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Abstract—Lamb wave delay lines with acoustoelectri-
cally-induced non-reciprocity are demonstrated in sus-
pended lithium niobate-on-silicon waveguides for the first
time. An electric current is fed through the silicon layer in
the same axis as the piezoelectrically-transduced acoustic
waves which are attenuated or amplified depending on the
direction of the energy exchange with drifting electrons
(i.e. acoustoelectric (AE) effect). Therefore, the insertion
loss (IL) and non-reciprocity of the delay line is adjustable
by controlling the current bias which varies the electron
drift velocity and the subsequent momentum transfer. Proof-
of-concept delay lines in the range of 600 MHz to 700 MHz
are demonstrated with a fractional bandwidth as high as
2.8% and AE gain as high as 5.6 dB resulting in ~20 dB
of non-reciprocity. These non-reciprocal components could
offer a monolithic and dynamically-tunable solution to the
numerous issues that arise from the increasing conges-
tion and interferences in the telecommunication spectrum
and suggests the possibility of developing fully-switchable
low-IL delay lines through design/fabrication optimizations.

Index Terms— Acoustoelectric, acoustic delay line, het-
erostructure, lamb wave, Lithium Niobate, non-reciprocal.

I. INTRODUCTION

HE ever-increasing scarcity of the telecommunication

spectrum has been calling for hardware architectures that
could operate in full-duplex mode. However, enabling simul-
taneous transmission and reception, requires non-reciprocal
components to be integrated in the telecommunication fron-
tend modules. While such components are typically realized
by utilizing magnetic materials [1], the application of such
devices is limited by the challenges in their integration and
the cost considerations. Hence, alternative approaches have
been studied in which non-linearity of media [2]-[4] or
spatio-temporal modulation of a non-magnetic feature of the
system is exploited. With regards to the latter, modulating
the mechanical properties of the device [5] or introducing
asymmetry in the system structure [6] have been examined
as static (with respect to the signal path direction) solutions.
In contrast, angular momentum biasing [7], [8] and the use
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of commuted networks [9], [10] were proposed as dynamic,
multi-component, and more complex solutions.

In an alternative class of monolithic solutions, non-
reciprocity is achieved through utilization of directional
momentum exchange processes between phonons and pho-
tons [11], electrons and photons [12], and phonons and
electrons [13]. The latter, known as the acoustoelectric (AE)
effect, has been extensively demonstrated in surface acoustic
wave (SAW) devices in the past [14]-[16] and more
recently in lithium niobate (LN) [17]-[21] and gallium nitride
(GaN) [22]-[24] heterostructures. Nonetheless, advancements
in material growth and bonding have considerably facilitated
the implementation of more efficient AE devices. In AE
devices, the strain-induced perturbation of the bound electrons
and drifting free electrons could lead to the amplification of
the acoustic waves (AW) provided that the electron drift is in
parallel with the AW and faster than its phase velocity (Vaw).
Thus, the electromechanical coupling and the carrier mobility
are the two most critical factors impacting the efficiency of
the AE effect.

AE effect has been recently observed in composite
aluminum nitride (AIN)-on-silicon (Si) cavities [25], [26]
and AlN-on-germanium waveguides [27]. Motivated by the
reported high coupling factors of fundamental symmetric
Lamb waves (Sp) in suspended thin films of LN [28], [29],
in this work we aim to demonstrate an acoustoelectrically-
induced non-reciprocal response in suspended LN-Si delay
lines. Benefiting from the large coupling of S¢p mode in LN-Si
slab and relatively high electron drift velocity (V;) in the
lightly n-type doped Si layer, in such devices, a large fractional
bandwidth (FBW) with strong non-reciprocity is postulated
and observed. On the other hand, superior power handling
of Si is believed to enable continuous wave (CW) operation
of the device; a notable advantage over the implementations
in which the injected current has to be pulsed to avoid
nonlinearity [19], [20].

II. DESIGN AND IMPLEMENTATION

The AE efficiency is impacted by both piezoelectric
and deformation potential couplings [30]. Thus, it is inten-
sified by stronger penetration of the evanescent fields
into the semiconductor and by inducing larger mechanical
strains. Consequently, the lateral field excitation (LFE) of
an AW with high electromechanical coupling in a composite
piezoelectric-semiconductor slab is an appealing concept for
implementation of an efficient AE device. It has been shown
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Fig. 1.

(a) Bonding orientation of the LN-Si stack; (b) conceptual schematic of the device structure where the AWs launched by the IDTs will be

amplified or attenuated by the electrons drifting in the Si layer; (c) the SEM of a fabricated prototype with the inset showing its chirped IDT pattern

for achieving a wider FBW.

that dpy coupling constant of the X-cut LN reaches a large
maximum once the main strain tensor (i.e. the 2 axis as in dy2)
is oriented in line with the 30° off +y-axis [31]. We will
exploit this large dy» to laterally excite the So mode in a LN-Si
acoustic waveguide. Accordingly, the device stack (provided
by NGK Insulators) is formed by bonding an X-cut LN
substrate onto a 3 ¢m (100) SOI and aligned with the <110>
Si plane followed by thinning it down to 1 um (as shown in
Fig. 1 (a)).

100 nm thick interdigital transducers (IDT) excite and detect
the AW between the 2 ports while the DC contacts to the
underlying Si feed the drifting electrons. This current provides
for directional AW amplification (same propagation direction)
or attenuation (opposite propagation direction), resulting in
non-reciprocity and switchability. The lateral boundary of the
device is formed by etching the stack from top and the device
is suspended by etching the backside handle layer. This will
also restrict the current to only pass through the underlying
Si body. The conceptual schematic and the scanning electron
micrograph (SEM) of a fabricated prototype delay line are
displayed in Fig. 1 (b) and (c), respectively.

The AE amplification coefficient (o) is analytically expre-
ssed in the form of

K? Yy 0T
o —
ko = 2 1+ (yor)? M

with kg and o being the wavenumber and angular frequency,
K? the effective electromechanical coupling, y the normalized
difference between V; and Vaw (i.e. Vy/Vaw — 1), and 7 the
effective carrier relaxation time determined by the conductivity
(~ a‘l) and permittivity (~ &effective) Of the structure [32].
The ideal value of K2 can be approximated by the dispersion
relation of the device stack as shown in Fig. 2 (a) and compar-
ing Vaw for the free and metallized surface [33]. It is worth
mentioning that the dependency of K on the IDT finger pitch
(FP = 7/ ko) varies by the LN/Si thickness ratio. From (1) the
theoretical value of a as the function of the applied drift field
(Eq = Vg - u~ 1) is plotted in Fig. 2 (b) at FP = 5 um. The
doping of Si is swept from 1E14 to 1E15 cm™3 to account for
the deviation of free electrons from the initial doping (n-type at
5E14 to 9E14 cm™3) as a result of trap states especially at the
LN-Si boundary. The relationship between a and E; clearly

(b)

Fig. 2. (a) Dispersion characteristic of the LN-Si stack having free and
metallized surface and the derived K2 value; (b) theoretical value of o as
a function of E for a range of free electron density.

depends on the density of free electrons and a larger gain for a
lower E; is observed at a lower range of density. For instance,
at E; = 60 V-.mm™! based on the initial doping range, an AE
gain of 9.7 to 17.4 dB-mm~! can be expected. Once « is
fitted to the measurement data, a gain of 10.2 dB-mm~! at
the doping of 8.5E14 cm™3 is projected (see Fig. 4 (b) in the
following section).

The passband response of the delay line is determined by
mapping the spatial arrangement of the IDT into the frequency
domain through the Fourier transform with its center frequency
being determined by the IDT FP [34]. As such, a wide range
of band pass responses can be implemented. Ideally, the AE
gain selectively applies to the passband as only such AWs
primarily propagate along the drifting electrons. This with a
proper mode isolation could translate into an amplification
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Fig. 3. (a) DC current generated as the input RF frequency is swept from
600 MHz to 650 MHz in a delay line with L = 95 um; (b) the frequency
response of the device showing the reciprocal response without passing
a current (black) and the acoustoelectrically induced non-reciprocity
(red). A CW current of 500 pA at E4 of 80 V.mm~—1 (48 V) is recorded in
this case, resulting in 24 mW power consumption.

without degrading the signal to noise ratio (SNR) [35]. As the
separation between the two ports (L = 95 and 400 xm here)
is widened, AWs could undergo larger gain or loss, therefore,
the attainable insertion loss (IL) tuning and the subsequent
non-reciprocity is improved.

I1l. MEASUREMENT RESULTS

The fabricated devices are characterized at room tempera-
ture and in atmospheric pressure by a vector network analyzer
(Rhode & Schwarz ZNB 8) using ground signal ground (GSG)
microprobes (Cascade Microtech Inc.); a short-open-load-thru
calibration is performed to set the reference plane at the
microprobe tips. At first, the AE effect is confirmed by
measuring the acoustoelectrically generated DC current (I4g)
along the AW propagation. For this task, the Si contact pads
are connected to a digital multimeter (Tektronix DM2510) and
14 is recorded as the frequency of RF signal (at 10 dBm input
power) is swept. I4g is plotted in Fig. 3 (a) for a delay line
with chirped IDTs (FP swept from 5 to 6 #m) in both ports
that are 95 pm apart. Evidently, /4 peaks almost exclusively
within the passband of the delay line, reaching ~0.3 uA.
Fig. 3 (b) shows the RF characteristic of the delay line with
the terminations conjugately matched to the impedance of
the device ports; doing so compensates the mismatch loss by
~3 dB and an IL of 15.2 dB is measured.

Next, E4 is applied across the DC contacts by means of
a pair of DC probes connected to a power supply and the
current (Ipc) passing through the underlying Si is measured.
As the current value is increased, the otherwise reciprocal
transmission (S»1) and reverse isolation (Si2) deviate from
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Fig. 4. (a) Measured frequency response of device with L = 400 um

for a current sweep, displaying switchable and tunable filtering; (b) the
theoretical gain curve fitted to measurement results.

the initial condition. In the same direction as V,;, both Sy
and S, are concurrently improved and a gain of 2.3 dB with
a nonreciprocal transmission ratio (NTR=S,;/S12) of 4.9 dB
is measured at a CW current of 500 zA and E,4 of 80 V.mm™!
(48 V bias).

Finally, the tunability of the IL is demonstrated in Fig. 4 (a)
by adjusting the Ipc in a device having the port IDTs (FP =
5 um) 400 um apart. As expected, a larger tuning range is
realized as the current is swept from 0 to 400 xA and a 5.6 dB
gain with 19.9 dB NTR is achieved at the maximum current
(at 49 V bias and consuming 19.6 mW). The transmission
direction is reversed by reversing Ipc, therefore, transmission
can be suppressed close to the noise floor, virtually switching
the device off. Furthermore, the impact of the AE amplification
and attenuation is much more evident in the passband of the
delay line. The measured AE gain in this case as a function
of E4 is plotted in Fig 4 (b) along with the fitted theoretical
values.

IV. CONCLUSION

Acoustoelectric (AE) effect was efficiently induced in Lamb
wave acoustic waveguides fabricated on lithium niobate-on-
silicon heterostructures to realize monolithic and dynamic
non-reciprocal delay lines. Due to the direction and intensity-
dependent impact of drifting electrons on the acoustic
phonons, the insertion loss and non-reciprocity of the device
could be tuned. The selective AE amplification of the signals
within the passband suggests the possibility of preserving (and
even improving) the signal to noise ratio while opting for
larger LN/Si thickness ratios could significantly improve the
attainable bandwidth, gain, and non-reciprocity.
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