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Abstract A study of 1.7 kV normally-off p-GaN gate high-electron-mobility transistors (HEMTs) on SiC
substrates is presented. The fabricated p-GaN HEMT with a gate-drain spacing Lgp = 5 pm exhibited
a threshold voltage of 1.10 V, a maximum drain current of 235 mA/mm, an ON/OFF ratio of 10%, and a
breakdown voltage of 440 V. Benefiting from the semi-insulating and high-critical-electric-field substrate, the
p-GaN HEMT with Lgp = 23 pm achieved the remarkably high breakdown voltage of 1740 V with substrate
grounded. This breakdown voltage is very high compared with the reported values for p-GaN HEMTs on
silicon substrates with substrate grounded. The vertical breakdown voltage for the p-GaN-on-SiC material
exceeded 3 kV with substrate grounded. In addition, the maximum drain current at 500 K was 48% of that
at 300 K with a negligible threshold voltage shift. These results indicate the substantial potential of p-GaN
gate HEMT's on SiC substrates for high-voltage power applications.
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1 Introduction

GaN-based wide-bandgap semiconductor devices possess high breakdown voltages and low values of
specific ON-resistance Ron sp, and are promising materials for power applications [1-4]. Specifically,
p-(Al)GaN gate high-electron-mobility transistors (HEMTSs) on silicon substrates have been commer-
cialized widely for power applications below 650 V [5-7], because they possess the advantages of high
electron mobility of two-dimensional electron gas (2DEG), high breakdown voltage, an (Al)GaN-based
pn junction, and a low-cost silicon substrate. The limited breakdown voltage Vpr has hindered the
development of p-GaN HEMT products operating above 1200 V. For GaN-on-Si HEMTs, the substrate
needs to be grounded for Vpr measurements, and the value of the substrate-grounded Vpgr is limited
by the vertical breakdown mechanism [8,9]. Increasing the GaN buffer thickness is an effective way to
increase the vertical breakdown voltage. A 5.5 um GaN buffer and a 4.6 pum AlGaN-based buffer would
experience vertical material breakdown at 1207 and 1380 V, respectively [10,11]. For p-GaN HEMT on
silicon, a substrate-grounded breakdown voltage of 1000 V has been achieved for a 4 um AlGaN-based
buffer and a 500 nm GaN channel layer. The breakdown voltage was increased to 1344 V by using a 5 pm
high-resistivity GaN buffer and a 400 nm GaN channel layer [12,13]. Owing to the large lattice mismatch
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Figure 1 (Color online) (a) Schematic of p-GaN gate HEMT on SiC substrate; (b) depth-profile SIMS measurement of Mg ions
in the topmost layers of the epi structure.

and thermal mismatch, it is very difficult to grow thick (Al)GaN buffer layers on a silicon substrate,
limiting the level of the vertical breakdown.

GaN-on-SiC devices have been used widely in radio frequency applications because of the high-quality
GaN epilayer and excellent heat dissipation [14-16]. Compared with a silicon substrate, a semi-insulating
SiC substrate cannot conduct electricity and possesses a high critical electric field value. Therefore,
the vertical breakdown is rare in GaN-on-SiC devices, and enhancement of Vpg is the preferable option.
Highly reliable p-GaN gate HEMTs on SiC are fabricated by taking advantage of the low lattice mismatch
between GaN and SiC and the good thermal conductivity. Because of their high 2DEG mobility, GaN-on-
SiC power devices can achieve a higher power figure-of-merit (FOM) compared with SiC power devices.
Because of the declining costs of SiC substrates, p-GaN gate HEMTs on SiC have been identified as
promising materials for high-voltage and high-temperature power applications. However, p-GaN gate
HEMTSs on SiC substrates have not yet been studied intensively.

In this study, we fabricated 1.7 kV normally-off p-GaN gate HEMTs on SiC substrates. The fabricated
device with a gate-drain spacing of 23 pwm exhibited a remarkably high Vzgr of 1740 V with substrate
grounded, a specific on-resistance (Ron sp) of 9.56 mQ-cm?, and a high power FOM of 317 MV /cm?. The
vertical material breakdown voltage was more than 3 kV. In addition, high-temperature performance tests
were conducted up to 500 K, with the material demonstrating good thermal stability throughout. We
report on our fabrication of these devices and our evaluation of their properties in the sections that follow.

2 DMaterial growth and device fabrication

Normally-off p-GaN transistors were fabricated on semi-insulating SiC substrates using metal organic
chemical vapor deposition (MOCVD), as shown in Figure 1(a). P-GaN epilayer consisted of a 17 nm
AIN nucleation layer, a 200 nm Fe-doped GaN buffer layer, a 1.08 um i-GaN buffer layer, a 0.5 nm AIN
interlayer, a 29 nm Aly2Gag gN barrier layer, and an 80 nm p-GaN layer. The epilayer material was
annealed at 800°C for 20 min. The annealing process was carried out in situ in an Ny atmosphere.

The depth profile of Mg ions obtained by secondary-ion mass spectrometry (SIMS) measurement is
displayed in Figure 1(b). The Mg ion concentration was 7.1 x10'? cm~2 in the p-GaN layer. The activated
hole concentration reached a value of 1.77 x 10'® cm ™2, which was measured by a Hall measurement based
on the van der Pauw technique and the Hall effect. High-resolution X-ray diffraction (HRXRD) was
performed to characterize the crystalline quality. As shown in Figure 2, the full width at half maximum
(FWHM) values of the X-ray rocking curves (XRCs) for epitaxial p-GaN layers were approximately 189
and 240 arcsec for the (002) and (102) diffraction patterns, respectively, which are comparable to those
for conventional GaN layers on SiC substrates [17].

The device fabrication commenced with p-GaN gate patterning using a low-power inductively coupled
plasma etching process. Subsequently, p-GaN etching was performed using a low-power (15 W) BCls/Cls-
based inductively coupled plasma etching process with an etching rate of 10 nm/min. The ohmic contacts
were realized by evaporating a Ti/Al/Ni/Au metal stack and using rapid thermal processing at 860°C,
whereas the p-GaN gate contact was formed by a Ni/Au metal stack. The p-GaN HEMTs were passivated
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Figure 2 XRCs of the (a) (002) and (b) (102) diffraction patterns for the p-GaN epilayers on a SiC substrate.
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Figure 3 (Color online) (a) Output and (b) transfer curves of the p-GaN gate HEMT on a SiC substrate with Lgp = 5 pm.

with 40 nm Al;O3 using an atomic layer deposition (ALD) system. The measured p-GaN gate HEMTs
on SiC substrates featured a gate length Lg = 4 um, a gate root Lgr = 2 um, a gate-source spacing
Lgs = 2 pm, and gate-drain spacings Lgp = 5/11/17/23 pm.

3 Results and discussion

The output and transfer characteristics of the p-GaN gate HEMT with Lgp = 5 um are demonstrated
in Figure 3. The maximum drain current Ipmax was 235 mA/mm at Vgg = 10 V, and the ON/OFF ratio
reached a value of 10%. The threshold voltage Viry was 1.10 V, defined at Ip =1 mA /mm. The variation of
the knee voltage with Vg (displayed in Figure 3(a)) may be ascribed to the electron Coulomb scattering
mechanism and hole carrier injection. With increasing values of Vg, the electron density under the gate
would increase as well, and the Coulomb scattering would be expected to have a substantial impact on
electron carriers. As a further consequence of increasing values of Vpg, a larger Vpg would be required to
reach the saturation drain current, resulting in a positive knee-voltage shift for 2 V < Vog < 6 V. For Vg
> 6V, the larger number of hole carriers resulting from the increased Vg would inject into the channel,
and the current would be increased further, which might weaken the effect of the electron Coulomb
scattering mechanism and lead to the negative knee-voltage shift observed for increasing Vs [18]. In
order to reduce the 2DEG density under the p-GaN gate and enlarge Vry, the AlGaN barrier under the
p-GaN gate can be etched partly, or a thin barrier layer can be used [19]. A gate metal with a low work
function, a p-GaNN bridge, or a p-channel field-effect-transistor bridge can be utilized to increase Vppg by
increasing the Schottky barrier height [20-23].

The breakdown characteristics of the p-GaN HEMTs on SiC substrates were measured with Vog =0V
and the substrate grounded, as shown in Figure 4(a). The breakdown voltage Vg was 440 V for the
p-GaN HEMT with Lgp = 5 um. The value of Vg increased to 860, 1280, and 1740 V for Lgp = 11,
17, and 23 um, respectively. The breakdown voltage of 1740 V is very high compared with the reported
breakdown voltages of p-GaN HEMTSs on grounded silicon substrates [5,12,13,20].
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Figure 4 (Color online) (a) Breakdown characteristics of p-GaN HEMTs as a function of Lap; (b) dependence of Vgr and Ron,sp
on Lgp. The p-GaN HEMTSs breakdown curves were measured with the substrate grounded.

The specific on-state resistance of the p-GaN HEMT with Lgp = 5 pm was 18 Q-mm, and the
corresponding Ron was 4.00 m€Q-cm?, taking a transfer length of 1.5 um for each ohmic contact into
account. As shown in Figure 4(b), Rox increased to 9.56 mQ-cm? for Lgp =23 pm, and the corresponding
maximum current Ipmax was 143 mA /mm. For the p-GaN HEMTs on SiC substrates with Lgp =23 pum,
the power FOM was 317 MV /em?, which is among the best FOMs of p-GaN gate HEMTs with grounded
silicon substrate ever measured. The scope of potential applications of p-GaN HEMTs on SiC substrates
could be substantially broadened by increasing the range of possible values of Vgr and Ron. The p-
GaN etching process and ohmic contacts utilized in this study were not completely optimized, and large
channel resistivities and ohmic contact resistivities were obtained, leading to the low current density and
large Ron. The drain current and Ron could be further optimized by employing the ultra-low etching
rate technique and optimizing the ohmic contact [13].

In order to investigate the device’s performance at high temperatures, a p-GaN HEMT with Lgp =
5 um was tested between 300 and 500 K. The output curves of the p-GaN HEMT at 500 K are displayed
in Figure 5(a). The maximum drain current decreased from 235 mA/mm at 300 K to 112 mA/mm at
500 K. The transfer curves of p-GaN HEMT between 300 and 500 K are displayed in Figure 5(b). As
shown in Figure 5(c), the shift in Vg between 300 and 500 K can be obtained from the data displayed in
Figure 5(b). The value of Virg at 500 K was 1.17 V, and the shift in Virg (AVn) was less than 0.1 V for
the entire range of 300-500 K. The dependence of the quantity Ip gr/Ip rr (Ip at high temperature/Ip
at room temperature) on temperature is displayed in Figure 5(d). The values of Ip pr/Iprr Were
83%, 62%, 51%, and 48% at 350, 400, 450, and 500 K, respectively. These values were not lower than
those reported for p-GaN HEMTSs on silicon substrates [24,25]. The drain current reduction at high
temperatures mainly resulted from the severe phonon scattering at high temperatures. The small shift
in Vg and the high value of the ratio Ip yr/Ip rr at 500 K indicated that the p-GaN HEMTSs on SiC
substrates exhibited excellent high-temperature performance.

The values of Vg for p-GaN HEMTS on silicon substrates are limited by the weak breakdown electric
field of the silicon substrates. Increasing the GalN buffer thickness is the dominant method used to
increase the value of Vgr for p-GaN HEMTSs on silicon substrates. In contrast, the SiC substrate cannot
conduct electricity, and the value of Vgr for p-GaN HEMTSs on SiC substrates is not limited in the
manner applicable to silicon substrates. The measured values of the vertical breakdown voltage for the
p-GaN-on-SiC material are presented in Figure 6. The vertical leakage at 3 kV was less than 1072 A /cm?,
which is a very low value for vertical leakage. Therefore, the p-GaN-on-SiC HEMTs demonstrated their
ability to achieve breakdown voltages of 3 kV with the substrate grounded. The substrate-grounded
value of Vg for p-GaN HEMTs on SiC substrates can be further improved by using field plates or other
termination techniques.

4 Conclusion

In summary, we have demonstrated that p-GaN gate HEMTs on SiC deliver high levels of performance.
The p-GaN device with Lgp = 23 pm exhibited a remarkably high Vg of 1740 V (at 1 mA/mm) with
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Figure 5 (Color online) (a) Output curves of p-GaN HEMT at 500 K. (b) Transfer curves of p-GaN HEMTs at 300, 350, 400,
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Figure 6 (Color online) Vertical breakdown measurement for the pGaN-on-SiC material.

substrate grounded, which is not limited by the vertical breakdown mechanism. The shift in Vg and the
variation in the maximum drain current were investigated across a range of high temperatures. A vertical
breakdown voltage of 3 kV was obtained for p-GaN on SiC material. Experimental results demonstrated
that p-GaN-on-SiC HEMTs transcend the vertical breakdown limits of p-GaN-on-Si HEMTs, indicating
their potential use in 2 kV high-voltage power applications.
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