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AlGaN/GaN/InGaN/GaN DH-HEMTs With an
InGaN Notch for Enhanced Carrier Confinement

Jie Liu, Student Member, IEEE, Yugang Zhou, Jia Zhu, Kei May Lau, Fellow, IEEE, and Kevin J. Chen, Member, IEEE

Abstract—We report an AlIGaN/GaN/InGaN/GaN double het-
erojunction high electron mobility transistors (DH-HEMTs)
with high-mobility two-dimensional electron gas (2-DEG)
and reduced buffer leakage. The device features a 3-nm thin
In,Ga; _,N(z = 0.1) layer inserted into the conventional
AlGaN/GaN HEMT structure. Assisted by the InGaN layers
polarization field that is opposite to that in the AlGaN layer, an
additional potential barrier is introduced between the 2-DEG
channel and buffer, leading to enhanced carrier confinement
and improved buffer isolation. For a sample grown on sapphire
substrate with MOCVD-grown GaN buffer, a 2-DEG mobility of
around 1300 cm? /V-s and a sheet resistance of 420 §2/sq were
obtained on this new DH-HEMT structure at room temperature.
A peak transconductance of 230 mS/mm, a peak current gain
cutoff frequency ( fr) of 14.5 GHz, and a peak power gain cutoff
frequency ( fmax) of 45.4 GHz were achieved on a1 X 100 pm
device. The off-state source-drain leakage current is as low as
~ 5 pu A/mm at Vpg = 10 V. For the devices on sapphire
substrate, maximum power density of 3.4 W/mm and PAE of 41 %
were obtained at 2 GHz.

Index Terms—Buffer leakage, carrier confinement, double
heterojunction (DH), high electron mobility transistors (HEMTs),
InGaN.

1. INTRODUCTION

WING to their high power handling capability at high

frequencies, wide bandgap AlGaN/GaN HEMTs are
emerging as promising candidates for next-generation RF and
microwave power amplifiers. With tremendous progresses made
during the last decade in material quality and device processing,
AlGaN/GaN HEMTs have been improved significantly in both
dc and RF performances [1]-[5]. Meanwhile, more advanced
device structures are being explored for further performance
improvement. For example, double-channel HEMTs and com-
posite-channel HEMTs have been studied for higher carrier
density and improved linearity [6]-[8]. To improve carrier
confinement which may result in improved carrier mobility and
HEMTSs’ pinch-off behavior, double-heterojunction HEMTs
[9] are also being investigated, following the similar path taken
by GaAs PHEMTs and InP HEMTs. Using AlGaN buffer layer
with Al composition of 4% [10], Micovic et al. demonstrated
a GaN double heterojunction HEMT with improved buffer
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Fig. 1. (a) Schematic cross section of the AlGaN/GaN/InGaN/GaN
DH-HEMT and (b) TEM cross section picture, with a well-defined GaN/InGaN
interface.

isolation. However, a high Al composition in the AlGaN buffer
layer is still difficult to achieve. Simin ef al. has implemented
AlGaN/InGaN/GaN HEMTs and MOSHFETs [11], [12] in
which InGaN has been used as the channel material which is
confined from both sides by AlIGaN and GaN. However, it is
challenging to grow cluster-free high-mobility InGaN layer. The
highest 2-DEG mobility reported in the AlGaN/InGaN/GaN
DH-HEMTSs is 730 cm2/V -s [11], [12], significantly lower
than that achieved in conventional AIGaN/GaN HEMTs. In this
letter, we report an AlGaN/GaN/InGaN/GaN DH-HEMT that
features an InGaN-notch in the channel region. Since the GaN
layer remains as the major channel, the mobility degradation
that usually occurs in InGaN layer is avoided. On the other
hand, owing to the opposite piezoelectric polarization field in
the InGaN layer [13], [14], an additional potential barrier is cre-
ated between the channel and the buffer layer. This additional
barrier leads to better carrier confinement and better buffer
isolation, which in turn, enables improved device performance,
i.e., higher 2-DEG mobility and lower leakage current.

II. DEVICE STRUCTURE AND FABRICATION

The AlGaN/GaN/InGaN/GaN DH-HEMT structure, with
the schematic cross section shown in Fig. 1(a), was grown on
(0001) sapphire substrates in an Aixtron AIX 2000 HT MOCVD
system. After initial desorption at 1200 °C, a GaN nucleation
layer was grown at 550 °C, followed by a 2.5-um-thick uninten-
tionally doped GaN buffer layer. Then the InGaN-notch layer,
which is 3 nm thick with 10% indium composition, was grown
with pure nitrogen carrier gas at 810 °C. Ammonia (NHj3),
trimethyl-gallium (TMG) and trimethyl-indium (TMI) were
used as source materials. It is followed by the 6-nm-thick GaN
channel layer grown at 810 °C. The barrier layer was grown at
1100 °C, which consists of a 3-nm undoped spacer, a 15-nm

0741-3106/$20.00 © 2005 IEEE
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Fig. 2. Calculated conduction band diagram of the (top) conventional HEMT
and (bottom) the DH-HEMT.

doped (2 x 10'® cm™3) carrier supplier layer doped at, and a
2-nm undoped cap layer. The carrier gas used for the GaN and
AlGaN layers is hydrogen. Fig. 1(b) shows the cross-sectional
transmission electron microscopy (TEM) picture of the sample.
A well-defined InGaN layer was observed at about 6 nm from
the AlGaN/GaN hetero-interface, which indicates that a good
quality InGaN layer was successfully grown. The carrier gas
used in the growth of GaN and AlGaN is hydrogen. Device
active regions were defined using mesa etching by inductively
coupled plasma reactive ion etching (ICP-RIE). It is followed
by the source/drain ohmic contacts formation by a rapid thermal
annealing of e-beam evaporated Ti/Al/Ni/Au at 850 °C for
30 s. Using on-wafer transfer length method (TLM) patterns,
the ohmic contact resistance was typically measured to be 0.8
Q-mm. Gate electrodes with 1 ym length were then defined
by contact photolithography, Ni/Au e-beam evaporation and
lift-off, subsequently. The devices have a source-gate spacing
of Lz = 1 pm and a gate—drain spacing of Lgq = 1 pm.
Finally, the devices were passivated using PECVD-grown SiN.

III. DEVICE CHARACTERISTICS AND DISCUSSION

The conduction band profile of the AlIGaN/GaN/InGaN/GaN
DH-HEMT is calculated by solving the Poisson’s equa-
tion and is plotted in Fig. 2, along with that of a conven-
tional AlGaN/GaN HEMT. The conduction-band offset at
InGaN/GaN hetero-interface and the polarization charge den-
sity in the InGaN layer are set to be AEc = 0.12 eV and
6.68 x 102 e/cm?, respectively [13]. Due to the opposite
piezoelectric polarization in the InGaN layer compared to
the AlGaN layer, the conduction band at the hetero-interface
between the InGaN-notch and GaN buffer is raised and a sharp
potential barrier is formed at the back of 2-DEG channel. Such
a barrier can help confine the electrons better and reduce the
electron spillover to the buffer layer. As shown in Fig. 2, the
conduction band at the GaN/InGaN interface falls below the
Fermi level and a minor channel can be formed. However,
electrons in this minor channel are not confined well and can
easily spill over to the major channel. No distinctive device
characteristics are expected from this minor channel. Extensive
simulation was carried out to reach the final design of the
epi-structure. The InGaN layer was designed to be as thin as
3 nm to achieve two goals: 1) obtain a potential barrier larger
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Fig. 3. DC characteristics of DH-HEMT (circle) and conventional HEMT

(square): (a) The transfer and transconduction characteristics at Vps = 10 V;
(b) the I-V characteristics of the gate—drain Schottky diode.

than 300 meV at the back of the channel and 2) layer thickness
is kept as thin as possible to reduce the risk of indium cluster
formation. Based on cross-sectional TEM, no indium clusters
were observed.

Room-temperature Hall measurements of the DH-HEMT
structure was performed on a Hall bridge pattern fabricated on
wafer by photolithography, which yielded an electron mobility
of 1300 cm?/ V - s and a sheet resistance of 420 €2/sq. Unlike
some other works [11], [12], the mobility obtained in this letter
is higher than that of our conventional AlGaN/GaN HEMT
devices, which is normally around 1000 cm? /V -s, with a
sheet resistance of 440 Q/sq. This indicates that the inserted
InGaN-notch layer plays positive role in enhancing the 2-DEG
confinement and then improving the mobility. The sheet carrier
density in the InGaN-notch HEMTs is 9.84 x 1012 cm—2,
which is lower than the value in our conventional HEMTs
(1.38 x 10** cm~2). The lower carrier density is due to GaN
channels potential being pulled up by the InGaN notch. Such a
potential rise is also reflected in the devices threshold voltage,
which shifts positively, as shown later in this letter.

The transfer characteristics of the DH-HEMT, in compar-
ison with those of the conventional AlIGaN/GaN HEMTs, are
plotted in Fig. 3(a). The maximum drain current density of the
DH-HEMT is 850 mA/mm in a 1 x 10 pm device. The pinchoff
voltage of the DH-HEMT is about —4 V, with an off-state break-
down voltage larger than 60 V. The positive shift of the pinch-off
voltage in the DH-HEMT is due to the polarization field in the
InGaN layer, which is opposite to that in the AlGaN barrier.
A peak transconductance of about 230 mS/mm is obtained in
the DH-HEMT, which is about 10% higher than that achieved
in our conventional HEMT devices. The buffer leakage current
density of a 1 X 10 yum DH-HEMT device is about 5 yA/mm
at Vpg = 10V, significantly lower than that in our conventional
HEMT devices (~ 20 pA/mm). The reduced leakage current
strongly indicates that the potential barrier between the channel
and the buffer layer can effectively improve the buffer isolation.
The I-V characteristics of the gate—drain Schottky diode of the
DH-HEMT and conventional HEMT are shown in Fig. 3(b), the
DH-HEMT also shows a lower gate leakage current than the
conventional one.

On-wafer S-parameters measurement was conducted on a 1 x
100 pm DH-HEMT device. The gate—bias-dependent current
gain and power gain cutoff frequencies, fr and fi,ax, Were ex-
tracted and plotted in Fig. 4 together with the results of the con-
ventional HEMT. A maximum fr of 14.5 GHz and a f,.x of
45.4 GHz were obtained in the DH-HEMT devices. The peak
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the electrons can help enhance the confinement of the 2-DEG,
and then improve the electron mobility. The potential barrier
also prevents 2-DEG from spilling over to the buffer layer,
and therefore, assists in reducing the buffer leakage current.
The electron mobility obtained this DH-HEMT structure is
shown to be 30% higher than that obtained in a conventional
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Fig. 4. Extracted current gain and power gain cutoff frequencies fr, fmax Of
the conventional and DH-HEMTs. Vps is biased at 10 V.
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Fig. 5. Large-signal load-pull characterization at 2 GHz of the (a) DH-HEMT

and (b) conventional HEMT. The quiescent bias point is Vps = 35 V, Ips =
15% Imax.

value of f7 on the InGaN-notch HEMT is slightly lower than
that in the conventional one. Significant improvement, as large
as 37%, can be observed in the peak fy,.x. This is attributed to
the reduction in the buffer leakage current that results in larger
output source-drain resistance, Rps. In the first order approx-
imation, fy.y is related to fr in the following equation [15],
(fmax/fr) = (1/2)(Rps/Ra + Ren)'/?. R is the gate re-
sistance; and Rcy is the channel charging resistance. As Rpg
increases in the InGaN-notch HEMT, f .« is also increased.

Large-signal load-pull measurement was carried out using
Maurys MT982BO01 tuners. Tuning for maximum output power
(Pout) at 2 GHz, a P,y of 3.4 W/mm (and 2.2 W/mm) and
a peak PAE of 41% (27%) were obtained with a 35 V drain
supply voltage, in the InGaN-notch (and conventional) HEMTs,
as shown in Fig. 5.

IV. CONCLUSION

A novel AlGaN/GaN/InGaN/GaN DH-HEMT with improved
2-DEG mobility has been demonstrated on sapphire substrate.
The inserted InGaN-notch layer plays a key role in reducing
buffer leakage and improving 2-DEG mobility. The InGaN
layer has an opposite piezoelectric polarization field compared
to AlGaN, which results in a very sharp rise of the conduction
band below the 2-DEG channel. The raised potential barrier for

AlGaN/GaN single heterojuntion HEMT structure.
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