the impact ionization parameters for
electrons and holes, respectively. The simulation parameters
are listed in Table 1. From simulations, the unterminated
device in Fig. 8 results in Vp, values of ~ 972V and ~
978V for trg values of 0.5um and 375um (thicker FS layer
— a more realistic situation), respectively. Therefore, trs does
not have much impact on the simulation. To reduce the com-
putational time, we will, hereafter, adhere to trg = 0.5um.
To find Vp, 4, we simulate a structure where the p-base
is infinitely long, giving Vj, s ~ 4.43kV. Using (2), this
structure in ideal case should operate in PT mode. However,
we have to be cautious in applying (1) for the core diode.
Eq. (1) was derived assuming a planar p-n junction where
the p-base is infinitely long, unlike the structure in Fig. 8. At
the onset of breakdown, both the horizontal and vertical p-n
junctions in the core diode contribute to avalanche runaway.
Therefore, we find Vj, for tz values of both 14.5um and
15um and average it out to obtain Vj,. ;4 ~ 4.44kV. This
indicates the accuracy of our simulation setup.

C. RESULTS AND DISCUSSION

The SZ-JTE overall fails to achieve a reasonably wide EDW,
and FGRs suffer from instabilities caused by high surface
electric field and surface charges that may change the sur-
face potential and create conductive paths on the drift layer
between rings [41]. However, their combinations [SZ-JTE
structures aided by equidistant FGRs] have been success-
fully used in SiC p-i-n diodes [41]. We have explored both
SZ-JTE and double-zone JTE (DZ-JTE) schemes aided by
equidistant FGRs and space-modulated FGRs (SM-FGRs).
The schematic of a SZ-JTE structure aided by SM-FGRs is
illustrated in Fig. 9. The concept of spatial modulation of
average Mg concentration, Ny avg, is illustrated to create
an equivalence of MZ-JTE with a much simpler process.
The simplicity is attributable to the fact that it is much more
reliable to modulate physical spacing than doping concentra-
tions. The quantity Npse ave can then be changed by varying
the space modulation factor for the i-th FGR, defined as [42]

LrGr,i _ Lrgr,i

“)

AFGR,i = = )
LpGr,i + LGap,i  Lperiod
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FIGURE 9. Schematic diagram of a SZ-JTE scheme aided by SM-FGRs [top]
and spatial modulation of average Mg concentration (after [42]) [bottom].
In the device structure, p-type SM-FGRs are embedded in the JTE and have
the same doping concentration as the p-base. The p~-JTE doping
concentration is lower than that of SM-FGRs.

where Lrgr; and Lgap,; are the width of the i-th FGR and
the gap to the left of it, respectively. The length, Lp.ioq is
kept constant for all the FGRs.

For the sake of brevity, the details (i.e., ET geometry
and numerical results) of this exploration are omitted but
rather the important conclusions motivating this section are
included. SZ-JTEs with space-modulated FGRs are superior
to those with equidistant FGRs with the spatial modulation
widening the EDW curve. However, another important fea-
ture of SZ-JTE schemes aided by FGRs is that the extension
of the doping window is to the left which is contrary to the
requirement [higher Nyrg 1, target (3) in Section III-A] stip-
ulated earlier. In fact, Njrg yp decreases with the addition
of the FGRs. Switching to DZ-JTE designs, the additional
JTE zone will, of course, widen the EDW, which is desired.
However, once again most of the benefit of the FGRs is lost
due to the EDW widening being in the direction of lower
doping concentrations.

To explain the working principle of JTE scheme aided by
FGRs, we consider the electric field profiles for SZ-JTE
scheme and the SZ-JTE scheme aided by SM-FGRs in
Fig. 10. The SZ-JTE scheme aided by SM-FGRs reduces
the electric field by ~ 40% at the p-base/JTE interface by
distributing the electric field crowding over a larger space by
virtue of the FGRs. However, the electric field crowding at
the JTE end remains largely unchanged. This demonstrates
why the FGRs help boost Vj, at lower values of Mg con-
centration in JTE and can decrease it at higher values of
Mg concentration in JTE. For lower Mg-concentrations, the
bulk of the electric field is crowded near the p-base/JTE
interface, increasing the effectiveness of the FGR field dis-
persion. For higher values of Mg-concentrations, the highest
electric field spike shifts to the JTE end. This makes the
FGRs ineffective with their presence actually raising the
average Mg-concentration making the junction effectively
more abrupt than in the ideal case.
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FIGURE 10. Simulated 2-D electric field profiles for SZ-JTE scheme and a
variant of SZ-JTE scheme aided by SM-FGRs (Nj7g 1 = 1x10'7cm—3) at the
Si0, /JTE interface at a reverse bias of ~ 4kV. For fair comparison, Lyzg 1 =
100xm and ty7g = 1um have been used for the SZ-JTE scheme. This SZ-JTE
scheme aided by SM-FGRs variant involves five rings with aggp ;
decreasing from 0.85 to 0.45 and Lpg,ioq = 10pm.

From this behavior in Fig. 10, we, therefore, consider
FGRs terminating the JTE region [embedded in the drift
region], rather than FGRs embedded in the JTE as shown in
Fig. 9, in order to relieve the field crowding at the JTE end
and increase upper EDW bound, N,rg yp. The JTE struc-
tures, when used with the SM-FGRs as the extension, are
called space-modulated JTEs (SM-JTEs). This ET scheme
spatially modulates the average Mg-concentration by varying
the widths of FGRs in a manner very similar to the one illus-
trated earlier in Fig. 9. The schematic diagram of the SM-JTE
ET scheme and various relevant dimensions are shown in
Fig. 11(a). The advantages of SM-JTE schemes compared
to other schemes include widening the EDW, increasing
NyrE, LB, and simplifying processing via SNS-SAG technique
quite significantly compared to that for JTE schemes aided
by FGRs.

A larger EDW is directly related to a more gradual change
in spatial modulation, which in turn is dependent on values
of Lperioa and Lggp,1 (the innermost and smallest Lggp,;).
However, from a device processing standpoint, Lggp,1 cannot
be made unrealistically small. To ensure both that the values
of Lgap,1 are practical and that the modulation in Nyg avg is
gradual, we want Lp,,q to be as large as possible [please
refer to Figs. 11(a) and (4)]. However, the size of Lpipg i,
in turn, limited by Ny to a large extent as follows.

Because of the high UID-concentration in GaN, the low-
est reported value of Ny has been ~ 2x10cm™3 [43],
about an order larger than those reported for SiC
diodes [42], [44]-[48]. This means that to maintain PT oper-
ation, we are forced to use a thin drift layer [from (2)].
Additionally, the length of the ET, Lz, that contributes to
maximum blocking efficiency is equal to a certain multiple of
tqr (around 5 ~ 6 for SM-JTESs). Therefore, we are constrained
to use smaller Lp,ioq values. We chose a range of Ljrg 1 val-
ues, from small to large: 10pum, 17.5um, 25um, and 45um
in a stark contrast to SiC SM-JTE designs [42], [44]-[48] in
an effort to achieve a reasonable Lggp,1 value.

Plots of simulated reverse blocking efficiency, 7y, versus
JTE Mg-concentration, N,rg for six variants are illustrated
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FIGURE 11. SM-JTE scheme: (a) schematic diagram and (b) plots of
simulated 5, versus Mg concentration in the JTE and the FGRs, Nrg for
the six variants. For comparison, SZ-JTE plot is also included. For the
details of the variants, please refer to Table 2. In (a), p-type SM-FGRs have
the same doping concentration as the p~-JTE and they are appended to
the JTE, in contrast to SZ-JTE scheme aided by SM-FGRs pictured in Fig. 9.

TABLE 2. Details of various SM-JTE variants.

Variant Lyre1 |NrGRrR |Lperioda |Range of apgr,i
I 10pm |6 10pm | 0.8 ~ 0.55

11 10pm 6 10pm 0.95 ~ 0.7

m 25um 5 10pm 0.8 ~ 0.6

v 25pum 5 10pum 0.95 ~ 0.75

v 17.5pm 3 17.5pum 09 ~ 0.8

VI 45um |5 6um 0917 ~ 0.583

The number of FGRs is indicated as Npgpg. For each variant,
LrgRr,; is decreased in equal steps. The total length of the ET
scheme is given by Lrerm = LyjTE,1 + NFGR X Lperiod- The
various dimensions are defined in Fig. 11(a) and (4).

in Fig. 11(b). The details of the SM-JTE variants appear
in Table 2 while the performance metrics of the SM-JTE
schemes are listed in Table 3. Concerning the initial design
targets, Njrg g is greater than 2x10"7cm™3 in all cases.
Referring to Fig. 11(b), Nyre,us approaches high 10"7cm—3
mark for all the variants. In short, except for variants I and
III falling slightly short of the EDW target for 1, ~ 90%,
all of the SM-JTE schemes fulfill the previously outlined
design targets in Section III-A. The SM-JTE is the only ET
design to have achieved this landmark.

Variants II, IV, and VI demonstrate the EDW widening
effect with increasingly gradual modulation. For each curve,
the starting point of the plateau on the left corresponds
to the maximum blocking efficiency of the SZ-JTE, sim-
ilar to the SiC case [44]. For variant VI, at lower values of
Ny7E, the electric field lines crowd around the p-base/JTE
interface since the field is not effectively transmitted along
the JTE. Therefore, these structures act very similarly, and
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TABLE 3. Performance of SM-JTE variants.

Var. EDW1 EDWQ AEDW NJTE,LB
Mo~ 80%) | (b~ 90%) | (EDW1 —EDW2)| (5 ~ 90%)
[x1017ecm™3] [[x107ecm™3] |[x1017cm ™3] [x1017cm—3]

I |5 0.7 4.3 3.78

I |6.73 4.82 1.91 3.28

I | 4.92 1.38 3.54 3.22

1V | 4.1 3 1.1 2.96

V [5.16 1.66 3.5 3.17

VI [4.77 342 1.35 2.95

Effective doping windows [vide Fig. 1] for six variants, the details of
which can be found in Table II. The windows for both 80% and 90%
Ny are shown. For the demonstration of extension of the EDW when
the target 7, is lowered, the difference between 80% and 90% mnp,- is
shown as AEDW in the fourth column. The rightmost column displays
the minimum doping in the JTE and the FGRs, Ny g 1B to achieve
Mor ~ 90%.

variant VI is not much different from the SZ-JTE. Variant IV
is also seen to behave very similarly to these ET schemes at
low doping levels, however, because of the more slowly mod-
ulated Npsg avg, even with a moderate JTE length (Lyrg1 =
25um) there is a significant expansion of the EDW. It follows
that variant II, with the most gradual space modulation, has
the widest EDW of all. However, this comes at the expense
of a small Lggp,1 value. From practical processing consid-
erations, a larger Lgqp,1 value can be chosen with a slightly
reduced EDW value. There is, however, another option to
maintain high EDW values. For the Nj- value considered
in this work (Section III-B), the diode is in PT mode up
to a maximum fg- value of 30um (corresponds to Vi, g =
6.78kV). As long as PT operation is maintained, we can
increase 74 value to obtain a larger Lgqp,1 value suitable for
practical photolithographic resolution without compromising
EDW values.

Variants I and III reinforce the need for gradualness with
LGap,1 being too large to effectively transfer the field to
the rest of the rings even with otherwise comparable struc-
tures to II and IV. Variant V enables a tradeoff between
large EDW and large values of Lpripq and Lgap,1. Therefore,
the precision with which Lg,p1 can be defined ultimately
dictates the choice of SM-JTE variants, unlike SiC p-i-n
diodes.

Simulated electric field profiles of SZ-JTE, and SM-JTE
variants II and V are shown in Fig. 12(a). In the SZ-JTE
case, field crowding occurs at the JTE corner, as shown
by the hotspot. The JTE Mg-concentration is past the opti-
mum value (Ny7g,opr = 3.8x1017cm_3) and, therefore, the
JTE is not fully depleted. This incomplete depletion of the
JTE results in the JTE corner bearing the brunt of electric
field crowding. In contrast, the SM-JTE variants spread the
electric field over a large distance causing the electric field
crowding to be shared by both the JTE and the SM-FGRs
and thereby blunting the impact of field crowding.

It is important to notice that electric field crowding
gives rise to large leakage leading to premature break-
down (usually not predicted by TCAD simulations in the
absence of precise modeling in GaN) and breakdown voltage
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FIGURE 12. (a) Simulated 2-D electric field profiles of SZ-JTE [top profile],
SM-JTE variant 1l [middle profile], and SM-JTE variant V [bottom profile]
with a Mg-concentration in the JTE of 4x10"7cm~3 and at a reverse bias of
~ 3.5kV and (b) electric field at the SiO,/JTE interface. In all three cases,
the total length of the termination, Ly, = 70m has been used for fair
comparison.

walkout [44]. During avalanche runaway, some of the
electrons have enough energy to cross the passivation dielec-
tric/semiconductor barrier and slip into the conduction band
of the dielectric. These electrons get trapped and charge the
dielectric negatively, causing the reduction of electric field in
the surface depletion region of the p-n junction [49]. Thus,
Vi is temporally dependent on reverse stress, giving rise
to instability. This phenomenon is referred to as breakdown
voltage walkout. Therefore, reducing the electric field at the
SiO,/JTE interface is crucial. The electric field profiles for
SZ-JTE and SM-JTE variants II and V at the SiO,/JTE
interface are shown in Fig. 12(b). Variants II and V suc-
ceed in reducing the interfacial electric field by ~ 40% and
~ 32%, respectively. Therefore, SM-JTE schemes can effi-
ciently mitigate field crowding and associated problems in
the JTE end of SZ-JTE schemes.

The device fabrication flow for p-i-n diodes with SM-JTE
ET schemes using SNS-SAG is shown in Fig. 13. The regu-
lar device structure for SM-JTE schemes shown in Fig. 11(a)
needs to be specially adapted to conform to SNS-SAG pro-
cessing, while retaining all the key features and achievements
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FIGURE 13. SNS-SAG fabrication flow for p-i-n diodes with SM-JTE ET
schemes sans passivation layer and electrodes. Step # 1 is the starting
GaN substrate with initial drift layer, followed by SNS-SAG growth of
p-base (Step # 2, first SAG layer). These steps are followed by SNS-SAG
growth of JTE and SM-FGRs using single SAG mask (Step # 3, second SAG
layer). The process is wrapped up by selective regrowth of drift layer

(Step # 4, third SAG layer).
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FIGURE 14. Modifications to standard p-i-n diode structure for SNS-SAG

processing: (a) schematic diagram of regular half-structure with SZ-JTE ET,

(b) schematic diagram of practical half-structure with SZ-JTE ET for
SNS-SAG processing, (c) simulated post-breakdown 2-D electric field
profile of the structure in (a), and (d) simulated post-breakdown 2-D

electric field profile of the structure in (b). In (a) and (b), L;7g 1 = 50um,
tor = 500nm, and tg, = 2.5um. For both (c) and (d), a reverse bias of ~
5kV and an optimum Mg-concentration in the JTE, Ny7g op¢ of
3.8x10'7cm~3 have been considered.

of SM-JTE schemes designed so far. The justification for
this modified device structure is provided in the Appendix.
As shown in Fig. 13, we need three SNS-SAG mask steps
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for SM-JTE schemes. Finally, the low-leakage feature with
smooth vertical sidewall enabled by SNS-SAG can serve
as a key to successful integration of the SM-JTE schemes
designed above to GaN power devices.

IV. CONCLUSION

Reverse blocking efficiency and excessive leakage are two
major issues in modern GaN power devices. To combat
this, we have developed solutions in the form of a damage-
free selective-area processing technique and high-efficiency
edge termination schemes. SNS-SAG was demonstrated as
an effective way of making smooth, thick sidewalls and was
shown to have more than four orders of magnitude lower
leakage current than an optimized ICP-RIE method. Through
detailed analysis and optimization of various edge termi-
nation techniques, SM-JTE schemes enabled by SNS-SAG
technique were demonstrated as a practical means that cre-
ates a wide effective doping window and avoids issues with
other methods. Together, SNS-SAG and SM-JTE schemes
have great promise for producing highly efficient GaN power
devices.

APPENDIX

For practical SNS-SAG processing, we need to consider
the resolution of photolithography techniques. As a gen-
eral example, we will consider a simple SZ-JTE structure.
Schematic diagrams of regular and practical p-i-n diode
half-structures with SZ-JTE ET scheme are illustrated in
Figs. 14(a) and 14(b), respectively. The regular structure
in Fig. 14(a) is more suitable for implant-based processing.
In contrast, controlling range and dosage in ion implantation
is difficult for GaN power devices [50], due to various defects
and lattice damages. The major problem in the regular struc-
ture, is the difficulty in achieving precise mask alignment
at various interfaces. By using the structure in Fig. 14(b),
the mask alignment requirement is bypassed. The 2-D post-
breakdown electric field profiles at p-base/JTE interface and
JTE end of the structures depicted in Figs. 14(a) and 14(b)
are shown in Figs. 14(c) and 14(d), respectively. The elec-
tric field crowding at the p-base/JTE interface is similar. The
Vi value for the practical structure is 4.38kV compared to
a value of 4.39kV for the regular structure. Thus, the struc-
tures in Figs. 14(a) and 14(b) are equivalent. For the sake
of simplicity, the analysis has been performed for SZ-JTE
structure.

ACKNOWLEDGMENT
Discussions with Dr. Jaesun Lee of the University of Iowa
are gratefully acknowledged.

REFERENCES

[11 Y. Zhang, A. Dadgar, and T. Palacios, “Gallium nitride vertical power
devices on foreign substrates: A review and outlook,” J. Phys. D,
Appl. Phys., vol. 51, no. 27, Jun. 2018, Art. no. 273001.

VOLUME 9, 2021



SARKER et al.: HIGH-PERFORMANCE GaN VERTICAL p-i-n DIODES via SILICON NITRIDE SHADOWED

ELECTRON DEVICES SOCIETY

(2]

(3]

(4]

(5]

(6]

(71

(8]

(91

[10]

(1]

[12]

(13]

[14]

[15]

(16]

[17]

[18]

[19]

[20]

[21]

[22]

I. C. Kizilyalli, A. P. Edwards, H. Nie, D. Bour, T. Prunty, and
D. Disney, “3.7 kV vertical GaN PN diodes,” IEEE Electron Device
Lett., vol. 35, no. 2, pp. 247-249, Feb. 2014.

H. Ohta et al., “Vertical GaN p-n junction diodes with high breakdown
voltages over 4 kV,” IEEE Electron Device Lett., vol. 36, no. 11,
pp. 1180-1182, Nov. 2015.

K. Nomoto et al., “1.7-kV and 0.55-m§2-cm? GaN p-n diodes on bulk
GaN substrates with avalanche capability,” IEEE Electron Device Lett.,
vol. 37, no. 2, pp. 161-164, Feb. 2016.

T. Hayashida, T. Nanjo, A. Furukawa, and M. Yamamuka, “Vertical
GaN merged PiN Schottky diode with a breakdown voltage of 2 kV,”
Appl. Phys. Exp., vol. 10, no. 6, May 2017, Art. no. 061003.

T. Hayashida, T. Nanjo, A. Furukawa, T. Watahiki, and M. Yamamuka,
“Leakage current reduction of vertical GaN junction barrier Schottky
diodes using dual-anode process,” Jpn. J. Appl. Phys., vol. 57, no. 4,
Feb. 2018, Art. no. 040302.

H. Ohta, K. Hayashi, F. Horikiri, M. Yoshino, T. Nakamura,
and T. Mishima, “5.0 kV breakdown-voltage vertical GaN p-n
junction diodes,” Jpn. J. Appl. Phys., vol. 57, no. 4S, Feb. 2018,
Art. no. 040302.

B. J. Baliga, Fundamentals of Power Semiconductor Devices.
Cham, Switzerland: Springer, 2019, pp. 100-101.

T. Kimoto and J. A. Cooper, Fundamentals of Silicon Carbide
Technology: Growth, Characterization, Devices, and Applications.
Singapore: Wiley, 2014, p. 413.

A. M. Armstrong et al., “High voltage and high current density vertical
GaN power diodes,” Electron. Lett., vol. 52, no. 13, pp. 1170-1171,
Jun. 2016.

J. R. Dickerson et al., “Vertical GaN power diodes with a bilayer
edge termination,” IEEE Trans. Electron Devices, vol. 63, no. 1,
pp. 419-425, Jan. 2016.

B. J. Pong, C. J. Pan, Y. C. Teng, G. C. Chi, W-H. Li, and
K. C. Lee, “Structural defects and microstrain in GaN induced by
Mg ion implantation,” J. Appl. Phys., vol. 83, no. 11, pp. 5992-5996,
Jun. 1998.

J. Chen, W. Yi, T. Kimura, S. Takashima, M. Edo, and T. Sekiguchi,
“Cathodoluminescene study of Mg implanted GaN: The impact of
dislocation on Mg diffusion,” J. Appl. Phys., vol. 12, no. 5, Apr. 2019,
Art. no. 051010.

T. J. Anderson, J. D. Greenlee, B. N. Feigelson, J. K. Hite, K. D.
Hobart, and F. J. Kub, “Improvements in the annealing of Mg ion
implanted GaN and related devices,” IEEE Trans. Semicond. Manuf.,
vol. 29, no. 4, pp. 343-348, Nov. 2016.

T. J. Anderson et al., “Activation of Mg implanted in GaN by
multicycle rapid thermal annealing,” Electron Lett., vol. 50, no. 3,
pp. 197-198, Jan. 2014.

J. D. Greenlee, B. N. Feigelson, T. J. Anderson, J. K. Hite,
K. D. Hobart, and F. J. Kub, “Symmetric multicycle rapid thermal
annealing: Enhanced activation of implanted dopants in GaN,” ECS
J. Solid State Sci. Technol., vol. 4, no. 9, pp. P382-P386, Aug. 2015.

H. Niwa, J. Suda, and T. Kimoto, “Ultrahigh-voltage SiC MPS diodes
with hybrid unipolar/bipolar operation,” IEEE Trans. Electron Devices,
vol. 64, no. 3, pp. 874-881, Mar. 2017.

H. K. Cho, E A. Khan, I. Adesida, Z.-Q. Fang, and D. C.
Look, “Deep level characteristics in n-GaN with inductively coupled
plasma damage,” J. Phys. D, Appl. Phys., vol. 41, no. 15, Jul. 2008,
Art. no. 155314.

Y. Zhang et al., “Origin and control of off-state leakage current in
GaN-on-Si vertical diodes,” IEEE Trans. Electron Devices, vol. 62,
no. 7, pp. 2155-2161, Jul. 2015.

M. Sugimoto, M. Kanechika, T. Uesugi, and T. Kachi, “Study on
leakage current of pn diode on GaN substrate at reverse bias,” Physica
Status Solidi, vol. 8, nos. 7-8, pp. 2512-2514, Apr. 2011.

W. Li et al., “Design and realization of GaN trench junction-barrier-
Schottky-diodes,” IEEE Trans. Electron Devices, vol. 64, no. 4,
pp. 1635-1641, Apr. 2017.

S. J. Hong and K. Kim, “Low-resistance ohmic contacts for high-
power GaN field-effect transistors obtained by selective area growth

using plasma-assisted molecular beam epitaxy,” Appl. Phys. Lett.,
vol. 89, no. 4, Jul. 2006, Art. no. 042101.

VOLUME 9, 2021

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

(32]

(33]

[34]

[35]

[36]

(371

[38]

[39]

[40]

[41]

[42]

S. J. Hong, P. Chapman, P. T. Krein, and K. Kim, “Selective-area
growth and fabrication of recessed-gate GaN MESFET using plasma-
assisted molecular beam epitaxy,” Physica Status Solidi, vol. 203,
no. 7, pp. 1872-1875, May 2006.

H.-C. Seo, P. Chapman, H.-I. Cho, J. H. Lee, and K. Kim, “Ti-
based nonalloyed Ohmic contacts for Aly 5Gag g5N/GaN high electron
mobility transistors using regrown nt-GaN by plasma assisted molec-
ular beam epitaxy,” Appl. Phys. Lett., vol. 93, no. 10, Aug. 2008,
Art. no. 102102.

H.-C. Seo, S. J. Hong, P. Chapman, and K. Kim, “Formation of low-
resistance ohmic contact by damage-proof selective-area growth of
single-crystal n*-GaN using plasma-assisted molecular beam epitaxy,”
J. Electron. Mater., vol. 37, no. 5, pp. 635-640, May 2008.

L. Pang, H.-C. Seo, P. Chapman, I. Adesida, and K. Kim, “Breakdown
voltage enhancement of AlIGaN/GaN high-electron-mobility transistors
via selective-area growth for ohmic contacts over ion implantation,”
J. Electron. Mater., vol. 39, no. 5, pp. 499-503, May 2010.

Z. Zheng, H. Seo, L. Pang, and K. Kim, “Nonalloyed ohmic contact
of AlGaN/GaN HEMTs by selective area growth of single-crystal nt-
GaN using plasma assisted molecular beam epitaxy,” Physica Status
Solidi, vol. 208, no. 4, pp. 951-954, Apr. 2011.

P. Sarker, F. P. Kelly, R. E. Vesto, F. H. Ismail, and K. Kim, “GaN high-
performance low-leakage p-islet MPS diodes enabled by PAMBE-
based selective area growth,” in Dig. CS MANTECH, Minneapolis,
MN, USA, 2019, pp. 321-324.

F. P. Kelly, R. E. Vesto, P. Sarker, F. H. Ismail, and K. Kim,
“Development of GaN vertical high-power devices enabled by
plasma-assisted molecular beam epitaxy,” in Dig. CS MANTECH,
Minneapolis, MN, USA, 2019, pp. 345-348.

R. J. Shul et al., “Inductively coupled plasma-induced etch dam-
age of GaN p-n junctions,” J. Vac. Sci. Technol. A, vol. 18, no. 4,
pp. 1139-1143, Jul. 2000.

J. Suda et al., “Nearly ideal current-voltage characteristics of Schottky
barrier diodes formed on hydride-vapor-phase-epitaxy-grown GaN
free-standing substrates,” Appl. Phys. Exp., vol. 3, no. 10, Oct. 2010,
Art. no. 101003.

J. J. Wierer, Jr., J. R. Dickerson, A. A. Allerman, A. M. Armstrong,
M. H. Crawford, and R. J. Kaplar, “Simulations of junction termina-
tion extensions in vertical GaN power diodes,” IEEE Trans. Electron
Devices, vol. 64, no. 5, pp. 2291-2297, May 2017.

M. Shurrab, A. Siddiqui, and S. Singh, “Counter-doped multizone
junction termination extension structures in vertical GaN diodes,”
IEEE J. Electron Devices Soc., vol. 7, pp. 287-294, Feb. 2019.
Z.Hu et al., “1.1-kV vertical GaN p-n diodes with p-GaN regrown by
molecular beam epitaxy,” IEEE Electron Device Lett., vol. 38, no. 8,
pp. 1071-1074, Aug. 2017.

S. Han, S. Yang, and K. Sheng, “Fluorine-implanted termination for
vertical GaN Schottky rectifier with high blocking voltage and low
forward voltage drop,” IEEE Electron Device Lett., vol. 40, no. 7,
pp. 1040-1043, Jul. 2019.

I. C. Kizilyalli, A. P. Edwards, O. Aktas, T. Prunty, and D. Bour,
“Vertical power p-n diodes based on bulk GaN,” IEEE Trans. Electron
Devices, vol. 62, no. 2, pp. 414-422, Feb. 2015.

Z. Hu et al., “Near unity ideality factor and Shockley-Read-Hall life-
time in GaN-on-GaN p-n diodes with avalanche breakdown,” Appl.
Phys. Lett., vol. 107, no. 24, Dec. 2015, Art. no. 243501.

TCAD Sentaurus Device User Guide, Synopsis, Inc., Mountain View,
CA, USA, 2015.

B. J. Baliga, “Gallium nitride devices for power electronic
applications,” Semicond. Sci. Technol., vol. 28, no. 7, Jun. 2013,
Art. no. 074011.

G. Sabui, P. J. Parbrook, M. Arredondo-Arechavala, and
Z.]J. Shen, “Modeling and simulation of bulk gallium nitride
power semiconductor devices,” AIP Adv., vol. 6, no. 5, May. 2016,
Art. no. 055006.

R. Perez, D. Tournier, A. Perez-Tomas, P. Godignon, N. Mestres, and
J. Millan, “Planar edge termination design and technology considera-
tions for 1.7-kV 4H-SiC PiN diodes,” IEEE Trans. Electron Devices,
vol. 52, no. 10, pp. 2309-2316, Oct. 2005.

H. Niwa, “Breakdown characteristics in SiC and improvement of PiN
diodes toward ultrahigh-voltage applications,” Ph.D. dissertation, Dept.
Electron. Sci. Eng., Kyoto Univ., Kyoto, Japan, 2016.

77



ELECTRON DEVICES SOCIETY

SARKER et al.: HIGH-PERFORMANCE GaN VERTICAL p-i-n DIODES via SILICON NITRIDE SHADOWED

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

78

I. C. Kizilyalli, T. Prunty, and O. Aktas, “4-kV and 2.8-mQ-cm?
vertical GaN p-n diodes with low leakage currents,” IEEE Electron
Device Lett., vol. 36, no. 10, pp. 1073-1075, Oct. 2015.

G. Feng, J. Suda, and T. Kimoto, “Space-modulated junction termi-
nation extension for ultrahigh-voltage p-i-n diodes in 4H-SiC,” IEEE
Trans. Electron Devices, vol. 59, no. 2, pp. 414-418, Feb. 2012.

H. Niwa, J. Suda, and T. Kimoto, “21.7kV 4H-SiC PiN diode with
a space-modulated junction termination extension,” Appl. Phys. Exp.,
vol. 5, no. 6, May 2012, Art. no. 064001.

H. Niwa, G. Feng, J. Suda, and T. Kimoto, “Breakdown charac-
teristics of 15-kV-class 4H-SiC PiN diodes with various junction
termination structures,” IEEE Trans. Electron Devices, vol. 59, no. 10,
pp. 2748-2752, Oct. 2012.

H. Miyake, T. Okuda, H. Niwa, T. Kimoto, and J. Suda, “21-kV
SiC BJTs with space-modulated junction termination extension,” I[EEE
Electron Device Lett., vol. 33, no. 11, pp. 1598-1600, Nov. 2012.
T. Yang, S. Bai, and R. Huang, “Optimization of junction termina-
tion extension for ultrahigh voltage 4H-SiC planar power devices,” J.
Semicond., vol. 38, no. 4, Apr. 2017, Art. no. 044004.

K. C. Saraswat, and J. D. Meindl, “Breakdown walkout in planar
p-n junctions,” Solid-State Electron., vol. 21, no. 6, pp. 813-819,
Jun. 1978.

A. T. Binder et al., “Bevel edge termination for vertical GaN power
diodes,” in Proc. WiPDA, Rayleigh, NC, USA, 2019, pp. 281-285.

PALASH SARKER received the B.S. degree
in electrical and electronic engineering from
the Bangladesh University of Engineering and
Technology, and the M.S. degree in electrical
and computer engineering from the University of
Illinois at Urbana—Champaign, where he is cur-
rently pursuing the Ph.D. degree.

His research interests include design, simula-
tions, and fabrication of efficient wide bandgap
(WBG) devices via selective-area growth (SAG)
technique for power electronics applications.

FRANK P. KELLY received the B.S. degree
in materials science and engineering from the
University of Illinois at Urbana—Champaign in
2018, where he is currently pursuing the Ph.D.
degree in electrical and computer engineering.

His research interests include plasma-assisted
molecular-beam epitaxy (PAMBE) materials
growth, novel device processing techniques, and
wide bandgap power electronics.

MATTHEW LANDI received the M.S. degree
in materials science and engineering from the
University of Illinois at Urbana—Champaign in
2019, where he is currently pursuing the Ph.D.
degree in electrical and computer engineering.

His research interests include plasma-assisted
molecular-beam epitaxy (PAMBE) materials
growth, and wide bandgap microelectronics and
doping processes.

RILEY E. VESTO received the B.A.S degree
in electrical engineering and physics from the
University of Illinois at Urbana-Champaign in
2018, where he is currently pursuing the Ph.D.
degree in electrical engineering.

His research interests include transition metal
oxides with applications to photonics, high power
electronics, and topological insulators.

KYEKYOON (KEVIN) KIM (Life Senior Member,
IEEE) received the M.S. degree in nuclear sci-
ence and the Ph.D. degree in applied physics from
Cornell University.

From 1985 to 1995, he served as the Director
with Fusion Technology and Charged Particle
Research Laboratory, and has been the Director
with the Thin Film and Charged Particle Research
Laboratory, University of Illinois at Urbana-
Champaign since then. He was the Technical
Consultant for the laser fusion target program
with Lawrence Livermore National Laboratory and General Atomics. He
is currently a Professor of Electrical and Computer Engineering and an
Affiliate Professor of Materials Science and Engineering, Nuclear, Plasma,
and Radiological Engineering, Bioengineering, and Neuroscience. He is
an Affiliate Professor with Nick Holonyak Jr. Micro and Nanotechnology
Laboratory, Beckman Institute for Advanced Science and Technology, and
Institute for Genomic Biology. His research interests include GaN-based
materials growth and vertical power device development using selective-
area growth on PAMBE, synthesis of functional nano-phase materials
using controlled nano-scale field-injection charging, generation of precision
micro-/nano-spheres and capsules for imaging and controlled release of
therapeutics and cells, investigation of novel oxides and other films for
development of topological insulators, plasmonic devices, nano-biosensors,
and other advanced functional materials.

He received the Meritorious Award from ICF Target Fabrication
Specialists Meeting in 1995. In 2015, he served as a U.S. Chair of the U.S.-
Korea Frontier Energy Forum. He was a Member of the U.S. Delegation
to IAEA meetings in 1988, 1992, and 1993, and one of the four U.S.
Members of the U.S.-Japan ICF Target Workshop in 1993. He was elected
to the National Academy of Engineering of Korea as a Foreign Member
in 2002. He served as the Chair of ICF Targets Group, NASA Electric
Field Positioning Science Working Group, and the Committee on Fueling
of Plasma Devices of the American Vacuum Society. He is the Fellow of
American Institute for Medical and Biological Engineering.

VOLUME 9, 2021




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


