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ABSTRACT This letter reports a high-performance fully-vertical GaN-on-SiC p-i-n diode enabled by a
conductive n-AlGaN buffer. The buffer conductivity was optimized by tuning the Al composition. The
diode presents an ultra-low specific ON-resistance of 0.25 m$-cm?, a high current swing of 10'!, and
a high breakdown voltage of 850 V with a 5-um-thick drift layer, leading to a Baliga’s figure of merit
(BFOM) of 2.89 GW/cm?. The diode performance at elevated temperatures and the OFF-state leakage
mechanism are analyzed. The demonstrated fully-vertical GaN-on-SiC p-i-n diode with a conductive
buffer reveals a simple way towards realizing high-performance fully-vertical GaN-on-SiC devices for

high power applications.

INDEX TERMS Gallium nitride, fully-vertical, GaN-on-SiC, conductive buffer, p-i-n diode.

I. INTRODUCTION

GaN power devices have developed rapidly in the past
decades. While extensive research effort brings the successful
commercialization of lateral GaN HEMTs for sub-650 V
applications [1], the development of vertical GaN power
devices did not catch up with the pace, mainly hindered by
the high cost and small size of GaN substrates. Therefore, it
is necessary to develop vertical GaN power devices on cost-
effective foreign substrates, i.e., sapphire, Si, and SiC for
high power applications. Quasi-vertical GaN power devices
have been demonstrated on these substrates [2], [3], [4],
[5], [6], [7], but they typically suffer from current crowding,
etching-induced sidewall leakage and non-optimal wafer area
utilization [8]. Researchers used two substrate engineering
techniques, namely flip-chip bonding and selective removal
of substrate and buffer, to realize fully-vertical GaN-on-Si
power devices [9], [10], [11], but their fabrication processes
are somewhat complex. On the other hand, employing a
conductive buffer between the substrate and GaN drift layer
can greatly simplify the fabrication process. Fully-vertical
GaN-on-Si power diodes have been realized with GaN/AIN
strained layer superlattice (SLS) buffer [12], [13], [14]. Yet,

the epitaxy thickness is limited by the large lattice and
thermal mismatch between GaN and Si, and the device
performance is limited by the high resistivity of the SLS
buffer.

Compared to Si and sapphire, SiC substrate has the advan-
tage of higher thermal conductivity, closer lattice-match with
GaN and simpler to achieve fully-vertical structure. Using
the GaN-on-SiC platform also allows monolithic integration
of GaN and SiC devices [8]. In the 2000s, some researchers
demonstrated fully-vertical GaN-on-SiC p-i-n diodes with
conductive AlGaN buffer [15], [16], [17]. However, there
is still plenty of room for performance improvement.
Recently, fully-vertical GaN-on-SiC Schottky barrier diode
with fluorine-implanted termination was demonstrated [8].
In this work, we present high-performance fully-vertical
GaN-on-SiC p-i-n diodes with a relatively simple fabrication
process. Grown on an optimized AlGaN buffer of high
conductivity, the diode features a high current swing of 10'!,
a high breakdown voltage (Vgr) of 850 V and an ultra-low
specific ON-resistance (Ron,sp) of 0.25 m-cm?, giving a
superior Baliga’s figure of merit (BFOM = (VBR)Z/RON)SP)
of 2.89 GW/cm?.
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FIGURE 1. (a) Cross-sectional schematic of fabricated fully vertical
GaN-on-SiC p-i-n diodes. (b) AFM scan image of the as-grown sample.
(c) XRD rocking curves of the as-grown sample. (d) Calculated net doping
concentration in the drift layer from C-V measurement.

Il. EPITAXIAL GROWTH AND DEVICE FABRICATION

The p-i-n epitaxial structure for the diode was grown on
n-type 4H-SiC substrates by metal-organic chemical vapor
deposition (MOCVD), as shown in Fig. 1(a). The epilayers,
from bottom to top, consist of a 70-nm n-Aly.12Gag ggN [Si:
2x10'" ecm™3], a 90-nm n-Alg 12-0Gao.gs->1 N [Si: 2x 1010
cm ™3], a 110-nm nt-GaN [Si: 2x10' cm™3], a 5-um n~-
GaN drift layer, a 500-nm p*-GaN [Mg: 3x10'° ¢cm™3], and
a 20-nm ptT-GaN [Mg: 1x10% cm~3] capping layer. The
Al composition in the AlGaN buffer is calibrated by x-ray
diffraction (XRD) measurements. Fig. 1(b) shows a 10 x 10
um? atomic force microscope (AFM) scan of the as-grown
sample, with a root-mean-square roughness of 1.27 nm.
Fig. 1(c) shows the XRD rocking curves of the as-grown
sample, with FWHM of (002) and (102) orientations values
132.1 arcsec and 183.6 arcsec, respectively. The threading
dislocation density (TDD) is estimated to be 1.21 x 108
cm~2 based on empirical equations [18]. Fig. 1(d) shows
the net carrier concentration in the drift layer obtained from
room temperature C-V measurement at 1 MHz, which is as
low as 5 x 1015 cm™3 [19].

The key to fabricating high-performance fully-vertical
GaN-on-SiC power devices is to optimize the conductivity
of the AlGaN buffer. Test structures with different Al
compositions in the buffer were grown by MOCVD and
fabricated to check for conductivity, as shown in Fig. 2.
The highest buffer conductivity has been achieved with an
Al composition of 0.12, and it was adopted for p-i-n diode
epi-layer growth.

The diode fabrication process started with Cl,/BClz-based
dry etching of mesa (~5.5-um deep) for device isola-
tion [20], followed by hot tetramethylammonium hydroxide
(TMAH) treatment to remove the etching damage and
smoothen the etched surface. Then, 120 nm Ni was evap-
orated on the SiC substrate backside as cathode, followed
by a rapid thermal annealing step at 950 °C in Nj to
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FIGURE 2. (a) Schematic of the test structure for optimizing the buffer
conductivity. (b) Vertical I-V characteristics of test structures with different
Al compositions in AlGaN.
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FIGURE 3. Forward J-V characteristic of a representative diode in
(a) linear scale and (b) semi-log scale.

form ohmic contact. The frontside is protected by a layer
of plasma-enhanced chemical vapor deposition (PECVD)
grown SiO; in this step [8]. Finally, Ni/Au was evaporated
on the frontside and annealed as anode.

1il. DEVICE RESULTS AND DISCUSSION

Fig. 3(a) plots the forward current density versus voltage
(J-V) characteristics and Ron,sp of a representative device
in linear scale. The diode has a mesa diameter of 60-um
and an anode diameter of 44-um. Ronsp is as low as
0.25 mQ-cm? at 6.5 kA/cm?. Fig. 3(b) plots the forward
J-V characteristics in semi-log scale, showing a high current
swing of 10!''. The ideality factor is extracted to be 4.1,
and the turn-on voltage (Von) defined at 10 A/cm? is 3.8 V.
The ideality factor and Von are somewhat higher than those
of vertical GaN p-i-n diodes without current conducting
through an as-grown buffer—substrate heterojunction [10],
[19], [21], [22]. This can be attributed to the large conduction
band offset at the AIGaN/SiC heterojunction interface, deep-
level assisted tunneling, non-ideal p-GaN ohmic contact and
enhanced recombination process associated with dry etching
damage [8], [15], [23], [24], [25].

Fig. 4 shows the forward J-V characteristics at elevated
temperatures up to 175 °C in linear and semi-log scale. At
high injection, the increase of Ron,sp With higher temperature
can be explained by reduction in electron mobility in the
drift layer associated with enhanced phonon scattering [26].
The current before turn-on remains low at high temperatures,
maintaining a stable current swing of 10'!. Voy and ideality
factor are also extracted as a function of temperature. The
decrease in Von and ideality factor as temperature increases
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FIGURE 4. Forward J-V characteristic of a representative diode at elevated
temperatures in (a) linear scale and (b) semi-log scale. Extracted (c) Von
and (d) ideality factor at elevated temperatures.

can be attributed to bandgap narrowing, thermally-enhanced
carrier diffusion, improved p-GaN metal contact and increase
of thermally generated carriers [3], [8], [10], [25].

Fig. 5(a) shows the reverse J-V characteristics of a
representative diode in semi-log scale, presenting a hard
breakdown voltage of 850 V. The breakdown voltage can be
further improved by employing advanced edge termination
techniques such as field plates [3]. The reverse J-V char-
acteristics in Fig. 5(a) is plotted in log scale in Fig. 5(b),
clearly showing linear dependence and two changes in slope
at —133 V and —683 V, indicating the coexistence of
acceptor and donor traps. The acceptor and donor trap
density are estimated to be 3.68 x 10'® cm™3 and 2.97 x
10'® ¢cm™3 from the two traps-filled-limited voltages [27].
With J proportional to V", the reverse leakage current can
be modeled by trap-assisted space-charge-limited current
(SCLC) conduction, with n fitted to be 1.2, 3.8 and 18 in
the three regions [28].

Fig. 5(c) shows the reverse J-V characteristics up to —400
V at elevated temperatures. The leakage current at —400 V
increases less than one order of magnitude from 25 °C to
175 °C. From the Arrhenius plot of In(J) - 1/T at —400 V,
the thermal activation energy is extracted to be 132 meV,
suggesting the existence of deep hopping centers [9], [29].
Reverse J-V characteristics of diodes with different mesa
diameters are also tested and shown in Fig. 5(d). The leakage
current density has little dependence on the diode mesa
perimeter, indicating that the sidewall leakage current is
insignificant, and the bulk component is the main contributor
to the total leakage current [30].

Finally, in Fig. 6, the p-i-n diode in this work is
benchmarked with state-of-the-art quasi- and fully-vertical
GaN p-i-n diodes on foreign substrates and bulk GaN
substrates in terms of Ron,sp versus Vpr. The high BFOM
of 2.89 GW/cm? is superior to the reported vertical GaN
p-i-n diodes on foreign substrates. The performance can be
further improved by optimizing the AlGaN buffer to reduce

320

-~ 1E+5 -~ 1E+5
£ 143 £ 143
< <
- T -
> 1641 850V > 1641
B 1E-1 B 1E-1
a a
S 1g-3 S 1g-3
s [
21e-5 (a) 21e-5
=} a 3
© 1E-7 © 1E-7
200 400 600 800 1 10 100 1000
Reverse Bias (V) e Reverse Bias (V)
~1E+0 “E 1E+00
£ 1E1 3
3 1E2 Sae-02y o —
Z 163 2 1E-04{ -~
(7] » [
2 1E-4 —25°C 3 — -100V
a 1E5 750c | 5108 200V
= -
8 ii':# () ——125°c| 5 1E-08 ol 300V
55 c 175°C| © =
© 1E-8 & 1E-10 400V
0 100 200 300 400 = 0 50 100 150 200
Reverse Bias (V) 3 Mesa diameter D* (cm™)

FIGURE 5. Reverse J-V characteristic of a representative diode in

(a) semi-log scale (b) log scale. (c) Reverse J-V characteristics up to -400 V
at elevated temperatures. (d) Leakage current density of diodes with
different mesa diameter D (D = 60, 100, 150, 200, 300 and 500-xm), as a
function of 1/D at reverse bias of 100, 200, 300 and 400 V.
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FIGURE 6. Ron,sp versus Vgg benchmarking of the diode in this work
against reported state-of-the-art vertical GaN p-i-n diodes.

the buffer-substrate heterojunction resistance and growing
a thicker drift layer. The demonstrated high-performance
fully-vertical GaN-on-SiC p-i-n diode with simple fabrication
process is promising for high-power applications and paves a
simple way towards realizing high-performance fully-vertical
GaN-on-SiC power devices.

IV. CONCLUSION

In this work, we demonstrate a fully-vertical GaN-on-SiC p-
i-n diode with an optimized AlGaN buffer, simple fabrication
process and record performance. The device performance
at elevated temperatures and reverse leakage mechanism
are analyzed. The high performance, including high-current
capability, ultra-low Ron,sp, high current swing and high
breakdown voltage are promising for power electronics and
demonstrates the huge potential of direct epitaxially-grown
vertical GaN-on-SiC power devices.
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