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We report on a GaN metal-oxide-semiconductor high-electron-mobility-transistorsMOS-HEMTd
using atomic-layer-depositedsALD d Al2O3 as the gate dielectric. Compared to a conventional GaN
high-electron-mobility-transistorsHEMTd of similar design, the MOS-HEMT exhibits several
orders of magnitude lower gate leakage and several times higher breakdown voltage and channel
current. This implies that the ALD Al2O3/AlGaN interface is of high quality and the ALD
Al2O3/AlGaN/GaN MOS-HEMT is of high potential for high-power rf applications. In addition, the
high-quality ALD Al2O3 gate dielectric allows the effective two-dimensionals2Dd electron mobility
at the AlGaN/GaN heterojunction to be measured under a high transverse field. The resulting
effective 2D electron mobility is much higher than that typical of Si, GaAs or InGaAs
metal-oxide-semiconductor field-effect-transistorssMOSFETsd. © 2005 American Institute of
Physics. fDOI: 10.1063/1.1861122g

One of the major factors that limit the performance and
reliability of GaN high-electron-mobility-transistors
sHEMTsd for high-power radio-frequencysrfd applications is
their relatively high gate leakage. The gate leakage reduces
the breakdown voltage and the power-added efficiency while
increasing the noise figure. To help solve the problem, sig-
nificant progress has been made on metal-insulator-
semiconductor high-electron-mobility-transistorssMIS-
HEMTsd and metal-oxide-semiconductor high-electron-
mobility-transistorssMOS-HEMTsd using SiO2,

1–5 Si3N4,
6,7

Al2O3
8,9 sformed by electron cyclotron resonance plasma

oxidation of Ald, and other oxides.10 However these gate di-
electrics and their associated processes may not be readily
scalable for low-cost and high-yield manufacture. Atomic
layer depositionsALD d is a surface controlled layer-by-layer
process for the deposition of thin films with atomic layer
accuracy. Each atomic layer formed in the sequential process
is a result of saturated surface controlled chemical reactions.
The thickness control of the ALD films thus scalability is
much superior than those of the plasma-enhanced-chemical-
vapor-depositionsPECVDd grown SiO2 and Si3N4. The qual-
ity of the ALD Al2O3 is also much higher than those depos-
ited by other methods, i.e., sputtering and electron-beam
deposition, in terms of uniformity, defect density and sto-
ichiometric ratio of the films.

In this letter, we report on a GaN MOS-HEMT with
atomic-layer-deposited Al2O3 as the gate dielectric. Similar
to SiO2, Si3N4, and Sc2O3,

10 Al2O3 can significantly reduce
the gate leakage of GaN HEMTs. Al2O3 offers additional
advantages of a large band gaps9 eVd, high dielectric con-
stant sk,10d, high breakdown fields107 V/cmd, thermal
stability samorphous up to at least 1000 °Cd,11 and chemical

stability against AlGaNswithout interdiffusion and interac-
tion of Si and Ald. Furthermore, ALD Al2O3 has become one
of the leading candidates to replace SiO2 in future-generation
Si CMOS digital ICs.12 The ALD equipment for Al2O3 has
demonstrated low defect density, high uniformity, and na-
nometer scalability. The ALD Al2O3 process isex situ, robust
and highly manufacturable. We reported earlier excellent per-
formance of GaAs and InGaAs MOSFETs with ALD
Al2O3.

13–15 We now report similar performance advantages
of an ALD Al2O3/AlGaN/GaN MOS-HEMT.

Figure 1 shows the cross sections of an ALD
Al2O3/AlGaN/GaN MOS-HEMT and a conventional AlGaN/
GaN HEMT of similar design. A 40 nm undoped AlN buffer
layer, a 3µm undoped GaN layer, and a 30 nm undoped
Al0.2Ga0.8N layer were sequentially grown by metal-organic
chemical vapor deposition on a 2-in. sapphire substrate. Af-
ter these layers were grown, the wafer was transferred via
room ambient to an ASM Pulsar2000™ ALD module. A 16-
nm-thick Al2O3 layer was deposited at 300 °C then followed
by annealing at 600 °C per 60 s in oxygen ambient. Device
isolation was achieved by nitrogen implanatation. Using a
wet etch in diluted HF, the oxide on the source and drain
regions was removed while the gate region was protected by
photoresist. Ohmic contacts were formed by electron-beam
deposition of Ti/Al/Ni/Au and a lift-off process, followed by
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FIG. 1. Cross sections ofsad an ALD Al2O3/AlGaN/GaN MOS-HEMT and
sbd a conventional AlGaN/GaN HEMT of similar design.
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an 850 °C anneal in a nitrogen ambient, which also activated
the previously implanted nitrogen. Finally, Ni/Au metals
were e-beam evaporated and lifted off to form the gate elec-
trodes. All four levels of lithographysalignment, isolation,
Ohmic, and gated were done by using a contact aligner. The
sheet resistance of the source/drain regions and their contact
resistances were measured to be 700V/sq. and 4.0V mm,
respectively. The gate lengths,Lg, of the measured devices
are 0.65, 1, 5, and 10µm. The gate width,Wg, is 100 µm.
The relatively long gate lengthsi.e., 5 and 10µmd is neces-
sary for accurate characterization of the effective 2D electron
mobility at the AlGaN/GaN heterojunction, in order to re-
duce the error in extracting the series resistance. The source-
to-gate and the gate-to-drain spacings are 2µm.

Figure 2sad shows theC–V characteristics measured at 1
MHz on gate capacitors of both the MOS-HEMT and HEMT
structures. Using a dielectric constant«AlGaN=8.8 sRef. 2d
and a zero-bias capacitanceCHEMT=21 pF, the AlGaN layer
thickness of the HEMT is estimated to be 29 nm, which is
within 3% of the design value of 30 nm. The Al2O3 thickness
dOX is estimated to be 10 nm by using the following equa-
tion:

1

CMOS-HEMT
=

1

COX
+

1

CHEMT
, s1d

whereCMOS-HEMT=16 pF is the zero-bias capacitance of the
MOS-HEMT,COX=«0·«OXA/dOX, «0 is vacuum permittivity,
«OX=10 is the dielectric constant of ALD Al2O3, and A
=8000mm2 is the capacitor area. The estimated oxide thick-
ness is significantly less than the design value of 16 nm,
probably due to oxide compression by high temperature an-
nealing or cleaning before the gate metal deposition. The
transition from depletion to accumulation in theC–V char-
acteristic of the MOS-HEMT is as sharp as that of the
HEMT, which demonstrates the high-quality interface be-
tween Al2O3 and AlGaN. Figure 2sbd shows that the gate
leakage of the MOS-HEMT is generally lower than that of
the HEMT. Specifically, under a positive gate biasVgs=2 V,
the gate leakage current density of the MOS-HEMT is more
than six orders of magnitude lower than that of the HEMT.
The HEMT cannot be biased greater than 2 V. By contrast,
the forward two-terminal breakdown voltage of the MOS-
HEMTs is approximately 12 V. Using a breakdown field of
1.3 MV/cm across the 30 nm AlGaN layer, the breakdown
field across the 16 nm Al2O3 layer is estimated to be greater
than 5 MV/cm. This verifies the high quality of the ALD
Al2O3.

Figure 3 shows that theI–V characteristics of the MOS-
HEMT are well behaved over a drain biasVds of 0 to 100 V
and a gate biasVgs of 24 to 6 V. The pinch-off voltage is
consistently 24 V. The maximum drain current density

Ids/Wg at Vgs=6 V is approximately 375 mA/mm. The off-
state three-terminal breakdown voltage is approximately 145
V. The results indicate that ALD Al2O3 is an effective gate
dielectric for AlGaN/GaN devices. Our devices have no
widely observed abnormalI–V characteristics at positive
gate biases, i.e., PECVD grown SiO2 GaN MOS-HEMTs,1

which are mostly related with the bulk traps in PECVD
grown dielectrics or interface traps at insulating films on
GaN.

Figures 4sad and 4sbd illustrate the saturatedsVds

=10 Vd drain current density and intrinsic transconductance
gm as a function of gate bias for both the MOS-HEMT and
the HEMT. The drain current density of the HEMT is limited
to 190 mA/mm atVgs=2 V. By contrast, the drain current
density of the MOS-HEMT is 450 mA/mm atVgs=8 V and
can be further increased under higherVgs. The combination
of higher breakdown voltage and higher drain current imply
that the output power of the MOS-HEMT can be much
higher that of the HEMT. Using Ids/Wg=e·ns·vsat
=450 mA/mm and a saturated velocityvsat=53106 cm/s,
the sheet carrier densityns is estimated to be 631012/cm2,
which is within the range of values commonly observed for
the heterojunction between undoped Al0.2Ga0.8N and GaN.
Figure 4sbd shows that the peakgm is 100 and 120 mS/mm
for the MOS-HEMT and the HEMT, respectively. Thegm
was calculated from the measured extrinsic transconductance
by accounting for the parasitic source resistanceRs of 5.4
and 5.9V mm for the MOS-HEMT and the HEMT, respec-
tively. TheRs values were measured on test structures fabri-
cated alongside the MOS-HEMT and the HEMT according
to the transmission line methodsTLM d. Thesegm values are
in agreement with theoretical estimates according togm

FIG. 2. Measuredsad C–V characteristics andsbd gate leakage of the MOS-
HEMT ssolid lined and the baseline HEMTsdashed lined.

FIG. 3. MeasuredI–V characteristics of the MOS-HEMT. The negative
output conductance under high gate biasessVgsù0d is due to self-heating.

FIG. 4. Measuredsad transfer andsbd transconductance characteristics mea-
sured with the MOS-HEMTssolid lined and HEMTsdashed lined in satura-
tion sVds=10 Vd.
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=vsat·CMOS-HEMT or gm=vsat·CHEMT. Using vsat=5
3106 cm/s,CMOS-HEMT=16 pF, andCHEMT=21 pF,gm was
estimated to be 102 and 133 mS/mm for the MOS-HEMT
and the HEMT, respectively. The sheet resistances measured
on TLM test structures are 700 and 950V/ sq. for the MOS-
HEMT and the HEMT, respectively.

The present AlGaN/GaN heterojunction is of such high
quality that a strong accumulation currentIacc exists which
allows Ids/Wg to increase from 100 to 450 mA/mm whenVgs
is increased from 0 to 8 V. This enables us to measure the
effective 2D electron mobilitymeff at the AlGaN/GaN hetero-
juction under high electron density and high transverse field
for the first time. The 2D electron mobility is governed by
Coulomb scattering and phonon scattering under low trans-
verse field. It is dominated by interface roughness scattering
and phonon scattering under strong accumulation. By mea-
suringIds versusVgs at Vds=0.1 V, we extracted the intrinsic
normalized channel resistanceRch=Vds·Wg/ Iacc·Lg with bet-
ter than65% accuracy. Themeff can then be calculated ac-
cording to

Rch =
1

meff ·CMOS−HEMT· sVgs− VGid
s2d

where VGi is the zero-current intercept ofVgs extrapolated
from the point of inflection of the Ids versus Vgs
characteristic.16,17 Figure 5 plotsmeff versus the effective
electric fieldEeff, with Eeff calculated according to

Eeff =
Vgs− VGi

2«GaN·SdOX

«OX
+

dAlGaN

«AlGaN
D , s3d

where the dielectric constants of GaN«GaN is taken to be
12.2 and the thickness of the AlGaN layerdAlGaN is 30 nm.
The resulted mobility of 1200 cm2/V s under low transverse
fields is consistent with the value obtained from the Hall
measurement. The mobility of 640 cm2/V s under a high
transverse field of 0.6 MV/cm is much higher than
400 cm2/V s, the universal mobility of Si MOSFETs under
the same field.18 It is also higher than the surface mobility of
GaAs or InGaAs MOSFETs we observed earlier.15 Such an
improvement can be attributed to the higher quality of the
AlGaN/GaN semiconductor–semiconductor interface than

that of the oxide–semiconductor interfaces.13 The C–V mea-
surement and the frequency dispersion of transconductance
measurement indicate that the midgap interface trap density
of this material system is at the range of 1011–1012/cm2 eV.
The high quality of interfaces or the low interface trap den-
sities are further verified by the excellent ac characteristics of
GaN MOS-HEMTs, i.e., the small signal rf performance, the
load-pull rf power measurements, and the pulsed drain char-
acteristics of the devices.19

In summary, ALD Al2O3 was proven to be an excellent
gate dielectric for GaN MOS-HEMTs. The present MOS-
HEMT exhibits favorable characteristics when compared to
GaN HEMTs. The present MOS-HEMT shows low leakage
current, high breakdown voltage, strong accumulation, and
high effective 2D electron mobility under both low and high
transverse fields. These characteristics imply excellent poten-
tial of the ALD Al2O3/AlGaN/GaN MOS-HEMT for high-
power rf applications.

The authors would like to thank H.-J. L. Gossmann for
helpful discussions and GaN division of Cree Inc.sformerly
Advanced Technology Materials, Inc.d for GaN growth.
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