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Abstract

This paper presents, for the first time, the structure-dependent parameter trade-off
optimization on figure-of-merit (RonCoff) and power compression of AlGaN/GaN high
electron mobility transistors (HEMTs) for radio frequency (RF) switch applications.
For GaN HEMTs operating in switching mode, it was demonstrated that RonCoff can
be effectively reduced by increasing the gate foot length (Lg fo0t), decreasing the gate
cap length (Lg cap), reducing the gate bias resistance (rg), and adopting a high work
function metal for the gate electrode (®z). However, these parameter adjustments
affect power compression and RonCogf in opposing manners. This paper also presents
supplementary research on the effects of source-drain spacing (Lgs) and gate width (Wy)
on switching performance. This research achieves a dynamic balancing method for
structural parameters, delivering application-specific design rules for different scenarios
ranging from high-frequency to high-power applications.

Keywords: high electron mobility transistor; radio frequency switch; small-signal performance;
RonCoft; power compression performance; device structure

1. Introduction

As an important part of RF front-end modules, RF switches are used in scenarios
such as radar, base stations, and satellites and have always been popular for research.
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individual performance metrics, they have not systematically revealed the complex trade-
off relationships that exist among different structural parameters, as well as between these
parameters and multiple performance indicators. RF switches” operating frequency and
power compression capability are still the core challenges in this field.

This paper investigates the influence of device geometries, rg, and @g on RonCost and
power compression of AlGaN/GaN HEMTs used as RF switch devices.

2. Device Structure and Fabrication

The conventional AlIGaN/GaN HEMT for RF switch application was fabricated on
the epitaxial structure, which was grown on substrate by metal-organic chemical vapor
deposition (MOCVD) and consisted of an AIN nuclear layer, a GaN buffer layer, a GaN
channel layer, and an AlGaN barrier layer from bottom to top. The 2DEG sheet density of
the epitaxial material at room temperature was 1.071 x 10'3 cm~2, with a sheet resistance of
333 1/sq. The device process was started by source and drain ohmic formation, including
Ti/Al/Ni/Au metal stack evaporation and rapid annealing at N, atmosphere at 860 °C
for 60 s. After multilayer N+ injection to isolate the device, a 120 nm SiN passivation layer
was deposited. A gate window was identified by photolithography and CF4-based plasma
etching, and a T-shaped gate profile was realized using a Ni/Au or W/Au metal stack.
A 30 nm NiCr thin film resistor was formed by sputtering. Finally, Ti/Au metal stack
interconnections of the device were realized. The fabricated GaN HEMT RF switch device
is shown in detail in Figure la—c.
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Figure 1. (a) The schematic cross-sectional structure of the GaN-on-SiC HEMTs used for RF switches.
(b) The electron microscopic diagram of the GaN-on-SiC HEMTs used for RF switches. (c) Process
flow for the fabricated GaN-based HEMTs in this work.

Test structure layouts were specifically set for the characterization of RF switch. The
device structure of the switch was symmetric (Lgs = Lgq) with a Schottky contact gate
between the source and drain [9]. The ground-signal-ground (GSG) pads on both sides of
the device serve as standard RF probe test interfaces, ensuring impedance matching and
signal integrity during on-wafer high-frequency measurements. The independent gate bias
pad is physically separated from the RF GSG structure, providing a DC feed path for the
static gate voltage and preventing mutual interference between the RF signal and the DC
bias circuit. A large resistor was added between the gate’s DC pad and the HEMT’s gate.
The gate length is 500 nm, which is constrained by the lithography tool’s resolution limit to
ensure process robustness. This choice does not hinder the clear and effective investigation
of the core physical mechanisms mentioned above.
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3. Measurement Results and Analysis

This paper pays attention to the mechanisms of how the dimensions and key processes
of RF switch devices impact their small-signal and power characteristics, focusing on
different Ly, Lg foot Lg cap, Wg, g, and @g. Specific parameter settings and variables are
detailed in Table 1.

Table 1. Device parameter setting.

No. Lgs/um Lg foot/pm Lg cap/pm We/um rg SChg :ttl;yl\/lce(;gf act
A 2/3/4 0.5 1.1 100 7 x R Ni

B 5 0.5/09/1.3 1.9 100 7 x R Ni

C 5 0.5 1.1/1.5/1.9 100 7 x R Ni

D 5 0.5 1.1 100/200/400/800 7 xR Ni

E 5 0.5 1.1 100 R/3 xR/5 xR Ni

F 5 0.5 1.3 100 7 x R Ni/W

Note: Lgs is the source-drain spacing. Lg oot is the gate foot length. Ly cap is the gate cap length. Wy is the gate
width. R =2000 Q.

This paper characterizes IL in the on-state and ISO in the off-state of the RF switch
device through small signal testing. The test equipment setup is shown in Figure 2a, with
the vector network analyzer (Agilent E8363B, Agilent Technologies, Santa Rosa, CA, USA)
providing a small signal, which enters the source/drain terminals of the RF switch device.
After selection, it is output from the drain/source terminals and finally enters the vector
network analyzer to obtain S-parameters for analysis. Additionally, the RF switch device’s
gate is externally connected to a DC source meter (Keysight B2902B, Keysight Technologies,
Penang, Malaysia) to obtain the DC control bias.
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Figure 2. (a) Schematic of the small signal measurement setup for RF switch devices. (b) Schematic of
the power measurement setup for RF switch devices.

Power compression refers to the phenomenon where the output power of an amplifier
decreases as the input power exceeds a certain point. This phenomenon arises from
nonlinearity in the device’s transfer characteristics, leading to a reduction in gain and
output power above specific input levels.

This paper characterizes the power compression capability of the RF switch device
in the on-state through load-pull testing. The construction of the test platform is shown
in Figure 2b. The signal is generated by the signal source (Agilent E8257D), amplified
by the driver amplifier (OPHIR5192, OPHIR Optronics Ltd., Jerusalem, Israel) to obtain
a large signal. The signal passes through the RF switch device, and the output power is
finally collected by the power probe and displayed by the power meter (Agilent N1912A).
Additionally, the source/load tuner in the test system provides a fixed 50 Q) input and
output impedance for the device under test, and the DC source meter Keysight B2902B
provides gate bias [10]. During testing, large signals enter from the source/drain of the RF
switch device and exit from the drain/source.

The simulation framework defines a physics-based model for simulating AlIGaN/GaN
HEMTs. The Shockley—Read-Hall (SRH) recombination model is enabled to capture the
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dominant carrier recombination mechanism via trap levels within the bandgap. A critical
part of the model for GaN-based HEMTs involves the calculation of polarization charges.
The simulator computes the strain within the heterostructure and, based on this strain and
the material’s piezoelectric coefficients, derives the piezoelectric polarization charge. This
is coupled with the inherent spontaneous polarization charge.

3.1. Source-Drain Spacing

Figure 3 shows the equivalent circuit of the switch device, which is composed of
a series of intrinsic parameters. The small-signal performance of the switch device is
analyzed starting from these parameters. IL or ISO is shown below [11]:

IL(ISO) = —10log(pA-) = —1010g#§;::“
= —20log(1 + ZCTL) )
= —20log(1+ %)
= —201log(1 m)

Rerr

() (b)

Figure 3. (a) Equivalent circuit of GaN HEMT for RF switch application. (b) Series-connected ideal
control element in a circuit.

In Equation (1), Zy is the load impedance, and Rcrty, is the resistance of the control
element, which was mainly determined by the source-drain resistance (R4s) at the linear
region. Ccry, is the capacitance of the control element. P is the load power without the
control element, and Pj,.q is the load power with the control element present. Moreover,
rg is introduced to enhance ISO and reduce signal leakage [12]. Rctr can be expressed as
follows [13,14]:

Rerr = Rgs = Rg + Rs + Ry )

Rg, Rs, and Ry are the channel resistance, the source-gate, and drain-gate channel
resistances, respectively. In the on-state, IL is predominantly influenced by Rctr, which is
the on-state resistance (Rop) of the element.

In Equation (3), Cctr, can be expressed by the following equation [15]:

Cerr = Cus//(Cgq + Cys)

3
= Cds// [(ng_in + ng_out) + (Cgs_in + CgS_Ouf)} ( )

where Cgs, Cgd_out/ Cgs_out, and Cgq_in/Cgs_in are the channel capacitance, the parasitic
capacitance of gate to drain/source, and internal diode capacitance of gate to drain/source,
respectively. For operation well below the switch cutoff frequency, the reactance of the
off-state capacitance (Cg) is much greater than Ry, and so Zcrp = Cerp = Cof.

Figure 4a demonstrates a situation where the IL and ISO of the switching device
both exhibit an increasing trend with the increase in Lys. From the simulation analysis in
Figure 5, it can be seen that an increase in L45 leads to an increase in R4 and R, resulting
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in the degradation of IL. In addition, increasing L4 results in the decrease in capacitances
Cgd_out and Cgs out, while Cys remains unchanged; thus, Coy is reduced. This results in a
slight improvement in ISO. Figure 4b indicates that increasing the source-drain spacing and,
consequently, increasing the channel length forces the current to travel through a longer
path, which may reduce the current density in the channel and affect power output. The
switching power characteristics of HEMTs with different source-drain spacings are shown
in Figure 4c. Figure 4d shows the influence of the variation in Lys of HEMTs on RonCogt
and Py4p. The variation in Lgs has a greater impact on Ron than on Cyg, causing RonCogs to
increase as L4s increases. Therefore, to improve the RF switching performance of HEMTs,
the reduction in Ly can thereby reduce RonCof. Reducing Ly, can enhance the power
handling capability of HEMTs, resulting in the improvement of the power compression of
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Figure 4. (a) The small-signal switching characteristics, (b) the output characteristics (Vg =0 V), (c) the
switching power characteristics at 3.6 GHz, and (d) the RonCofs and P14p at 3.6 GHz of AlGaN/GaN
HEMTs with different source-drain spacings.
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Figure 5. (a) The electron concentration distribution of switching devices with different source-drain
spacings in the on-state (Vg = 0 V). (b) The potential of switching devices with different source-drain
spacings in the off-state (Vg = =30 V).

3.2. Gate Foot Length

The gate foot lengths of the HEMTs in this paper are all shorter than the gate cap
lengths. Figure 6a indicates that as Lg o0t increases, both IL and ISO of the RF switch
device increase. As shown in Figure 7, the change in gate foot length causes variations
in the depletion region length due to the Schottky contact beneath the gate, where Ry is
positively correlated with Lg go0t, and the influence of Rq is much greater than that of Ry
and Rs, thereby leading to a change in Ron along with the trend of Rg variations. When
HEMTS are in the off-state, an increase in Ly (0t leads to an increase in the equivalent
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channel capacitance spacing and a decrease in the parasitic capacitance area of the gate cap.
As aresult, the Cys and the Cgs in/Cgg_in decrease and ISO improves.
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Figure 6. (a) The small-signal switching characteristics, (b) the output characteristics (Vg =0 V), (c) the
switching power characteristics at 3.6 GHz, and (d) the RonCfs and P14p at 3.6 GHz of AlGaN/GaN
HEMTs with different gate foot lengths.
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Figure 7. (a) The electron concentration distribution of switching devices with different gate foot
lengths in the on-state (Vg = 0 V). (b) The potential of switching devices with different gate foot
lengths in the off-state (Vg = —30 V).

As indicated in Figure 6b, an increase in Lg_goot results in a reduction in the current
density of the switch and a shift in the knee voltage toward the negative direction. As
Lg oot increases, the knee voltage shifts towards more negative values due to alterations
in the internal electric field distribution and carrier transport properties, resulting in
reduced current density and affecting the point where current saturation begins, thus
modifying the knee voltage [16]. Consequently, in Figure 6¢, with an increase in Lg_goot Of
the HEMTs, the switch enters the compression phase at an earlier stage. Figure 6d shows
the influence of the variation in Lg _¢o0t of HEMTs on RonCofs. The influence of Lg goot
on C is greater than that on Ron. To obtain a better RonCos product and stronger gate
control capability, Lg toot can be appropriately increased. It also reveals that the trends
for selecting Lg foot to achieve a low RonCoff and a high P14p are opposite. Selecting an
appropriate Ly fo01 is beneficial for balancing the small signal performance and power
handling of the switch device. This opposing trend clearly demonstrates that RonCoft,
as a small-signal figure of merit, exhibits an inherent conflict between its optimization
direction and the requirements for optimizing large-signal power performance. In
the design of RF GaN HEMTs, a deliberate trade-off between these aspects must be
made based on the target application. Consequently, RonCoft alone cannot be used to
characterize or predict a device’s large-signal power handling capability.
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3.3. Gate Cap Length
From Figure 8a, it can be observed that changing Lg_cap has little effect on the HEMTs

IL. Figure 9 indicates that Lg cap has a minimal impact on the depletion region formed
by Schottky contact, resulting in an insignificant change in the electron concentration
under the gate and an insignificant change in Rg. However, altering Lg cap causes a
significant change in ISO due to a substantial change in C¢ in the off-state. Through
the analysis of the potential in the off-state of the device, an increase in Lg_cap affects the
capacitance Cgs in/ Cgd_in formed between the gate cap and the channel charge [17]. As
indicated in Figure 9, this capacitance can be approximated as a parallel plate capacitor,
where an increase in Lg cap increases the parallel plate area, leading to an increase in
Cgs_in/ Cgd_in according to the capacitance formula. On the other hand, an increase in Lg_cap
also reduces the distance between the gate cap and the source/drain ohmic contacts, which
are the two plates, thus increasing the parasitic capacitance ng,out/ Cgs_in- This results
in an overall increase in Cog, leading to a degradation in device ISO as Lg_cap increases.
Figure 8b,c indicates that the impact of different Ly cap on the saturation current and power
compression capability of HEMTs is not significantly pronounced. Figure 8d shows the
influence of the variation in Lg_cap of HEMTs on RonCof¢. Appropriately decreasing Lg cap
can assist HEMTs in attaining a smaller RonCogt.
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Figure 8. (a) The small-signal switching characteristics, (b) the output characteristics (Vg =0 V), (c) the
switching power characteristics at 3.6 GHz, and (d) the RonCofs and P14p at 3.6 GHz of AlGaN/GaN
HEMTs with different gate cap lengths.

mmm

FEFa

Figure 9. (a) The electron concentration distribution of switching devices with different gate foot

lengths in the on-state (Vg = 0 V). (b) The potential of switching devices with different gate cap
lengths in the off-state (Vg = —30 V).

3.4. Gate Width

Figure 10a demonstrates the study of IL and ISO with different gate widths. The
research on the impact of Wy is relatively straightforward. As Wy increases, the cross-
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sectional area of the 2DEG channel also increases, allowing more electrons to participate
in conduction, thereby reducing the channel resistances Rg, Ry, and Rs. The reduction
in channel resistance can decrease the resistive loss of the device, thereby reducing IL.
The relationship between resistive loss, channel resistance, and current is given by the
following [18]:
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Isolation (dB)
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Figure 10. (a) The small-signal switching characteristics, (b) the output characteristics (Vg =0V),
(c) the switching power characteristics at 3.6 GHz, and (d) the RonCor and P14p at 3.6 GHz of
AlGaN/GaN HEMTs with different gate widths.

In the off-state, a wider gate increases the overlap area between the gate and
drain/source, leading to an increased Cgq/Cgs. This capacitance may induce additional
parasitic currents, thereby degrading ISO between the input and output ports. Moreover,
increasing Wy expands the depletion region, which enhances the internal inherent capaci-
tances and consequently increases Cg4s. Overall, the Cq¢ increases significantly, leading to
degraded ISO.

As depicted in Figure 10b, the expansion of the effective conductive area with increas-
ing Wy reduces the on-resistance, thereby improving the device’s overcurrent capability. A
reduced on-resistance minimizes conduction losses in the on-state, while enhanced over-
current capability enables higher power-handling capacity in the device [19]. As shown in
Figure 10c, HEMTs with larger W, exhibit higher power compression capabilities, making
them more widely applicable in high-power RF modules. Figure 10d indicates that the
trends for selecting Wy to achieve a low RonCosf and a high P 145 are opposite. The influ-
ence of Wg on C, is greater than that on Ron. Therefore, RonCoff increases as Wy increases.
From the perspective of W, design, there exists an inherent trade-off between improving
power tolerance and RonCog performance.

3.5. Gate Bias Resistance

Figure 11a focuses on the small-signal characteristics of HEMTs with different rg. As
rg increases, IL is optimized at the expense of ISO degradation. The RF switch device’s
Y-parameters are as follows [20,21]:

11 12
thl = ’ ' (5)
Y21 Y22
= jwCys + o + —1L - :
Y11 Jwhas T g 27g+ﬁ ﬁfﬁg%g (©)

=Y
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Figure 11. (a) The small-signal switching characteristics, (b) the output characteristics (Vg =0V),
(c) the switching power characteristics at 3.6 GHz, and (d) the RonCor and P14p at 3.6 GHz of
AlGaN/GaN HEMTs with different gate bias resistances.

By converting Y-parameters to S-parameters, S1 can be expressed as follows [11,22]:

1

Sy & T (8)
1 _ (ZtZo)+Zo
r (thzgzzo)*zo
_ 0
- 1 + thl (9)
=142Zy Yoy

The equivalent circuit of RF switch devices can be represented by Y . In
Equations (5)-(9), analysis of the admittance matrix elements y1; and y,, demonstrates
that increasing r; enhances the Cg-to-ground decoupling. This improved decoupling
effect reduces port-ground reflections, consequently increasing the magnitude of Sy;.
This indicates that an increase in rg will reduce IL to some extent. In the off-state, increas-
ing rg enhances the Cg-to-ground decoupling effect, thereby diminishing gate-channel
control efficacy. The underlying mechanism involves the substantial gate resistance gen-
erating an additional voltage drop that causes the effective gate potential at the Schottky
interface to become more positive relative to the external DC bias. This potential shift
results in a measurable degradation of ISO.

As observed from Figure 11b, for RF switch devices with gate biased at 0 V, a smaller
rg weakens the Cg-to-ground decoupling effect. Consequently, this enhances gate control
capability, accelerating current saturation while reducing channel current density. Such
current density degradation ultimately compromises power output performance. As
shown in Figure 11c, when rg increases, the fluctuations in gate voltage increase, leading
to intensified nonlinear behavior of the device and more severe power compression.
It is known that increasing rg reduces IL, and a larger rg can reduce power leakage
through the gate, thereby decreasing losses. As rg continues to increase, these differences
diminish. Figure 11d shows the influence of the variation in rg of HEMTs on RonCogf and
P14p. Increasing rg will improve the power handling capability of HEMTs, but it will
deteriorate RonCoff. When selecting bias resistance, it is necessary to balance RonCoff and
power compression.
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3.6. Gate Metal Work Function

Figure 12a shows the small-signal switching characteristics with different @g. The
two metals used for forming the Schottky contact gates are tungsten (W) and nickel (Ni).
The work function of W is 4.55 eV, while that of Ni is 5.15 eV. IL of HEMTs with W as the
gate metal is lower than that with Ni, but its ISO is worse. @, directly affects the charge
distribution and control capability between the gate and the channel [23,24]. As shown in
Figure 12b,c, higher @, can lead to the early saturation of electron velocity in the channel,
resulting in a lower current density and faster power compression.
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Figure 12. (a) The small-signal switching characteristics, (b) the output characteristics (Vg =0 V),
(c) the switching power characteristics at 3.6 GHz, and (d) the RonCog and Py 4p at 3.6 GHz of
AlGaN/GaN HEMTs with different gate metal work functions.

From the simulation and measurement results shown in Figure 13, it is evident that
when the gate bias is 0 V, HEMTs operate in the on-state, and the electron concentration
under the W gate is significantly higher than that under the Ni gate. Different @4 results
in different threshold voltages (Vth). At Vg =0V, this leads to distinct overdrive voltages
(Vov = Vg — Vth) and different saturation current densities. Theoretically, the lower
work function of W yields a more negative V'th, higher V,, larger drain current density,
better IL, and higher Py gp at Vg = 0 V. Conversely, at Vi = =30V, the reduced negative
Vov degrades ISO.

-4
Gate Voltage (V)

Figure 13. The electron concentration distribution of switching devices with different ®g in
the (a) on-state (Vg = 0 V). (b) Transfer characteristics of switching devices with different @y at
Vps =10 V.

Figure 12d illustrates the impact of @¢ variation on RonCoff and Py gg in HEMT devices.
Increasing @ can reduce the product of RonCoff, but it will lower Py 4g. The appropriate
&, is beneficial for balancing low RonCof and high power-handling capability. These
statements clarify that the influence patterns of the work function revealed in this study
were characterized under the specific applied DC bias conditions. The conclusions directly
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reflect the core mechanism by which the work function difference alters the threshold
voltage through flat-band voltage modulation near this specific operating point.

Figure 14 presents the design principle for low RonCogf and high power compression.
As shown in Figure 14, when selecting the values of Lg_foot, Wg, rg, and (Pg for HEMTs, a
trade-off needs to be made between low RonCoff and high power compression. Subsequent
optimization of the gate structure and selection of appropriate gate metals enabled the
tailoring of AlGaN/GaN HEMTs for diverse RF switch applications.

. Low R, C &

Figure 14. Selection of device structures for low RonCoyss and high power compression. Decrease
(Dec.). Slight change (SC). Increase (Inc.).

4. Conclusions

In this paper, we investigated the structure-dependent parameter trade-off optimiza-
tion on RonCoff and power compression of AlGaN/GaN HEMTs for RF switch application.
It was found that RonCof can be effectively reduced by increasing Lg_foot, decreasing Lg cap,
reducing rg, and adopting a high @,. But these parameter modifications exhibit antagonis-
tic effects on power compression and RonCopff. These results provide design guidelines for
RF switch devices operating in diverse application environments.
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