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Abstract—Lattice-matched depletion-mode InAlN/AlN/GaN
high-electron mobility transistors (HEMTs) on a SiC substrate
were fabricated, for the first time, with a dielectric-free passivation
(DFP) process in which the device access region was treated by
O2/Ar plasma. Similar to dielectric passivation using SiN
and Al2O3, the plasma treatment can effectively shorten the
gate-length extension. As a result, the current gain cutoff
frequency fT of a 60-nm rectangular-gate HEMT increased from
125 to 210 GHz after the plasma DFP; this RF performance is
among the highest reported fT for GaN-based HEMTs. The
device showed a dc drain current density of 2.1 A/mm and a
peak extrinsic transconductance of 487 mS/mm after DFP. The
Lg−fT product of 12.6 GHz · μm is among the highest reported
for a gate-physical-length-to-barrier-thickness aspect ratio of
5.6. Small gate lag and drain lag are observed in pulsed I–V
measurements with a 300-ns pulsewidth.

Index Terms—AlN, dielectric, GaN, gate-length extension,
HFET, high-electron mobility transistor (HEMT), InAlN, passi-
vation, plasma treatment.

I. INTRODUCTION

ONE INTRIGUING question in the GaN-based high-
electron mobility transistor (HEMT) community is what

prevents the device speed from reaching 300 GHz or higher.
An important issue is to minimize the parasitic capacitance
associated with the dielectric passivation of surface states in the
access region, introduced for minimizing dc-to-RF dispersion
and current collapse [1]. SiN passivation by chemical vapor
deposition has been widely used for more than ten years [2],
and typically, thick SiN (> 50 nm) is necessary to suppress the
dispersion. However, the capacitive gate–source and gate–drain
parasitics increase with the thickness as well as the dielec-
tric constant of the passivation layer, thus limiting the GaN
HEMT speed. To minimize parasitic capacitances, thin-layer
passivation schemes have been sought. Higashiwaki et al. [3]
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deposited ultrathin SiN (2 nm) over AlGaN (4 and 6 nm)
barrier HEMTs and reported a current gain cutoff frequency
fT of 190 GHz, Sun et al. [4] selectively removed SiN around
the gate and reported InAlN-barrier HEMTs with an fT of
205 GHz, and low-k materials [5] and thin Al2O3 [6] have also
been explored. On the other hand, plasma treatment prior to
dielectric passivation has been recognized to play an important
role in device dispersion behavior and reliability [7], [8]. It was
observed that AlGaN/GaN HEMTs treated with NH3 plasma
without subsequent SiN deposition displayed poor pulsed I–V
characteristics but unchanged dc performance [7].

Lattice-matched InAlN/AlN/GaN heterostructures are one
of the most promising alternatives to AlGaN/GaN HEMTs,
aside from AlN/GaN HEMTs [9] and Al-rich AlGaN/GaN
HEMTs [10], for high-speed applications due to their thin
barriers and high 2DEG concentrations. Excellent dc and
RF performance has been shown [4], [11], [12] as well as
low leakage current in devices [13] and promise for mixed-
signal circuit applications [14]. In this letter, we report an
fT of 210 GHz in depletion-mode InAlN/AlN/GaN HEMTs
on a SiC substrate, achieved by applying a dielectric-free
passivation (DFP) process, where the HEMT access region
was treated with O2/Ar plasma only. The effects of DFP
on device dc and RF performance were studied. This DFP
scheme introduces minimal parasitic capacitances, thus re-
sulting in one of the highest reported fT ’s in GaN HEMTs
for devices with a 60-nm physical gate length and ∼11-nm
barrier thickness without gate recess.

II. EXPERIMENTS

The InAlN/AlN/GaN HEMT structure consists of a 9.8-nm
lattice-matched In0.17Al0.83N barrier, a 1.0-nm AlN spacer (to-
tal barrier thickness tbar = 10.8 nm), a 55-nm unintentionally
doped GaN channel, and a 1.8-μm semi-insulating GaN buffer
on a SiC substrate, grown by metal-organic chemical vapor
deposition at Kopin Corporation.

The device fabrication started with mesa isolation using Cl2-
based reactive ion etching, followed by alloyed ohmic contacts
using a Si/Ti/Al/Ni/Au stack annealed at 860 ◦C in N2. The
contact resistance extracted using the transmission line method
is 0.38 Ω · mm. Rectangular Ni/Au (40/90 nm) gates without
gate recess were defined by electron-beam lithography and
lift-off. Device processing concluded with the DFP treatment,
consisting of O2/Ar plasma at a bias of ∼20 V for 2 min. The
device has a source–drain distance of 1.6 μm, a source–gate
separation of 430 nm, a gate width of 2 × 50 μm, and a physical
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Fig. 1. Common-source family of I–V ’s (a) before and (b) after DFP on the
device with Lg = 60 nm and Lsd = 1.6 μm.

gate length Lg of 60 nm, thus having a corresponding aspect
ratio Lg/tbar = 5.6.

Device dc and RF measurements were taken with an Agilent
4142B source/monitor and an E8361C vector network ana-
lyzer from 250 MHz to 60 GHz. The calibration was carried
out with LRM off-wafer impedance standards, and measured
s-parameters were de-embedded by subtracting on-wafer open
pad parasitics. The pulsed I–V measurement was performed
using a Keithley 4225 pulse measurement unit.

III. RESULTS AND DISCUSSION

Fig. 1 shows the common-source family of I–V ’s before and
after DFP. The device has an on-resistance Ron = 1.3 Ω · mm
extracted at Vgs = 1 V. Prior to passivation, Id,max =
2.0 A/mm at Vgs = 1 V, and a high output resistance was
observed; after passivation, Id,max increased to 2.1 A/mm, and
a much more severe short-channel effect was observed. To
understand the effects of DFP, room-temperature Hall effect
measurements using a van der Pauw test structure were taken.
Prior to DFP, the sheet resistance Rsh = 290 Ω/sq, with a
2DEG density ns = 1.6 × 1013 cm−2 and an electron mobility
μ = 1330 cm2/V · s, while after DFP, Rsh = 257 Ω/sq (close
to 260 Ω/sq extracted from TLM linear fitting), ns increased to
1.9 × 1013 cm−2, and μ = 1300 cm2/V · s. This observation
is consistent with previous studies of plasma treatments and
dielectric passivation, in which they were found to reduce the
surface barrier height of the nitrides, thereby increasing the
2DEG density in the channel [15], [16]. As a result of the sur-
face passivation, depletion near the gate, also called gate-length
extension [17], decreases. This, in turn, leads to a reduction
of the electrical gate length, leading to more significant short-
channel effects.

It is observed from the transfer curves (Fig. 2) that the
peak extrinsic transconductance gm,peak increased from 473 to
487 mS/mm after DFP, corresponding to intrinsic gm,int =
618 and 637 mS/mm for Rs = 0.49 Ω · mm; the gate leak-
age current was also reduced by more than 10× after DFP
(not shown). The threshold voltage Vth at Vds = 6 V shifted
from −4.7 to −5.5 V after DFP, obtained from the lin-
ear extrapolation of Id, and the drain-induced barrier low-
ering measured over a drain-bias range of 0.1–6 V at Id =
10 mA/mm increased from 110 to 530 mV/V; both facts
suggest that the device experiences stronger short-channel ef-

Fig. 2. (a) Measured transfer characteristics, showing a negative Vth shift of
∼0.8 V and gm,peak increase at Vds = 6 V after DFP. (b) Gate diode I–V ’s
showing leakage reduction after DFP.

Fig. 3. (a) Current gain and unilateral gain of the device, showing
fT /fmax = 125/46 and 210/55 GHz before and after DFP, respectively.
(b) Pulsed I–V measurements after DFP, with a 300-ns pulsewidth and a 0.5-ms
period.

fects after DFP. The gate diode I–V ’s before and after DFP
of another HEMT with a comparable physical gate length
fabricated on the same epiwafer following the same pro-
cess flow are shown in Fig. 2(b). A reduction in gate diode
leakage was observed in both reverse and forward bias di-
rections after DFP, and the two-terminal gate diode break-
down voltage at Ig = 1 mA/mm increased from 12 to 50 V.
It has been proposed that traps under and/or near the gate, most
likely N vacancies, are responsible for current collapse and high
gate leakage in GaN HEMTs [8]. This model is consistent with
our observation: the leakage current via hopping and tunneling
through traps located close to the gate metal is reduced by
passivating these trap states since the region directly under the
gate metal is not likely to be affected by DFP.

Fig. 3(a) shows the current gain and unilateral gain of the
device as a function of frequency at the peak fT bias conditions.
Following a −20-dB/dec extrapolation, fT /fmax = 125/46 and
210/55 GHz are obtained before and after DFP, respectively,
with an uncertainty of ±5 GHz. The low fmax is due to the
resistive rectangular gate. The Lg−fT product of 12.6 GHz ·
μm is among the highest reported for GaN HEMTs with an
aspect ratio Lg/tbar of 5.6. Since, after DFP, fT > 140 GHz is
achieved for HEMTs on the same chip with Lg < 115 nm, an
electrical gate length Lg,eff ≥ 120 nm can be estimated prior
to DFP, associated with the measured fT of 125 GHz. This
indicates that the gate-length extension prior to DFP exceeds
60 nm, which is comparable to Lg . This large gate-length
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extension reduction after DFP cannot be explained by the
2DEG density increase (∼20%) alone, indicating that surface
states are primarily responsible for the gate-length extension.

The DFP scheme employed in this letter clearly improves
the RF performance of the HEMTs and reduces the gate-length
extension, suggesting that the plasma treatment is passivating
the surface states in the access region. However, historically,
passivation also implies protection against degradation of de-
vices due to operation in ambient conditions. To investigate
the effectiveness of DFP under large-signal drive, pulsed I–V
measurements were performed in air after DFP using a 300-ns
pulse width and a 0.5-ms period. As shown in Fig. 3(b), the
drain current density Id at Vgs = 0 V pulsed from (Vgs, Vds) =
(0, 0) is higher than that at dc, indicating that the device suffers
from self-heating under dc operation. Because of short-channel
effects, current saturation is not observed in the cold pulsed
I–V . Id pulsed from (−10 V, 0) and (−10 V, 10 V) showed only
modest gate lag (5.5%) and drain lag (3.7%), which are much
smaller than the representative gate lag (16%) and drain lag
(14%) on devices without DFP (not shown). However, further
studies are necessary to fully investigate the suitability of DFP
for large-signal amplification at high frequencies since a virtual
gate of even a few nanometers can lead to appreciable changes
in performance for decananometer-gate-length HEMTs. One
possibility for enhancing environmental robustness is the use of
a combination of DFP with low-k dielectric coating. It is also
worth noting that the post-DFP performance of these HEMTs is
unchanged over the course of the measurements reported here,
which were taken over a period of several weeks.

Since effective passivation of GaN-based HEMTs with
nanometer-length gates is still an open research problem, it
appears possible that this DFP process may be a route to
achieving fT > 300 GHz. The demonstrated cutoff frequency
fT of 210 GHz is already among the highest reported values in
GaN-based HEMTs [3], [4], [18], [19]. Given the robustness of
the plasma treatment against large-signal device operation and
unchanged device performance over weeks, it is possible that
the O2/Ar plasma treatment has created a thin oxide layer on
the HEMT surface; additional investigation (e.g., X-ray pho-
toelectron spectroscopy) is required to explore this possibility.
Conventional approaches such as the use of back barriers and
thinner top barriers are expected to ameliorate the short channel
effects that have been revealed with DFP by reducing the gate-
length extension.

IV. CONCLUSION

Lattice-matched depletion-mode InAlN/AlN/GaN HEMTs
on a SiC substrate were fabricated and passivated with an
O2/Ar plasma treatment in the access region without subse-
quent dielectric deposition, i.e., DFP. This technique is shown
to be effective for limiting gate-length extension by passivating
surface states but without introducing extra parasitic capaci-
tance, thus improving the transistor speed. The device with DFP
and a 60-nm physical gate length shows one of the highest fT
values in GaN-based HEMTs, fT = 210 GHz, as well as a high
drain output current density of 2.1 A/mm. Future studies are
necessary to better understand the physical mechanism of the
DFP plasma treatment.
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