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Ferroelectric Aluminum Scandium Nitride Thin Film Bulk
Acoustic Resonators with Polarization-Dependent

Operating States

Jialin Wang, Yue Zheng, and Azadeh Ansari*

Given the recent discovery of ferroelectricity in highly doped AIN films and their
widespread use in bulk acoustic wave (BAW) filters, the ferroelectric and acoustic
performance of AlScN-based devices at two distinct polarization states, i.e.,
nitrogen (N)-polar and metal-polar states, is investigated. Unreleased metal—
ferroelectric—metal (MFM) capacitors, as well as suspended MFM structures in
the form of thin-film bulk acoustic resonators (FBARSs), are fabricated based on
Mo/AIScN/Mo-sputtered films with ~30% Sc concentration. The hysteresis
polarization—electric field (P—E) loops and internal resistance of the MFM
capacitors are characterized. The FBAR devices are characterized at the two
polarization states, where the polarization inversion is accompanied by the
modulation of thin-film stress and resistance. Furthermore, the as-fabricated
N-polar FBAR shows a fundamental thickness-mode resonance frequency of
3.17 GHz, with a quality factor (Qgode) Of 572 and a high effective electro-
mechanical coupling coefficient (k) of 11.4%. The FBAR frequency response
changes when the polarization is switched from N-polar to metal-polar. Herein,
the first investigations of electric and acoustic properties of N-polar and metal-
polar AlScN-based devices are demonstrated, paving the way for the realization of
high-k.2reconfigurable acoustic filters for next-generation communication sys-

tems operating at the super-high-frequency (SHF) range.

1. Introduction

Due to their unique behavior, ferroelectric materials have
accrued increasing research attention in a variety of fields,
including nonvolatile memory!™? and reconfigurable acoustic
filters.! They provide a unique intrinsic polarization switching
capability due to the existence of two polarization states with dif-
ferent remnant polarizations. Such materials can also possess
two distinct resistance states, which can be switched by applying
a bias electric field greater than the coercive field.”! Other unique
behaviors such as dielectric constant modulation with applied
bias and negative capacitance upon polarization inversion have
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been demonstrated on other ferroelectric
materials such as PZT and hafnium oxide
(HfO,).>%

Several approaches have been taken to
develop switchable acoustic devices with
various ferroelectric and paraelectric
materials, such as PZTP”' and BST.®!
However, most of the acoustic devices
based on PZT and BST have several limita-
tions, including limited Q factor, a lack of
complementary metal-oxide—semiconduc-
tor (CMOS)-compatible fabrication pro-
cesses, and a DC bias requirement to turn
on the device in the case of BST.°™'!
Recently, ferroelectric properties have been
discovered in thin-film aluminum scan-
dium nitride (Al;_,Sc,N) with x > 27%.[1?!
Due to the infancy of the field, a fundamen-
tal study of various mechanisms that
are a result of polarization switching in
ferroelectric-doped AIN films has not been
conducted to date. Despite the popularity of
AlIN-based acoustic devices, the added fer-
roelectric properties of the films with high
Sc content have not been explored for
radio-frequency signal-processing applica-
tions. AlScN-based acoustic devices have the advantages of high
Q factor compared to PZT-based ferroelectric resonators,” high
k: because of the increase in the piezoelectric coefficient (e53) in
highly doped AIN films,!**! and high operating temperatures due
to the wide bandgap."* % The additional tuning and polarization
switching properties offered by the ferroelectric AIScN can pro-
vide a path forward for the realization of reconfigurable filters in
the next-generation wireless communication devices.

In this work, the ferroelectric behavior of an Al;_,Sc,N thin
film with x ~ 0.3 is first characterized, showing a square-like
polarization—electric field (P—E) loop. The resistance switching
behavior for both the parallel resistance (R;,) and the equivalent
series resistance (ESR) of the thin film is then studied, showing
two distinct resistance states!’”'® for N-polar and metal-polar
films. Finally, two operating states of the FBAR are studied
by measuring the admittance (Y;;) frequency response of the
as-fabricated Al 7S¢y 3N-based FBAR (N-polar) and after a unipo-
lar bias voltage with an amplitude greater than the coercive field
is applied and removed (metal-polar). The FBAR demonstrated
two operating states depending on the resistance states, which
modulated the intensity of the admittance (Y;;) response and
the suspended thin film static deformation, and hence
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modulated the k.2 of the Yq; response. The static deformation of
the suspended film, induced by the residual stress accumulation
during the polarization switching process, is believed to cause
the change in k2"

2. Fabrication Process

The metal—ferroelectric—metal (MFM) capacitor with the struc-
ture of molybdenum (Mo)/Aly7Sco3N/Mo and thicknesses
of 110 nm/880 nm/100 nm, respectively, was sputtered on a
silicon-on-insulator (SOI) substrate at VIT Technical Research
Centre of Finland. Figure 1a,b shows a cross-sectional scanning
electron microscopy (SEM) image and the schematic of the unre-
leased MFM capacitor. The MFM capacitor was fabricated by
etching down the top Mo layer with reactive ion etching (RIE)
under SFg-based chemistries. The AlySco 3N ferroelectric layer
was etched via an inductively coupled plasma (ICP) ion-etching
tool with chlorine-based chemistry. The Aly;Sco 3N-based FBAR
was fabricated on the same sputtered sample, where the Si device
layer was etched with xenon difluoride (XeF,). Figure 1c,d shows
the cross-sectional schematic of the fabricated FBAR. The
detailed fabrication processes are discussed in various
studies.?*-*!
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3. AIScN Thin-Film Characterization

3.1. Fatigue in AIScN Ferroelectric Films

Similar to other ferroelectric materials such as HfO, and PZT,
AlScN P—E loops demonstrate different states as the bias time
increases."*>** The periodic polarization switching used to
obtain P—E loops is achieved by applying a triangular waveform
with a frequency of 1 kHz and a peak voltage of 300 V (Figure 2a).
Figure 2b shows measured P—E loops under various switching
cycles. Figure 2c shows the remnant polarization versus the
number of cycles with the applied switching bias.

The P—Eloop of the MFM capacitor behaves in three regimes.
The first is referred to as the “wake-up” stage and is observed
as an increase of the difference between the two remnant polar-
izations with increasing bias cycling time.?? In this stage, the
increase in the gap between positive and negative remnant polar-
ization is caused by depinching, resulting from the gradual
decrease of the built-in bias field.**! The second stage of the
P—E loop is the “normal operation” stage, where the difference
between the two remnant polarizations remains constant with
increasing cycles. The final stage of the P—E loop is the “fatigue”
stage, where the difference in remnant polarization reduces with
higher number of cycles. The fatigue is due to the degradation of
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Figure 1. a) Cross-sectional SEM image and b) the schematic of the sputtered MFM capacitor on an SOI substrate. ¢) SEM image of the fabricated FBAR
and d) cross-sectional schematic of FBAR released from the front side with an isotropic etching of the Si device layer.
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Figure 2. a) Triangular waveform used to obtain P—E loop measurements in the S—T circuit with a frequency of 1kHz and peak voltage of 300V.
b) The evolution of polarization in ferroelectric AIScN MFM capacitors with increasing the number of switching cycles. c) Remnant polarization versus

number of switching cycles, showing wake-up, normal, and fatigue states.
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Figure 3. Circuit diagram for modeling the MFM capacitor.

the ferroelectric behavior in the thin film, which leads to a reduc-
tion of the remnant polarization during bipolar electric
cycling® The ideal operating lifespan for the switchable
FBAR could be determined by careful characterization of the
“wake up” and “fatigue” stages of the thin films. For the
Aly 3Sco 7N-based thin film, the fatigue stage occurs after around
3.8 x 10° cycles, which is higher than other ferroelectric thin
films such as HfO,. This is indicative of a longer lifespan than
other ferroelectric-based devices.™

3.2. Resistance Change in N-polar and Metal-Polar AIScN

Figure 3 shows the simple circuit diagram for modeling the
MFM capacitor, which includes a parallel capacitor (Cp), a paral-
lel resistor (Ry,), and an ESR. Table 1 shows the behavior of R;, at
two stages: as-fabricated (N-polar) and after polarization inver-
sion (by application and removal of —300V DC bias, metal-
polar). R, of the MFM capacitor enters a low resistance state
(LRS) or a high resistance state (HRS) depending on the biasing
voltage polarity.”! The cause for the LRS and HRS is attributed
to the switching of the orientation of the dipoles within the
Aly 7Sco 3N ferroelectric thin film. The different polarizations
of the Aly 7S¢ 3N thin film will either oppose (N-polar) or assist
(metal-polar) the current flow, which will determine the resis-
tance state of the film.

The change in ESR is measured at room temperature, with the
result shown in Table 1. Unlike the R;,, ESR increases after polar-
ization switching from N-polar to metal-polar and decreases after
the polarization is switched back to N-polar. This behavior is
attributed to both the imperfect-screening effect and the space-
—charge effect of the ferroelectric thin film during polarization
switching. The two effects of the thin film lead to an increase in
the energy barrier between the metal—ferroelectric interface after
applying a negative bias,*® causing an increase in the ESR after
polarization switching.

Table 1. Parameter values extracted from C—V measurement of the MFM
at 1 MHz.

Circuit As fabricated After first polarization
Components (N-polar) switching (metal-polar)
R, [MQ] 704.469 218.2917

ESR [kQ] 10.18917 28.93927

Cre [PF] 12.3 12.62
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4. FBAR Frequency Characterization

The Aly 7S¢y 3N-based FBAR was fabricated on the same SOI sub-
strate as the MFM capacitor. The FBAR device fabrication only
requires an additional release step to form suspended
Mo/AIScN/Mo structures. The Y;; admittance was measured
with a Keysight N54244B PNA network analyzer. The polariza-
tion and internal resistance switching of the FBAR were achieved
by applying a unipolar triangular wave with the negative peak
voltage greater than the coercive field (—300V) at 100 Hz.l*!
The polarization of the FBAR could also be switched back with
the same triangular waveform but a positive peak voltage of
300 V.1 Figure 4a,b shows the intensity of the measured, mod-
ified Butterworth—-Van Dyke (mBVD)-fitted, and de-embedded
admittance (Y;;) responses of the FBAR for three cases of:
1) as-fabricated (pristine), 2) after first polarization inversion
to metal-polar film (after applying a unipolar triangle bias at
1kHz with a peak voltage of negative 300V for 6 s), which leads
to a decrease in R, and an increase in ESR, and 3) after the polar-
ization is switched back to N-polar (after applying a unipolar tri-
angle bias at 1 kHz with a peak voltage of positive 300 V for 6 ),
which leads to an increase in R, and a decrease in ESR. The effec-
tive operating state change of the FBAR manisfests as the drop of
the k.2, Ogode, and the intensity of the Y, plot. The kZand OBode
of the FBAR are calculated by Equation (1) and (2).""**¥
2 —
B=""x (f}izf) ()
P
8LO0UPqelay(s,,)

2
1= [Sy[? @

Qbode = w|sll‘ X
f; is the series resonant frequency, f, is the parallel resonant fre-
quency, and Sy; is the return loss of the scattering parameter
measurement result of the FBAR. k2 and the Opode of the
FBAR dropped from 11.4% to 3.76% and 572 to 107, respectively,
upon polarization inversion, which demonstrated that the FBAR
changes to another state after polarization inversion. The oper-
ating frequency of the FBAR could also be effectively tuned back
once the polarization is switched back to the N-polar state with a
positive bias.

The mBVD model, shown in Figure 4c, is used to analyze the
Y;; response of the FBAR before and after the polarization and
the resistance switching with the extracted parameter shown in
Table 2. An extra parallel capacitor is used in the mBVD circuit
to model the extra parasitic parallel capacitance between the signal
and ground pads present in our fabricated devices. Two different
behaviors, including the decrease in the Y;; intensity and the k2,
were observed when the FBAR changed operating states. The
mBVD model is used to analyze both behaviors by fitting Yq;
of the FBARs. The mBVD model for FBAR after polarization
inversion was fit by changing R,, Ry, Ly, and Cp,. The decreased
intensity of the FBAR could be attributed to the change of resis-
tance state. R, of the model decreased, and R, increased after
polarization inversion, which matches the experiment results
from the MFM capacitor discussed in Section 3. The resistances
in the mBVD model are much lower compared to the low-fre-
quency measurement, which is a result of the resistance reduction
with increasing frequency as shown in Equation (3).*”!
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Figure 4. a) Magnitude of the measured and mBVD-simulated Aly ;Sco3N-based FBAR admittance (Y;7) with multiple polarization switching cycles;
b) de-embedded admittance response of the FBAR under two polarization states; and c) circuit diagram of the mBVD model used to fit the measured
data. d,e) The polarization direction and COMSOL-simulated displacement at the resonant frequency for the N-polar (as-fabricated) state (d) and metal-
polar (after polarization inversion) (e). The deformation of the thin film is reversed when the polarization is switched from N-polar to metal-polar.

Table 2. mBVD model parameters for FBARs at two polarization states.

mBVD model R, [ R, [ G [fF] Com [fF] Ly [nH] R [ G, [fF]
As-fabricated (N-polar) 25 110 1100 m 24.7 13 3700
After polarization switching (metal-polar) 11.5 30 1100 34 80.2 13 3700

ks is indicative of the residual stress modulation at the two states.
ESR = < + ESR, (3)

f

where k; is a constant with a unit of QHz, fis the measured fre-
quency, and ESR, is the minimum value of the ESR. k? of the
FBAR also dropped by about 60% once the FBAR changed to
the other operation state. The drop in k. is attributed to the change
in the planar residual stress in the thin film after polarization
switching. It has been shown that the thin-film stress can signifi-
cantly affect the piezoelectric coefficients and k2[***! Yokoyama
et al. showed that the piezoelectric coefficient of the AIN-based
FBAR would decrease by increasing the external stress, acting
as a tuning knob to modulate the piezoelectric coefficient. The
k* of the FBAR is also estimated by Yokoyama et al., using the
first-principle calculation, which demonstrated a similar trend
as the piezoelectric coefficient.’®! We observed a change in the
static deformation of the N-polar versus metal-polar FBARs, which
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The accumulation of the residual stress will modulate the k.2 of the
AlScN-based FBAR, which results in two operating states depend-
ing on the polarization direction of the thin film. The displace-
ments at the resonant frequency and the polarization directions
of the FBAR at two polarization states are shown in Figure 4d,e,
which demonstrated the change in operating states once the polar-
ization of the AlScN thin film was switched from N-polar to metal-
polar state. Detailed investigation of the effect of the release vias
and the residual stress profile in the suspended film on the FBAR
acoustic properties is a subject of future research.

5. Conclusion

This work reports on ferroelectric highly doped AIN FBAR
devices operating at two polarization states. We characterized
the hysteresis behavior of the Aly,Sco;N thin films, showing
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three stages of operation: “wake up,” “normal,” and “fatigue.”
Then, the resistance switching behavior of the AIScN MFM
capacitors was studied, showing two distinct resistance states
caused by polarization inversion. Furthermore, high-performance
FBAR devices operating at 3.17 GHz were characterized, showing
a very high k2 of 11% and Qgoqe of 572. The FBAR frequency
response was modulated upon polarization inversion. The change
in the FBAR frequency response is attributed to the residual
stress modulation, as well as resistance modulation upon polari-
zation inversion. The change in the residual stress is unique to
the anchor design of the FBAR. This work demonstrated different
operation states of Aly 7S¢y 3N-based ferroelectric FBAR, which is
controlled by the polarization direction of the thin film. This oper-
ating state modulation method paves the way for the realization of
high-k> reconfigurable acoustic filters operating at the super-
high-frequency (SHF) range.

6. Experimental Section

The hysteresis behavior of the Alg ;Sco 3N thin film was characterized
via the measuring of the P—E loop using a modified Sawyer—Tower (ST)
circuit.”® The measurement used a triangular wave with a peak voltage
of 300V at 1000 Hz. The Ry, ESR, and Cg were directly extracted with
the C—V measurement on a Keysight B1505 power device analyzer. The
frequency response of the Aly ;Sco 3N-based FBARs was measured with a
Keysight N54244B PNA network analyzer.
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