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Abstract—This paper reports a new method to enable
the normally-off operation of AlGaN/GaN
heterojunction field-effect transistors (HFETs). A
capacitor was connected to the gate input node of a
normally-on AlIGaN/GaN HFET with a Schottky gate
where the Schottky gate acted as a clamping diode.
The combination of the capacitor and Schottky gate
functioned as a clamp circuit to downshift the input
signal to enable the normally-off operation. The
normally-off operation with a virtual threshold
voltage of 5.3 V was successfully demonstrated with
excellent dynamic switching characteristics.

Index Terms—AlGaN/GaN heterojunction field-effect
transistor, clamp circuit, normally-off operation,
Schottky gate

I. INTRODUCTION

Due to the excellent material characteristics such as
high breakdown field and high mobility, GaN has been
receiving great attention for a next generation power
semiconductor with high conversion efficiency and fast
speed [1, 2]. In addition, the strong

effects at AlGaN/GaN heterojunction

interface create a two-dimensional electron gas channel

switching

polarization
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with very high carrier concentration. Despite these
outstanding  material normally-on
AlGaN/GaN

heterojunction field-effect transistors (HFETs) make it

properties, the
operation characteristics of typical
difficult for them to be commercialized because the
normally-off operation is strongly desired for circuit
simplification and safety issues [3].

Several methods have been reported to achieve the
normally-off operation of AlGaN/GaN HFETs, including
fluorine plasma treatment [4], p-GaN gate [5], recessed
MIS gate [6, 7], and cascode configuration [8]. However,
most normally-off technologies reported previously
exhibited relatively higher on-resistance values due to the
limited carrier density in comparison with conventional
normally-on AlGaN/GaN HFETs. It should be noted that
the cascode configuration requires an additional Si
MOSFET for normally-off switching operation, which
not only enlarges the chip size and production cost but
also increases the parasitic inductance caused by
connection. In our previous work, we proposed a new
concept for normally-off AlGaN/GaN HFETs where a
clamp circuit was integrated into a normally-on
AlGaN/GaN MOS-HFET [9]. The integrated clamp
circuit consisting of a MIM capacitor and an
AlGaN/GaN Schottky barrier diode (SBD) shifted the
input signal downward enabling the normally-off
operation.

In this work, we proposed another method to mimic
the clamping operation using an AlGaN/GaN HFET with
a Schottky gate structure. The clamping operation is
illustrated in Fig. 1. Unlike a MOS gate in our previous
work [9], the Schottky gate of an HFET itself serves as a

clamping diode. With a capacitor connected to the gate
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Fig. 1. Configuration of clamping AlIGaN/GaN HFET.

node, the input signal level is downshifted allowing the
AlGaN/GaN HFET with a negative
threshold voltage to be operated as a normally-off device

normally-on

with a positive threshold voltage.

I1. DEVICE FABRICATION

The epitaxial structure consisted of a 2 nm undoped
GaN layer, a 22.5 nm Alj,sGa, ;5N barrier layer, a 330
nm GaN channel layer, and a 4 um buffer layer on a Si
(111) substrate. The device fabrication started with
Ohmic contact formation using Ti/AI/Ni/Au (=
20/100/25/50 nm) metallization annealed at 800°C for 1
min in N, ambient. After Ohmic contact formation, the
active regions were isolated by low damage dry etching
using Cl,/BCl;-based
reactive ion etching. A 30 nm SiO, film was deposited as

inductively coupled plasma
a passivation layer at 350°C using plasma-enhanced
chemical vapor deposition. The SiO, layer for the
Schottky gate contact region was etched by low damage
SF¢/O,/Ar-based reactive ion etching. A Ni/Au (= 20/200
nm) metal stack was evaporated after a following

patterning process to form the Schottky gate and pad

Source field plate

GaN
Buffer

Si(111) Substrate

Fig. 2. Cross-sectional schematic of a fabricated AlGaN/GaN-
on-Si HFET.

electrodes simultaneously. The source-to-gate distance,
gate length, and gate-to-drain distance of the HFET were
3, 2, and 15 um, respectively. A post-metallization
annealing was carried out at 400°C for 20 min in O,
ambient to improve the interface quality between SiO,
passivation and GaN surface [6]. Lastly, a source-
connected field plate was fabricated by 200 nm SiN,
deposition and Ni/Au metallization in order to suppress
the high electric field at the gate edge. The gate overhang
length and the field plate extension from the gate edge
were 1 and 3 pm, respectively. The cross-sectional
schematic of a fabricated device is illustrated in Fig. 2.

III. RESULTS AND DISCUSSION

The typical current-voltage characteristics of the
fabricated AlGaN/GaN-on-Si HFETs are shown Fig. 3.
The device exhibited the normally-on characteristics with
a gate threshold voltage of -4 V and a maximum
transconductance of 175 mS/mm at the drain voltage of 5
V. The maximum drain current density was ~650
mA/mm at the gate voltage of 1 V and the calculated on-
resistance was 1.61 mQ.cm® where the active channel
area was used for calculation. The breakdown voltage
was > 900 V under the pinch-off condition. The typical
diode characteristics between the Schottky gate and
source electrodes are shown in Fig. 3(c).

In order to demonstrate the normally-off switching
operation of the proposed device, a capacitor was
connected to the gate input electrode of the device for
clamping function. It should be noted that the time
constants for charging and discharging modes must be
taken into account with the operation switching

frequency when determining the capacitance value. The
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Fig. 3. (a) Typical transfer, (b) output and breakdown
characteristics of a fabricated AlGaN/GaN-on-Si HFET, (c)
diode forward characteristics between gate and source
electrodes.

capacitance value used in this work was 5 nF.

As shown in Fig. 4(a), a hard switching method was
used to evaluate the switching characteristics. The
switching frequency was 10 kHz with a 50% duty cycle.
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Fig. 4. (a) Hard switching test circuit, (b) measured oscillation
waveforms, (c) dynamic on-resistance characteristics.

The voltage waveforms measured at three nodes
confirmed successful normally-off operation of the
proposed device (see Fig. 4(b)). The input driving signal
was downshifted from (+10 V, 0 V) to (+0.7 V, - 9.3 V)
by the clamp circuit and the device exhibited stable
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switching characteristics. The off-set voltage of 0.7 V
was associated with the Schottky turn-on characteristics
(Vp) shown in Fig. 3(c). The virtual threshold voltage
was 5.3 V taking account of the downshifted off-state
voltage of -9.3 V and the threshold voltage of HFET (= -
4V).

The dynamic on-resistance characteristics were
investigated up to the drain voltage of 200 V. The off-
state drain bias stress was increased from 50 V to 200 V
by a 50 V step. As shown in Fig. 4(c), the dynamic on-
resistance increased by only 9% at the drain voltage of

200 V.

IV. CONCLUSIONS

We proposed a clamping AlGaN/GaN HFET to
achieve stable normally-off operation with easy device
processing. With a capacitor connected to the gate input
node, the Schottky gate functioned as a clamping diode
in a clamp circuit. As a result, the input driving signal
was downshifted enabling the normally-off switching
operation. In comparison with other conventional
normally-off GaN based FETs, higher current (i.e. low
on-resistance) and higher threshold voltage can be
achieved with easy device processing. The prototype
device exhibited an on-resistance of 1.61 mQ.cm?* with a
maximum current density of ~650 mA/mm and a
breakdown voltage of > 900 V. The virtual threshold
voltage was 5.3 V under the clamping operation.
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