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Abstract—In this letter, we report on the dc and RF
performance of AlGaN/GaN metal-oxide-semiconductor
high-electron mobility transistors (MOSHEMTSs) with vari-
ous gate lengths (Lg) from 90 to 500 nm using atomic-layer-
epitaxy single crystalline Mgg 25Cag 750 as gate dielectric.
The 90-nm T-gate MOSHEMT simultaneously demonstrates
a fy/fmax of 113/160 GHz with high on/off ratio of 5 x 108.
The on/off ratio increases to 2 x 10'! at Lg = 350 nm
by reducing short channel effects. The gate leakage cur-
rent is around 10~'1 A/mm at off-state and 10~5 A/mm at
on-state. A 160 nm Lg MOSHEMT also exhibits an output
power density of 4.18 W/mm at f = 35 GHz and Vpg =20 V.
MgCaO demonstrates to be a promising dielectric for GaN
MOS technology in serving as the surface passivation layer
and reducing the gate leakage current while maintaining
high RF performances for high-power applications.

Index Terms— AlGaN/GaN, MOSHEMT, ALE, epitaxial
oxide.

|. INTRODUCTION

URING the past two decades, GaN-based high-electron-
mobility-transistors (HEMTs) have drawn intensive
attention due to its wide bandgap and high saturation velocity
properties, which makes it perform well for high frequency
and high power applications [1]-[16]. However, there are
still some issues such as high densities of surface states
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and high gate leakage currents which limit the performance
of the devices. Surface passivation is a good approach to
make the 2-dimensional electron gas (2DEG) channel immune
from the surface states, originating from the dangling bonds,
threading dislocations and absorbed ions from the ambient
environment [17]. Gate leakage issue can be resolved by
inserting a thin and wider bandgap gate dielectric in between
the gate and barrier to form a higher and wider barrier to
reduce the tunneling current from the gate. Considering surface
passivation and minimizing gate leakage current, GaN metal-
oxide-semiconductor HEMTs (MOSHEMTSs) with an ultra-
thin gate dielectric is an effective way to suppress gate leakage
and passivate the surface in the gate-source and gate-drain
regions [18].

Although GaN MOSHEMTs with amorphous gate
dielectrics can partially solve the problems, real high quality
oxide/barrier interfaces are still lacking. In our previous
report, we have studied an epitaxial oxide (MgCaO) in a near
lattice matched InAIN-GaN MOSHEMT system, and we have
achieved a good DC performance [19]. However, whether this
novel oxide can be applied to the conventional AlGaN/GaN
system, especially for RF performance, still remains to be
answered. In addition, long-term stability and reliability are
also needed to verify the potential of MgCaO as a promising
gate dielectric. In this letter, we successfully demonstrated
the integration of the epitaxial gate dielectric MgCaO with
AlGaN/GaN MOSHEMTSs, showing reduced gate leakage
current, high drain current (Ip) on/off ratio, negligible current
collapse and hysteresis, and high RF performance.

II. DEVICE FABRICATION AND MEASUREMENT

The AlGaN/GaN MOSHEMT structure was grown on a SiC
substrate, consisting of, a 2-nm Al,O3 capping layer, a 4-nm
Mgy 25Cap750 epitaxial oxide, a 3-nm GaN capping layer,
a 16-nm Alg26Gag 74N barrier, a 1-nm AIN spacer, a GaN
channel, and a 1.8-um Fe-doped GaN buffer. Fig. 1(a) shows
a cross-sectional schematic view of a T-gate AlGaN/GaN
MOSHEMT on a SiC substrate. Device fabrication started
with mesa isolation by Cl,/BCl3 etching to a depth of 80 nm.
Then, Ohmic contacts were formed by depositing Ti/Al/Ni/Au
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Fig. 1. (a) Schematic of a GaN MOSHEMT, (b) SEM image of the
fabricated T-gate GaN MOSHEMT with Lg = 120 nm [22], and (c) TEM
image of epitaxy MgCaO on GaN.

(20/120/40/50 nm) followed by 775 °C rapid thermal anneal in
N; atmosphere. The sheet resistance (Rsy) and contact resis-
tance (Rc) were determined to be 330 Q/[] and 0.32 Q -mm
through transfer length method (TLM). Prior to the oxide
deposition, the native oxide was etched by diluted BOE
(BOE:H,O = 1:5) for 30 s followed by soaking sample in
the NH4OH solution for 10 min for surface cleaning. 4 nm
of epitaxial Mgp5Cag 750 capped with 2 nm of amorphous
Al,O3 were deposited by atomic layer epitaxy (ALE) and
atomic layer deposition (ALD) chambers, respectively. The
Al,O3 is used as capping layer to avoid MgCaO absorbing
water in the following processes. More details about the oxide
epitaxial growth can be found in our previous works [20]. The
relative dielectric constant of MgCaO is 10. There is only 1.5%
lattice mismatch between the MgCaO and the GaN capping
layer, determined by X-ray diffraction (XRD) experiment, and
the transmission electron microscopy (TEM) image of epitaxy
MgCaO on GaN was shown in Fig. 1(c). The T-gate fabrication
was carried out using a double e-beam exposures of ZEP and
PMMA A10 photoresist and a dry etching Ge process [21].
The lithography processes were performed by a Vistec VB6
e-beam lithography system and a MJB3 Kurss Mask Aligner.

The devices have various T-gate foot lengths (Lg) of
90-500 nm, a source to drain spacing (Lsp) of 2.2 um
and a gate width of 10 and 20 um for DC and small
signal RF measurements, respectively. The T-gate head has
a length of 900 nm. Fig. 1(b) shows the scanning electron
microscope (SEM) image of a fabricated T-gate device with
Lg of 120 nm, the same as our previous report [22], where part
of device performance with Lg >120 nm was reported. The
DC and pulse measurements were carried out with Keithley
4200 Semiconductor Characterization System and Keysight
B1530A at room temperature. The RF measurements were
performed using an automated system consisting of an HP4142
parametric analyzer and HP8510 network analyzer with
Cascade probes.

[1l. RESULTS AND DISCUSSION

Fig. 2(a) shows the well-behaved DC output characteristics
(Ip-Vps) of a GaN MOSHEMT with Lg = 90 nm and
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Fig. 2. (a) Output characteristics of a GaN MOSHEMT with Lg = 90 nm
and Lgp = 2.2 um. (b) Pulsed Ip — Vpg measurements of the same
device with 500 ns pulse width and 0.1% duty cycle.

Lsp = 2.2 um. The Vpg is swept from 0 V to 10 V and the
Vs is stepped from 2.5 V to —5 V with —0.5 V as the step.
A maximum drain current density (Ipmax) of 1.25 A/mm
is realized at Vpgs = 10 V and Vgs = 25 V.
An on-resistance (Roy) of 1.4 Q-mm is extracted due to low
Rsy and Rc. Fig. 2(b) depicts the current-collapse charac-
teristics by using the 500-ns pulse width and 500-us pulse
period at room temperature. The Vgg is limited to be 0 V
due to the current limitation (10 mA) of the pulse measure-
ment equipment. The quiescent bias points are set at (VgsQ,
Vbsq) = (0,0), (—5,0) and (=5, 10) for cold-channel, gate
and drain pulses, respectively. When compared with (Vgsq,
Vbsq) = (0, 0), the gate lag (=5, 0) seems to be negligible,
showing a good passivation effect on the surface traps by
the epitaxial oxide. Although there is a slight difference
of 4 % current reduction between the drain lag (—5, 10)
and (0, 0) near knee voltage, the drain lag Ip recovers to the
same value at Vpg = 10 V. All the pulsed saturation currents
are slightly higher than DC current, mostly likely due to a
minor self-heating effect at DC.

The linear and log-scale transfer characteristics of GaN
MOSHEMT are plotted in Fig. 3. A threshold voltage (Vr)
of —4 V is extracted from the linear extrapolation of Ip — Vgs
at Vps = 1 V for the device with Lg = 90 nm. The extrinsic
peak transconductance is calculated to be 345 mS/mm at
Vps = 9 V and Ip = 250 mA/mm. The log-scale transfer
characteristics of Ip — Vgs clearly show a high on/off ratio of
5 x 108 at Vps = 1 V. The substhreshold slope (SS) and
drain induced barrier lowering (DIBL) are extracted to be
104 mV/dec (at Vps = 1 V) and 110 mV/V, respectively.
This SS is higher than our previous SS of InAIN/GaN
MOSHEMT because of the thicker AlGaN barrier compared
with the InAIN barrier [19]. We also investigate the Ip — Vgs
transfer characteristics of the AlIGaN/GaN MOSHEMT with
Lg = 350 nm. With a longer Lg, this device has an ultra-
high on/of ratio of 2 x 10'!. The SS and DIBL are extracted
to be 63 mV/dec and 35 mV/V due to the minimized short
channel effects (SCE). Fig. 3(b) reveals a low hysteresis of
30 mV when Vgs is swept from —7 V to 3V and then
swept back. It indicates high quality of MgCaO/GaN interface.
In addition, the gate leakage current is reduced by several
orders of magnitude compared with HEMT [23] on both the
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Fig. 3. (a) Linear plot of gm —Vgg and Ip — Vg transfer characteristics

of the device with Lg = 90 nm and Lgp = 2.2 um. (b) Log-scale plot of
the Ip — g — Vgs with a dual sweep of the Vgg. (c) Log-scale plot of the

—lg— V(iis of another device with Lg = 350 nm. Ultra-high on/off ratio
of 2 x 10'" and low SS = 63 mV/dec are obtained. (d) Three-terminal
off-state breakdown measurement of the device with Lg = 120 nm and
LSD =22 um.

on-state and off-state, which can potentially help to improve
device reliability. Finally, benefiting from the ultra-low leakage
of the AIGaN/GaN MOSHEMT, device with Lg = 120 nm
and Lsp = 2.2 um demonstrates a high three-terminal
off-state breakdown voltage (BVgp) of 39 V as shown in
Fig. 3(d).

Fig. 4(a) depicts the small-signal RF measurements of one
representative device with Lg = 90 nm biased at the peak
gm condition and Vpg = 9 V. The off-wafer standard LRRM
calibration is used to calibrate the network analyzer and the
on-wafer open and short structures are used to de-embed the
pad parasitic from the as-measured S-parameter. The unity
current gain cut-off frequency (f;) is given by linear extrapo-
lation of the linear region of the Hy; gain at low f regions.
The maximum oscillation frequency (fmax) is determined by
the extrapolation of the linear region of the gain at low fre-
quency extrapolation of the maximum available gain (MAG)
through a conservative —20 dB/dec slope methodology. The
gate to source capacitance (Cgs) and gate to drain capaci-
tance (Cgq) of this L = 90 nm device are extracted to be
0.29 and 0.09 pF/mm, respectively. A fi/fmax of 113/160 GHz
and 101/150 GHz are extracted for Lg = 90 nm and
120 nm devices, yielding a high f;-Lg of 10.2 GHz-um and
12 GHz: um with L to total barrier-thickness (d) ratio of 3.46
and 4.6, respectively. Combining with the BVgp = 39 V,
device with Lg = 120 nm possesses a Johnson’s-Figure-
of-Merit (J-FOM, BVgpx f;) of 4 THz-V. This value is
comparable to the state-of-art J-FOM of AlGaN/GaN HEMT
and MOSHEMTs [24]-[26]. Fig. 4(b) shows the Lg dependent
fi and fax scaling behaviors of GaN MOSHEMT. The peak
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Fig. 4. (a) Pad deembedded small-signal RF performance of a GaN
MOSHEMT with Lg = 90 nm (b) f; and fmax scaling metrics of the
GaN MOSHEMTs (c) Large-signal deep class-AB performance of a
Lg = 160 nm device with power-sweep at f = 35 GHz and Vpg = 20 V.

fi-Lg value of 14.2 GHz-um is achieved at Lg = 300 nm.
Representative deep class-AB load-pull curves at f = 35 GHz
with input and output matched for high-power are shown in
Fig. 4(c). The measured source and load impedance for load-
pull measurement is 47.48+4jx92.34Q and 158.84jx 160.1€,
respectively. A decent output power density (Poyur) of
4.18 W/mm is achieved at Vpg = 20 V. As a reference, Crespo
et al. in AFRL have demonstrated a 9.8 nm barrier InAIN/GaN
HEMT with Poyr = 5.8 W/mm at a Lg = 160 nm and
Lsp = 2.8 um [27]. Considering the lower Ip and Lg/d of
4.6 of AlGaN MOSHEMT compared with InAIN HEMT with
Lg/d = 16, our result shows potential scaling and improve-
ment when the barrier can be further scaled.

IV. CONCLUSION

ALE MgCaO has been shown to be a good passivation layer
and gate insulator in T-gate AIGaN/GaN MOSHEMTs. High
on/off ratio, negligible current collapse and hysteresis result
from the nearly lattice-matched MgCaO/GaN epitaxial inter-
face. A combination of f; and fi,x of 113 GHz and 160 GHz
have been achieved for a Lg = 90 nm GaN MOSHEMT with
on/off ratio of 5x108. A Pout of 4.18 W/mm has also been
demonstrated at f = 35 GHz. ALE MgCaO offers the promise
of AlGaN/GaN MOSHEMTs with increased performance in
microwave and millimeter-wave high-power applications.
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