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Abstract—The first demonstration of high-Al-composition
(> 70%) AlGaN high electron mobility transistors (HEMTs)
is reported. High electron mobility (∼1300 cm2/Vs at room
temperature) was achieved in novel high-Al-composition AlGaN
2-D electron gas structures. The threshold voltages (Vth) of
Al0.72Ga0.28N/AlN/GaN HEMTs were shifted from −1.0 to
−0.13 V by employing different gate metal stacks, Al/Au and
Ni/Au, respectively. With a 4-nm Al2O3 gate dielectric on top of
the nitride heterostructures, the ∼0.9-eV work-function difference
between Al and Ni induced ∼0.9-V Vth shift in the pairs of the
Al/Au and Ni/Au gate HEMTs, which indicates that the Fermi
level is unpinned at the ALD Al2O3/AlGaN interface. The results
were reproducible for HEMTs of various gate lengths. The results
suggest that it is possible to obtain enhancement- and depletion-
mode AlGaN HEMTs using work-function engineering which can
enable integrated monolithic digital circuits without postgrowth
recess etching or ion implantation.

Index Terms—Enhancement (E) mode, gallium nitride, molecu-
lar beam epitaxy (MBE), threshold voltage (Vth), transistor, work
function.

I. INTRODUCTION

LOW-Al-composition (< 40%) AlGaN/GaN-based HEMTs
have proven to be a promising technology platform for

high-power and high-frequency applications [1] since the first
demonstration of depletion-mode (D-mode) devices in 1993
[2]. Enhancement-mode (E-mode) AlGaN HEMTs are desired
for digital applications and low-loss high-power switching.
Several techniques have been developed to control the threshold
voltage (Vth) for achieving E-mode HEMTs. For example,
gate-recess process [3], fluoride-based [4] and oxygen [5]
plasma treatment, p-AlGaN gate with conductivity modulation
[6], and nonpolar a-plane [7] and m-plane [8] HEMTs have
been investigated. Unlike many other III-V semiconductors
such as AlGaAs [9], the surface Fermi level is weakly pinned
for AlGaN. Schottky barrier heights were observed to vary
with different work-function (φm) metals [10], indicating a
distinct possibility of using different gate metal stacks to
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Fig. 1. Illustrative Al0.72Ga0.28N/AlN/GaN HEMT structures and schematic
of energy band diagrams with different work-function gate metal stacks. (Solid
lines) Al/Au and (dashed lines) Ni/Au.

adjust the threshold voltage. The E-mode AlGaN HEMTs with
annealed Pt-based gate metal stacks have been demonstrated
[11]. However, all gate-metal-stack-related threshold-voltage-
control studies have been performed on low-Al-composition
(< 40%) AlGaN, which restricts vertical scaling for high-
speed operation. On the other hand, compared to AlN/GaN
HEMTs [12], Al-rich AlGaN can potentially facilitate low
ohmic contact resistance due to a smaller band gap than AlN.
Due to the higher 2-D electron gas (2DEG) density and lower
sheet resistance at the same AlGaN barrier thickness, a high-
Al-composition AlGaN layer is preferable to boost the power
and RF performance of deep submicrometer HEMTs. In this
letter, we report the first high-Al-composition (> 70%) AlGaN
barrier HEMTs and demonstrate that the threshold voltages can
be modified by gate work-function engineering. This finding
enables Vth engineering without the need for either ion implan-
tation or precise recess etching, and therefore is well suited for
scaling.

II. EXPERIMENTS

Al0.72Ga0.28N/AlN/GaN heterostructures were grown on
semi-insulating GaN templates on sapphire by molecular beam
epitaxy in a Veeco Gen930 system. Based on the growth
conditions and high-resolution X-ray diffraction measurement,
the layer structures and the Al composition of the barrier
were obtained. As shown in Fig. 1, an ∼1.5-nm-thick AlN
nucleation layer was first grown under nitrogen-rich conditions
to remove buffer leakage using a polarization-dipole-induced
back barrier [13], followed by a 205-nm-thick unintention-
ally doped GaN buffer and capped with an ∼0.6-nm-thick
AlN spacer and an ∼2.7-nm-thick Al0.72Ga0.28N as a barrier
layer. The room temperature (RT) Hall-effect measurement
yielded a 2DEG density of ∼1.6 × 1013/cm2 and a mobility of
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1270 cm2/Vs, producing a sheet resistance Rsh of ∼304 Ω/!.
A 4-nm aluminum oxide gate dielectric was deposited us-
ing atomic layer deposition (ALD). After the ALD, from
the RT Hall-effect measurement, Rsh was ∼270 Ω/! with
a mobility of ∼1400 cm2/Vs and a 2DEG density of
∼1.6 × 1013/cm2. Mesas for device isolation were then formed
by using BCl3/Cl2-based reactive ion etching. Ti/Al/Ni/Au
metal stacks were deposited by using electron-beam evapora-
tion, and spike annealed at 485 ◦C to obtain ohmic contacts.
Transmission line method measurement on 100-µm-wide pads
resulted in a contact resistance RC of ∼2.4 Ω · mm and a
sheet resistance of ∼348 Ω/!. The high contact resistance
arises from the unoptimized ohmic metal stacks and annealing
conditions on the novel high-Al-composition AlGaN mate-
rial. Five-hundred-nm-long gates were defined by electron-
beam lithography. Al/Au (50/50 nm) and Ni/Au (50/50 nm)
gate metal stacks were deposited on adjacent devices using
electron-beam evaporation on the same sample. The device
dimensions, as measured using a scanning electron micro-
scope (SEM), for Al/Au and Ni/Au are as follows: Wg/Lg =
50/0.49 and 50/0.51 µm and Lgs/Lsd = 0.74/2.3 and 0.55/
2.2 µm, respectively. An illustrative HEMT structure contain-
ing the Al0.72Ga0.28N (barrier)/AlN (spacer)/GaN (buffer)/AlN
(nucleation) and the corresponding schematic energy band di-
agrams with Al/Au and Ni/Au gate metal stacks are shown
in Fig. 1. Considering the ∼0.9-eV work-function difference
between Al (φm = 4.3 eV) and Ni (φm = 5.2 eV) [14], a larger
surface Schottky barrier height results in a lower 2DEG density
in the channel under the gate, shifting the threshold voltage in
the positive direction.

III. RESULTS AND DISCUSSION

The dc I–V characteristics of the HEMTs were measured
by using an Agilent 4155C semiconductor parameter analyzer.
As shown in Fig. 2(a), the saturated drain currents at VGS =
+1.5 V were ∼450 and ∼300 mA/mm for the Al/Au and
Ni/Au gate HEMTs, respectively. With the drain currents still
at least two orders of magnitude higher than the gate currents,
the current drive reaches ∼0.5 A/mm for both the Al/Au and
Ni/Au gate HEMTs at VGS = +4.5 V and VDS = +5 V. With
lower contact resistances, higher current drives can be expected.
The measured drain and gate currents of the Al/Au and Ni/Au
gate HEMTs are shown in the transfer-characteristic plot in
Fig. 2(b). Taking advantage of the low gate leakage combined
with an insulating buffer enabled by the polarization-dipole-
induced back barrier, both the Al/Au and Ni/Au gate HEMTs
showed drain current on/off ratios higher than ∼ 105. The low
subthreshold slopes of 110 and 94 mV/dec for Al/Au and Ni/Au
gate HEMTs respectively, although limited by the gate leakage,
indicate a low defect interface between the ALD gate dielectric
and the nitride heterostructure. From the figure, it is clearly
evident that the use of the Al/Au or Ni/Au gate metal stacks
shifts the ID–VGS transfer curves while maintaining a high
device performance. Ni deposition at a higher temperature than
Al might be responsible for device degradation in the form of a
higher on-resistance [see Fig. 2(a)] and a larger gate current at
VGS > +0.8 V [see Fig. 2(b)] for the Ni-gate HEMT device.

Fig. 2. (a) DC I–V characteristics of Al/Au and Ni/Au gate
Al0.72Ga0.28N/AlN/GaN HEMTs. (b) Transfer characteristics of gate and
drain currents of HEMTs with Al/Au and Ni/Au gate stacks.

The dc transfer characteristics of the Al/Au and Ni/Au gate
HEMTs are shown in Fig. 3(a). The drain was biased at +3 V,
and the devices pinched off completely at VGS = −1.52 and
−0.5 V with the criteria of IOFF

D ≤ 1 mA/mm for the Al/Au
and Ni/Au gate HEMTs, respectively. The peak values of
extrinsic transconductance gext

m are ∼200 and ∼190 mS/mm at
VGS = 0.03 and 0.8 V for the Al/Au and Ni/Au gate HEMTs,
respectively. The source access resistance is Rs = RC + Rsh ·
Lgs; the intrinsic transconductance gint

m calculated using gint
m =

gext
m /(1 − gext

m · Rs) yields gint
m ∼ 420 and ∼370 mS/mm for

the Al/Au and Ni/Au gate HEMTs, respectively. This is a
conservative estimation of gint

m since, at the peak gm, the actual
Rs is higher under the bias. Defining the threshold voltage as
the gate-bias intercept of the linear extrapolation of the drain
current from the point of the peak transconductance, Vth of
−1.0 and −0.13 V were extracted for the Al/Au and Ni/Au gate
HEMTs, respectively. The ∼0.9-V threshold-voltage difference
agrees well with the ∼0.9-eV work-function difference of Al
and Ni. In pairs of various gate lengths of the Al/Au and Ni/Au
gate HEMTs, a similar threshold-voltage shift (∼0.9 V) was
also observed. Based on metal-induced gap states and charge
neutrality level theories [15] in the wide-band-gap high-Al-
composition AlGaN, the change of Vth (∼0.9 V) equals to the
difference of the gate metal work function (∼0.9 V), indicating
that the ALD Al2O3/AlGaN interface Fermi level is unpinned.
For 1-µm-long Ni/Au gate HEMTs, the drain-induced-barrier-
lowering factor was extracted to be ∼20 mV/V showing a long
channel characteristic. The temperature dependence of family
I–V curves was measured on a 2-µm-long Ni/Au gate HEMT,
and the knee voltages did not change appreciably with varying
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Fig. 3. (a) DC transfer characteristics show ∼0.9-V threshold-voltage shift between Al/Au and Ni/Au gate HEMTs. (b) RF performance of the 500-nm-gate-
length Ni/Au gate HEMT exhibits fT = 15.4 GHz and fmax = 17 GHz. Inset shows a finished device.

temperature (80 K ≤ T ≤ 400 K), indicating that the device
performance is limited by the high contact resistance. The
device 3-terminal breakdown was measured on a 3-µm-long
Ni/Au gate HEMT with Lgs/Lsd = 1 µm/5 µm and VGS =
0 V, and ID/IG reached 10/2.1 µA/mm at VDS = +100 V,
indicating respectable breakdown characteristics.

High-frequency measurements were performed using an
Agilent 8722D network analyzer. The current-gain and power-
gain cutoff frequencies (fT , fmax) were measured to be 15.4
and 17 GHz, respectively, for a 0.5 × 100 µm2 Ni/Au gate
HEMT. The HEMT was biased at VGS = +1.3 V and VDS =
+4.2 V. Fig. 3(b) shows the short-circuit current gain (|H21|)
and the maximum available gain as a function of the frequency
of the Ni/Au gate device, with a SEM image of the finished
device shown in the inset. Although the fT /fmax values are
limited by the high contact resistance, the high-Al-composition
AlGaN HEMTs show a potential for integrated E- and D-mode
RF applications with the improvement of the ohmic contact and
the scaling down of the gate lengths.

IV. CONCLUSION

In summary, high-Al-composition Al0.72Ga0.28N/AlN/GaN
HEMTs with an ALD Al2O3 dielectric are reported for the
first time. The threshold voltages of the HEMTs were observed
to shift with different gate metals commensurate with their
difference in work functions. This observation implies an un-
pinned Fermi level at the ALD Al2O3/Al0.72Ga0.28N interface
possibly due to a fixed number of interface states spread over a
wide band-gap-energy window. If the contact resistances can be
lowered, a better device performance is expected. High-work-
function Pt (φm = 5.7 eV) gates can enable complete E-mode
operation, while a low-work-function Ti (φm = 4.3 eV) can
possibly serve as a gate metal for D-mode operation. A high-Al-
composition Al0.72Ga0.28N barrier may possibly offer a lower
gate tunneling current due to a higher band gap (Eg ∼ 5.4 eV)
and conduction band offset (∆EC ∼ 1.3 eV) with respect
to GaN, compared to an AlInN barrier [16] lattice-matched
to GaN (Eg ∼ 4.4 eV,∆EC ∼ 0.6 eV). The demonstration
of threshold voltage shifts with work-function engineering
presents an alternative method to integrate E- and D-mode
devices without gate-recess etching or implantation and is well
suited for the lateral and vertical scaling of nitride HEMTs for
high-frequency operation.
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