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Normally-OFF Al,O;/AlGaN/GaN MOS-HEMT on 8in. Si with Low Leakage Current

and High Breakdown Voltage (825V)
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We report recessed-gate Al,03/AIGaN/GaN normally-OFF metal-oxide—semiconductor high-electron-mobility transistors (MOS-HEMTs) on 8in.
Si. The MOS-HEMTs showed a maximum drain current of 300 mA/mm with a high threshold voltage of +2.4 V. The quite low subthreshold leakage
current (~10~8mA/mm) yielded an excellent ON/OFF current ratio (9 x 108) with a small, stable subthreshold slope of 74 mV/dec. An atomic-
layer-deposited Al,O3 layer effectively passivates, as no significant drain current dispersions were observed. A high OFF-state breakdown voltage
of 825V was achieved for a device with a gate-to-drain distance of 20 ym at a gate bias of 0V. © 2014 The Japan Society of Applied Physics

1GaN/GaN  high-electron-mobility ~ transistors
A (HEMTs) on Si substrates have emerged as promis-

ing candidates for high-power applications owing to
improved GaN epitaxial growth and large-size scalability of
low-cost Si."?) These HEMTs show normally-ON operation
because of the existence of a two-dimensional electron
gas (2DEG) produced by spontaneous and piezoelectric
polarization in AlGaN/GaN heterostructures. However,
high-speed and high-efficiency power switching applications
require normally-OFF GaN devices on large Si substrates to
accommodate large-scale monolithic integration.>> In addi-
tion, a normally-OFF device with a high positive threshold
voltage Vy, large gate voltage swing (GVS), and low leakage
current as well as high blocking capabilities would deliver
circuit design simplicity, safety, and reliability. For high-
power device applications, all these criteria should be
achieved simultaneously on a large Si platform.

Various technologies for fabricating normally-OFF GaN
devices have been demonstrated, such as fluorine plasma
treatment,” recessed-gate AlGaN/GaN HEMTs,® gate in-
jection transistors,” tunnel-junction field-effect transistors,®
and dual-gate AlGaN/GaN transistors.” The problem with
recessed AlGaN/GaN Schottky gate transistors is their
small positive Vy, (typically <2V) with high gate leakage
1,, which can degrade the switching performance and limit
the forward GVS.!? To enhance the forward gate voltage and
reduce /,, AlGaN/GaN recessed-gate metal-oxide—semi-
conductor (MOS) HEMTs were used.'®'¥ However, some
recessed MOS-HEMTs also suffered from low positive Vy,
and high forward [g.12,13) An AlGaN/GaN MOS-HEMT with
a high positive Vi, (>+2V) and low I, was demonstrated
recently on 4in. Si by using SiN, and SiO, as gate di-
electrics.'¥ Compared with these dielectrics, an Al,O5 layer
fabricated by atomic layer deposition (ALD) offers the
advantages of high uniformity, scalability, and low defect
density in combination with its large band gap (~7eV), high
dielectric constant (~9), and high breakdown field strength
(=10MV/cm)."» To date, there is no report of Al,Os/
AlGaN/GaN normally-OFF MOS-HEMTs on a large (8 in.)
Si platform.

In this letter, we demonstrate a recessed-gate Al,Os3/
AlGaN/GaN normally-OFF MOS-HEMT with reduced
OFF-state leakage currents, lower current collapse, and high
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Fig. 1. Schematic cross-sectional view of as-fabricated recessed-gate
normally-OFF Al,05/AlGaN/GaN MOS-HEMT on 8 in. Si.

blocking voltages achieved simultanesously on an 8in. Si
substrate. The fabricated normally-OFF devices showed
a high positive Vy of +2.4V with low off-state leakage
currents (lg, I, ~10"*mA/mm). A high I,,/I.& ratio of
9 x 10% and small, stable subthreshold swing (SS) of 74
mV/dec were observed as a result of the low leakage.
Further, the normally-OFF device with a gate-to-drain
distance Lgq of 20 um showed a high breakdown voltage of
825V at a gate bias (V) of 0 V. The results of this work on
GaN normally-OFF devices on 8 in. Si are compared with the
state-of-the-art normally-OFF GaN power devices reported
on smaller Si substates (<4 in.).

The AlGaN/GaN heterostructure was grown on an 8in.,
Si(111) substrate using a Taiyo Nippon Sanso UR26 K multi-
wafer (6 x 8in.) metalorganic chemical vapor deposition
reactor. The heterostructure consists of a 1nm GaN cap,
25 nm AlGaN barrier, 1 nm AIN spacer, 0.5 um GaN channel,
and 2.4 pm buffer and transition layers. A schematic cross-
sectional view of the as-fabricated recessed-gate Al,O3/
AlGaN/GaN MOS-HEMT on 8" Si is shown in Fig. 1. The
heterostructure consists of a 1nm GaN cap, 32nm Al 3-
Gag 77N barrier, 1 nm AIN spacer, and 3.6 um GaN buffer
and transition layers. Wafer mapping and room temperature
Hall effect measurements across the wafer in the horizontal
and vertical directions along the diameter yielded uniformly
high mobility and sheet carrier concentration values of
1520cm?V~'.s7! and 1.13 x 10'3 cm™2, respectively. These
results are comparable with the recently reported values for
an AlGaN/GaN heterostructure on 8 in. Si.'®)
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The MOS-HEMT fabrication started with mesa isolation
using BCls-plasma-based reactive ion etching (RIE). The
source/drain ohmic contacts were formed by e-beam evap-
oration of a Ti/Al/Ni/Au (15/72/12 /40 nm) metal stack and
subsequent rapid thermal annealing (RTA) at 850 °C for 30s.
To obtain a high positive Vy, (>0V), a gate mask was used to
etch about 40 nm by RIE at low power with a slow etching
rate. The gate footprint defined by etching was 1.5 um for
devices with a gate-to-drain distance of Lgg~ 4 to 20 um.
The samples were cleaned with buffered hydrofluoric acid
solution followed by ALD of a 20nm Al,O5 layer using
trimethylaluminum, ozone, and water vapor as precursors.
Post-deposition annealing of the Al,O5 layer was conducted
at 600 °C by RTA in N, ambient. The gate metals (Pd/Ti/Au:
40/20/80nm) were deposited on the Al,O;3 layer. Finally,
the oxide layer in the ohmic contacts was etched by a
buffer-based oxide etchant. The MOS-HEMTs DC and
pulsed I4—Vys and characteristics were measured using an
Agilent BI500A semiconductor device analyzer. The OFF-
state leakage and three-terminal breakdown voltage (BV)
characteristics were measured using a Keithley pico-ammeter
interfaced with a probe station and a computer. For the BV
measurements, a V, of 0V was applied, and the Si substrate
was grounded.

Figure 2(a) shows the semi-log scale transfer character-
istics of a recessed-gate Al,O3;/AlGaN/GaN normally-OFF
MOS-HEMT. The subthreshold leakage current (/y, /) levels
in the MOS-HEMT were on the order of ~10~®mA/mm.
This value is roughly several orders of magnitude lower
than that of a Schottky-gate HEMT on 8in. Si'® or Al,03/
AlGaN/GaN normally-OFF MOS-HEMTs on sapphire.'”!®)
Thus, a 40-nm-deep recess created a barrier in the conduction
band sufficient to obstruct the electrons, and thus ensures
complete normally-OFF operation with a low I; of 107%
mA/mm at Vo =424V and Vg =8V. To evaluate the
surface leakage current ([g,f), measurements were made up
to 100V between two adjacent ohmic mesas separated by
10 um and passivated with an A1,0; layer. The A1,05 layer
effectively mitigated I, as it remained low, on the order
of 107®mA/mm. A substantially lower leakage current
also showed excellent subthreshold characteristics such as a
high I,,/I ratio of 9 x 10® with a stable, small SS value
(SS = 9Vy/dloglys) of 74mV /dec.

A peak transconductance (gmmax) Oof 79mS/mm was
observed from the transfer characteristics. By definition,'®)
Vin was extracted as +2.4V from the /Igs versus Vg plot.
The statistical calculations of the measured devices yielded
an average threshold voltage of +2.36 V with a standard
deviation of oy, = 0.11 V. This indicates a high degree of
uniformity and conformality in the recess and subsequent
ALD processes, respectively. As shown in Fig. 2(b), the
normally-OFF MOS-HEMT exhibited a tiny Vy, hysteresis
of 0.1 V with no changes in /45y, for a shuttle gate bias sweep
from —6 to 4+ 9 V. Further, a lower Vy, hysteresis and forward
I, enabled a high drain current drivability and a large gate
overdrive of 49V, respectively, for the recessed-gate MOS-
HEMT, which is better than the reported values for Al,O3/
AlGaN/GaN-based normally-OFF MOS-HEMTs.!3!7:19)

Figure 3(a) shows the DC [3—Vys characteristics of the
Al,03/AlGaN/GaN normally-OFF MOS-HEMT. The MOS-
HEMT showed a high drain current density /lggmax of 300
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Fig. 2. (a) Semi-log scale transfer (Iq—V,, I,—V,s) characteristics and

(b) transfer characteristics of recessed-gate normally-OFF Al,03/AlGaN/
GaN MOS-HEMT on 8in. Si with bidirectional gate voltage sweep,
We/Lg =15/1.5 um.
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Fig. 3. (a) DC I4Vys characteristics and (b) pulsed I4—Vys characteristics

of normally-OFF Al,0;/A1GaN/GaN MOS-HEMT on 8in. Si. A 500 us
pulse width and 10-pulse period were used.

mA/mm with a specific ON-resistance Ry sp 0f 2.5 mQ-cm?.
The Igsmax value was low owing to partial depletion of the
2-DEG under the gate region. Pulsed /4—Vys measurements
were conducted with a pulse width and period of 500 us and
10 ms, respectively. A quiescent gate and drain bias condition
of Vis.q =40V, Vesq=0V was applied. The pulsed drain
current was compared with the reference gate and drain bias
conditions of V0= Vys.o=0V. As shown in Fig. 3(b),
under the pulsing criterion, the drain current dispersions were
low up to V4 =40V and at Ve = +9 V. The results also
indicate that the fabricated normally-OFF MOS-HEMT has
a good oxide/semiconductor interface, which is supported
by the observations of a low FVy, hysteresis even during
operation at a high forward gate bias,'®) as well as the stable
and small SS value.?”)

Figure 4(a) shows the OFF-state leakage and breakdown
characteristics evaluated for a normally-OFF MOS-HEMT
with Lgg = 20 um. The BV criterion is defined as the drain
voltage Vg at which a drain current /; of 1 mA/mm was
observed. The BV characteristics reveal that the source injec-
tion and gate leakage currents were low (~pA/mm) up to
800 V. The low source injection current was due to our highly
resistive buffer, which serves as a current blocking layer
between the ohmic electrodes,” and I, was minimized by
using atomic-layer-deposited Al,Oj as the gate dielectric. The
substrate leakage current Iy, dominates as Vys is increased
beyond 500 V and triggers drain breakdown at 825 V. Similar
observations of increased Iy, were also reported for other
normally-OFF GaN devices on Si substrates.>”
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Fig. 4. (a) Three-terminal OFF-state leakage/breakdown characteristics
of normally-OFF Al,03/AlGaN/GaN MOS-HEMT with Lyg = 20 um and
(b) BV and specific ON-resistance versus Lgg of normally-OFF MOS-HEMTs
on 8in. Si.

Figure 4(b) shows the specific ON-resistance (Ropsp) and
BV measured at V, =0V for normally-OFF MOS-HEMTs
with varying Leq. The R,y values were calculated from the
linear region of Iy—Vys at Vy =9 Vand Vg = 1.5V, with the
active device area including the channel and 2-um transfer
length from the source and drain contacts.’” Figure 5 shows
the Rongp and breakdown characteristics of normally-OFF
GaN devices on smaller Si substates (<4 in.)*"*? compared
with those of the Al;03/AlGaN/GaN MOS-HEMTs on 8" Si
in this work. The comparison clearly shows that the GaN
normally-OFF device on 8" Si exhibits good BV char-
acteristics due to low OFF-state leakage currents without
using Si on insulator (SOI)” or field plate (FP) technolo-
gies.!” This demonstrates the process compatibility of GaN
normally-OFF high-power MOS devices on a large (>8in.)
Si substrate.

Normally-OFF Al,03;/AlGaN/GaN MOS-HEMTs with a
low leakage current and high breakdown voltage on an 8 in.
Si substrate were demonstrated. The MOS-HEMTs showed
a high positive threshold voltage of +2.4V with a very
low off-state leakage current (~10"*mA/mm). An Igy. of
300mA/mm and Ry, of 2.5 m-cm? was observed at a
high input gate bias of +9V. A high I, /I, ratio of
9 x 10® accompanied a small, stable SS of 74mV /dec for
this device. The normally-OFF MOS-HEMTs showed no
significant drain current dispersions owing to effective
passivation by an atomic-layer-deposited Al,O3 layer. A
high BV of 825V and low leakage currents were observed
for the normally-OFF device with an Lgyq of 20 pm, which is
also the highest BV reported for normally-OFF GaN devices
on §in. Si.
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Fig. 5. Specific ON-resistances and breakdown voltages of GaN-based
normally-OFF power devices on 8in. Si compared with those in previous
reports. Si substrate diameter sizes are indicated.
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