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GaN-based HEMTs have emerged as promising candidates for
high-frequency and high-power RF applications owing to their
superior intrinsic material properties [1]. Although source field
plate (SFP) technology has been widely adopted to enhance power
handling capability by mitigating peak electric fields at the gate-
drain edge, it inevitably introduces undesirable effects such as in-
creased Miller capacitance and process-induced performance fluc-
tuations [2]. These limitations have motivated the development
of alternative device architectures that can achieve comparable
performance without employing SFP structures.

To address this issue, previous studies have demonstrated that
the higher dielectric constant of AlGaN can effectively alleviate
electric field concentration near the gate corner, consequently im-
proving breakdown voltage [3]. This fundamental understanding
has driven the advancement of recessed-gate designs aimed at re-
distributing the peak electric field from the SiN to the AlGaN
interface. Nevertheless, conventional recessed-gate etching tech-
niques frequently induce undesirable damage to the barrier layer,
leading to elevated leakage currents and compromised device per-
formance. In this work, we have implemented an oxide treatment
process subsequent to the recessed gate etching. This critical post-
processing step effectively repairs etching-induced defects, result-
ing in significant device performance enhancement. Our experi-
mental results conclusively demonstrate the successful implemen-
tation of SFP-free AlGaN/GaN HEMTs for X-band applications,
achieving excellent power density performance.

Experiment.  Figure 1(a) illustrates the device structure
schematic. Detailed information of the device structure and fab-
rication process can be found in Appendix A.

Results and discussion. Figure 1(b) reveals a smooth inter-
face with 12 nm remaining AlGaN barrier thickness under the
gate. Figure 1(c) presents the high-resolution transmission elec-
tron microscope (HRTEM) image of the oxide layer under the gate,
showing a uniform 3-nm thick oxide layer formed through precise
etching and optimized oxidation conditions. Figure 1(d) confirms
the conformal coverage characteristics of the oxide layer during
the plasma treatment process. Figures 1(e)—(h) demonstrate the

continuous oxygen distribution at the gate metal/AlGaN inter-
face through energy-dispersive X-ray spectroscopy (EDS) map-
ping. Combined with previously reported secondary ion mass
spectrometry (SIMS) and X-ray photoelectron spectroscopy (XPS)
results, the gate oxide layer is identified as a GaON/AION com-
posite [4]. Figures 1(i)—(1) further reveal through EDS mapping
that the oxide formation extends to the etched SiN interface at
gate corners.

As illustrated in Figure 1(m), the dual-sweep transfer In-Vgs
characteristics of the two types of HEMTs are presented. For
the RGO-HEMT, a high saturation drain current of 1.26 A/mm
and a low leakage current of 4 x 10=7 A/mm are delivered, re-
sulting in ON/OFF current ratio of over 105. The enhanced
transconductance (gm) of the RGO-HEMT results from the im-
proved gate electrostatic control over the channel. Notably, the
RGO-HEMT shows similar and negligible hysteresis in transfer I-
V' curves comparable to conventional HEMT's, confirming the high
quality of the oxide interface. Figure 1(n) demonstrates that RGO-
HEMTSs achieve a 40 V higher breakdown voltage than conven-
tional Schottky-gate HEMTSs, resulting from effective electric field
redistribution from the SiN/AlGaN interface to the AION/GaON
composite oxide layers. Significantly, the RGO-HEMT exhibits
a breakdown voltage exceeding 200 V when measured at 1072
A/mm current density. The overlapping IGate and Iprain curves
confirm gate-related leakage as the dominant breakdown mech-
anism. Figures 1(o) and (p) present pulsed I-V comparisons
for both devices, revealing the superior dynamic performance of
the RGO-HEMTs with only 10.1% current-collapse (CC) ratio
at (—8,40) V bias conditions, markedly lower than conventional
HEMTSs (20.4%).

S-parameter small-signal characteristics have been measured
for both devices. As shown in Figures 1(q) and (r), the peak
f1/fmax of the RGO-HEMT are 46.2/63.0 GHz, while those for
the conventional HEMTs are 41.1/54.5 GHz. These results show
the proposed RGO-HEMT improved fmax and fT while maintain-
ing excellent breakdown characteristics. As shown in Figure 1(s),
X-band load-pull measurements at 8 GHz (CW mode) demon-
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(Color online) (a) Schematic diagram and (b) cross-sectional micrograph view for the fabricated AlGaN/GaN HEMTs with the

RGO process. HRTEM image of (c) the area beneath the gate and (d) the gate corner region. EDS mapping of the region under the gate

metal: (e) Al, (f) Ga, (g) N, and (h) O elements.

EDS mapping of the gate corner region:

(i) Al, (j) Ga, (k) N, and (I) O elements.

(m) Dual-sweep transfer I-V characteristics. (n) OFF-state breakdown characteristics. (o), (p) Pulsed I-V characteristics. (q), (r) RF small-
signal characteristics comparison for both device types. (s) Large-signal power characteristics between the two types of HEMTs at Vpg = 30 V.
(t) Large-signal power characteristics of RGO-HEMTs at Vpg = 70 V. (u) The Poy¢ as a function of Vpg for the RGO-HEMTs. (v) X-band
power performance benchmarking against literature data. (w) Output power and (x) PAE curves at multiple impedance points for the 1.2 mm

RGO-HEMT at 70 V operation.

strate that the RGO-HEMTs achieved 51.3% peak PAE with
12.7 dB power gain at Vpg = 30 V, which shows a signifi-
cant improvement over conventional HEMTs (46.7%, 11.3 dB).
This enhancement stems from optimized transconductance and
suppressed current collapse. Figure 1(t) reveals that the RGO-
HEMTs delivered a high Pout of 15.7 W/mm while maintaining
15.2 dB linear gain at 70 V operation. Figure 1(u) displays that
the RGO process maintains linearly increased Poyt over a wide
range of drain voltage variation. Figure 1(v) presents an X-band
power performance benchmark comparison, demonstrating that
the achieved results exceed the state-of-the-art performance re-
ported for both Ga-polar and N-polar GaN HEMTs in existing
literature. Future optimization will focus on novel termination and
buffer design improvements [5]. A device with a large gate width
of 1.2 mm was also fabricated using the air-bridge source con-
nection technique. As shown in Figure 1(w), the device achieved
15.7 W (41.95 dBm) total output power at 70 V drain bias under
pulsed operation (20 us pulse width, 10% duty cycle), correspond-
ing to 13.1 W/mm power density. Figure 1(x) depicts that the
device achieves a PAE of 47.8% at an output power of 13.5 W
and maintains 44.1% even at peak power. These results confirm
the excellent power scaling capability of the RGO-HEMTSs from
100-pm to 1.2-mm device geometries, validating their potential
for practical high-power applications.

Conclusion. This study demonstrates high-performance Al-
GaN/GaN HEMTSs on SiC substrates fabricated using a recessed
gate oxidation process, achieving a power density of 15.7 W/mm
at 70 V drain bias. The RGO-HEMTSs exhibit excellent electrical

characteristics including ultralow leakage current, negligible hys-
teresis, and minimal current collapse, validating the effectiveness

of this approach for high-power RF applications. These results

highlight the RGO technique in enhancing the power handling ca-
pacity of GaN-based devices.
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