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ABSTRACT In this paper, an integrated device which realized the dual-mode integration of power amplifier
(PA) and radio frequency (RF) switch based on GaN dual-gate (DG) structure is designed and fabricated.
The integrated device provides two working modes and meets the performance requirements of PA and
RF switch. In the transmit (Tx) mode, the integrated device is used as PA. At the frequency of 3.6 GHz,
compared with the conventional GaN HEMT (high electron mobility transistor) as PA, due to the field
modulation effect of the dual-gate structure, the current collapse is effectively suppressed, and the output
power density (Pout) of the integrated device is increased from 6.90 W/mm to 7.85 W/mm, and the
power added efficiency (PAE) is increased from 44.3% to 51.1%. In the receive (Rx) mode, the integrated
device is used as RF switch. Compared with conventional RF switch, the isolation of integrated devices is
significantly improved. At the frequency of 3.6GHz, the isolation is improved from 19.4 dB to 41.0 dB;
At the frequency of 40 GHz, the isolation is improved from 3.0 dB to 29.7 dB. The integrated device
provides a novel function integration scheme for RF frontends, with great potential for improving the
integration and dimension of future communication systems.

INDEX TERMS Gallium nitride, integrated device, power amplifier, RF switch, HEMT.

I. INTRODUCTION
With the rapid development of wireless communications
and the appearance of phased array radars and massive
MIMO, the RF frontends occupies an irreplaceable role in
thewireless communication system [1], [2], [3]. The RF
frontends is composed of a transmitter and a receiver. As
show in Fig. 1(a), the power amplifiers (PA) and RF switch
are key components in the transceiver system. High output
power (Pout) and power added efficiency (PAE) are required
for PA [4], [5], [6]. Low insertion loss (IL) and high isolation
(ISO) are necessary for RF switch [7], [8], [9]. As the

representative of the third-generation semiconductor material,
Gallium Nitride (GaN) has many superior material properties,
such as wide bandgap, high breakdown electric field, and
high electron saturation speed. Therefore, GaN-based high
electron mobility transistors (HEMTs) show great potential in
the RF frontends due to low on-resistance and high breakdown
voltage [10], [11], [12], [13], [14]. Moreover, GaN HEMTs
are the promising candidate for RF switch application because
of high power tolerance [15], [16], [17].
For conventional RF front, a basic unit of single-pole

double-throw (SPDT) switch is needed to switch the mode
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FIGURE 1. (a) Conventional Tx/Rx switching scheme. (b) Proposed Tx/Rx
switching scheme.

of transmit and receive. It is necessary to use several times
of GaN-based HEMTs to construct SPDTs than that of
PAs [18], [19], especially for the massive multiple-input
multiple-output (MIMO) application, which will occupy a
lot of chip area.
In this paper, we proposed a working principle based on

AlGaN/GaN HEMT with dual-gate (DG) structure, which
integrates the performance requirements of PA and RF
switch. Different from GaN-based HEMTs with DG structure
in early researches which primarily enhanced the device
performance such as subthreshold swing, small signal gain
and PAE for PA application [20], [21], [22], the RF switch
application of the DG structure is extended in this paper
with the proposed device working principle.

II. DEVICE STRUCTURE AND FABRICATION
Fig. 1(b) illustrates the working principle of the novel
integrated device. In the Tx mode, the DG device exhibits the
performance of the PA. In the Rx mode, the integrated device
exhibits the performance of the RF switch. For conventional
RF switch device, source/drain is used as the input/output
of the signal, while for the DG device operated in the Rx
mode, the signal inputs from the drain and is isolated by the
control of dc gate which prevent the signal from outputting
through the RF gate.
Fig. 2 shows a comparison of the operation principle of the

conventional RF switch device and DG device. As shown in
Fig. 2(a), for conventional RF switch, the signal is input from
source/drain and output through drain/source. The channel is
controlled by the gate to realize the on/off mode switching
of the RF signal. For the on-wafer measurement, one end
of the microwave probe is the source and the other end is
the drain. The RF signal can be tested with a microwave
probe, and the gate can be controlled by the direct current
bias. As shown in Fig. 2(b), for the DG device operated
in the Tx mode, the signal is input by the RF gate and
output by the drain. The source is grounding, and the dc gate
is not biased (floating), and the quiescent RF gate voltage
and drain voltage is biased under class AB operation which
ensures the power amplification of the signal. For the DG
device operated in the Rx mode, the DG device insulates

FIGURE 2. Comparison of working principle between (a) Conventional RF
switch device and (b) DG device.

FIGURE 3. (a) The photograph and (b) schematic cross-section schematic
along cutline AA’ for SG RF switch; (c) The photograph and
(d) cross-section schematic along cutline BB’ for SG PA device; (e) The
photograph and (f) cross-section schematic along cutline CC’ for DG
device. The inset figure in Fig. 3(a) and (e) showed the enlarged
photograph for the dashed rectangular region.

the received signal by the off-state bias of the dc gate to
switch off the channel. Due to the rectification effect of
Schottky gate, the channel is pinched off and the input signal
is blocked.
The structure diagram of the fabricated AlGaN/GaN

HEMT is presented in Fig. 3(a). The un-doped AlGaN/GaN
hetero-structure layers were grown on a 3-inch SiC substrate
by metal organic chemical vapor deposition. The epitaxial
layers consisted of 100-nm AlN nuclear layer, 800-nm GaN
Fe-doped buffer, 400-nm unintentionally doped GaN buffer
layer, 1-nm AlN layer, 20-nm undoped Al0.25Ga0.75N barrier
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FIGURE 4. Comparison of transfer characteristic between SG device and
DG device with dc gate floating.

layer, and 2.5-nm GaN cap layer from down to top. Room-
temperature Hall measurement showed the 2DEG density of
9.92 × 1012 cm-2 and the electron mobility of 1853 cm2/V·s.
The device fabrication process began with the formation
of ohmic contact. The Ti/Al/Ni/Au ohmic metal stack was
evaporated followed with the rapid annealing at 850 ◦C
for 30 s in N2 atmosphere. The ohmic contact resistance
(Rc) of 0.50 �·mm was measured using the transmission
line measurement structure. Planar isolation was achieved
by multi-energy N+ implantations. Next, a 120-nm thick
SiN passivation layer was deposited by plasma enhanced
chemical vapor deposition (PECVD). Then, the gate foot was
defined with the gate length (Lg) of 0.5 μm by lithography
and CF4-based plasma etching, followed by the deposition
of Ni/Au gate metal stack to fabricate the T-shaped gate
profile with gate head length of 1.3 μm. The geometry
size of RF gate (Vg1) and dc gate (Vg2) for the integrated
device was the same. In addition, a 10 k� NiCr thin-film
resistor in series with the dc gate is prepared by sputtering
in order to facilitate RF isolation, which is important for the
protection of the RF front. Finally, Ti/Au metal stack was
deposited to form the interconnection. Fig. 3(b) shows the
top view photograph of the GaN-based integrated device. For
comparison, we fabricated three different types of devices
on the same wafer: conventional GaN HEMT as PA device
(SG PA device), conventional GaN HEMT RF switch (SG
RF switch) device and GaN based integrated device (DG
device). The DG device has a source to the RF gate spacing
(Lsg1) of 1.4 μm, RF gate to the dc gate spacing (Lg1−g2) of
2.0 μm and dc gate to the drain spacing (Lg2d) of 1.6 μm.
The conventional GaN HEMT as PA device has a source
to the gate spacing (Lsg) of 1.4 μm and gate to the drain
spacing (Lgd) of 4.1 μm. The conventional GaN HEMTs RF
switch device has the same geometry with the SG device.
The gate width of the three kinds of devices is 200 μm.

III. DEVICE CHARACTERISTICS AND DISCUSSION
Fig. 4 shows the transfer characteristics of two kinds of
devices with the gate width of 200 μm at Vds = 10 V.
The SG devices exhibited a maximum drain current density

FIGURE 5. Pulsed output characteristics of (a) SG device and (b) DG device.

FIGURE 6. Three-terminal breakdown characteristics of SG device and DG
device with the Lsd of 6 µm.

(Idmax) of 1086 mA/mm and a peak transconductance (gm)
of 243.8 mS/mm. When the dc gate was not biased and
at the floating state, the DG devices exhibited an Idmax of
974 mA/mm and a peak gm of 231.9 mS/mm. The threshold
voltage (Vth) of both types of devices is −3.7 V. As shown
in Fig. 4, when Vg≤0V for SG device and VRFg≤0V for
DG device, because the channel resistance under the RF gate
region accounts for the majority in the channel resistance
from source to drain, the influence of dc gate on I-V curve is
not significant and the drain current density of SG device is
a little more than that of DG device. When Vg≥0V for SG
device and VRFg≥0V for DG device, the channel resistance
under the RF gate region reduces and the channel resistance
under the dc gate region is comparable with the channel
resistance under the RF gate region for DG device, leading
to the reduction of drain current density compared with SG
device.
Fig. 5(a) and Fig. 5(b) show the pulsed output character-

istics of SG device and DG device. The pulse width and
pulse period are 500ns and 1ms, respectively. The quiescent
operating points (Vgsq, Vdsq) are (0V, 0V) and (−8V, 40V),
respectively. As shown in Fig. 5, due to the field modulation
of the dc gate, the DG device realizes the improvement
of current collapse with collapse ratio of 6.4%, while the
current collapse ratio of the SG device achieves 12.7%.
The OFF-state three-terminal breakdown characteristics of

SG device and DG device at VGS = −10 V were shown in
Fig. 6. For both SG and DG device, during the breakdown
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FIGURE 7. The electric field distributions of (a) SG device and (b) DG
device by ATLAS.

measurement, the gate current was almost equal to the
drain current, indicating the gate breakdown phenomenon.
For DG device, Vg2 was floating during the measurement.
The breakdown voltage of SG device and DG device is
177 V and >200 V, respectively, with the breakdown standard
of drain leakage current density of 1mA/mm. Due to the
field modulation effect of the dc gate, the GaN-based DG
device can effectively reduce the off-state leakage current
and increase the breakdown voltage.
Fig. 7(a) and 7(b) show the electric field distributions

of SG device and DG device at VRFg = −8 V and Vds
= 40 V, respectively. For the electric field simulation,
Fe-doping induced acceptor-like trap with energy level of
Ec-0.57eV [23] and trap concentration of 1×1019 cm−3 was
introduced in the GaN buffer layer. The dc gate at the floating
state can reduce the electric field peak at the edge of the
RF gate of the DG device compared to the SG device. The
reduction of the electric field peak can effectively suppress
the trap charging behavior and thus improved the current
collapse [24], [25], [26], [27]. Moreover, the reduction of the
peak value of electric field can also reduce the gate leakage,
improve the current collapse and increase the breakdown
voltage of DG devices.
The small signal characteristics of both devices were mea-

sured by Keysight E8363B network analyzer. The maximum
current gain cutoff frequency (fT) and the maximum power
gain cutoff frequency (fmax) are obtained by extrapolating
h21 and maximum stable power gain (MSG) with the slope
of −20dB/decade. At Vg = −2.5 V and Vds = 10 V, the
SG device achieved fT of 15.1 GHz and fMAX of 36.4 GHz,
while the DG device achieved fT of 14.6 GHz and fMAX of
36.6 GHz with the dc gate working in the floating state, as
shown in Fig. 8. The decrease of fT can be attributed to the
reduction of the peak gm.
The power measurement curves are shown in Fig. 9(a).

The Maury load-pull system was used to perform the
continuous wave RF power measurements at 3.6 GHz. The
drain quiescent voltage (VDQ) was biased at 50V. The RF
gate was biased near the pinch-off voltage to ensure deep
Class AB operation and the drain quiescent current (IDQ)
was set at 10% of the saturated drain current (IDmax). The
power density was calculated as the output power divided
by the total gate width. For equitable comparison, the gate
width of dc gate in DG device was not included in the

FIGURE 8. Comparison of S parameters between (a)(c) SG device and
(b)(d) DG device, and comparison of small signal characteristics of (e) SG
device and (f) DG device.

FIGURE 9. (a) Power sweep measurements performed at 3.6 GHz. (b) Pout
and PAE versus drain voltage in SG PA device and DG device.

total gate width. The load and the source impedance were
tuned for optimum PAE. The PAE and Pout of SG device
were 44.3% and 6.90 W/mm, respectively, while that of
DG device were 51.5% and 7.85 W/mm, respectively. The
excellent power performance of DG device was attributed
to the improved current collapse and the suppressed leakage
current [25], [28]. In the future work, the PAE of DG device
can be further increased by reducing the ohmic contact
resistance [5], [29].
Fig. 9(b) shows the Pout and PAE of SG device and DG

device as a function of drain voltage. In Fig. 9(b), VDQ
was biased at 30, 40 and 50V, respectively, and IDQ was
also set as 10% of IDmax, which means (IDQ, VDQ) =
(21.7 mA, 30/40/50 V) for SG device and (IDQ, VDQ) =
(19.4 mA, 30/40/50 V) for DG device. With the increase
of drain voltage, the Pout of DG device increases more
significantly than that of SG device, and the PAE of DG
device decreases less than that of SG device. The main
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FIGURE 10. (a) Comparison of RF switch performance between SG RF
switch and DG device. The electron concentration distribution and the
resistance scheme of signal transmission path for (b) SG RF switch device
and (c) DG integrated device.

reason is that DG device can significantly inhibit the peak
electric field and reduce RF gate leakage current under high
drain voltage, which can be seen in Fig. 7. The output
power and PAE of AlGaN/GaN HEMTs are still limited
by current collapse. Especially under high drain voltage,
the current collapse will worsen more obviously. However,
compared with SG devices, DG devices can significantly
improve current collapse, as can be seen in Fig. 5.

Fig. 10(a) shows the comparison of the isolation
performance of the SG RF switch device and DG integrated
device. The isolation measurements of both devices were
performed by Keysight E8363B network analyzer. In the Rx
mode, the dc gate of SG and DG device were biased at −30V
(which is lower than the threshold voltage). At the frequency
of 3.6 GHz and 40 GHz, the isolation of the SG RF switch
device achieves 19.4dB and 3.0 dB, respectively, while the
DG integrated device reaches 41.0 dB and 29.7dB, respec-
tively. Fig. 10 (b) and Fig. 10(c) presented the simulated
electron concentration distribution and the resistance scheme
of transmission path for SG and DG device. As shown in
Fig. 10(b), for SG RF switch device, the depletion region
under the gate switched off the signal transmission path from
drain to source. As shown in Fig. 10(c), for DG device, the
depletion region under the dc gate and RF gate barrier had
the main effect on the isolation of signal transmission from
drain to RF gate. Compared with SG device, RF gate in
DG device provided additional depletion region. Compared
with the SG RF switch device, due to the influence of the
Schottky barrier depletion of the RF gate, the isolation of the
DG integrated device is improved by 21.6 dB (at 3.6 GHz)
and 26.7 dB (at 40 GHz).
Parameters of the three devices compared in this work

are summarized in Table 1. In Tx mode, DG device can
improve the output power density and power added efficiency
of PA. In Rx mode, DG device can improve the isolation
of RF switch. The GaN-based integrated device meets the
performance requirements of PA and RF switch while the
area of GaN-based integrated device is reduced by 34%
compared with the area of the combination of one SG PA
device and one SG RF switch. It is shown that the DG device
provides a new type of solution for the integration of RF
frontends.

TABLE 1. Summary of key device parameters.

TABLE 2. Comparison of PA performance with other literatures.

TABLE 3. Comparison of isolation with other literatures.

Table 2 compared the PA performance of DG devices in
this work and other literatures. The output power density
of DG devices was comparable with some commercial
results [33], [35]. In the future work, the PA performance
of DG device can be further increased by reducing the
ohmic contact resistance [5], [29] and optimizing epitaxial
structure [42].
Table 3 benchmarks the isolation of single-pole double-

throw circuit (SPDT) in other literatures and DG devices in
this work at Ka band. As shown in Table 3, the isolation of
DG devices is competitive with other SPDT results at Ka
band.
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IV. CONCLUSION
This paper presents dual-mode working principle based on
GaN dual-gate device that integrates PA and RF switch
In the Tx mode, DG device works as PA. The current
collapse decreased to 6.4% for DG device, while the current
collapse for SG device is 12.7%. At 3.6 GHz, the DG device
achieved the peak PAE of 51.1% and the output power
density of 7.85 W/mm, showing the improvement of power
characteristics compared with SG device. In the Rx mode,
the DG device works as RF switch and can achieve high
isolation of 41.0 dB and 29.7 dB at frequency of 3.6 GHz
and 40 GHz, respectively. Compared with the conventional
RF switch device, the isolation of the integrated device is
improved by 21.6 dB (3.6 GHz) and 26.7 dB (40 GHz),
respectively. The area of DG devices is reduced by 34%
compared with the area of the combination of one SG PA
device and one SG RF switch. These results indicate that
the GaN dual-gate device could be a promising technique
for RF frontends applications.
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