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Abstract—Due to the low mobility and wide bandgap charac-
teristics of the undoped AlGaN layer used in the conventional
AlGaN–GaN HEMT as a cap layer, the RF performance of this
device will be limited by its high contact resistance and high knee
voltage. In this letter, we propose using the n+-GaN cap layer and
the selective gate recess etching technology on the AlGaN–GaN
HEMTs fabrication. With this n+-GaN instead of the undoped
AlGaN as a cap layer, the device contact resistance is reduced from
1.0 to 0.4
 mm. The 0.3 m gate-length device demonstrates an
ds max of 1.1 A/mm, a m max of 220 mS/mm, an of 43 GHz,

an max of 68 GHz, and an output power density of 4 W/mm at
2.4 GHz.

Index Terms—AlGaN–GaN HEMTs, n+-GaN cap layer, reac-
tive ion etching (RIE) recess etching.

I. INTRODUCTION

H IGH-performance AlGaN–GaN HEMTs on sapphire
or SiC substrates have been successfully applied to

microwave power devices and circuits, which is due to the ex-
cellent characteristics of GaN, namely a wide bandgap, a high
electrical breakdown field, and a high saturation velocity [1],
[2]. However, because of the low mobility and wide bandgap
characteristics of undoped AlGaN layers, the conventional
approach of AlGaN–GaN HEMTs uses this undoped AlGaN
as the surface cap layer, limiting the device performance es-
pecially for microwave power applications. In order to reduce
the contact resistance, the undoped or lightly doped thin GaN
cap layer has been used [3], but the device performance has not
been improved due to the increase of gate-to-channel separation
and the decrease of induced piezoelectric charges. Therefore
by adding a highly doped n -cap GaN layer on top of the
traditional AlGaN–GaN HEMT structure can enhance the
device performance; however, this doped cap layer should be
removed in the gate recess process before putting the Schottky
gate metal, to reduce the gate leakage current.

Our previous letter focused on the process optimization of
reactive ion etching (RIE) gate recess dry etching of this cap
GaN layer, to develop a low damage and high selectivity RIE dry
etching process between GaN and AlGaN [4]. In this paper, we
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Fig. 1. Device cross-sectional structures of the recessed and conventional
AlGaN–GaN HEMTs.

systematically analyze and compare this recessed GaN HEMT
dc and RF performance with the conventional approach, where
the cap GaN layer is not included. With this high doping concen-
tration of GaN layer cm as a cap layer, the parasitic
resistance and the device knee voltage can be reduced. There-
fore, in order to achieve a lower contact resistance, while main-
taining a high breakdown voltage and a high transconductance,
the selective gate recess dry etching is necessary to let the gate
metal deposit on the undoped AlGaN layer. After comparing
the both recessed and conventional nonrecessed AlGaN–GaN
HEMTs, a lower knee voltage, a higher current density, and a
higher microwave output power have been achieved in the re-
cessed AlGaN–GaN HEMTs.

II. AlGaN–GaN HEMT DEVICE STRUCTURE

AND FABRICATION

As shown in Fig. 1, the metal–organic chemical vapor de-
position-grown AlGaN–GaN HEMT consists of the sapphire
substrate, a 3- m undoped GaN buffer layer, a 30-nm undoped
Al Ga N Schottky layer, and a 5-nm GaN ( cm
n-doping) cap layer. The electron sheet charge density and mo-
bility of this recessed HEMT structure were cm and
1400 cm Vs, respectively. As to the conventional AlGaN–GaN
HEMT structure, where the top cap layer was not included, the
electron sheet charge density and mobility of this structure were

cm and 1000 cm Vs, respectively. The reduction
of sheet charge density is caused by the antidirection of piezo-
electric polarization between the GaN cap layer and AlGaN
Schottky layer, where piezoelectric charges are the major car-
rier source in the AlGaN–GaN HEMTs [5], [6]. Moreover, the
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Fig. 2. (a) Comparisons of AlGaN–GaN HEMT dc I–V curves, and (b)
transfer characteristics at a V of 5 V.

lower sheet charge density always results in a higher electron
mobility of the two-dimensional electron gas than the conven-
tional one [6]. After removing the GaN cap layer in the gate
recess process, this antidirection of piezoelectric effect can be
ignored, and the similar current density can still be expected in
the recessed HEMTs, even though the original Hall measured
sheet charge density is low. Device drain and source ohmic con-
tacts were formed by using the Ti–Al–Ni–Au, followed by an
annealing at 800 for 30 sec in ambient. The contact re-
sistance was 0.4 mm for the recessed AlGaN–GaN HEMTs,
and 1.0 mm for the conventional one, respectively. The mesa
etching was done by using the Ar–Cl mixture plasma of RIE
mode with an etching rate of 100 nm/min for GaN material, and
the gate recess etching was carried out by using the calibrated
Ar–Cl –CH –O mixture RIE mode plasma to achieve a high
etching selectivity and a low surface damage [4]. After doing the
recess etching, the 0.3- m T-shaped gate with a Ni–Au metals
were evaporated self-aligned with the recessed region without
any post-etching annealing. Finally, these devices were passi-
vated by a plasma-enhanced chemical vapor deposition, 300-nm
Si N film under 280 C to stabilize the surface states of the de-
vices [7]. As to the conventional device, the gate recess etching
was not involved after the gate electron beam lithography.

III. DEVICE DC, RF, AND POWER PERFORMANCE

COMPARISONS

The device current–voltage (I–V) curves and transfer charac-
teristics comparisons at drain-to-source voltage of 5 V are

Fig. 3. Comparisons of AlGaN–GaN HEMT Schottky gate characteristics.

shown in Fig. 2(a) and (b), and both devices demonstrate good
channel pinch-off characteristics at a of 20 V. Notice that
the additional n -GaN cap layer provides a low resistivity con-
ducting channel, and both the parasitic and channel resistances
are reduced in the recessed AlGaN–GaN HEMT. It therefore
results in a lower knee voltage, a higher transconductance, and
a higher current density. The maximum transconductance
and drain-to-source current density were 223 mS/mm and
1.104 A/mm for the recessed one, and 194 mS/mm and 0.86
A/mm for the conventional one, respectively. The current den-
sity in the recessed device is higher than the conventional one,
even though its measured Hall carrier density is lower. Due to
a high etching selectivity of the gate recess recipe, both de-
vices presented similar threshold voltage . Fig. 3 com-
pares Schottky gate characteristics between the recessed and
the conventional AlGaN–GaN HEMTs, the off-state Schottky
gate breakdown voltages, defined by 1 mA/mm reversed gate
leakage current, was 39 V for conventional GaN HEMTs and
30 V for the recessed GaN HEMTs, respectively. The turn-on
voltages, also defined by 1 mA/mm gate turn-on current, were
1.8 V for conventional GaN HEMTs and 1.4 V for the recessed
GaN HEMTs. However, owing to the high dislocation density

cm of the GaN buffer, there were some leakage cur-
rent paths between the electrodes which were on the etched GaN
buffer layer. Consequently, some part of measured leakage cur-
rent would derive form the material dislocation and the plasma
etching induced damage. Therefore, the definition of breakdown
voltage by using 1 mA/mm leakage current is an artificial ap-
proach to provide an easy way for device performance compar-
isons, which is not equivalent to the maximum dynamic opera-
tion of the . As can be seen in Fig. 3, the reversed leakage
current of the recessed device became saturated and reaching 1
mA/mm at 30–40 V. However, the leakage current only reached
about 2 mA/mm at 60 V, where the abrupt breakdown voltage
happened at 85 V. In addition, due to the lower resistivity of
n+ GaN cap layer, the electrical filed is easier to be localized
in the gate-to-drain region, which results in the reduction of
the defined off-state Schottky breakdown voltages and turn-on
voltages in the recessed AlGaN–GaN HEMTs. In conclusion, it
could be observed that the Schottky leakage of the device with
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TABLE I
SMALL-SIGNAL DEVICE PARAMETERS COMPARISONS BETWEEN THE RECESSED

AND THE CONVENTIONAL GaN HEMTS (DEVICE DIMENSION: 0:3� 50 �m)

Fig. 4. Device microwave power performance comparisons (0:3 �100�m).
Both devices were biased at a V of 30 V, and the I was 25% of I . The
output matching gamma value (j� j=Ang:� ) was 0.845/1.6 for recessed
device and 0.86/0.028 for the conventional device.

n cap layer will be a little higher than the conventional one
owing to the more concentrated electric filed in the gate-drain
region, however this effect will not affect the excellent break-
down characteristic of the device obviously. Therefore by using
the n+ cap layer on the GaN HEMTs structure, the lower para-
sitic resistances could be achieved and a good breakdown char-
acteristic could be maintained, either.

The and were 43 and 68 GHz for the recessed de-
vice, and 37 and 50 GHz for the conventional one. As to the
small-signal device parameters comparisons, extracting from
the Yang–Long method and cold-FET S-parameter measure-
ments, the extrinsic parameters, , , and can be obtained
[8]. Owing to the advantages of lower contact resistance, the
sum of and in the recessed device was lower than the con-
ventional ones, i.e., 40 versus 64 for a 50- m-wide device.

After transforming the measured S-parameters, the channel re-
sistance can also be extracted, which was only 8 in the
recessed HEMTs, and the detailed comparisons of the small-
signal device parameters are listed in Table I. The parasitic re-
sistances are significantly reduced based on this additional GaN
cap layer design; however, the associated capacitances are sim-
ilar for both devices. Fig. 4 illustrates the microwave power
performance comparisons evaluated by a load-pull system for
a 100- m-wide device. The maximum output power density
was 4 W/mm for the recessed device and 3.4 W/mm for the
conventional one at 2.4 GHz. The maximum power-added ef-
ficiency of the recessed device is also higher than the conven-
tion device, which is due to the enhancements of the and
output power density. Therefore, through the course of previous
comparisons, by using the n -GaN cap layer and selective gate
recess technologies on the AlGaN–GaN HEMTs fabrication,
the device parasitic resistances can be reduced and the better
high-frequency characteristics can be achieved.

IV. CONCLUSION

Comparisons between recessed and conventional AlGaN–
GaN HEMTs have been demonstrated. By using a n -GaN
cap layer, the contact resistance and channel resistance can be
significantly reduced. Therefore, the device RF and microwave
power performance can be enhanced, and a 1.104 A/mm cur-
rent density, a 223-mS/mm transconductance, and a 4-W/mm
output power density have been demonstrated for recessed
AlGaN–GaN HEMTs.
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