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ABSTRACT A first modeling approximation of the general performance of radiofrequency (RF) switches
based on hexagonal boron nitride (hBN), a two-dimensional (2D) dielectric material is presented. The I-V
characteristics intrinsic and extrinsic impedance parameters, the return loss, insertion loss and isolation of
RF 2D switches fabricated with hBN are described here by a equivalent circuit models. Straightforward
analytical expressions are obtained. In contrast to conventional switches, the unique RF performance of
the hBN switch, at ON-state, i.e., a direct improvement with frequency of the insertion loss, is accurately
described by considering a capacitor in the intrinsic part of the model. The latter is suggested to be related
to storaged charge during the resistive switching mechanism. The highest mean relative error obtained
between modeling and measurements of the return loss is of 7.6 % with the approach presented here
which overcomes the 42.5 % of difference obtained with a previous model with an incomplete intrinsic

device description.

INDEX TERMS RF switch, 2D, hBN, insertion loss, isolation, resistive switching.

I. INTRODUCTION

Memristive non-volatile devices have gained attraction for
low-power high-performance applications in both digital and
analog scenarios [1]. Specifically for the latter kind of appli-
cations, two-dimensional (2D) radiofrequency (RF) switches
have emerged as attractive competitors to conventional solid-
state devices due to their low-power consumption, reduced
footprint, THz cutoff frequencies and resistive switching fea-
tures [2], [3]. Molybdenium disulfide (MoS;) and hexagonal
boron nitride (hBN) are the 2D materials used so far to fabri-
cate these novel RF switches [4], [5], [6], [7], [8], [9], [10],
[11] in a vertical metal-insulator-metal (MIM) configura-
tion (cf. Fig 1(a)). Specifically, 2D RF switches outperform
RF switches based on memristive, micro-electromechanical
system and phase change conventional (not 2D) technolo-
gies with similar output power (~ 20dBm) in terms of

device area, switching time, cutoff frequency and thermal
budget [7], [9]. hBN RF switches have been proven to work
properly in high-data rate communication systems, e.g., for
real-time video streaming [7].

Furthermore, a unique feature of hBN switches is the
improvement of the insertion loss with frequency [6], [7] due
to the dielectric nature of this 2D material [12], [13]. The
latter suggests a non-negligible capacitance in the ON-state
of 2D RF switches which is missing in the analytical expres-
sions [5], [7] and circuit simulator-based results [6] available
in the literature for these devices. In this work, the static and
dynamic performance of 2D hBN RF switches is described
accurately for the first time simultaneously. In Section II,
the general modeling framework, i.e., theory and equivalent
circuits, used to describe the I-V curves as well as both
the extrinsic and intrinsic insertion loss and isolation, i.e.,
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FIGURE 1. hBN nonvolatile device. (a) Schematic cross-section of a hBN
MiIM-like structure. (b) DC equivalent circuit of the hBN nonvolatile device
described by Eq. (1). Energy diagrams of the device showing (c) a narrow
and a (d) wide constriction, at HRS and LRS, respectively. E is the
equilibrium Fermi energy; other variables are defined in the main text. The
blue solid-line represents a potential barrier due to confinement effects
considering the narrowest point of the filaments at the middle of the hBN
layer. A-B dashed line is added to ease the discussion regarding the
direction of the transport.

S>21 at ON- and OFF-state, respectively. Section III presents
the good agreement between the modeling approached used
here and the experimental data reported in previous litera-
ture. Finally, general conclusions for this work are included
in Section IV.

Il. MODELING FRAMEWORK

A. DC PERFORMANCE

Based on atomistic simulations and measurements, the trans-
port during the different resistive switching states of hBN
MIM-like devices (cf. Fig. 1(a)) has been associated to the
formation of conducting filaments enabled by boron vacan-
cies [7], [14], [15], [16]. The electronic band diagram of the
device is schematically represented by Figs. 1(c) and (d).
At the high-resistance state (HRS) the conducting filaments
form a narrow path and hence a potential barrier due to the
confinement effect on electrons passing through it arises (cf.
Fig. 1(c)). On the other hand, a wide constriction implies
no barrier for the electrons as shown in Fig. 1(d), i.e., a
low-resistance state (LRS) is considered.

A practical description of the scenario described above
is provided by the quantum point contact model based on
the Landauer transport equation [17]. Hence, the current-
voltage characteristics of hBN switches is described here by
a Landauer-based compact model given by [14], [17]

I =Gp(V —IRy) + Ip{exp[aq(V — IR)| — 1}, (1)

where V is the applied voltage, G, = Gon with G, as
the quantum conductance (= 77.5uS for one transmission
mode) and n as the number of fully formed conducting
filaments; In = [2g(N — n)/(ah)] exp(—a¢) with g as the
element charge, N as the number of independent conduct-
ing filaments, i as the Planck’s constant and « and ¢ are
parameters related to the width and height, respectively, of
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a confinement-related potential barrier [14] (cf. Fig. 1(c));
R is a series resistance embracing non-broken hBN layers,
metal-contact layers and extrinsic phenomena. Eq. (1) is a
trascendental function for / and it can be related to an equiv-
alent circuit (EC) conformed by a resistance (first term) in
parallel with a diode (second term) and both in series with
R as seen in Fig. 1(b).

The Thévenin transformation of the EC yields a solution
for Eq. (1) such as [14], [17]

VG, —1Ip 1 {AIO [aq(v +Rslo)“7 )

Iurs = + —W{—-exp R

Ga A Ga
where Gao = 1 +RGp, A = agRs and W{E} is the Lambert
function. Details on the derivation of the model have been
provided elsewhere [14], [17]. Notice that Eq. (2) is only
valid if the intrinsic potentials are lower than the barrier
height, i.e., g(V—IRs) < ¢ and if an asymmetric constriction
is considered! [14].

Eq. (2) describes the current at HRS where both effects,
a resistance related to the 2D material and the transport
through a potential barrier, are present. However, for LRS,
the latter effect has no impact on the current (¢ << 0,
see Fig. 1(d)) due to the formation of a very wide energy
constriction, i.e., n & N, and hence Eq. (1) reduces to [14]

NG, v
"1 + NG,R,

This modeling approach has been used before to describe
the resistive states of hBN nonvolatile devices [14], [18],
[19], [20], however, this is the first time it is applied to
model the DC performance of hBN devices intended for
state-of-the-art RF applications.

3)

Iirs

B. DYNAMIC RESPONSE

The cross-section of an hexagonal borond nitride RF
switches, similar as the ones demonstrated in the liter-
ature [7], [9], [11], is shown in Fig. 2(a). As a first
approximation for the description of the high-frequency
performance of 2D RF switches, the small-signal EC shown
in Fig. 2(b) has been used. The intrinsic part of the EC
changes according to the switch state and it can be derived
from the circuit shown in Fig. 1(b) by considering the small-
signal EC of the diode [21]. For the ON-state, a parallel
array of a resistance Ron and a capacitor Con have been
used to represent the resistance and a non-negligible charge,
respectively, within the activated MIM structure. The latter
arrangement is obtained by considering the small-signal EC
of the diode (cf. Fig. 1(b)) and hence Ron is approximately
equal to the voltage-dependent resistance of the diode.” A
capacitor Copr represents the electrostatic coupling between
device materials in the OFF-state. For both states in the

1. This implies that the applied bias drops entirely at the source side of
the constriction

2. This approximation is guaranteed by Rp (= 12.9k) being much
higher than the voltage-dependent diode resistance (with a lower value) to
which it is in parallel with.
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FIGURE 2. (a) Schematic cross section of an h-BN RF switch; intrinsic
device is inside the dashed box whereas extrinsic part is not shown.

(b) Equivalent circuit of an RF switch. Intrinsic (extrinsic) elements are
inside (outside) the dashed box. A switch at ON-(OFF-)state is represented
by the top (bottom) intrinsic impedance block. The intrinsic elements
correspond to the intrinsic device according to the AB pointed line.

intrinsic part, a residual series resistance R; has been included
here in contrast to previous works in the literature [6], [7],
[10], [22] where such effect has been neglected. For the
ON-state, i.e., at LRS, R, = Rs, whereas at the OFF-state,
i.e., at HRS, R; is a fitting parameter. Two aspects should
be noticed for R, at OFF-state: (i) it is required to prevent
infinite isolation at low frequency, and (ii) the value dif-
fers from the one used for Rg in Eq. (2) due to a possible
independent measurement of DC and RF characteristics, i.e.,
different cycles might be used to obtain the corresponding
characteristics. The extrinsic network is comprised by a par-
asitic capacitor Cp, an access resistance R, and an inductance
L, associated to each port.

The S»;-parameter for a two-port reciprocal and symmet-
rical network, such as the one describing the RF nanoswitch
(cf. Fig. 2), in terms of the Z-parameters is given by [23]

2751 extZo
2 b
(Zitex +20)" = 23, o,

“)

S21,ext =

where Zyp = 502 is the characteristic impedance, whereas
the impedance terms for the device with extrinsic contribu-
tions are

Zitext = Za + Zo(Zine + Zo), &)
and
Dot ext = ZaZe, (6)
with
Zy = L @)
Zint + 27,
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the access impedance Z, = R, + jwL,, the extrinsic
impedance due to pads electrostatic coupling Z. = 1/(jwCp)
and the intrinsic impedance Zj,; as

Ron
Zi = R+ m for ON state, ®
R+ socom for OFF state,

where w = 2xf is the angular frequency with f as the opera-
tion frequency. By using Egs. (5)-(8), and the corresponding
values of the elements, in Eq. (4), the extrinsic insertion loss
(ON-state) and isolation (OFF-state) are obtained. Notice that
by doing the corresponding parameter transformation [23],
Eq. (4) is equivalent to the one given for conventional lateral
RF switches considering ABCD parameters [24].3

On the other hand, the intrinsic part of the 2D RF switch
can be considered as a series impedance block and hence, the
intrinsic insertion loss and isolation can be obtained by [25]

2 +2Zinl ’ ®)

Zy
depending on whether Zj, is defined for the ON- or OFF-
state, respectively. Notice that the approach presented here
considers the contribution of Coy in the expressions of both
extrinsic and intrinsic insertion loss in contrast to previous

studies [5], [6], [7] where this effect has been neglected.

So1int =

The extrinsic and intrinsic return loss RL =
—201log 811 [23], considering the EC in Fig. 2 and
Egs. (5)-(8), can be calculated from

2 2 2
le,ext - ZO - Z2l,ext
Silext = 3 Py (10)
(le,ext + ZO) - ZZl,ext
and
1
Sttt = ——57 (1)
Zint

respectively, at ON-state.

1Il. RESULTS AND DISCUSSION
The modeling approach presented above has been applied
to describe the experimental I-V performance, RF insertion
loss and RF isolation of fabricated hBN RF switches [6],
[7] with different device footprints. Details on the fabri-
cation processes and measurements have been presented
elsewhere [6], [7]. I-V characteristics of hBN RF switches
have been successfully described by the model at both states,
i.e., HRS and LRS by Egs. (2) and (3), respectively, as shown
in Fig. 3. Notice that the intrinsic voltage is lower than the
barrier height in all devices, i.e., Eq. (2) is valid. The large
difference in the value of Rs at ON-state (LRS) and OFF-
state (HRS) is due to the potential step affecting the transport
differently at each case.

Regarding the small-signal response, Table 1 collects the
intrinsic parameter values used here for describing the exper-
imental data of 2D RF switches. Values of Ron and Copp

3. The expressions reported for $31 ey, obtained with ABCD parameters,
in [6] and [7] have both a typo in the second term of the denominator
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FIGURE 3. IV curves of hBN RF switches with different device areas: (top)
0.50 x 0.15.m2 [6], (middle) 0.20 x 0.15.m2 [7] and (bottom)

0.50 x 0.50.m2 [7]. LRS model parameters: (top) N = 740,

Rs = 9.5 x 10-29; (middle) N = 900, Rs = 9.5 x 10-39; (bottom) N = 950,
Rs = 5 x 10-6Q. HRS model parameters: (top) N = 740, n = 3,
Rs=1x10°Q, « = 4.6 eV~!, ¢ = 6.5 eV; (middle) N =900, n =1,

Rs =9 x 1052, « = 3.6 eV, ¢ = 5.5 eV; (bottom) N = 950, n = 17,

Rs =6.5x10%Q, ¢ =3.9eV-1, ¢ =5.4eV.

TABLE 1. Small-signal EC intrinsic parameter values of hBN RF switches.
[ref.] device area R on/oOFF Ron | Con | Corr

) (um?) (9) @ | @ (F)

[6] 0.50 x 0.15 9.5 x 107°/50 1.61 1.00 2.00
[7] 0.20 x 0.15 9.5 x 107°/900 | 2.81 1.21 0.44
[7] 0.50 x 0.50 5 x 1076/1800 1.65 1.21 1.51

obtained here are in good agreement with the reported ones
in [6] and for the smallest device in [7]. For the largest device
in [7], Ron and Copr have been obtained by considering a
correct description of the RF power handling feature of the
switch. Con values have not been reported previously for
ECs of hBN switches in the literature and are obtained here
by considering a correct description of S21 in¢ in the ON-state
for each switch. The values of Con obtained for the hBN
devices are similar to the ones reported elsewhere for fabri-
cated hBN-based MIMs, i.e., few pF [27], [28]. Furthermore,
this capacitive effect at ON-state has not been observed in
other 2D monolayer RF switches [4], [5] and hence it is sug-
gested here to be associated to the charge storaged within the
hBN layer during the filament-based resistive switching [15]
rather than to the thickness of the monolayer as suggested
elsewhere [6]. A further discussion of the intrinsic mecha-
nism of the resisitive switching mechanism in hBN is out
of the scope of this work, however, interested readers are
directed to [15].

The EC extrinsic network for all devices has been
calibrated to the electromagnetic simulations of the OPEN-
structure presented in [6]. The obtained values of Cp, and R,
(cf. Fig. 4(a)) are equal to 7.50fF and 1.25 2, respectively.
An L, of 0.25 pH corresponds to an average value of a min-
imum and a maximum limit of a gold access pad, such as
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FIGURE 4. (a) Sy; of an OPEN structure obtained with electromagnetic
simulations presented in [6] (symbols) and with the extrinsic network of
the equivalent circuit presented here in Fig. 2 (line). (b) Experimental
(markers) and simulation results with the EC (lines) of the signal power
handling of the 0.5 x 0.5xm2 hBN switch at 40 GHz presented in [7].
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FIGURE 5. Extrinsic impedance parameters over frequency considering the
0.20 x 0.15um2 device in [7]. (a),(c) Magnitude and (b), (d) phase of Z;;
and Z,,. Simulation results with the EC (markers) and modeling results
(lines) with Egs. (5) and (6).

the one used in [6], [7], considering a coplanar waveguide
and an isolated microstrip, respectively [26].

The EC describes the experimental RF power handling in
both ON- and OFF-state of the device in [7] at 40 GHz, as
well as its self-switching, as shown in Fig. 4(b). The self-
switching from OFF- to ON-state is achieved with the EC
by considering a transition from Copp to Con (see values
in Table 1) which, along with the accurate description of
ON-state results, confirms the value proposed here for the
latter element.

In order to validate the expressions considering extrinsic
elements, a comparison with results of the experimentally-
calibrated EC has been performed for the devices under
study. Egs. (5) and (6) reproduce properly the TCAD results
of the impedance parameters (magnitude and phase) obtained
here (with both extrinsic and intrinsic elements), regardless
the state of the switch, for the smallest hBN device presented
in [7] as shown in Fig. 5.
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FIGURE 6. Intrinsic (a) insertion loss and (b) isolation of 2D hBN RF
switches with different area: 0.5 x 0.15.m2 [6] and 0.20 x 0.15xm? [7].
Markers are experimental data. Dashed and solid lines are modeling
results reported in the corresponding reference and with the approach
presented here, respectively.

The comparison between de-embedded (intrinsic) exper-
imental S71in and the different models, namely the one
presented here (cf. Eq. (9)) and the one in the corresponding
original reference [6], [7], is shown in Fig. 6.4 The modeling
approach presented here differs from the previous reported
model in [6], [7] since the former one considers Con (for
the ON-state) and R, (for both states) in the EC in contrast
to the latter one where both of these elements are neglected.

For the device in [6] and the smallest one in [7], the
impact of R, is minimum in the description of the insertion
loss (cf. Fig. 6(b)). However, for the largest device in [7]
the model used here including R; fits better the experimen-
tal data in contrast to the lumped EC not considering this
element (cf. Fig. 8(b) in Appendix). On the other hand, for
the ON-state, the increase of S i, With frequency is not

4. Extrinsic elements are not considered in the experimental data nor in
the modeling results.
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FIGURE 8. Relative error between results of modeling approaches and
experimental data of the S, ;¢ at (a) ON and (b) OFF states.

captured by the pure resistive intrinsic part of the models
reported in [6] and [7]. Eq. (9) obtained here is able to repro-
duce such unique attractive feature of RF hBN switches by
considering a capacitance different to zero in the intrinsic
part of the device (cf. Eq. (8)), in contrast to the conven-
tional approaches developed for other switches not presenting
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such effect. The relative error €; of each modeling approach
with respect to the experimental data is shown in Fig. 8
in the Appendix where the higher accuracy of the model
presented here with respect to others reported in the literature
is observed, e.g., the average (over the analyzed frequency
range) of |e| (in percentage) for S»pinc at ON-state is of
6.9 %, 7.6 % and 1.8 % with the model proposed here and
27.6%, 42.5% and 9.9 % with other approaches for the
devices in [6] and [7], respectively.

The return loss, an important factor for RF switches [24],
not reported experimentally for any of the devices under
study [6], [7], has been calculated here by using Eq. (11).
Fig. 7 shows that the RL improves with the frequency due to
the effect of the capacitance at ON-state whereas the device
with largest area in [7] has the highest RL of the three hBN
switches.

IV. CONCLUSION

The static characteristics of hBN-based MIM-like struc-
tures, intended for RF applications, have been described
for the first time here at both resistive states by using a
physics-based equivalent circuit and the corresponding equa-
tions. Furthermore, the dynamic performance of 2D RF
switches based on hBN has been precisely modeled here
by considering an intrinsic charge contribution -via Con-
related to the storaged charge within this 2D material dur-
ing the filament-based resistive switching mechanism. An
analysis of the equivalent circuit considering such contribu-
tion yields straightforward expressions used to describe a
unique increase with frequency of the S| parameter of RF
hBN switches. Both the EC and the derived equations for
impedance and scattering parameters are able to describe
experimental data of three different devices. The relative
error of the return loss and the insertion loss shows the
higher accuracy of the approach discussed here with respect
to other previously used models. The expressions obtained
here for the dynamic performance of hBN switches aim to
boost the modeling and analysis of these devices as well as
their use in circuit design by considering a physical phe-
nomenon represented by Con, neglected in previous works,
in their equivalent circuit.

APPENDIX

The relative error € of the two dynamic modeling
approaches, the one with Con and Ry on/orr (proposed here)
and the oftenly used one without such elements are shown
in Fig. 8 for S»yinc at both states (cf. Fig. 6) with respect to
the experimental data.
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