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Radio-frequency (RF) switches play a pivotal role in reconfigurable front-ends, antenna tuning, and transmit/receive
modules; however, fundamental studies on their device-level physics and switching mechanisms remain relatively limited.
This work presents a comparative investigation of Schottky-gate and insulated-gate RE switch devices fabricated on GaN-
on-Si substrates, and provides the first systematic evidence of a correlation between drain-induced barrier lowering (DIBL)
and isolation in insulated-gate structures. Small-signal characterization further reveals that the insertion loss shows only a
small difference between the two devices, whereas the isolation performance differs considerably. To gain further insight
into this phenomenon, we conducted an in-depth investigation. Experimental results demonstrate that although the incor-
poration of a SiN gate dielectric effectively reduces the peak electric field in the AlGaN barrier, this compromise in turn
weakens gate controllability and aggravates the DIBL effect. As a result, although the electric field is mitigated, the addition
of the gate insulator counterintuitively reduces the breakdown voltage, primarily due to buffer leakage. Benefiting from
stronger gate control, the Schottky-gate switch consistently exhibits superior isolation compared with its insulated-gate
counterpart, although the disparity diminishes with increasing frequency. At higher frequencies, particularly in millimeter-
wave regimes, parasitic effects and fringing capacitance dominate, rendering the isolation difference nearly negligible.
These findings not only provide new insights into the device physics of GaN-on-Si RF switches but also offer practical
design guidelines for achieving high-performance operation.

Keywords: GaN, radio-frequency (RF) switch, drain-induced barrier lowering (DIBL), isolation

PACS: 61.72.uj, 71.55.Eq, 07.50.Qx, 73.40.Qv
DOI: 10.1088/1674-1056/ae 1£7d

1. Introduction

With the rapid advancement of modern communication
technologies — including mobile phones, base stations, and
satellites — both societal and economic efficiency have im-
proved markedly, while interpersonal connectivity has become
more seamless. Among the critical components in commu-
nication systems, radio-frequency (RF) switches play a cen-
tral role in controlling signal transmission and reception qual-
ity. To meet diverse design and performance requirements,
a range of technologies has been explored for RF switch
implementation, including microelectromechanical systems
(MEMS), PIN diodes, phase-change materials, silicon-on-
insulator (SOI), gallium nitride (GaN), and others.[!®! RF
switches based on MEMS materials are easy to fabricate but
suffer from low integration density and high sensitivity to en-
vironmental influences. SOI-based RF switches exhibit excel-
lent isolation performance, yet their limited power-handling

capacity restricts their application scope. GaAs pseudo-
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morphic high-electron-mobility transistor (pHEMT) switches
demonstrate outstanding noise performance and are conducive
to integration; however, their low power tolerance similarly
confines them to narrow application ranges. Among these,
GaN-based RF switches have emerged as a highly reliable and
competitive option, offering favorable characteristics in terms
of performance, integration, and robustness.!”!

Owing to its wide bandgap, strong thermal stability and
the ability to form a high-mobility two-dimensional electron
gas at the AlGalN/GaN interface, GaN has attracted extensive
attention for high-frequency and high-power electronics.!®]
Consequently, significant research has been devoted to GaN-
based devices such as power amplifiers (PAs) and low-
noise amplifiers.”!91 Another critical component in trans-
mit/receive modules and monolithic microwave integrated cir-
cuits (MMICs) is the GaN HEMT-based RF switch.[!!-14]
However, current RF switch designs are often adapted from
existing PA architectures, typically by relocating the gate elec-
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trode to the center of the device. This approach is suboptimal
because the functions of these components differ fundamen-
tally: PAs are designed for signal amplification, whereas the
primary role of an RF switch is to control the signal’s pas-
sage or blockage. As a result, while considerable research ef-
fort has focused on PA development — spanning process opti-
mization, modeling and stability design — dedicated research
on RF switches has been comparatively overlooked.

In this work, we conducted a comparative study of the key
performance parameters of GaN-on-Si RF switch devices fea-
turing Schottky-gate and metal-insulator—semiconductor gate
structures. Motivated by the observed discrepancies in signal
isolation (ISO) and insertion loss (IL) between the two device
types, DC measurements and technology computer-aided de-
sign (TCAD) simulations were employed to gain a deeper in-
sight. Our DC characterization revealed significant differences
in the breakdown voltage of the devices. Based on these obser-
vations, we analyzed the electric field and carrier distributions
within the devices, and simultaneously extracted the drain-
induced barrier lowering (DIBL) effect. The results indicate
that vertical leakage current is the dominant mechanism re-
sponsible for the reduced breakdown voltage in the insulated-
gate devices. Furthermore, this study establishes a physical
connection between DC degradation mechanisms and RF per-
formance metrics. Also, for the first time, we demonstrate the
correlation between the DIBL effect and ISO. It was found
that the DIBL effect in insulated-gate devices degrades the
off-state capacitance, although this discrepancy diminishes at
higher signal frequencies due to parasitic effects. These find-
ings underscore the critical roles of gate electrostatic control
and buffer leakage in determining the overall performance of
GaN-based RF switches. Based on these insights, we propose
practical guidelines for selecting gate architectures and buffer
design strategies for RF switches optimized for various fre-
quency bands.

2. Devices structure and fabrication

In this paper, the GaN-on-Si RF switches with Schottky-
gate and insulated-gate structures were fabricated using the
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same process flow as reported in our previous work.[!51 A
three-dimensional schematic of the device structure is shown
in Fig. 1. The devices were grown on a high-resistivity sili-
con substrate. From bottom to top, the epitaxial layers were
deposited using metal-organic chemical vapor deposition and
consisted of a carbon-doped GaN buffer, a 150 nm uninten-
tionally doped GaN layer, a 1 nm AIN interlayer, a 7 nm Al-
GaN barrier layer, and a 1 nm GaN cap layer.

To enhance the sheet carrier density and reduce the sheet
resistance of the heterostructure, a 120 nm low-pressure chem-
ical vapor deposition (LPCVD) high-stress passivation layer
was applied. This reduction in sheet resistance helped to lower
the on-resistance (R,y,) of the device, thereby improving the IL
performance of the RF switch.!!®) Ohmic contacts were real-
ized using regrown n’ InGaN, and the ohmic metal consisted
of Ti/Au.!'7! For both type A and type B devices, the gate stack
comprised Ni/Au/Ti; the distinction lies in the gate architec-
ture. Type A employed a Schottky gate in which Ni directly
contacts the semiconductor, while type B used an insulated-
gate structure with a 5 nm SiN layer deposited by plasma-
enhanced atomic layer deposition (PEALD) inserted between
the gate metal and the semiconductor.

A gate resistor of 4.2 kQ was externally connected, lever-
aging the channel resistance between the AlIGaN/GaN inter-
face to avoid the fabrication challenges associated with sput-
tered metal resistors. The inclusion of this series gate resistor
serves to suppress signal leakage through the gate. The fab-
ricated devices featured a 2 pum spacing between the two sig-
nal ports (functionally equivalent to the conventional source-
to-drain distance, Lyq), with a gate length (Lg) of 0.25 um
centrally located between them, and a total gate width of
1x75 pm.

Based on the fabricated devices, both DC and RF charac-
terizations were performed to analyze and compare the perfor-
mance differences between the Schottky-gate and insulated-
gate RF switches.

Pad

C: GaN

Si substrate

.LPCVD SiN ‘ LPCVDi.

Type A: Schottky-gate
Type B: MIS-gate

Type A Type B

Fig. 1. Three-dimensional structure of GaN-on-Si RF switch and gate design (LPCVD, low-pressure chemical vapor deposition; MIS, metal—

insulator—semiconductor; UID, unintenionally doped).
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3. Results and discussion

An RF switch governs the conduction and isolation of
high-frequency signals, which defines its two distinct oper-
ating states: the on-state and the off-state. In the on-state,
the impedance should be sufficiently low to allow the signal
to pass through with minimal loss, ensuring signal integrity
without distortion. In the off-state, the impedance should be
sufficiently high to prevent signal leakage. To more accurately
evaluate the performance of RF switch devices, the following
equations are used: '8

FOM = Ron x Cofr, (1
where

7521(dB)
Ron:2ZO(10 2o —1),
1 2

[ s5(dB) '
2700 1072 —1

The on- and off-state RF performances of the switch can

Coft =

be quantitatively assessed through the scattering parameter
S21, which directly reflects the transmission characteristics of
the device. In the on-state, a lower IL — corresponding to
a higher |Sp;| — is preferred to ensure minimal signal atten-
uation and distortion. Conversely, in the off-state, a higher
isolation — corresponding to a lower |S;| = is desired to
suppress signal leakage. The on-resistance (R,,) and off-state
capacitance (Cyfr) were extracted from the measured Sp; val-
ues using the aforementioned analytical expressions.

Gate

Il e Gate Il ng
L] I

On state
Lon Ron

ot Coir
Off state

Fig. 2. Full and simplified small-signal equivalent circuit models of an
RF switch.

The measured results in Fig. 3 indicate only a small dif-
ference in the IL between insulated-gate and Schottky-gate de-
vices, with a slight advantage for insulated-gate structures at
low frequencies and a crossover at higher frequencies. The

lower gate leakage of insulated-gate RF switches helps sup-
press signal leakage from the gate. However, since the se-
ries gate resistor itself is intended to mitigate gate signal
leakage, the improvement is not particularly significant. In
contrast, the isolation characteristics show a more intriguing
trend. Schottky-gate devices consistently exhibit higher isola-
tion than their insulated-gate counterparts, but the difference
gradually decreases with increasing frequency. For example,
at 100 MHz, a Schottky-gate switch achieves 4.4 dB higher
isolation; this advantage reduces to 2.6.dB at 3.6 GHz and fur-
ther decreases to only 0.14 dB at 40 GHz. This phenomenon
has not been previously reported; therefore, we attempted to
analyze and explain it through DC characterization and TCAD
simulations to investigate the underlying mechanisms.
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Fig. 3. Frequency dependence of insertion loss and isolation for
Schottky-gate and insulated-gate RF switches, obtained from small-
signal measurements in the range of 1 MHz—40 GHz at Vy =2 V (IL)
and Vg = —10 V (ISO).

The DC measurement data were obtained using a Keith-
ley 4200A-SCS semiconductor parameter analyzer, and the re-
sults are presented in Figs. 4 and 5. Significant differences
were observed between the two types of devices. After the
introduction of the gate dielectric, the insulated-gate device
exhibited a noticeable negative shift in threshold voltage. Us-
ing a drain voltage of V3 = 10 V, the threshold voltage was
extracted at the point where Iy = 1 mA/mm. The Schottky-
gate device showed a threshold voltage of —1 V, while the
insulated-gate device exhibited a much lower threshold of
—4.7 V. In terms of maximum drain current, the Schottky-gate
device reached Iys max = 1088 mA/mm, while the insulated-
gate device achieved a higher value of 1269 mA/mm.

However, the peak transconductance Gpymax Of the
Schottky-gate device significantly outperformed that of its
insulated-gate counterpart. The Schottky-gate device exhib-
ited a peak Gy, of 492 mS/mm, whereas the insulated-gate de-
vice showed a lower value of 416 mS/mm. Although peak
transconductance is a critical figure of merit for GaN-based
power amplifiers, since it directly affects cutoff and maximum
operating frequencies,®! it plays a minimal role in the perfor-

mance of RF switch devices.[!°!
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Fig. 4. (a) Transfer and (b) output characteristics of GaN-on-Si RF
switch devices. Blue curves represent Schottky-gate devices while yel-
low curves correspond to insulated-gate devices.

Surprisingly, despite the widespread approach of en-
hancing breakdown performance by introducing high-quality

The fabri-
cated insulated-gate RF switch exhibited a breakdown voltage

gate dielectrics, our results indicate otherwise.

of only 25 V, whereas the Schottky-gate device counterpart
achieved more than twice that value, reaching 58 V. The break-
down is not irreversible, suggesting that it is predominantly
governed by leakage conduction rather than catastrophic dam-
age. The insulated-gate device exhibited a lower gate leak-
age current than the Schottky-gate device. This significant
suppression of leakage is attributed to the high quality of the
PEALD-grown SiN dielectric. However, these improvements
did not translate into enhanced breakdown capability.
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Fig. 5. Off-state breakdown characteristics of GaN-on-Si RF switch
devices: (a) Schottky-gate structure and (b) insulated-gate structure.

Breakdown in GaN HEMT-based devices is generally
classified into two categories: one induced by leakage cur-
rents and the other triggered by excessive electric fields. In
GaN-based devices and RF switches, high electric fields typ-
ically concentrate near the gate, more specifically at the gate

edge on the drain side.!!”! Leakage-induced breakdown, on the
other hand, can be further divided into two types: one originat-
ing from buffer leakage and the other from gate leakage.*%! To
investigate the underlying mechanisms, we performed device
simulations using Silvaco TCAD to analyze the electric field
distribution and carrier concentration within the structures.
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Fig. 6. Comparison of TCAD-simulated electric field distributions for
Schottky-gate and insulated-gate devices.

The dielectric constant of SiN is significantly higher than
that of A1GaN and GaN, and its critical breakdown field is cor-
respondingly superior. As shown in Fig. 6, TCAD simulations
reveal that the introduction of a SiN dielectric layer effectively
reduces the peak electric field in the AlGaN barrier.!?!! This
forms the basis of the widely adopted strategy of employing
a SiN insulating layer to enhance device breakdown voltage.
However, in our experimental results, the addition of the SiN
dielectric layer led to a pronounced reduction in breakdown
voltage.

(a) Gate

Source ’—

1 Drain

(b) Gate

Source '— —‘ Drain

Fig. 7. Electron concentration distribution in a GaN RF switch under
the bias conditions of Vg = 10 V and V; = —6 V: (a) Schottky-gate de-
vice and (b) insulated-gate device. After adopting the insulated-gate,
the gate control ability is weakened and the depletion region becomes
smaller.

To further investigate this phenomenon, TCAD simula-
tions of the carrier concentration distribution in the off-state
were performed, as illustrated in Fig. 7. The results clearly
indicate that the Schottky-gate device exhibits stronger gate
control than the insulated-gate device. Under identical bias
conditions, the depletion region in the Schottky-gate device
extends significantly deeper than in the insulated-gate device.

AV

DIBL = .
AVy

3)
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Correlating these findings with the device DIBL char-
acteristics, we extracted the threshold voltage Vi, at Iy =
1 mA/mm for Vg = 1 V and 10V, as calculated using Eq. (3).
The DIBL values for the insulated-gate and Schottky-gate de-
vices were 166 mV/V and 45 mV/V, respectively. When the
threshold voltage was obtained via the tangent-line method,
the corresponding DIBL values were 88 mV/V and 44 mV/V,
respectively. These results confirm that the insulated-gate de-
vice exhibits weaker gate control, with a higher concentra-
tion of free electrons in the buffer and more severe vertical
leakage. [2%23]

These RF figures of merit, together with key DC param-
eters, are summarized in Table 1, enabling a direct correlation
between static electrical characteristics and high-frequency
switching behavior.

Table 1. Comparison of DC and RF performance parameters for
insulated-gate and Schottky-gate GaN-on-Si RF switches.

Sample Insulated gate Schottky gate
VP (V) —4.7/-3.3 —1.0/-0.5
DIBL? (mV/V) 166/ 88 44/ 45

I4s max (MA/mm) 1269 1088
Max. Gy, (mS/mm) 416 492
Off-state breakdown (V) 25 58

ISO @ 3.6/18 GHz (dB) —24.6/—11.7 —27.2/-13.2
IL @ 3.6/18 GHz (dB) —0.93/—-1.20 —-0.97/—-1.26
Ron @ 3.6/18 GHz (Q-mm) 0.84/1.11 0.89/1.17
Coff @ 3.6/18 GHz (pF/mm) 0.346/0.314 0.257/0.264
FOM @ 3.6/18 GHz (fs) 290.6/348.5 228.7/308.9

1) Vi, extraction method: the value on the left of the solidus (/) is ob-
tained at Iy = | mA/mm, and the value on the right is obtained using the
tangent method.

2) DIBL extraction method: the value on the left of the solidus is ob-
tained from the threshold voltage at [; = 1 mA/mm, and the value on the
right is obtained from the threshold voltage using the tangent method.

The introduction of the PEALD-SIN gate dielectric is in-
tended to mitigate gate leakage and reduce the peak electric
field in the AlGaN barrier, providing a protective effect. How-
ever, this design inherently weakens the gate’s control over
the channel, leading to insufficient channel modulation. This
weaker control aggravates the DIBL effect and, consequently,
reduces the breakdown voltage. This presents a critical trade-
off: improved gate robustness at the cost of degraded electro-
static control. This dilemma mirrors the classic scaling chal-
lenge in MOSFETSs, where thinner gate oxides are required to
maintain control in shorter channels, highlighting a fundamen-
tal compromise between device reliability and performance.

For an RF switch, this weaker gate control directly dete-
riorates ISO. Under AC conditions, it leads to an increase in
off-state capacitance, thereby degrading isolation — an effect
particularly evident at relatively low frequencies. At higher
frequencies, however, extrinsic factors such as parasitic effects
and fringing-field capacitances begin to dominate, rendering

the isolation difference between the two device types negligi-
ble. These parasitic effects include capacitance, inductance,
and resistance, primarily originating from the test pads and in-
terconnect metals. At low frequencies, the impact of these par-
asitic elements is minimal because their impedance is either
extremely high (for parasitic capacitance) or extremely low
(for parasitic inductance). As the frequency increases, this sit-
uation changes fundamentally: these previously insignificant
parasitics start to exhibit substantial impedance, with their in-
fluence dominating the actual circuit behavior and even mask-
ing the intrinsic characteristics of the device.  In this high-
frequency, parasitic-dominated regime, overall performance
becomes primarily governed by factors such as epitaxial ma-
terial quality, layout design, and process control. These find-
ings establish a clear link between the device’s DC characteris-
tics and its RF transmission/isolation performance, while also
identifying the dominant performance-limiting factors across
different frequency regimes.

In most cases, RF switches are derived from minor modi-
fications of high-performance PA devices, and research on the
root causes of RF switch performance characteristics remains
limited. This work demonstrates that, for applications below
18 GHz, optimizing the gate design to improve gate control-
lability is critical for RF switches. In contrast, at frequencies
above 18 GHz, material quality and process control become
the dominant determinants of performance. This insight pro-
vides valuable guidance for the optimization of GaN-on-Si RF
switches.

GaN technology currently encompasses various devel-
opment paths, including GaN-on-Si, GaN-on-SiC, GaN-on-
GaN, GaN-on-sapphire, and GaN-on-SOI. However, the most
widely adopted platforms by manufacturers and engineers re-
main the well-established GaN-on-Si and GaN-on-SiC. GaN-
on-SiC, with its superior epitaxial quality, low defect density,
and minimal RF loss, has been extensively implemented in
circuit designs. Nevertheless, it is often unsuitable for cost-
sensitive applications. In contrast, GaN-on-Si benefits from
the mature, large-scale, and low-cost silicon substrate tech-
nology. While GaN-on-Si power devices have been broadly
adopted, RF devices based on this platform have received
comparatively limited research attention, leaving significant
room for exploration and development in this area.

For GaN-on-Si RF switches, numerous aspects remain
to be optimized. A primary concern is the parasitic chan-
nel formed between the Si substrate and the AIN nucleation
layer, which degrades signal transmission quality — a partic-
ularly critical issue for GaN MMICs.[>*23] In contrast, com-
paratively little attention has been given to the influence of
the buffer and gate structures, despite their significant impact
on device performance. Our results indicate that DC DIBL
behavior and gate controllability are strongly correlated with
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RF isolation capability and off-state capacitance within the O—
18 GHz frequency range. For this regime, improving the DC
characteristics and suppressing the DIBL effect can effectively
enhance device isolation. Common strategies include increas-

(26,271

ing the buffer doping concentration, introducing an Al-

GaN back-barrier!?®! structure, and applying GaN-on-SOI!!!]

technology.

4. Conclusion

Research on RF switch devices remains limited, and
many underlying mechanisms are still not fully understood.
This work compares the DC characteristics, signal trans-
mission, and isolation mechanisms of Schottky-gate and
insulated-gate RF switch devices, and provides an in-depth
analysis of their interrelations. The introduction of a dielec-
tric layer can reduce the peak electric field in the AlGaN ma-
terial; however, it also weakens the gate control capability,
resulting in a pronounced DIBL effect and, consequently, a
lower breakdown voltage despite the dielectric layer. While
the two gate structures exhibit negligible differences in sig-
nal transmission, their off-state isolation differs significantly.
At high frequencies the parasitic effect reduces the isolation
difference, whereas at relatively lower frequencies the differ-
ence becomes more pronounced. Due to weaker gate control,
signals are more prone to leakage — this is the fundamental
reason for the performance disparity between insulated-gate
and Schottky-gate RF switch devices, in agreement with the-
oretical expectations. These insights provide guidance for the
design and optimization of GaN-on-Si RF switches, particu-
larly for 0-18 GHz applications.
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