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ABSTRACT

In this study, we demonstrate the ability of polarity inversion of sputtered aluminum scandium nitride thin films through post-fabrication
processes with domain widths as small as 220 nm at a periodicity of 440 nm. An approach using photo- and electron-beam lithography to
generate sub-quarter micrometer feature size with adjustable duty cycle through a lift-off process is presented. The film with a coercive field
Ec
+ of 5.35MV/cm was exercised first with a 1 kHz triangular double bipolar wave and ultimately poled with a 0.5 kHz double monopolar

wave using a Radiant Precision Premier II tester. The metal polar (M-polar) and nitrogen polar (N-polar) domains were identified and char-
acterized through potassium hydroxide wet etching as well as piezoresponse force microscopy (PFM). Well-distinguished boundaries
between the oppositely polarized domain regions were confirmed through the phase diagram of the PFM results. The relationship between
the electrode width, poling voltage, and domain growth was experimentally studied and statistically analyzed, where 7.96 nm/V domain
width broadening vs escalating poling voltage was observed. This method produces extremely high domain spatial resolution in III-nitride
materials via poling and is transferable to a CMOS-compatible photolithography process. The spatial resolution of the periodically poled
Al0.68Sc0.32N is suitable for second-harmonic generation of deep ultraviolet through quasi-phase-matching and RF MEMS operating in the
X-Band spectrum.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0161423

I. INTRODUCTION

The synthesis of highly c-axis oriented aluminum scandium
nitride (AlScN)1 and the opportune revelation of its ferroelectricity2

opened the door to many new applications. The photonic integrated
circuit (PIC) is widely regarded as one of the most promising
post-Moore era technologies. While extensive research has been con-
ducted in silicon integrated photonics,3–5 the path to visible light and
beyond remains less explored. Over the years, interest of PICs operat-
ing in the UV spectrum has been growing as it holds promise for
spectroscopic studies,6–8 optical atomic clocks,9,10 electro-opto
mechanics,11 signal processing,12 fluorescence microscopy,13,14 and
quantum computing.15–18 Wurtzite III-nitride semiconductors have
direct bandgaps,19 with aluminum nitride (AlN) exhibiting the
largest bandgap (Eg = 6.2 eV) of them all, allowing the propagation
and generation20–27 of light to the deep ultraviolet (DUV) spectrum.

However, with all the progress that has been made26,28–32 in the LED
industry, challenges in DUV light generation are still prevalent such
as high defect density,33 deficient current injection efficiencies,34 and
polarization field-induced charge separation.35 These challenges
result in an order of magnitude drop in the external quantum effi-
ciencies (EQEs) compared to their longer wavelength (>365 nm)
counterparts.28

Second-harmonic generation (SHG) is an alternative
approach36,37 to tackle these challenges by exploiting optical non-
linearity of a medium, which has been demonstrated in AlN via a
variety of methods38–40 with wavelengths down to 306 nm.40 The
largest second-order nonlinear coefficient χ(2) in AlN is dictated by
the χ(2) d33 coefficient, and it is measured to be 5.1 ± 0.4 pm/V (at
1550 nm) for sputtered41 AlN. This number is considerably lower
than that (25.2 pm/V at 1064 nm) of LiNbO3, one of the most
commonly used on-chip nonlinear optical materials.42,43 However,
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Yoshioka et al. have measured the χ(2) of sputtered Al1−xScxN with
Sc alloying up to 36% and found that the d33 increases to
62.3 ± 5.6 pm/V, which is a 12× increase compared to AlN and 2×
higher than LiNbO3. On the other hand, for a given pump field A1,
the excited SHG field A2 into the depth L of the nonlinear medium
can be written as44

jA2(L)j2 ¼ 4ω2

n22ωc2
�
χ(2)

�2jA1j4L2 sinc2 ΔkL
2

� �
, (1)

with Δk being the phase mismatch for forward transmission and is
denoted by

Δk ¼ 2k1 � k2 ¼ 2
nω � ω
c

� n2ω � 2ω
c

¼ 2
ω

c
(nω � n2ω) : (2)

In the case of Δk≠ 0, the SHG wave will experience periodic
SH generation and demolition. Thus, it is critically important for
phase matching to be established to allow efficient SHG. There are
two primary methods to achieve phase matching: birefringent
phase matching (BPM) and quasi-phase matching (QPM). AlScN
is a uniaxial crystal45 where BPM usually applies, yet the difference
between its ordinary refractive index no and extraordinary refractive
index ne is not sufficiently high to allow BPM. QPM compensates
the phase mismatch using the periodic inversion of the domain
polarity Ps of the nonlinear crystal.

46 It yields the highest SHG effi-
ciency through the utilization of much larger χ(2) along other
crystal axes excluded by the BPM and is the preferred method for
SHG processes. The optical propagation loss of sputtered AlScN
films at 1550 nm has been previously measured as 8.2 dB/cm for
Al0.80Sc0.20N and 17.2 dB/cm for Al0.64Sc0.36N, respectively,

41 when
deposited using nearly identical sputtering conditions on sapphire
substrates. Although sputtered films are often polycrystalline
instead of a single-crystal, it does not necessarily suggest that these
films carry higher optical losses when compared to films deposited
by metal-organic chemical vapor deposition (MOCVD) or molecu-
lar beam epitaxy (MBE). For example, measurements of polycrys-
talline AlN films have demonstrated losses of 0.42 dB/cm,47 similar
to those achieved in epitaxial AlN films.48 Moreover, it has been
shown that by improving growth conditions, the measured
bandgap of sputtered AlScN can approach the values derived from
theoretical calculations.49–51 Therefore, we conclude that high
quality polycrystalline AlScN films are promising for nonlinear
photonics.

Besides second-harmonic generation, another realm where
periodically poled structures are useful is acoustics. Acoustic reso-
nators with resonances of 10–1000MHz have been studied via peri-
odically poled LiNbO3 (PPLN) and LiTaO3 (PPLT)
superlattices,52–56 and most recently, a dual-mode resonator using
reconfigurable periodic poling was realized in the periodically
poled Al0.68Sc0.32N (PPASN) with frequencies up to 3 GHz and
electro-mechanical coupling, kt

2, as high as 4.95%.57,58 Scaling of
PPASN to the dimensions required for PICs will also enable PP
acoustic devices operating in the X-band (8–12 GHz), allowing the
monolithic integration of multi-frequency filters on the same die.

The first PPLN devices were realized via temperature fluctua-
tion during the Czochralski method of crystal growth59 with

coherence length lc= 3.4 μm, almost two decades after the concept
of QPM was initially proposed.60,61 Periodically poled thin film
gallium nitride (GaN) periodicity of 250 nm62 was reported
through Mg over-doping along with other methods,63–67 and fre-
quency conversion was observed.64,67 In addition to these, periodi-
cally poled AlN with a domain size down to 600 nm has recently
been achieved,68 utilizing an annealed AlN buffer layer deposited at
low temperature (650 °C), and SHG of 344 nm UV light was dem-
onstrated.69 While the above methods were able to intrinsically
generate a periodically poled structure during film growth, they
often involve high temperature procedures that make the process
non-compatible with back-end CMOS processes. Alternatively, the
polarity of the domains can be switched post-film deposition via
E-beam charge injection,70 laser poling,71 focused ion beam (FIB)
Ga+ doping,72 or piezoresponse force microscopy (PFM) poling.73

These processes do avoid the use of high-temperature steps but are
maskless fabrication steps and would face potential issues of scal-
ability and cost for production. This paper reports periodic poling
exploiting the ferroelectric properties of AlScN, where the polarity
can be flipped with an applied electric field higher than the mate-
rial coercive field Ec

+. This method has been proven on a wide
range of nonlinear crystals74–77 and is CMOS-compatible, rapid,
and reversible.

In all the scenarios mentioned above, one vital criterion gov-
erning the device performance is the periodicity Λ of the periodi-
cally poled structure. In QPM, Λ for the first-order SHG is
given by

Λ ¼ 2lc ¼ 2πc
ω2n2ω � ω1nω

¼ λω
2(n2ω � nω)

: (3)

Hypothetically, for generating 266 nm light with 532 nm input
light using periodically poled Al0.68Sc0.32N through SHG, by
extracting the dispersion curve reported by Baeumler et al.,49

taking n532nm = 2.261 and n266nm = 2.861, it can be calculated that
Λ = 443 nm. For the PPASN acoustic device, assuming the sound
velocity stays constant with scaling, based on the measurement
reported by Rassay et al.,57,58 for a device working at the X-band,
yields Λ = 600 nm. These high-end applications require the forma-
tion of periodically poled domain sizes on the order of 200 nm,
which is the subject of this paper.

II. EXPERIMENTAL METHODS

A. Fabrication of the periodically poled AlScN
structure

1. Bottom electrode, AlScN film, and electrical contact

The fabrication process starts from an 8-in. high-resistivity Si
wafer. A Ti/TiN/AlCu (0.5 wt. % Cu in Al) layer with a thickness of
20 nm/25 nm/50 nm was consecutively deposited on the wafer via
sputtering. This electrode deposition process has been previously
reported,78 and the highly orientated film stack (rocking curve
FWHM ∼1.3°, surface roughness Ra∼ 1.31 nm) demonstrated
strong suppression of secondary grains during AlScN film growth.
After bottom electrode deposition, the wafer was then cleaved into
74 × 74mm2 dies for easier handling. Approximately 200 nm of
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SiO2 was deposited onto the substrate using an Oxford Plasma Lab
100 PECVD. The bottom electrode was patterned using a
Heidelberg DWL 66+ laser writer and transferred to the SiO2 hard-
mask through dry etching in an Oxford 80 plus Reactive-ion
Etching (RIE) etcher by CHF3/O2 chemistry. The etching of the
AlCu layer was carried out in the Transene Al Etchant Type
A. After PR stripping, a homemade ammonia peroxide mixture
(APM) solution was prepared following the recipe provided by
Liu et al.79 by mixing and heating NH4OH:H2O2:H2O = 1:2:5
at 60 °C, in which the remaining Ti/TiN layer was removed with a
2-min submersion. The sample was moved to the Denton
Explorer14 Magnetron Sputter where it was sputter-etched for
30 min with Ar plasma. This step aims to annihilate the surface
oxide on the AlCu bottom electrode and provide a highly oriented
template for the proceeding AlScN growth.

The deposition of Al0.68Sc0.32N was conducted in an Evatec
CLUSTERLINE® 200 II Physical Vapor Deposition System by
co-sputtering from two 100mm targets of Al (99.999%) and Sc
(99.99%) in a pure nitrogen environment. The process conditions
were described in a previous paper80 with the exception of the
omission of the gradient seed layer, which could add complexity to
the poling process. In the end, 200 nm of nitrogen polar
Al0.68Sc0.32N was deposited including a 15 nm AlN seed, which
assisted in achieving high c-axis orientation while minimizing its
role during poling. The images shown in Fig. 1 exhibit the surface
condition of the Al0.68Sc0.32N film both on AlCu and at the boun-
dary between the bottom electrode and the field areas.

The surface roughness on AlCu was measured to be
Ra = 1.09 nm when sampled in the center of the bottom electrode,
while it was Ra = 1.10 nm near the boundary. The inset in Fig. 1(a)
shows well-developed AlScN grains inherited from the hexagonal

close pack symmetry of the {111} textured AlCu film. The profile
from Fig. 1(b) shows a low occurrence of abnormally oriented
grains (AOGs) where film growth quality was previously thought to
be highly compromised due to the discontinuity at the substrate
boundary.81

To access the bottom electrode, a via was fabricated by wet
etching of AlScN using 30 wt. % aqueous potassium hydroxide
(KOH) at 45 °C with a SiNx hardmask. A thorough study of this
process was previously reported,80 and the etch stops at the TiN
surface with around 2.5 μm lateral etch of the AlCu beneath the
AlScN film. The hardmask was removed using a CHF3/O2 dry etch in
an Oxford 80 plus RIE. A double layer lift-off resist was spin-coated
and patterned by direct writing. The sample was loaded into a Lesker
PVD75 E-beam Evaporator and around 10 nm Ti/200 nm Au was
deposited on the die. The film was finally lifted off with sonication
and rinsed with de-ionized (DI) water, followed by an N2 blow dry.
The fabrication process to this step is summarized in Fig. 2.

2. Periodic poling gratings

To achieve the 220 nm periodically poled domain size, e-beam
lithography (EBL) was employed. It should be noted that EBL was
used solely for the purpose of resolution, and the processes would
be high volume manufacturable through the use of a DUV stepper
such as those commonly employed at the 180 nm process node.
The sample was further cleaved into smaller dies of 37 × 37mm2,

FIG. 1. AFM of the Al0.68Sc0.32N film (a) on the AlCu bottom electrode, (b) at
the boundary between the bottom electrode and the field Si substrate, (c) 3D
reconstruction of the step height at the boundary, and (d) elevation of both the
field region and the AlCu bottom electrode leveled for optimized contrast. FIG. 2. (a) Deposition of Ti/TiN/AlCu on a high-resistivity silicon substrate; (b)

deposition of PECVD SiO2 and subsequent dry etching using KL5315 photore-
sist as a mask; (c) wet etching of AlCu, removal of KL5315, and wet etching of
Ti/TiN; (d) stripping of SiO2, sputtering etch of the Al surface, and AlScN depo-
sition; (e) PECVD SiNx deposition, patterning, and the following photoresist
removal; ( f ) KOH wet etching of AlScN, subsequent SiNx stripping, and the pat-
terning of KL5135-LOR3A double layer lift-off resist; (g) Ti/Au evaporation; and
(h) lifting off evaporated Ti/Au. Film thickness and width are not drawn to scale.
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and a ZEP520A-PMGI bi-layer lift-off resist was spun on to gener-
ate the desired undercut for a clean lift-off. The sample was
exposed in an Elionix ELS-7500EX E-Beam Lithography System
with 50 kV accelerating voltage, 100 pA current, and 125 μC/cm2

regular doses. Afterward, the ZEP520A and PMGI were sequen-
tially developed, followed by DI water rinse and N2 blow dry. The
sample was descummed in a Jupiter II RIE Plasma Etcher with O2

plasma and transferred into a Lesker PVD75 E-beam Evaporator.
Approximately 10 nm Ti/150 nm Al was e-beam evaporated onto
the film and lifted off. Figure 3 illustrates the EBL process in which
the periodic poling gratings were formed.

During the process development, numerous samples were fab-
ricated where their poling electrodes were elongated such that cross
section scanning electron microscopy (SEM) could be performed to
assess the electrodes before ferroelectric switching. Figure 4 gives
an example of the cross section image of the poling gratings after

10 nm/50 nm of Ti/Al was deposited during a test run and a
top-down view of a sample with 10 nm/150 nm of Ti/Al lifted-off
(in both cases, the periodicity of Λ = 440 nm was maintained).

B. Ferroelectric switching

The ferroelectric switching behavior of AlScN has been exten-
sively studied82–86 following the discovery of its ferroelectricity.2

Although a number of methods can be applied for the poling
setup, we choose to adapt the top-sense/bottom-drive method for
its simplicity and high success rate. In this configuration, the
voltage is supplied to the bottom electrode through a tungsten
probe, and the charge was returned and measured from the
top-electrode. The poling procedure is illustrated in Fig. 5.

Poling was performed with a Radiant Precision Premier II
tester. A series of triangular double bipolar waves at 1 kHz fre-
quency were used first to exercise the sample so as to reduce the
“imprint” effect83 in the film. The amplitude of the waves gradu-
ally increases from 40 to 100 V with a 10 V increment between
each run, followed by an increment of 1 V until the electric field

FIG. 3. (a) Spin coating and EBL patterning of ZEP-PMGI bi-layer resists; (b)
e-beam evaporation of the poling electrode onto the lift-off layer; and (c) the
poling electrode lifted-off.

FIG. 4. (a) Cross section SEM of the poling grating after 10 nm of Ti and 50 nm of Al was evaporated in a test run; and (b) the device surface after 10 nm/150 nm Ti/Al
was evaporated and lifted off through removal of the resist.

FIG. 5. (a) Probe step and domain growth during the switching of AlScN; and
(b) the state of the film when poling is completed. Note that the gratings were
connected by a bus out of the plane in the physical layout.
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exceeds the coercive field Ec
+ (5.35 MV/cm determined with hys-

teresis loop) and reaches the poling field, Ep. Finally, a triangular
double monopolar wave of positive up with a 0.5 kHz frequency
was applied to fix the poling state in the metal polar (M-polar)
condition. The current vs time (I–t) and current vs voltage (I–V)
plots exhibit separate and distinguishable peaks originating from
ferroelectric (FE) and leakage (LK) currents. The remnant polari-
zation was calculated to be 108.5 μC/cm2 with results from a
thicker film, which fits the measurement given by Fichtner et al.2

(Fig. 6).

III. RESULTS AND ANALYSIS

A. Polarity verification using KOH wet etching

On the test sample, the periodic poling gratings were divided
into eight sub-arrays. Each sub-array was made of 100 poling grat-
ings connected by a bus such that it could be poled individually.
For demonstration purposes, arrays 2 and 7 were not poled, while
the rest of the arrays were poled with the aforementioned process
with Vp = 120 V. Following the poling, the electrodes were stripped
by sequential submerging in Al Etchant Type A and APM solution.
The effect of poling can be seen immediately in Figs. 7(a) and 7(b)
where the regions of the samples that were poled (metal-polar or
M-polar) show a different color compared to the non-poled regions
(nitrogen-polar or N-polar).

To further characterize the switching effect, the sample was
submerged in 30 wt. % KOH solution at 45 °C for 2 min, a time
long enough to remove 3× the thickness of the N-polar
Al0.68Sc0.32N.

80 As a result, the N-polar region was completely
eliminated, while the M-polar region remained after extensive

etching as shown in Fig. 7(c). The etching behavior of N-polar and
M-polar films in hot KOH matches the descriptions given by previ-
ous researchers2,87,88 and provides strong evidence of successful fer-
roelectric switching. Figure 7(c) presents a variety of rainbow-tone
patterns on the M-polar grating region that do not arise from the
M-polar AlScN etching in KOH but rather are from an optical
effect (Newton’s rings) caused by the local under etching of the
Al bottom electrode and the Si substrate from the pre-penetration
of defects in the film (most likely, over the N-polar region).
Figure 7(d) was able to demonstrate via tilted SEM images that the
M-polar film survives the KOH etching without thickness reduc-
tion, even with the bending of the film that is due to the loss of the
Al bottom electrode from lateral etching in the KOH. Figure 7(e)
was taken from the center of a poled grating. From the figure,
M-polar AlScN formed under the metalized gratings was unetched
while the N-polar regions were removed. The gap between the
M-polar regions is measured to be 121.5 nm, which consists of two
47.7 nm sidewall regions of the surviving M-polar film and one
26 nm wide pure void down to the substrate. With trigonometry,
the sidewall of the III-polar grating is calculated to be 76°, which is
considerably larger than its N-polar counterpart.80 The same phe-
nomenon was also observed at the boundary of the poled and non-
poled arrays in Fig. 7(f), with the exception of a smaller sidewall
profile. In all cases, the periodicity of the M-polar AlScN regions
was maintained at 440 nm, and the width of M-polar gratings was
kept at around 315 nm, indicating a duty cycle of around 71%.

B. KOH wet etching susceptibility to poling field Ep

While the M-polar region in this sample withstood KOH
etching after being poled at 120 V, often it is desirable to pole the

FIG. 6. (a) I–t (b) V–t, and (c) I–V plot during the exercising of the film with a double bipolar triangular wave with the poling voltage of 117 V. The coercive voltage Vc
+

decreased from 103.3 V in the first bipolar cycle (shown in green) to 101.9 V in the succeeding cycle (shown in yellow).
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sample at a lower voltage to stay well below the breakdown field Eb.
We have stated earlier that the coercive field, Ec

+, was determined
by hysteresis loop measurements or, more specifically, by identify-
ing the ferroelectric current on the I–V plots in Fig. 8. To study the
effect of the poling voltage on the PP structure, samples poled at
different voltages were etched in KOH post-poling with subsequent
SEM images shown in Fig. 9. The coercive field found using the
KOH etching results is in strong agreement with that found utiliz-
ing the I–V plots in Fig. 8.

C. PFM evaluation of domain growth vs polarization
field Ep

Domain growth is a sophisticated kinetic process with multi-
ple phases involved,74,89–91 including nucleation, forward growth,

broadening, and spontaneous back switching. To assess the domain
polarity of the film after poling, piezoresponse force microscopy
(PFM)92–94 was utilized. The PFM analysis was carried out in an
Asylum MFP-3D AFM with an Olympus AC240 tip of 70 kHz res-
onant frequency and 2 N/m spring constant. The samples tested
were poled using the identical procedure described in Secs. III A
and III B, with the poling voltage of 99–119 V. The metal poling
gratings were striped following the same practice as well. After tip
tuning, the drive frequency was set at 250 kHz with a drive voltage
of 9–13 V. Dual AC resonance tracking (DART) mode was
employed to ensure the correct tracking of the resonant peak while
mitigating the influence of tip abrasion as well as changing sample
topography during the scan. The phase response of the PFM scans
is shown in Fig. 10. The PFM scans provide detailed profiling of
the domain formation for AlScN ferroelectric switching. Below the
coercive field, islands of M-polar nucleus begin to develop. With
increasing field intensity, these islands begin to coalesce via lateral
growth. The merging phase completes just above the coercive field,
following which the broadening of the domains becomes dominant.
This growth behavior not only matches the description given by
previous research on ferroelectric domain growth;95,96 it also agrees
with the results of the KOH wet etching both qualitatively and
quantitatively. Qualitatively, the M-polar region was able to survive
the wet etching process only if the islands of the N-polar remnant
became obsolete. Quantitatively, the width of the surviving M-polar
gratings closely tracks the width of the ∼180° phase retrace domain
measured by PFM. For completeness, the PFM amplitude and
height retrace are also displayed in Figs. 11 and 12. Based on these
results, we can conclude that PFM is a reliable method in the
domain engineering of AlScN ferroelectric films.

D. Duty-cycle control in the domain engineering
of AlScN

Duty-cycle control is vital for the application cases of AlScN
mentioned in Sec. I. Taking QPM, for example, the effect of
random duty-cycle errors was studied thoroughly by Fejer et al.,97

in which the normalized SHG efficiency is calculated to be

η̂h i ¼ e�
σ2
Φ
2 þ 1

N
1� e�

σ2
Φ
2

� �
, (4)

where σ2
Φ is given by σ2

Φ ¼ π2σ2
l /l

2
c and N is the number of the

layers in the periodically poled structure. With N sufficiently large
and only moderate errors considered, Eq. (4) reduces to

η̂h i � e�
σ2
Φ
2 � 1� π2σ2

l

2l2c
, (5)

with σ2
l being the variance of random duty-cycle errors and lc

being the coherence length. The threshold of 50% SHG can be
maintained if the RMS value of the error satisfies σ l/lc , 0:375.

To adjust the duty cycle of the metalized region, a design of
experiment was performed by adjusting the EBL dose and exposure
linewidth in the design profile. By employing a strategy known as
overdose, undersize (ODUS), a wide range of grating linewidths can

FIG. 7. (a) Optical image of a grating array after the poling of sub-gratings 1, 3,
4, 5, 6, and 8 at a poling voltage of 120 V; (b) the surface of the film after strip-
ping of the poling electrodes in Al Etchant Type A and APM solution. The poled
region exhibits an apparent lighter tone compared to regions that remained
N-polar; (c) optical image of the sample after KOH wet etching, the non-poled
regions (2, 7) were completely removed; (d) tilted SEM image of the boxed
region; (e) SEM image of the film surface in the center of the poled sub-grating;
and (f ) the SEM image of the film surface at the boundary of poled sub-grating.
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FIG. 8. The current vs the driving
voltage plots, with the poling voltage
ranging from 105 to 115 V with a 2 V
step. When the poling voltage reaches
107 V, the ferroelectric induced current
was notably distinguished from the total
current for the first time during the film
transition from the M-polar to the N-polar
state, with its peak sitting at −90 V.
Thus, we conclude the coercive field Ec

+

to be 107 V/200 nm = 5.35 MV/cm, while
Ec
− to be −90 V/200 nm =−4.50 MV/cm.

FIG. 9. SEM of the sample surface post-KOH wet etching after being poled at different voltages. The etching condition is the same as used before (30 wt. %, 45 °C,
2 min). The film poled at or above the coercive field remained after exposure to the KOH etchant.
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FIG. 10. PFM phase retrace results. The M-polar region is shown in dark blue, while the N-polar region is presented in light green, with the phase difference between the
two at around 180°. Note that the curvature at the top/bottom of certain images was due to the effect of the sample moving upon the engagement of the PFM tip in the
absence of vacuum in Asylum’s high voltage sample holder.
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FIG. 11. PFM amplitude retrace results. These are the piezoelectric responses to
the applied electrical field. Value bar of each graph has the unit of (nm) and was
rendered to the (min, max) of each scan for full dynamic range exhibition. A
general trend here is that the value increases with increasing poling voltage, as the
M-polar regions are becoming more developed. It should be noted, however, that
the sample with poling voltages of 105, 107, 109, 113, and 115 V were scanned
with different integral gains and resonance Q.

FIG. 12. PFM height retrace results. A step height of approximately 10 nm is
observed in unpoled samples based on where the electrodes were located prior
to removal using wet etching, as shown for the sample where 101 V was
applied to the electrodes prior to their removal. When the poling voltage
exceeds the coercive field, the step height between where the metal electrodes
were located (now poled M-polar) and where they were not located increases to
∼16 nm as shown for the scans where 105, 107, 109, and 111 V were applied
to the poling electrodes prior to their removal.

FIG. 13. (a) M-polar domain width exceeding the 258 nm poling electrodes based on SEM/PFM measurements with respect to the poling voltage. (b) The fabricated
PPASN sample with 220 nm M-polar domain width and 440 nm periodicity by poling 202 nm wide electrodes at 113 V, and the inset demonstrated the 3D-presentation of
the phase response inside a 1 × 1 μm2 region.
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be achieved while keeping the periodicity. The relationship between
the domain side growth and poling voltage was measured separately
for both the SEM on wet etched samples and the PFM phase retrace
results. For SEM images, in particular, since KOH wet etching gener-
ated a corrugated sidewall by exposing the {1011} plane of the hexag-
onal close-packed (HCP) crystal structure of AlScN that extended all
the way to the top planes, it was somewhat arbitrary to identify the
precise width of the remaining M-polar domain. Therefore, both the
innermost and outermost widths were measured. The former corre-
sponds to the darker region appearing in the SEM image where we
are absolutely certain it was within the M-polar domain, while the
latter extends to the lighter region where it was sufficiently close to
the sidewall. As shown in Fig. 13(a), when being poled with a mean
poling electrode width of 258 nm, the over-spilled M-polar domain
width measured directly from the PFM phase retrace result falls nicely
between the innermost and outermost range characterized by KOH
wet etching using SEM. By taking the linear regression of the average
PFM domain width, an over-spilled M-polar width of 7.96 nm per
1 V increment of the poling voltage was observed. With this knowl-
edge in mind, a 50% duty-cycle PPASN structure was fabricated
experimentally reducing the poling electrode width from 258 to
202 nm and utilizing a 113 V poling voltage. The phase response of
the sample is shown in Fig. 13(b).

IV. CONCLUSION

A systematic study of domain engineering in AlScN through
ferroelectric switching is reported. A sample with a precision
tailored 220 nm domain size and 50% duty cycle was achieved via
periodic poling of sputtered 200 nm thick AlScN. A method
combining photo- and e-beam lithography to generate
sub-quarter-micrometer-width poling electrodes was presented and
examined. The ferroelectric switching was performed by exercising
the film first with 1 kHz double bipolar triangular waves, and
polarization fixation was achieved via 0.5 kHz double monopolar
triangular waves. The relationship between the poling voltage and
domain formation was characterized by 30 wt. % KOH wet etching
at 45 °C, and the coercive field, Ec

+, of 5.35MV/cm deduced from
the ferroelectric current was verified. The domain growth vs polari-
zation field was also studied via piezoresponse force microscopy
and cross-matched with KOH etching results. Approximately
7.96 nm/V domain width overgrowth was observed. The methods
presented in this research provide a high-fidelity approach for fab-
ricating and characterizing PPASN, which will benefit the future
formation of nonlinear optic and acoustic devices.
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