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of 100-nm-Gate-Recessed
n-GaN/AlGaN/GaN HEMTs
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Abstract—We demonstrate a 100-nm-gate-recessed n-GaN/
AlGaN/GaN high-electron mobility transistor (HEMT) with
low-noise properties at 30 GHz. The recessed GaN HEMT exhibits
a low ohmic-contact resistance of 0.28 Ω · mm and a low gate
leakage current of 0.9 μA/mm when biased at VGS = −3 V and
VDS = 10 V. At the same bias point, a minimum noise figure of
1.6 dB at 30 GHz and an associated gain of 5 dB were achieved.
To the best of our knowledge, this is the best noise performance
reported at 30 GHz for gate-recessed AlGaN/GaN HEMTs.
Index Terms—AlGaN/GaN, high-electron mobility transistor
(HEMT), noise figure, recessed gate.

I. I NTRODUCTION

T

HE NEED for on-demand broadband capacity for all
types of communication has led to the development of a
broadband radio-based access network communication system
that is capable of providing tens of megabits per second in the
downlink stream [1]. The local multipoint distribution system
(LMDS) with frequency bands allocated at 28–29 GHz in the
U.S. and at 40.5–42.5 GHz in Europe is one such system
based on cellular architecture offering flexible high-capacity
connections.
In point-to-point LMDSs, RF front-end technology is the
key for such systems to meet the stringent requirements of
broadband performance; this is particularly true in the case
of the receiving chain where minimum signal distortion is a
must for the received signals. Thus, low-noise amplifiers with
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Fig. 1. Cross section of the 100-nm-gate-recessed n-GaN/AlGaN/GaN
HEMT.

high linearity play a critical role in such systems. Toward
this purpose, low-noise GaN device technology is certainly a
promising candidate because it can provide low-noise and highpower performance by biasing at high drain voltages.
The power performance of gate-recessed AlGaN/GaN highelectron mobility transistors (HEMTs) at 30 GHz has been
reported, and the results demonstrate that they are suitable for
high-frequency and high-power applications [2]. For low-noise
performance, GaN-based HEMTs can achieve a minimum noise
figure (N Fmin ) of less than 2 dB over the frequency of 10–
20 GHz [3]–[6]. These results were achieved without a recessed
gate, and short-channel effects were observed when the gate
length was scaled down to the deep-submicrometer range. This
letter proposes a heavily Si-doped GaN cap layer and a recessed
gate to demonstrate the potential of GaN-based HEMTs for
low-noise applications up to 30 GHz.
II. D EVICE FABRICATION
The AlGaN/GaN heterostructure was grown on a 3-in (0001)
sapphire substrate using metal–organic chemical vapor deposition. The epitaxial structure consisted of a nucleation layer, a
2-μm-thick GaN buffer layer, a 25-nm-thick Al0.25 GaN0.75 N
barrier layer, and a 5-nm-thick Si-doped (3 × 1018 cm−3 ) GaN
cap layer, as shown in Fig. 1. The heavily Si-doped cap layer
was proposed to reduce contact resistance [7].
The HEMT device fabrication started with ohmic-contact
formation. Ti/Al/Ni/Au metal stacks (20/120/25/100 nm) were
evaporated as ohmic metals and subsequently annealed at
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Fig. 2. (a) DC forward characteristics of the 100-nm-gate-recessed n-GaN/AlGaN/GaN HEMT. The source–drain spacing and device size are 7 μm and 2 ×
50 μm, respectively. (b) Gate leakage current density during the device operation.

800 ◦ C for 60 s in ambient N2 . An ohmic-contact resistance
of 0.28 Ω · mm was obtained using the TLM method. Mesa
isolation was formed utilizing an inductively coupled plasma
etcher with Cl2 -based gas. For the T-shaped gate process, it was
defined in the center of the 7-μm drain–source spacing by a
50-kV JEOL electron-beam lithography system (JBX 6000 FS)
with trilayer e-beam resist. The e-beam resist was also used
as a mask for recess etching afterward. Before Ni/Au (20-nm/
300-nm) gate metal deposition, gate recess was performed
using an inductively coupled plasma etcher with BCl3 gas. The
recess etching rate was controlled at 0.05 nm/s. In this letter,
approximately 12-nm recess depth was etched to enhance the
aspect ratio to around 5.5. Finally, the gate metal was lifted off
by acetone and dimethylacetamide to form a 100-nm T-shaped
recessed gate. The gate width of the devices in this letter was
2 × 50 μm.
III. R ESULTS AND D ISCUSSION
The dc performance of the device was measured by Agilent
E5270B. As shown in Fig. 2(a), the drain-current characteristics
of the device with a 100-nm recessed gate exhibit a good
pinchoff behavior, which is due to the enhanced aspect ratio
by the gate recess technique. The OFF-state breakdown voltage
is 90 V, as defined by the drain leakage current up to 1 mA/mm.
Fig. 2(b) shows the gate leakage current (IG ) during the device
operation. It can be seen that the gate leakage current is lower
than 2 μA/mm at each bias point. Such a low leakage current
might be attributed to the extremely low recess etching rate
that helps reduce the damage caused during the dry etching
process. After recessing, more than one-order reduction in the
reverse leakage current was observed using a Schottky diode
(not shown here). This finding was in agreement with that of
Okamoto et al. [8]. They suggested that the reduction of leakage
current after recessing is due to the suppression of the tunneling
component of the gate leakage current by slight removal of
the surface n-type AlGaN. However, the mechanism is not
understood clearly and needs further study.
The S-parameters of the fabricated device were measured
using an on-wafer probing system with an Agilent E8361A
network analyzer. The standard LRRM calibration method was
adopted to calibrate the measurement system with reference
planes set at the tips of the probes. Fig. 3 shows the frequency
dependence of the current gain H21 and Mason’s unilateral gain

Fig. 3. Intrinsic S-parameter performance of the device at the bias point of
VGS = −3 V and VDS = 10 V.

U of the device measured at VDS = 10 V and VGS = −3 V.
The parasitic effects (mainly capacitive) due to the probing pads
have been carefully removed from the measured S-parameters
using the same method as that in [9] and the equivalent circuit
model in [10]. The unity-current-gain cutoff frequency (FT )
and the maximum frequency of oscillation (FMAX ) were extrapolated as 48 and 75 GHz, respectively, using −20-dB/dec
regression.
High-frequency noise properties at room temperature were
measured over the frequency range of 18–40 GHz using an
Auriga noise measurement system with an Agilent 8975A
noise figure analyzer. Fig. 4 shows the minimum noise figure
(N Fmin ) and the associated gain (Gass ) as a function of
frequency at the bias point of VGS = −3 V and VDS = 10 V,
where the lowest noise figure was achieved. An N Fmin value of
1.2 dB (1.6 dB) with Gass = 6.5 dB (5 dB) at 20 GHz (30 GHz)
was observed. Such a low noise could be attributed to the low
contact resistance of 0.28 Ω · mm, the source resistance of
2.5 Ω extracted from S-parameters, and also the low gate
leakage current of 0.9 μA/mm during the device operation. To
the best of our knowledge, this 30-GHz noise performance is
the best reported so far for GaN-based HEMTs with a recessed
gate. Another important figure of merit used to characterize
the performance of a broadband low-noise amplifier is the
equivalent noise resistance Rn normalized to the optimal noise
matching impedance |Zopt |(|Rn /Zopt |) [11]. The fabricated
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Fig. 4. Frequency dependence of minimum low-noise figure (N Fmin ) and
associated gain of the device at the bias point of VGS = −3 V and VDS =
10 V. The inset shows N Fmin against gate bias at VDS = 10 V.

device exhibited 0.47 (0.57) of |Rn /Zopt | at 20 GHz (40 GHz)
and an average value of 0.53 from 20 to 40 GHz, indicating
an excellent potential for broadband low-noise amplifier
applications.
IV. C ONCLUSION
A 100-nm-gate-recessed AlGaN/GaN HEMT device has
been reported for 30-GHz low-noise application. A minimum
noise figure of 1.6 dB was obtained at 30 GHz, which could be
attributed to the low gate leakage current and the low contact
resistance due to the use of a heavily Si-doped GaN cap layer.
Furthermore, an average value of 0.53 for |Rn /Zopt | from
20 to 40 GHz was obtained, suggesting that such a device
is a promising candidate for broadband low-noise amplifier
applications in modern communication networks.
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