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ABSTRACT

This paper reports a chip-scale radio frequency Lorentz-force gyrator based on an aluminum scandium nitride (Al ;Sco3N) thin film. The
two-port gyrator, which is essentially a lateral overtone bulk acoustic resonator, consists of a planar coil for Lorentz-force transduction and
two top-bottom electrode pairs for piezoelectric transduction. The non-reciprocity is generated by the phase transition in the Lorentz-force
coupling when an external vertical magnetic field is applied. The Lorentz-force gyrators based on both AIN and Al 7S¢ 3N thin films demon-
strate good non-reciprocity, i.e., the 180° phase difference, at approximately 517 and 388 MHz, respectively. Thanks to larger piezoelectric
constants, the Al ;Scy ;N gyrator demonstrates easier impedance matching and a wider fractional bandwidth of 6.3% at a magnetic field of
1.65 T compared to 1.3% for an AIN device. Finally, an isolator consisting of the Lorentz-force gyrator and a shunt resistor is demonstrated

over 35 dB of isolation and flat unidirectional transmission.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0122325

A non-reciprocal isolator and a circulator play important roles in
the realization of radio frequency (RF) full-duplex communication.'
Receiving and transmitting simultaneously on the same frequency
band help double the efficiency of frequency resources utilization.
Such non-reciprocal components can be constructed from a gyrator,
which was proposed by Tellegen in 1948 as a non-reciprocal passive
network unit." Conventional non-reciprocal RE components are
mainly realized by ferrite materials based on the magneto-optical
Faraday effect.” ® A variety of new non-reciprocal devices have
recently been demonstrated that can achieve the comparable perfor-
mance as conventional ferrite devices.”'* Chip-scale passive MEMS
gyrators draw great attention due to the advantages of miniature size
and shorter acoustic wavelengths compared to electromagnetic waves.
The size of such devices is correlated with the electromagnetic wave-
length, which prevents the miniaturization and chip integration.
Several types of chip-scale non-reciprocal devices have been demon-
strated recently.15 2% The multiferroic or magnetoelectric (ME) effect
provides another approach to achieve non-reciprocity with large cou-
pling coefficient.”' ** However, the demand for high quality magneto-
strictive thin film materials makes the chip-scale ME gyrator very

challenging. Alternatively, Lorentz-force based electromagnetic trans-
duction could enable chip-scale non-reciprocal devices and has not
been extensively studied.

A new type of the MEMS gyrator, as shown in Fig. 1(a), has been
recently proposed utilizing a piezoelectric lateral overtone bulk acous-
tic resonator (LOBAR) and Lorentz-force hybrid transduction.”” Two
pairs of top/bottom electrodes serve as the piezoelectric transduction
terminal (port 1), and a loop coil on top of the piezoelectric layer
serves as the Lorentz-force transduction terminal (port 2). The conver-
sion efficiency of the gyrator is determined by the piezoelectric and
Lorentz-force transductions. By utilizing aluminum scandium nitride
(AIScN), we present the chip-scale gyrator with large fractional band-
width (FBW) and easy impedance matching as well as isolation appli-
cation in RF communication and signal processing.

As illustrated in Fig. 1(a), the Lorentz-force gyrator design con-
sists of a 1 um Aly,Scy3N thin film plate of 210 um long and 70 um
wide, and 100 nm Pt as the bottom electrodes and 200 nm Al above as
the top electrodes and coil. The cross section in Fig. 1(a) indicates the
displacement in the x-direction from finite element analysis. For opti-
mized driving efficiency, the piezoelectric transducer of 10 ym in width
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FIG. 1. (a) Schematic of an Al 7Scy 3N-based Lorentz-force gyrator. The cross sec-
tion shows the x displacement. (b) The ideal impedance matrix for the gyrator and
isolator. (c) The equivalent circuit model of the Lorentz-force gyrator.

and the coil of 5 um in width are configured at the point of maximum
stress and displacement on the seventh-order LOBAR, respectively. The
piezoelectric terminal (port 1) excites the seventh-order lateral overtone
mode, causing a lateral displacement of the coil. With the help of a verti-
cal magnetic field, a current of 90° leading phase is generated at the coil
(port 2) by Faraday’s law of electromagnetic induction. Conversely, the
coil generates a Lorentz-force under the magnetic field and excites the
same LOBAR mode, and the two pairs of electrodes collect the charge
from the piezoelectric effect, which also comes with a 90° phase delay.
Therefore, a non-reciprocity of 180° phase difference is, consequently,
established between two ports. Figure 1(b) illustrates the admittance
matrix of the ideal gyrator and isolator topology.

Figure 1(c) shows the equivalent circuit model of the Lorentz-
force gyrator. C, is the static capacitance of the piezoelectric port,
while C, indicates the parasitic capacitance between the two ports.

ARTICLE scitation.org/journal/apl

The inductance and resistance of the coil port are represented by L.,
and R, respectively. The ideal transformer and gyrator represent the
piezoelectric transduction and Lorentz-force transduction with cou-
pling coefficients of Tp and Ry, respectively. L.y is the longitudinal
length of the coil, and B is the applied magnetic flux density. Ry, Cy»
and L,, are the damping, spring, and equivalent mass of the LOBAR
in the mechanical domain, respectively.

The transfer admittances of the Lorentz-force gyrator as a two-
port passive device can be expressed as

1
(Rcoil + ijcoil)
TpRLF

R +

thnsfer == < 1

joC,y,

+ joCp, 1)

where Ryy is determined by the magnetic flux density times the coil
length and Tp is primarily determined by the piezoelectric constant
e3;. The equivalent circuit model can be divided into two branches
with two resonances. The first one determined by C,, and L, is the
LOBAR mechanical resonant frequency. The other is the parallel reso-
nance due to parasitic capacitance C,,. The magnetoelectric coupling
coefficient of the Lorentz-force gyrator determines the non-reciprocal
bandwidth, which can be derived as

5 -1
71.2 %Cok?
MEcoupling = ? I— |1+ C
4

TpRL F
(Rcoil + ijmil)

(@)

The Sc doping in the Aly;Scy ;N thin film improves both the effi-
ciency of piezoelectric transduction Tp, by increasing the piezoelectric
coefficients, and the motional capacitance C,, by lowering Young’s
modulus. Therefore, the gyrator ME coupling can be significantly
improved compared to an AIN device with the same design.
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FIG. 2. (a) and (b) The Sy and S, of the Aly7Scy 3N Lorentz-force gyrator under different magnetic fields and (c) and (d) for the AIN device with the same design. Phase dif-
ference between the two ports for (€) AIN and (f) Al 7Sco sN. (g) The ME coupling coefficients extracted from S-parameters and (h) gyration fraction bandwidth as a function of

the external magnetic field.
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TABLE I. Equivalent circuit model parameters of the AIN\Al, 7Sco 3N gyrator.

CO (PF) Cm (IlF) Lm (PH) Rm (,UQ)
AIN 0.43 9.02 10.50 36.22
Alp5ScosN 1.12 17.65 9.51 80.23
RLF (165 T) TIP Cp (fF) Lcoil (I’IH) Rcoil (Q)
347 x 107 374 x 107* 8.95 0.20 10.93
347 x107* 9.0l x 107* 12.90 0.21 8.61

The fabricated Lorentz-force gyrator with the Aly;ScosN thin
film is shown in Fig. 2(b). The fabrication process based on Al ;Sco 3N
of the devices has been reported in Ref. 30. The same design based on
AIN is also fabricated for comparison. A vector network analyzer is
used to characterize the spectrum of the gyrator under the vertical
magnetic fields in the range of 0.49-1.65T.

Figures 2(a)-2(d) demonstrate matched S,; and S;, based on
Aly;Sco 3N and AIN gyrators, respectively. With a wavelength of 20 um,
the AIN and Aly;Sco ;N gyrators operate at the resonant frequencies of
517 and 388 MHz, respectively. As the magnetic field increases, the
maximum magnitudes of S,; and S;, increase. Port 1 of the Aly,ScysN
gyrator is matched to 73.44j2.3 Q, while the AIN gyrator is matched
to 271.34j39.6 Q, indicating easier impedance matching for the
Aly;Sco 3N thin film device due to improved coupling. The parallel reso-
nance frequencies of S,; and S;, appear on each side of the mechanical
resonance, which is consistent with Eq. (1). The parameters extracted by
the equivalent circuit are summarized in Table .

scitation.org/journal/apl

Figures 2(e) and 2(f) show the gyration phase difference between
S12 and S;; using AIN and Aly;Sc, 3N, respectively. The gyrator band-
width, defined as the frequency range with a phase difference of 180°,
increases with external magnetic fields, which also agrees with the cou-
pling coefficient trend under different magnetic fields as shown in Fig.
2(g). In addition, Sc doping increases piezoelectric transduction Tp from
3.74 x 107* t0 9.01 x 10~* Furthermore, Fig. 2(h) indicates that the
FBW of the AIN gyrator increases from 0.3% to 1.3%, and 1.1% to 6.3%
for Aly;Scy 3N as the magnetic field increases from 0.45 to 1.65 T.

Figures 3(a) and 3(b) show the S-parameter of the equivalent cir-
cuit simulation with the extracted parameters in Table I, which is a
good fitting in comparison with experimental data shown in Fig. 2.
The difference between the minimum values in S; and S;; is mainly
caused by L. Currently, the devices still have large insertion loss.
However, in the future, the loss can be significantly reduced by
increasing the coil length, arranging the coil under the film, and
improving the piezoelectric coupling to make the gyrator more suit-
able for practical applications.

Figure 3(c) illustrates the S-parameters of the isolation consisting
of Aly;Sco3N and AIN gyrators using topology in Fig. 1(b) at 1.65T.
Resistances of 1690 and 2734 Q are used to obtain the maximum isola-
tion. Over 35 dB isolation is achieved at 388.4 and 517.0 MHz with a
minimum loss of —34.8 and —37.7dB for both devices. The
Aly7ScosN isolator benefits from impedance match with port 1
matched to 50.8 + j2.3 Q, comparing with the AIN device matched to
257.4 + j22.7 Q. Finally, the isolation and the parallel resistance vs
magnetic field are shown in Fig. 3(d). The blue line shows the isolation
when using the same 1690 Q resistance. As the magnetic field
increases, the AIScN gyrator can obtain a significantly better isolation
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than AIN. As the magnetic field reaches 1.65 T, the isolation of AISCN
and AIN is 36.2 and 12.2 dB, respectively. Regarding the parallel resis-
tance in red line, AIScN requires approximately only 60% of the resis-
tance of AIN to obtain an equivalent isolation with lower loss.

In this work, we demonstrated the chip-scale large FBW Lorentz-
force gyrator using the Aly,ScosN thin film. Non-reciprocal 180°
phase difference is obtained by Lorentz-force transduction. The gyra-
tor demonstrates a gyration FBW of 6.3% at a center frequency of
388 MHz, which is 4.8 times larger compared to the pure AIN gyrator
at the same magnetic field. Our results illustrate that the Al,;Sc 3N
thin film based Lorentz-Force gyrators will facilitate the establishment
of non-reciprocity at smaller magnetic fields while providing greater
bandwidth for RF communication and signal processing applications.
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