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Abstract—RF/microwave systems with large number of ele-
ments usually require switching elements with very small
footprint, but providing very good electrical performance, low
switching times, and good power-handling capabilities. In this
sense, nonvolatile switches based on 2-D materials are emerg-
ing as a very suitable alternative to CMOS or MEMS-based
technologies, mainly due to the capability of keeping a certain
state with no energy consumption. In this article, different
switches have been designed and fabricated using a multilayered
structure based on 18 2-D hexagonal boron nitride (hBN) layers
on three different substrates, high-resistivity silicon, quartz, and
polycrystaline CVD diamond. The proposed device has been
characterized in a frequency range up to 26.5 GHz for these three
substrates. The ON-state resistance and OFF-state capacitance
have been extracted from experimental data using an equivalent
electric model being 28 Ω and 22 fF, leading to insertion losses
(ILs) better than 2.5 dB in case of CVD diamond, and isolation
better than 10 dB in case of quartz, for the ON- and OFF-states,
respectively.

Index Terms—2-D materials, hexagonal boron nitride (hBN)
resistive switch, nonvolatile switch.

I. INTRODUCTION

THE use of RF/microwave switches is very intensive as
a basic building block in a very wide range of systems,

from end-user terminals to satellite payloads, for applications
related to the RF signal routing or sophisticated redundancy
schemes to improve reliability [1], [2], [3], [4]. The most pop-
ular technologies available to implement the switch are based
on semiconductor or mechanical approaches. CMOS silicon-
on-insulator (SOI) [5], [6] provides miniaturized footprints
and low-cost integration; however, they exhibit limitations
related to power-handling, linearity, or high insertion losses
(ILs). Some of these limitations can be overcome using

Received 10 January 2025; accepted 25 January 2025. Date of publication
17 June 2025; date of current version 17 September 2025. This work was
supported by the Spanish Secretarı́a de Estado de Investigación, Desarrollo
e Innovación under Grant PID2021-127203OB-I00. (Corresponding author:
Jordi Verdú.)
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gallium nitride field-effect transistor (GaN-FET), thanks to
the high breakdown voltage, large currents’ handling, and
wide dynamic range, providing the capability of blocking
high voltages while maintaining good ILs and isolation at
microwave frequencies, but a limited frequency range of
operation at millimeter-wave applications [7], [8]. Moreover,
microelectromechanical system (MEMS)-based switches [9],
[10] present a very good RF performance; however, they
require high operational voltages, longer switching time, and
have some packaging limitations due to their bulky size. Phase-
change materials (PCMs) have been consolidated during the
past years in the design of switches for RF applications [11],
[12]. These type of switches are controlled by means of a
heater with independent terminals [13] which is the mecha-
nism to bring the material from crystalline to amorphous state,
thus switching the device between low- and high-resistance
state, and vice versa. These devices have been demonstrated
beyond 50 GHz [14], [15], with a reported endurance up to
107 cycles in a single device; however, their integration in
a large circuit must be done carefully due to thermal issues
and may limit the performance above 24 GHz due to some
parasitic capacitances [16].

As an alternative, 2-D materials are gaining attraction due
to the low power consumption and reduced footprint in com-
parison to more standard solid-state devices [2]. Particularly,
nonvolatile switches based on hexagonal boron nitride (hBN)
[21], [22], [23] or molybdenum disulfide (MoS2) [24] are of
special interest due to the property of maintaining a certain
state (ON/OFF) without requiring any constant voltage control
signal which drastically reduces the energy consumption,
which can be critical in RF systems with a large number of
elements. A state-of-the-art comparison is given in Table I for
the main nonvolatile technologies. While the performance in
terms of frequency range, ILs) and isolation, RON resistance, or
switching time are comparable or better than other technolo-
gies, the multilayer hBN technology is activated by means
of ambipolar voltage. Unlike bipolar activation, no complex
biasing network to switch both the polarities is needed which
simplifies the required periphery for the bias network.

The objective in this work is focused on the performance of
the device in the RF/microwave frequency domain. Different
switches in series configuration as shown in Fig. 1 have been
fabricated and experimentally characterized in a frequency
range up to 26.5 GHz on different substrates: high-resistive
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TABLE I
STATE OF THE ART FOR LOW-VOLTAGE SWITCHING TECHNOLOGIES AT HIGH FREQUENCIES

Fig. 1. Overview of the fabricated switch based on multilayer 2-D hBN (left).
Zoom on the active area with size 9 µm2 [23].

Fig. 2. (Left) SEM image of the multilayer hBN between metal electrodes.
(Center) Detail of the hBN structure comprising 18 layers of 6-nm thickness
each. (Right) Detail of the conductive nanofilament due to electron migration
from metal into the insulator.

silicon, quartz, and polycrystaline chemical vapor deposition
(CVD) diamond. First, the structure of the device, the principle
of operation and set voltage conditions, and the electrical
model are discussed. Next, the fabricated switches are char-
acterized in the RF/microwave frequency domain up to 26.5
GHz for the ON- and OFF-states so the main parameters of
the model are extracted. Finally, the conclusions are presented.

II. RF SWITCHES BASED ON MULTILAYER hBN:
PRINCIPLE OF OPERATION AND DC CHARACTERIZATION

The proposed switch has been designed in a vertical metal-
insulator–metal (MIM) configuration using an adhesion layer
of titanium with a thickness of 5 µm and gold for metal
electrodes with a thickness of 50 µm as shown in Fig. 2.
The hBN resistive material comprises 18 layers with a total
thickness of 6 nm and the active area is 3 × 3 µm, and it has
been fabricated on three different substrates: n-type 500-µm
high-resistive silicon, 300-µm thickness quartz, and 300-µm
polycrystalline CVD diamond, to compare the electrical per-
formance on each situation.

The principle of operation of the resistive switch is based
on the application of a certain dc voltage between metal
electrodes which allows to control the conduction state of the
hBN layer. When a positive dc voltage is applied between
metal electrodes, a conduction channel is created in the device
allowing the current conduction, ON-state, also known as

Fig. 3. Measured currents as a function of the applied voltage. Positive
voltages are used to switch the device to the ON-state, while reversed polarity
is used to turn the device to the OFF-state. The hysteresis cycle has been
obtained for the switch on silicon (solid black), quartz (dotted red), and
diamond (dashed blue) substrates.

SET state or low-resistivity state (LRS). In contrast, when a
reversed polarity voltage is applied, the conduction channel
is relived so the device is turn to the OFF-state in terms
of conduction current, also known as RESET state or high-
resistivity state (HRS). This is due to metal migration from
the electrodes into the insulator in the form of conductive
nanofilaments [18]. The full hysteresis cycle has been obtained
for the three types of switch, applying a voltage sweep in the
range from 0 to 4 V to set the device to the ON-state, and
from 0 to −2 V (reversed polarity) to turn the device in the
reset or OFF-state. Both the dc and RF signal fed the switch
by means of a bias-tee allowing to obtain the S-parameters
at any bias point condition. The switching time has also been
measured with values <2.5 ns.

The measured currents are shown in Fig. 3. On one hand,
it can be seen that the voltage to set the switch to the
ON-state is below 1.8 V in case of using a silicon substrate,
and a slightly higher, around 2.8 V in case of using quartz and
diamond substrates. The maximum current has been limited
to 1 µA to prevent damage when the switch is set to the
ON-state. On the other hand, the voltages to set the switch to
the OFF-state are below −1.5 V in all the cases. In this case,
since the channel is expected to be relieved, there is no need to
limit the maximum current. As smaller is the measured current
better the channel is relieved, and better isolation is expected
to perform the switch. It has to be pointed that some variability
in the floor current level has been observed by measuring one
switch during several cycles.
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Fig. 4. Electric model for the ON/OFF-state of the resistive switch. RA, LA,
and CP correspond to the extrinsic part, modeling the coplanar access, while
RON and COFF models the intrinsic part of the switch.

Fig. 5. Comparison between the electrical fit model (symbols) and the
experimental measured data for insertion and return losses on different
substrates (solid black) for the silicon, (red dotted) for the quartz, and (blue
dashed) for diamond operating the switch in the ON-state.

The device has been electrically modeled considering RF
coplanar access. The intrinsic part of the device can be
characterized by means of a parallel RON–COFF tank in series
configuration for the ON/OFF-state, respectively. The extrinsic
part of the device can be modeled by means of a series
resistance RA, accounting for ohmic losses, a series inductance
LA for the small reactive behavior, and a shunt capacitance
CP which models parasitic couplings between ground and
signal line in the coplanar structure as depicted in Fig. 4. The
extracted elements for the switch on each substrate are equal
since there the current leakage is minimum.

III. CHARACTERIZATION OF THE RESISTIVE SWITCHES AT
HIGH FREQUENCIES

The different devices have been characterized in a frequency
range from 10 MHz to 26.5 GHz. The input power level at
RF frequencies has been set to −10 dBm to not interfere on
the state of the switch, since high input power levels could
switch the state of the memristor. The extrinsic parameters
have been extracted by fitting the proposed electrical model
to experimental measurements. All the substrates present a
high resistivity, so ohmic losses due to metal electrodes are
around 2.8 Ω in all the cases. The parasitic capacitance has
been obtained around CP = 42 fF, and the series inductance
LA = 10 pH. As depicted in Fig. 1, the signal line is tapered
from 100 to 3 µm of the active area which may lead to some
mismatch losses.

Fig. 5 shows the characterization of the switch operating in
the ON-state, thus allowing the signal to propagate between
input and output ports. The measured ILs are below 2.5 dB

Fig. 6. Comparison between the electrical fit model (symbols) and the
experimental measured data for insertion and return losses on different
substrates (solid black) for the silicon, (red dotted) for the quartz, and (blue
dashed) for diamond operating the switch in the OFF-state.

in case of diamond substrate (best case), and 3.5 dB for
silicon (worst case) where part of them are due to impedance
mismatch. The obtained channel resistance is 28 Ω which is
consistent with the results in [19], where a series resistance
of approximately 1.4 Ω has been obtained by fitting the
electrical model. It must be note that as previously com-
mented, the structure in [19] is based on a single hBN layer,
unlike the structure here containing 18 layers as depicted in
Fig. 2. The associated channel resistance (and ILs) could be
decreased by decreasing the number of layers of the hBN, and
improving the manufacturing process.

The OFF/(reset) state has also been characterized in the
entire RF frequency range as shown in Fig. 6. The obtained
capacitance modeling the gap between contacts is approx-
imately COFF = 22 fF. Isolation levels better than 10 dB
are obtained for all the substrates, which may have some
variability depending on how the channel is relived. Taking
into account the characterization of the switch in the frequency
domain for the ON- and OFF-states, it can be concluded that
the device would have less impact in terms of ILs when used
in a shunt configuration. With the measured parameters, the
cutoff frequency of the devices is around 260 GHz, limited by
RON and COFF values.

IV. CONCLUSION

In this article, the experimental characterization of resistive
switches in a frequency range from 10 MHz to 26.5 GHz
has been carried out. The switch, based on a multilayer hBN,
has been fabricated on different substrates, high-resistivity
silicon, quartz, and polycrystalline CVD diamond to compare
the electrical performance. The dc hysteresis cycle for each
device has been obtained showing activation voltages in the
range of 1.8–2.8 V, and negative polarity around −1.5 V for the
OFF-state. The devices have also been characterized at high
frequencies. The series resistance in the ON-state has been
obtained around 28 Ω. On the other hand, the capacitance in
the OFF-state has been obtained to be 22 fF approximately
which lead to a cutoff frequency of 260 GHz.
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