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Abstract: We report on a GaN metal-oxide-semiconductor high electron mobility transistor (MOS-HEMT) using

atomic-layer deposited (ALD) Al O; as the gate dielectric. Through decreasing the thickness of the gate oxide to

3.5nm,a device with maximum transconductance of 130mS/mm is produced. The drain current of this 1pm gate-

length MOS-HEMT can reach 720mA/mm at + 3. 0V gate bias. The unity current gain cutoff frequency and maxi-

mum frequency of oscillation are obtained as 10. 1 and 30. 8GHz,respectively.
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1 Introduction

One of the major factors that limit the per-
formance and reliability of AlGaN/GaN HEMT
for high-power radio-frequency (RF) and high
temperature applications is their high gate leakage
due to the surface defects and finite barrier
height™"'. The high gate leakage directly impacts
the drain breakdown voltage, RF performance,
and noise figure of the device. In the past,several
groups attempted to suppress the gate leakage by
using the metal-insulator-semiconductor field-
effect-transistor ( MISFET)™* or metal-oxide-
( MOS-
FET)"" approaches. However,these insulated gate

semiconductor  field-effect-transistor
devices were not superior in many respects to the
state-of-the-art AIGaN/GaN HEMTs. More re-
cently,significant progress has been made on met-
al-insulator-semiconductor high electron mobility
transistors ( MIS-HEMT) and metal-oxide-semi-
conductor high electron mobility transistors
( MOS-HEMT ) using SiO,"~*', SiyN,"1,
Al,O;""*) (formed by electron cyclotron resonance
plasma oxidation of Al).and other oxides-'*'*.
In this work, we report on the fabrication and
characterization of AlGaN/GaN MOS-HEMT

with atomic-layer-deposited Al,O; as the gate die-
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lectric. Similar to SiO, .Si;N, ,and Sc,0,"* , AL, O,
as a gate dielectric can significantly reduce the
gate leakage,which allows for application of high
positive gate voltage to further increase the sheet
electron density in the 2D channel. It also offers
the additional benefits of a wide band gap (9eV),
high dielectric constant (¢x210),high breakdown
field (5~ 10MV/cm), thermal stability (amor-
phous up to at least 1000C ), and chemical stabili-
ty when compared to AlGaN. Atomic layer depo-
sition (ALD) is a surface controlled layer-by-layer
process for the deposition of thin films with atom-
ic layer accuracy. Each atomic layer formed in the
sequential process is a result of saturated surface
controlled chemical reactions. The quality of this
ALD Al,O; is much higher than those deposited
by other methods. The ALD equipment for Al,Os
has demonstrated low defect density, high uni-
formity,and nanometer scalability.

2 Device structure and fabricating
process

In Fig. 1,the device structure of the fabrica-
ted ALD AlLO;/AlGaN/GaN MOS-HEMT is
presented. It was grown by metal-organic chemi-
cal vapor deposition and consisted of a 40nm un-
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Fig. 1  Schematic view of an AlGaN/GaN MOS-
HEMT with ALD-grown Al,O; as gate dielectric

doped AIN buffer layer,a 1pm undoped GaN lay-
er.and a 25nm n-Aly; Ga, ;N barrier layer (2 X
10®¥ cm™®) on a 50mm sapphire substrate. The
room temperature Hall mobility 1150cm®/(V « s)
and sheet carrier concentration 1.2 X 10" cm™?
were measured. A mesa isolation process with a
BCl; plasma reactive ion etching was used for de-
vice isolation. The source-drain ohmic contacts
were formed with a Ti (30nm)/Al (180nm)/Ni
(55nm)/Au(45nm) structure. These contacts were
annealed at 830C for 60s using rapid thermal an-
neal in nitrogen atmosphere. A 3. 5nm Al, O; layer
was deposited on half of the wafer at 300°C . Using
Ni/Au (20nm/200nm) for the gate electrode fab-
rication, two kinds of devices were then fabricated
on the same wafer. The first were MOS-HEMTs
with the gate metal on top of the Al,O; layer and
the second were HEMTs with the gate metal di-
rectly on the AlGaN barrier layer. The gate
lengths (L,) are 1pm with a gate width (W,) of
120pm. The and gate-to-drain
spaces are both Zuym.

source-to-gate

3 DC and microwave performances

Figure 2 shows the C-V characteristics at
1MHz of gate capacitors with both the MOS-
HEMT and HEMT structures. A round test pat-
tern with the area of A = x X 63um X 63um was
used for the C-V measurements. Using the MOS-
HEMT capacitance measurement, we estimate the
upper limit on surface charge density in Al,O; lay-
er to be n, =5x 10" cm *"'* . This charge density
is two orders of magnitude less than the sheet car-
rier density in the 2D channel of the MOS-
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Fig.2 Measured C-V characteristics of GaN MOS-
HEMT and HEM

HEMT, thereby indicating a high quality for the
AL, O;/AlGaN interface. However, the interface
state density is several orders of magnitude higher
than that of the Si MOSFETs at the nearly perfect
Si0,/Si interface. For the GaN MOS-HEMT
structure,a threshold voltage shift AV, =0.5V is
shown in Fig. 2. This threshold voltage shift can
be attributed to the larger distance between the
gate and the channel or the interface states,which
partially screen the electric field from the gate
clectrode, preventing it from reaching the chan-
nel. The solution is to replace Al,O; gate oxides
with a material having higher permittivity. High-
k insulators can be grown physically thicker for
the same (or thinner) equivalent electrical oxide
thickness (EOT), thus offering significant gate
leakage reduction. On the other hand, the surface
pretreatment is required to improve the interface
properties before the deposition of Al,O; on Al-
GaN. The AL O; thickness dox is estimated from
the following equations:

1 1 1
=t (D
C vos-HeEmT Cox Cremr

Cox = €o€oxA/dox (2)

A = 1 X 63X 63(um’) 3

where Cyosnemr = 39. 9pF is the zero-bias capaci-
tance of the MOS-HEMT, Cygyr = 43. 6pF is the
zero-bias capacitance of the HEMT g, is the vacu-
um permittivity, eox is the dielectric constant of
ALD Al,O;.and A is the capacitor area. The cal-
culated oxide thickness of 2.4nm is less than the
design value of 3. 5nm. That is probably due to the
chemical cleaning of the Al,O; surface before the
gate metal deposition.

In Fig. 3, the gate leakage current of the
MOS-HEMT is generally lower than that of the
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Fig.3 Gate leakage current for the MOS-HEMT and
the HEMT

HEMT. Specifically, under a negative gate bias
V= —20V,the gate leakage current of the MOS-
HEMT is approximately two orders of magnitude
lower than that of the HEMT with similar gate di-
mensions. Figure 4 shows that the I-V characteris-
tics of the AlGaN/GaN MOS-HEMT with a gate
length L, of 1ym and a gate width W, of 120pm
are well behaved over a drain bias V4 of 0~10V
and a gate bias V, of — 5~3V. The pinch-off
voltage is consistently — 5V. The drain current
density of the HEMT with the same dimensions,
which is not shown here,is limited to 640mA/mm
at V, =1V because the V, cannot be biased at a
more positive voltage due to the large gate leak-
age current. By contrast,the drain current density
of the MOS-HEMT is 720mA/mm at a high posi-
tive gate voltage of V, =3V.The combination of
higher breakdown voltage and higher drain cur-
rent imply that the output power of the MOS-
HEMT can be much higher than that of the
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Fig. 4  Measured [-V characteristics of the MOS-
HEMT

Fig.5 DC transfer characteristics of 1. Opm X 120pum
AlGaN/GaN MOS-HEMT on sapphire substrate at a
drain bias of 7V

HEMT. Using [I4/ W, = en,v, and a saturated
Ve =5 X 10°cm/s,we estimate the maximum sheet
carrier density to be n,=1.0X10"/cm® as expec-
ted for a AlGaN/GaN two-dimensional channel
density. No noticeable I-V hysteresis is observed
in the drain current in both forward and reverse
gate-voltage sweep directions. This indicates that
no significant mobile bulk oxide charge is present
and that density of the low interface traps is low.

Figure 5 shows the drain current and trans-
conductance of AIGaN/GaN MOS-HEMT with a
gate length L, of 1pym and a gate width W, of
120pm. As can be seen from Fig. 5, the MOS-
HEMT transconductance measured for the 1pm
gate length device is 130mS/mm. This is smaller
than 145mS/mm for the HEMT with the same de-
vice dimensions,which is not shown here. This de-
crease is consistent with a separation between the
MOS-HEMT channel and the gate contact. The
increased gate-to-channel separation is also re-
sponsible for a more negative MOS-HEMT thresh-
old voltage.

The microwave characteristics were measured
on a wafer using an Agilent E8363B network ana-
lyzer in the range from 10MHz to 40GHz. Both
short-circuit current gain h; and maximum avail-
able power gain U were calculated from the meas-
ured S-parameters, which is shown in Fig. 6, and
extrapolated at — 20dB/decade to find f; and
fmax s TeSPectively, as shown in Fig. 7. Under these
conditions,the 1um gate length device shows f; =
10. 1GHz and f,. = 30. 8GHz at a drain bias of
7V and a gate bias of — 3.15V. Compared to the
conventional AlGaN/GaN HEMTs of 0. 8pm gate
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Fig.6 Measured S-parameters versus frequency

length,which exhibit an f of 10. 7GHz''*' on sap-
phire substrate,and an f; of 20GHz and an f,,, of
28GHZz"" on 6H-SiC substrate, equivalent device
performance is obtained, exhibiting the superiori-
ty of this MOS-HEMT device structure with an
ALD Al,O; gate dielectric.

4 Conclusions

In summary,ALD Al O; was proven to be an
excellent gate dielectric for GaN MOS-HEMTs.
We have fabricated a 1pm gate length GaN MOS-
HEMTs with an Al,O; gate oxide thickness of
3.5nm which exhibits a maximum transconduct-
ance of 130mS/mm and a strong accumulation
current of 720mA/mm at V, = 3V. The f; and
fmax Were measured as 10. 1 and 30. 8GHz, respec-
tively. These ideal characteristics imply the huge
potential of the ALD Al,O;/AlGaN/GaN MOS-
HEMT for high-power RF applications.

3.5nm ALO; AlGaN/GaN MOS on sapphire
1ol L=1pm,J7,=120pm
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Fig. 7  Short-circuit current gain h, and unilateral

power gain U versus frequency of 1. 0pm X 120pm Al-
GaN/GaN MOS-HEMT on sapphire substrate
is biased at V4= +7V and V, = —3.15V.
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