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We present an AlInN/AIN/GaN MOS-HEMT with a 3 nm ultra-thin atomic layer deposition (ALD) Al2O3
dielectric layer and a 0.3 pm field-plate (FP)-MOS-HEMT. Compared with a conventional AlInN/AIN/GaN HEMT
(HEMT) with the same dimensions, a FP-MOS-HEMT with a 0.6 yum gate length exhibits an improved maximum drain
current of 1141 mA /mm, an improved peak extrinsic transconductance of 325 mS/mm and effective suppression of gate
leakage in both the reverse direction (by about one order of magnitude) and the forward direction (by more than two
orders of magnitude). Moreover, the peak extrinsic transconductance of the FP-MOS-HEMT is slightly larger than
that of the HEMT, indicating an exciting improvement of transconductance performance. The sharp transition from
depletion to accumulation in the capacitance—voltage (C-V') curve of the FP-MOS-HEMT demonstrates a high-quality
interface of AlpO3/AlInN. In addition, a large off-state breakdown voltage of 133 V, a high field-plate efficiency of
170 V/pum and a negligible double-pulse current collapse is achieved in the FP-MOS-HEMT. This is attributed to the
adoption of an ultra-thin AloO3 gate dielectric and also of a field-plate on the dielectric of an appropriate thickness.
The results show a great potential application of the ultra-thin ALD-Al2O3 FP-MOS-HEMT to deliver high currents
and power densities in high power microwave technologies.
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1. Introduction

The AlInN/GaN-based high electron mobility
transistor (HEMT) is an excellent alternative to the
AlGaN/GaN HEMT in high-power, high-frequency
applications, and has recently attracted great at-
tention not only due to the formation of a high
density two-dimensional electron gas (2DEG) at the
AlInN/GaN interface, but also because of the possi-
bile fabrication of more reliable strain-free devices.*2
According to theoretical calculations, an AlInN/GaN
material system should exhibit a quantum well
polarization-induced charge 2-3 times higher than
that found in conventional AlGaN/GaN material
systems,[!l which can lead to a significant improve-
ment in power performance. Recently, an AlInN/GaN
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HEMT heterostructure grown on a sapphire sub-
strate with a 2DEG density of 3.4x10'® cm™2 has
been reported.’l An AlInN/GaN HEMT on SiC
with 10 W/mm and a 50% power-added efficiency
(PAE) at 10 GHz has also been created.[) However,
many actual and important problems, which restrict
the high-voltage/high-power operation of AlInN/GaN
high power electronics are still not satisfactorily re-
solved, such as the low Schottky barrier height,!®
the high reverse leakage current of the Schottky con-
tact and the presence of trap,l8! imperfectness in the
fabrication of devices and difficulties with the epi-
taxial technique.l”) This can lead to a reduction of
the forward gate bias, a decrease of the breakdown
voltage and a deterioration of the current collapse
in an AlInN/GaN-based HEMT. The insulation gate
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technique, where Al,Ogz is used as the gate dielec-
tric to form AlyO3/AlInN/GaN MOS-HEMTs,®l is a
promising approach to overcoming these issues. How-
ever, the insertion of such a layer, making the gate-to-
channel separation larger, might significantly degrade
the aspect ratio. This could cause a deteriorations in
device performance such as transconductance. Thus
it is necessary to make the gate dielectric layer as thin
as possible, or adopt another dielectric of much higher
permittivity such as ZrOs or HfOq in the AlInN/GaN-
based MOS-HEMT.[?) Although the insulation gate
technique is capable of reducing gate leakage to some
extent, it does not alleviate electrical field crowding
at the drain-side of the gate edge.['%) Breakdowns of
a AlInN/GaN-based MOS-HEMT still tend to occur
near the gate due to the high electrical field. Thus,
a field-plate (FP) technique,'*~13! which is effective
in modulating the electric field distribution along a
channel, may be required to increase the breakdown
The efficacy of
the FP technique has been demonstrated in the latest

voltage in high power applications.

papers about conventional Schottky gate AlInN/GaN-
based HEMTs.[414:15] Nevertheless, few investigations
of AlInN/GaN-based HEMTs with both a gate dielec-
tric layer and a FP have been carried out thus far.
This field deserves further investigation.

In  this
electrical performance of an ultra-thin-
Al;O3/Alg g5Ing 15N/AIN/GaN MOS-HEMT with
a 0.3 pym FP (FP-MOS-HEMT) is demonstrated.
Ultra-thin AlO3 of 3 nm, used as the gate dielectric,
was deposited using atomic layer deposition (ALD).

paper, the  fabrication  and

With the insertion of an AlyOg layer under the gate,
both the forward gate leakage and the reverse gate
leakage were reduced remarkably, and the trans-
fer characteristics, as well as the transconductance
characteristics, improved significantly compared with
those of the conventional AljgsIng15N/AIN/GaN
HEMT. Off-state three-terminal breakdown mea-
surements show a pronounced improvement in the
breakdown voltage of the FP-MOS-HEMT due to
the adoption of a FP on the dielectric of appropriate
thickness. Double-pulse measurements demonstrated
the effective suppression of current collapse in the
FP-MOS-HEMT. In addition, the phenomenon that
the peak extrinsic transconductance of the FP-MOS—
HEMT is increased slightly compared with that of
the HEMT, was observed. This is different from the
results in another report on Al;O3/AlInN/AIN/GaN
MOS-HEMT.!

2. Device fabrication

The epilayer structure of the device used in this
study was grown by metal-organic chemical vapour
deposition (MOCVD) on a c-plane sapphire substrate.
It is composed of a 2 um insulating GaN buffer
layer followed by a 1-nm-thick AIN interlayer and a
12 nm undoped AlggsIng 15N layer with an In con-
tent of around 15%. With this In content, AlInN
grown on GaN is near-lattice-matched and almost
without strain. The room-temperature Hall mobility
and the sheet 2DEG density were 1503 cm?/(V-s) and
1.49x10'3 em™2, respectively.

Figure 1 shows the cross section of the 3nm-
Al;O3/AlInN/AIN/GaN FP-MOS-HEMT. For this
study, the first step of the device fabrication was to
make a mesa isolation using Cly, plasma in a reactive
ion etch (RIE) system. The second step was to an-
neal the e-beam evaporated Ti/Al/Ni/Au at 850 °C
for 30 s in a Ny ambient to realize the ohmic contact.
A contact resistance of 0.4 Q-mm was achieved. The
drain—source distance was 3.5 ym. The third step was
to deposit a 3 nm Al;Og layer by ALD at 300 °C.
Ni/Au/Ni deposited by e-beam evaporation was used
as the gate metal. The distance of the gate from the
source contact was 0.7 pym. The final step was to de-
posit a 55-nm-thick silicon nitride (SiN) layer using
a PECVD system. A field-plate was formed with e-
beam evaporated Ti/Au on the top of the silicon ni-
tride layer, this completed the process of fabricating
the 3 nm-Al;O5/AlInN/AIN/GaN FP-MOS-HEMT.

drain

3 nm

AlInN barrier layer

12 nm

/

T AIN interlayer 1 nm

GaN buffer layer 2 um

sapphire '

Fig. 1. Cross section of the 3nm-Al03/AlInN/AIN/GaN
FP-MOS-HEMT.

The FP was connected electrically to the gate
through the metal pads and the effective length Lgp
of the FP was 0.3 pum. The gate length and width
were 0.6 pm and 100 pm respectively. For compari-
son, a conventional AlInN/AIN/GaN HEMT with the
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same dimensions as the FP-MOS-HEMT, but with-
out a passivation layer and FP, was fabricated at the
same time.

3. Results and discussion

Figure 2 shows the C-V measurements at 1 MHz
of the gate capacitors of the HEMT and the FP-MOS—
HEMT with a diameter of 130 gm. A sharp transition
from the depletion region to the accumulation region
in the profile of the FP-MOS-HEMT, which is similar
to that of the HEMT, can be observed, which demon-
strates a high-quality interface between the AloO3 and
the AlInN. In the accumulation region, the total ca-
pacitance can be expressed as 1/Crp-Mos—HEMT =
1/Cox+1/Cuemt, where Crp-mos—uEMT = 76.8 PF
and Cypmt = 95.1 pF are the zero-bias capaci-
tances of the FP-MOS-HEMT and HEMT respec-
tively. Thus, the zero-bias capacitance of the AlyO3
layer, Cox, can be calculated to be 399 pF. The dielec-
tric constant epx of AlyOs is found to be 10 (using
the thinkness dox = 3 nm for the Al,O3 layer), which
is typical for Al;O3 prepared by ALD.['] [V char-
acteristics of the gate—source Schottky diode in the
HEMT and the gate—source MOS structure in the FP-
MOS-HEMT with the same dimensions are shown in
the inset of Fig. 2. Effective suppression of gate leak-
age current can be observed in the FP-MOS-HEMT
when compared with the HEMT. The gate leakage
current is suppressed by about one order of magni-
tude in the reverse direction (Vgg = —15 V), while it
is suppressed by more than two orders of magnitude
in the forward direction (Vgg = 2 V). This indicates
a great improvement in the two-terminal breakdown

voltage of the FP-MOS-HEMT.
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Fig. 2. C-V curves at 1 MHz on the gate capacitors
of the HEMT and the FP-MOS-HEMT with a diame-
ter of 130pum. The inset shows the I-V characteristics of
the gate Schottky diode and the gate AloO3/HEMT MOS
structures.

Figure 3 shows a comparison of the transfer
characteristic between the HEMT and the FP-MOS-
HEMT. It can be seen that the maximum Ipg of the
HEMT is limited to 836 mA/mm at Vgg =1 V due to
the large forward gate leakage current, but that of the
FP-MOS-HEMT can reach 1141 mA/mm at a gate
bias of 3 V. Moreover, the FP-MOS-HEMT always ex-
hibits a higher Ipg than the HEMT at the same Vas.
This is probably due to the surface passivation effect of
the Al;Oj3 layer, leading to an increase in channel car-
rier concentration by passivating the surface traps.[!”]
It also clearly demonstrates the superiority of the
HEMT with surface passivation using an AlyO3 dielec-
tric. In this paper, the pinch-off voltage is defined as
the gate bias intercept of the extrapolation of the drain
current at the point of peak transconductance. Thus,
the pinch-off voltages of the HEMT and the FP-MOS—
HEMT are -3 V and —3.8 V respectively, indicating a
small shift AVp = —0.8 V of the pinch-off voltage in
the FP-MOS-HEMT. This negative shift is attributed
to a decrease in gate barrier capacitance, and it is in
good agreement with the value obtained from the for-
mula AVr = Veodoxeamn/(damneox),” neglect-
ing the AIN spacer, where Vpo denotes the conven-
tional HEMT pinch-off voltage, dajmmn and eajmn de-
note the thickness and the permittivity of the AllnN
layer respectively. This also indicates that it is a
high-quality Al;O3/AlInN interface with few interface
states. "]
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Fig. 3. Comparison of the transfer characteristics of the
HEMT and the FP-MOS-HEMT.

Figure 4 shows the transconductance character-
istics as a function of gate bias for both the HEMT
and the FP-MOS-HEMT at Vpg = 10 V. Unlike the
results reported in Ref. [8] for the AlInN/AIN/GaN
MOS-HEMT with a Aly;Oj3 gate dielectric layer of
5 nm, the peak extrinsic transconductance Gy, of
325 mS/mm found in the FP-MOS-HEMT is slightly
larger than that of 318 mS/mm found in the HEMT,
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indicating a considerable and exciting improvement
of transconductance performance in the FP-MOS-
HEMT. A similar phenomenon was also observed in
Ref. [9] on the AlInN/AIN/GaN MOS-HEMT with
a ZrOy or HfOs gate dielectric. This could be ex-
plained as an improvement in intrinsic mobility due
to a reduced surface depletion effect below the gate;
leading to an improvement in the transconductance of
the MOS-HEMT. "]
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Fig. 4. Transconductance characteristics each as a func-

tion of the gate bias for HEMT and FP-MOS-HEMT at
Vps =10 V.

Figure 5 shows the off-state three-terminal drain—
source breakdown characteristics of the HEMT and
the FP-MOS-HEMT, measured at gate voltage Vs
of =8 V. The breakdown voltage BVpg is defined as
the drain voltage at a gate current of 1 mA/mm,
which is consistent with the rapidly increased cur-
rents caused by avalanche breakdown. The FP-MOS—
HEMT with a 0.3 ym FP shows a breakdown voltage
of 133 V, while the conventional HEMT indicates that
the breakdown voltage is only 82V. In this paper, a
new concept of FP efficiency, defined as a ratio of the
increment of the breakdown voltage to the FP length,
is introduced to describe the ability of the FP to im-
prove the breakdown voltage. The breakdown voltage
of the FP-MOS-HEMT has an increment of 51 V com-
pared with that of the HEMT, and the FP efficiency
is calculated to be approximately 170 V/um, which is
a very high value compared to anything ever achieved
for the HEMTs currently available. To a certain ex-
tent, the high efficiency of the FP-MOS-HEMT is re-
lated to the utilization of the Al,O3 gate dielectric
layer to reduce the leakage current. Furthermore, its
high efficiency is attributed mainly to the adoption of
both an Al;O3 layer (3 nm) and a SiN layer (55 nm)

of an appropriate total thickness beneath the FP. This
leads to a significant improvement in the ability of the
FP to reduce the peak value of the electric field oc-
curing at the drain-edge of the Schottky gate and to
redistribute the electric field along the 2DEG channel
in the gate—drain spacing.
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Fig. 5. Off-state three-terminal drain—source breakdown
characteristics of the HEMT and the FP-MOS-HEMT.

Figure 6 shows DC and double-pulse current
voltage measurements for the conventional HEMT
(Fig. 6(a)) and the FP-MOS-HEMT (Fig. 6(b)). The
gate voltage varies from -6 V to 1 V in steps of 1 V.
The double-pulse measurements are carried out by
pulsing both the drain-source voltage and the gate—
source voltage synchronously away from the baseline
bias points (Vaq = —8 V, Vpq = 15 V) to the
points (Vas, Vbs) where the current is measured. For
these measurements, pulse width and pulse period are
500 ns and 0.1 ms, respectively. As can be seen,
when compared with the DC measurement, the con-
ventional HEMT shows a significant drain current col-
lapse, while a negligible collapse is observed for the
FP-MOS-HEMT. The remarkable reduction in cur-
rent collapse for the FP-MOS-HEMT is attributed
not only to the passivation effect of the Al;O3 layer
on the surface state traps, but also to the modulation
effect of the FP. The FP can modulate the direction
of the longitudinal electric field, as well as the inten-
sity distribution of transverse and longitudinal electric
fields within the AlInN barrier layer, which can lead
to an improvement in the ionization probability of the
traps.['8) The results further confirm the superiority
of Al,O3/AlInN/AIN/GaN MOS-HEMT with an FP
in high power microwave applications.
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Fig. 6. DC and double-pulse current voltage measurements for conventional HEMT (a) and FP-MOS-

HEMT (b).

4. Conclusions

A 3nm-AlyO05/Alg g5Ing.15N/AIN/GaN  MOS-—
HEMT with a 0.3 pm FP is fabricated and its charac-
teristics are investigated. This FP-MOS-HEMT with
a gate length of 0.6 pum exhibits a maximum drain
current of 1141 mA/mm, a peak extrinsic transcon-
ductance of 325 mS/mm and reductions in the mag-
nitude of the gate leakage by about one order in the
reverse direction and by more than two orders in the
forward direction. In addition, due to the adoption
of the ultra-thin Al,O3 gate dielectric layer and the
0.3 pm FP on the dielectric layer with an appro-

‘priate thickness, the FP-MOS-HEMT shows a large

off-state breakdown voltage of 133 V, a high FP effi-
ciency of 170 V/um and a negligible current collapse
compared with the conventional HEMT. Moreover, a
considerable and exciting improvement of transcon-
ductance performance, where by the peak extrinsic
transconductance in the FP-MOS-HEMT is slightly
larger than that in the HEMT, is achieved. All
these excellent characteristics above demonstrate the
great potential and superiority of the ultra-thin ALD-
Al,O3 AllnN/AIN/GaN FP-MOS-HEMT for high-

power and high-frequency applications.
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