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Fully-Vertical GaN-on-SiC Trench MOSFETs
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Abstract—This letter presents the first demonstration
of fully-vertical GaN-on-SiC trench MOSFETs enabled by
a conductive AlGaN buffer. Good ON-state device per-
formance including a maximum drain current density of
2.43 kA/cm? and a high threshold voltage of 5 V has been
demonstrated. The relatively high specific ON-resistance
at low Vpg is a result of a knee voltage induced by the
yet to be optimized AlGaN/SiC heterojunction. A break-
down voltage of 334 V has been measured. Compared
with quasi-vertical GaN-on-silicon trench MOSFETSs, less
current crowding effect is observed for fully-vertical GaN-
on-SiC trench MOSFETSs, as well as a better performance at
elevated temperatures.

Index Terms— Gallium nitride, fully-vertical, GaN-on-SiC,
conductive buffer, trench MOSFETSs.

[. INTRODUCTION

ERTICAL GaN-based power devices have received
Vextensive research attention in the recent years, due
to their potential in achieving high power handling capa-
bilities with a better thermal performance compared with
lateral GaN HEMTs [1]. Various kinds of vertical GaN power
transistors have been demonstrated on bulk GaN substrates
with excellent performance, including current aperture vertical
electron transistors (CAVETS), in-situ oxide, GaN interlayer
based vertical MOSFETs (OG-FETs), vertical fin MOSFETSs
(FinFETs) and vertical trench MOSFETs [2], [3], [4], [5], [6],
[71, [8], [9]. Among them, trench MOSFETs stand out as a
simple choice that can offer intrinsic normally-off operation
with a p-GaN inversion channel, providing a high positive
threshold voltage to prevent false turn-on. The p-n junction for
OFF-state blocking can provide avalanche capability, which is
vital for high power applications. Furthermore, a relatively
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simple fabrication process requiring no regrowth has been
demonstrated [10].

Quasi-vertical GaN trench MOSFETs on cost-effective
foreign substrates, such as sapphire and silicon have been
reported [11], [12], [13], [14]. However, optimal utilization of
wafer area cannot be implemented with drain contacts on the
frontside, and the current crowding effect impedes the scaling
of current with the device area and increases the resistance. For
fully-vertical devices with drain contact at the substrate back-
side, these two problems can be alleviated [15]. Researchers
successfully demonstrated fully-vertical GaN-on-silicon trench
MOSFETSs with a maximum drain current of around 5 mA,
utilizing a complicated substrate removal process [16]. The full
advantages of fully-vertical devices are yet to be demonstrated.

Alternatively, trench MOSFETs on a conductive buffer
grown on doped substrates would greatly simplify the fab-
rication process. SiC has been shown to be the most sensible
choice to realize high-performance fully-vertical GaN-on-SiC
diodes with a conductive AlGaN buffer [17], [18], [19].
In addition to the advantage of smaller mismatch between
GaN and SiC, the high thermal conductivity of SiC substrates
is highly desirable for power applications. It’s also possible to
integrate GaN and SiC devices to combine their advantages if
a GaN-on-SiC platform is used [20]. Recently, quasi-vertical
GaN-on-SiC FinFETs are demonstrated [21]. However, there
is no demonstration of fully-vertical GaN power transistors on
foreign substrates by conductive buffer yet.

In this work, we report the first demonstration of fully-
vertical GaN-on-SiC trench MOSFETs enabled by a con-
ductive AlGaN buffer. Good device performance, including
a maximum drain current density (Jp max) of 2.43 kA/cm?,
a specific ON-resistance (Ron,sp) of 9.58 mQ-cm?, a high
threshold voltage (Vi) of 5 V and a breakdown volt-
age (Vpr) of 334 V is achieved. The advantage of our
fully-vertical devices is demonstrated by comparing with
quasi-vertical GaN-on-silicon trench MOSFETs. Less current
crowding effect and better performance at high temperatures
are observed for fully-vertical GaN-on-SiC trench MOSFETs.
This work reveals the promising future of direct epitaxially-
grown fully-vertical GaN-on-SiC devices for high power
applications.

Il. EPITAXIAL GROWTH AND DEVICE FABRICATION
The epitaxial structure for fully-vertical GaN-on-SiC trench
MOSFETs was grown on n-type 4H-SiC substrates by
metal-organic chemical vapor deposition (MOCVD). The epi-
layers, from bottom to top, consist of a 70-nm n-Aly 12Gag ggN
layer [Si: 2 x 10! em™3], a 90-nm n-Aly 12— -0Gaggg_~1N
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Fig. 1. (a) 3-D cross-sectional schematic of fabricated single trench
fully-vertical GaN-on-SiC trench MOSFETSs. “S”, “D”, “G” and “B” refers
to “source”, “drain”, “gate” and “p-body” metal, respectively. (b) AFM
scan image of the as-grown sample. (c). XRD rocking curves of the
as-grown sample.

layer [Si: 2 x 10" ecm™3], a 100-nm nT-GaN layer [Si:
2x10% cm™3], a 5-pum n~-GaN drift layer [Si: 1x 1016 cm—3],
a 400-nm p-GaN layer [Mg: 4 x 10'® cm™3] and a 300-nm
nt-GaN capping layer [Si: 2 x 10! cm™3], as shown in
Fig. 1(a) [19]. The net doping concentration in the drift
layer was determined to be around 4 x 103 cm™3 from
C-V measurements [22]. Fig. 1(b) and (c) are the atomic
force microscope (AFM) scan and XRD rocking curves of the
as-grown sample. For the AFM scan image (10 x 10 um?),
clear step-flow surface morphology is observed, and the sam-
ple has a low root-mean-square surface roughness of 0.756 nm.
For the XRD rocking curves, the threading dislocation density
(TDD) estimated from empirical equations is 9.53 x 107 cm ™2
[23], which is lower than the typical TDD of GaN grown on
silicon or sapphire substrates [16], [24], due to the smaller
lattice and thermal mismatch between GaN and SiC.

The fabrication process started with Cl-based ICP dry
etching of trench, p-contact and mesa with hard mask. Hot
tetramethylammonium hydroxide (TMAH) treatment was used
after etching to smooth the etched surface and cure the
etching damage [25]. Then, Ni was evaporated on the substrate
backside as the drain contact. The sample was then annealed
at 950°C in Nj to form Ni-SiC ohmic contact and activate
p-GaN [19]. Next, 70 nm Al,O3 gate oxide was grown
by atomic layer deposition (ALD) and contact hole was
opened. Finally, the p-body metal (Ni/Au) and source metal
(Ti/Al/Ni/Au) were evaporated, and the gate metal (Ti/Cu/Au)
was sputtered. Ethylene octene copolymer (EOC) was used as
a thick bottom dielectric (TBD) in the trench to improve the
OFF-state performance [13].

[1l. DEVICE RESULTS AND DISCUSSION
Fig. 2(a) shows the representative output curves of a single
trench device. The device has a 4 um x 100 um rectangular
trench, and the active area used for current density and specific
ON-resistance normalization is 945 Mmz, after considering a
45-degree lateral current spreading in the drift layer [3]. The
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Fig. 3. (a) Representative reverse J-V characteristics of a single trench
device in semi-log scale (inset: in log scale). (b) Cross-sectional SEM
image of the gate trench region.

non-linearity in the deep triode region of the output curves is
mainly caused by the AlGaN-SiC heterojunction [19], [26],
which results in a knee voltage of around 2 V. At Vgs =
15 V, Ron,sp calculated at Vpg = 0.1 V is 9.58 mQ-cmZ,
which is dominated by the heterojunction, while Ron,sp cal-
culated in the linear region at a higher Vpg is 3.13 mQ-cm?.
Fig. 2(b) shows the representative transfer curves. A large Vi,
of 5V (defined at 1 A/cm?) is obtained, and the hysteresis is
around 1 V. The ON/OFF current ratio is around 107, and the
subthreshold swing is extracted to be 309 mV/dec.

Fig. 3(a) shows the representative reverse J-V characteris-
tics of a single trench device in semi-log scale. The device
has a hard breakdown voltage of 334 V. From the nearly
linear log scale curve in the inset, the leakage current is dom-
inated by space-charge limited conduction mechanism [24].
The destructive breakdown happens at the gate trench region
resulted from electric field peaks at the bottom corners of the
trench at reverse bias, indicating that the breakdown voltage
can be much improved by optimizing the trench and gate oxide
formation process [13], [14], [27]. It is worth mentioning that
there are few observable cracks on the as-grown epi sample,
which may also lead to the unsatisfactory breakdown voltage.
Fig. 3(b) shows the cross-sectional SEM image of the gate
trench region of a device. EOC TBD is clearly visible at the
trench bottom.

One of the most important advantages of fully-vertical
devices compared with quasi-vertical ones is the reduced
current crowding effect, allowing more effective scaling of
current with the device area [28]. To study this effect, a refer-
ence quasi-vertical GaN-on-silicon trench MOSFET sample
(device structure similar to our work [14]) was fabricated
together with fully-vertical GaN-on-SiC trench MOSFETs for
comparison. Besides the single trench device with an active
area of 945 /Lmz, multi-finger trench MOSFETs with active
area of 2835, 4725 and 90900 umz were designed [14]. The
maximum drain current density of these devices is plotted
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Fig. 4.  (a) Normalized Jpmax Vversus active area for quasi- and
fully-vertical devices. (b) Output curves of a representative fully-vertical
GaN-on-SiC trench MOSFET with an active area of 90900 um=<.
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Fig. 5. (a) Normalized /p max Versus temperature for the quasi- and

fully-vertical devices. (b) Vertical J-V characteristics of the buffer test
structure at elevated temperatures (inset: buffer test structure).

against the active area in Fig. 4(a). To make a fair compari-
son between the quasi-vertical and fully-vertical devices, the
Jp.max values are all normalized to that of the smallest device.
As the device area increases, Jp max of fully-vertical devices
decreases much slower than quasi-vertical devices, especially
for the largest device, due to more uniformly distributed
current in the fully-vertical devices, compared with current
crowding near the mesa edge for quasi-vertical devices [28],
[29]. Jp,max of the fully-vertical GaN-on-SiC devices still
shows a dependence on the device area due to non-uniform
current distribution and more pronounced self-heating effect in
larger devices [29], [30], and this dependence is also observed
in fully-vertical GaN-on-GaN devices [3], [22], [31]. Fig. 4(b)
shows the output curves of a large fully-vertical GaN-on-
SiC trench MOSFET (active area: 90900 ,umz) in our study.
It has a high maximum drain current of 1.57 A, benefiting
from the reduced current crowding effect and good thermal
conductivity of the SiC substrate to mitigate the self-heating
effect [29], [30], [32]. To the best of our knowledge, this is the
highest current demonstrated among vertical GaN transistors
on foreign substrates.

The quasi- and fully-vertical devices were tested at elevated
temperatures to investigate the device temperature dependence.
The normalized maximum drain current (/p max) is plotted
against temperature in Fig. 5(a). Theoretically, Ip max drops
as temperature increases due to reduced carrier mobility
associated with increased phonon scattering. It’s observed
that Ip max drops slower with temperature for fully-vertical
GaN-on-SiC trench MOSFETs. This can be explained by
the better thermal conductivity of SiC substrates for heat
dissipation, and improved buffer conductivity compensating
for the reduction of carrier mobility at high temperatures,
as shown in Fig. 5(b). The buffer test structure in the inset is
tested at elevated temperatures. The buffer resistance reduces,
and the vertical J-V characteristic becomes more linear as

temperature increases, which can be explained by improved
carrier tunneling at the AlGaN-SiC heterojunction, thermally
enhanced ionization of the donors in the AlGaN buffer layers
and improved Ni-SiC contact [33], [34]. This high-temperature
feature gives our fully-vertical GaN-on-SiC trench MOSFETSs
a special advantage.

IV. CONCLUSION

In summary, we demonstrate the first fully-vertical
GaN-on-SiC trench MOSFETs with good ON-state current
density and threshold voltage. With further improvement of
the AlGaN/SiC heterostructure growth, the knee voltage and
Ron,sp can be minimized. The advantage of reduced current
crowding effect in fully-vertical devices is demonstrated, and
a high current of 1.57 A is achieved in large area fully-vertical
GaN-on-SiC trench MOSFETs. The fully-vertical GaN-on-
SiC trench MOSFETs also have a better high-temperature
performance than quasi-vertical GaN-on-silicon devices. These
initial results offer an important step towards the development
of fully-vertical GaN-on-SiC power devices, which is promis-
ing for power electronics.
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