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a b s t r a c t 

We report on the anisotropic wet etching of sputtered AlN and Sc 0.2 Al 0.8 N thin films. With tetramethyl ammonium 

hydroxide at 80 °C, the etch rates along the c -axis were 330 and 30 nm/s for AlN and Sc 0.2 Al 0.8 N, respectively. 
Although the etching was anisotropic, significant lateral etching below the mask occurred, perpendicular to the 
c -axis. With a 1 μm Sc 0.2 Al 0.8 N film, it could be up to 1800 nm. We studied the lateral etching with molybdenum, 
SiO 2 , SiN x and TiO 2 masks, and found the leading cause for the lateral etching to be modification of the AlN or 
Sc 0.2 Al 0.8 N surface caused by ion bombardment and surface oxidation by ambient air. The lateral etching was 
reduced by optimizing the mask deposition and with thermal annealing. With Sc 0.2 Al 0.8 N, the lateral etching 
was reduced down to 35–220 nm depending on the mask, while with AlN, it was reduced to negligible. These 
results can be used for developing optimised mask deposition processes for better etch characteristics and for 
microfabrication of AlN and Sc x Al 1 ‑x N thin-film structures. 
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. Introduction 

Aluminium nitride (AlN) is a piezoelectric material with the hexag-
nal wurtzite structure. It is widely applied in piezoelectric microelec-
romechanical systems (piezo-MEMS) due to its favourable properties
nd ease of process integration, including good etching characteristics
ith both wet and dry etching techniques [ 1–3 ]. The main drawback of
lN is its low piezoelectric coefficients, which limits its applications in
evices where large piezoelectric response is beneficial. 
To enhance the piezoelectric properties of AlN, some of the Al can

e replaced with other metals [ 4 , 5 ]. Especially scandium aluminium
itride (Sc x Al 1 ‑x N) has gained considerable attention after its discovery
n 2009 [6] . Replacing 37–43% of Al with Sc increases the longitudinal
iezoelectric response from 8.4 pC/N up to 27.6 pC/N [ 6–8 ]. Sc x Al 1 ‑x N
aintains many of the excellent properties of AlN, including high sound
elocity and thermal stability [ 9 , 10 ]. However, the deposition of high-
uality Sc x Al 1 ‑x N becomes more challenging with increasing x . Also, the
aterial becomes more resistant to etching, especially with reactive ion
tching (RIE). 

Patterning of AlN has been studied for decades, and it can be done
ith both dry and wet etching. AlN is dry etched with plasmas consisting
f Cl 2 , BCl 3 and Ar, and etch rates can be up to 400 nm/min [ 11–15 ].
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ypical sidewall angles are between 70 and 80 °. Wet etching can be
one with both acidic and alkaline solutions, where AlN dissolves with
he following reactions: 

lN + 4 H 

+ → A l 3+ +N H 4 
+ 

lN + OH 

− + 3H 2 O → Al ( OH ) 4 − + NH 3 

Common chemicals for etching AlN include KOH, tetramethyl am-
onium hydroxide (TMAH) and H 3 PO 4 . 
Wet etching of AlN is anisotropic. The etch rate of c -axis oriented

lN strongly depends on its polarity; etching the N-polar surface is up
o 1000 times faster than etching the Al-polar surface [16] . Sputtering
ypically yields N-polar films which are well suited for patterning with
et etching [ 17–19 ]. In addition, the pyramidal planes of AlN are etched
lower compared to the (000-1) plane. This results in the formation of
ones with both polycrystalline and single crystal material during wet
tching [ 16 , 20–22 ]. Examples include hexagonal cones defined by {10-
-1} planes in case of single crystal AlN and round cones defined by
10-1-2} planes with polycrystalline films [ 16 , 21 ]. 

Due to the anisotropic wet etching characteristics of AlN, it can be
atterned with little deviation from the dimensions of the etch mask.
he mask prevents the dissolution of the (000-1) plane, while the more
table pyramidal planes form the sidewalls [23] . However, a good in-
erface between AlN and the mask material is required to prevent mask
alia Inc. This is an open access article under the CC BY license 
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Table 1 

Summary of the Mo-deposition processes. 

Mo sputtering 
system 

AlN/Sc 0.2 Al 0.8 N 
air exposure In situ etch 

Mo-1 CLN 200 Yes ICP 
Mo-2 CLN 200 Yes No 
Mo-3 CLN 200 No ICP 
Mo-4 CLN 200 No No 
Mo-5 CS 730 S Yes Ion gun 
ndercutting. Lateral etching below the mask has often been reported,
ut to our knowledge, there is still a lack of detailed studies on minimis-
ng it [ 24–26 ]. 

Reported etch rates for N-polar AlN vary significantly between stud-
es for several reasons. The etch rate depends significantly on the quality
nd microstructure of the material [24] . The etch rate of sputtered poly-
rystalline AlN can be orders of magnitude larger compared to single-
rystal AlN [25] . For sputtered AlN films, the deposition conditions can
ffect the etch rate by at least a factor of four [ 20 , 26 ]. Substrate mate-
ial and quality can also affect the etch rate [ 20 , 25 ]. Finally, due to the
ormation of cones with AlN, determining the etch rate is not straight-
orward, and often the exact measurement procedure has not been re-
orted. 
Despite the variation, reported wet etching rates for AlN are fast, es-

ecially with alkaline solutions. With H 3 PO 4 , the etch rates have been
ignificantly slower. For sputtered AlN, etch rates up to 8000 nm/min
ave been reported with 25% TMAH at 82 °C [21] . With a solution of
0% H 3 PO 4 , 16% H 2 O and 4% HNO 3 , the etch rate was only 90 nm/min
t 90 °C. In another study, with 15% KOH at room temperature, etch
ates varied from 2.5 to 10 nm/s depending on the deposition condi-
ions of the film [26] . The etch rates with 85% H 3 PO 4 at 80 °C were
 ‑30 nm/min. 
Although the etch rate can vary depending on the microstructure of

he AlN, similar variation has not been observed with the activation en-
rgy. No significant dependence on the film quality, crystalline structure
r deposition technique has been found [ 25 , 26 ]. The activation energy
as been 57 ‑67 kJ/mol with KOH, and 68.5–77 kJ/mol with H 3 PO 4 [ 25
8 ]. 
Sc x Al 1 ‑x N can also be patterned by both wet and dry etching. How-

ver, dry etching of Sc x Al 1 ‑x N is challenging due to the low volatility of
cCl 3 [29] . The dry etch rate decreases rapidly with increasing x . With
imilar Cl-based etching recipes as used for AlN, addition of 20% Sc can
educe the etch rate by 80% [ 7 , 30 ]. Increasing the etch rate back to rea-
onable levels requires increased etching power and ion bombardment
 30 , 31 ]. The low etch rate and high power requirements leads to poor
electivity to many mask materials, and over etching into the bottom
ayer may become a significant issue. 

The poor dry etch characteristics makes wet etching of Sc x Al 1 ‑x N
n attractive alternative, but it has received little focus so far. Drawing
onclusions about the wet etching is not possible from previous pub-
ications due to the vastly varying experimental conditions, but some
arlier results are presented here for comparison. With MIF-319 devel-
per containing 2.2% TMAH, the etch rate of Sc 0.15 Al 0.85 N was reported
s 50 nm/min at 60-70 °C, which was four times lower than the etch rate
or AlN [30] . In another study, etching of a 500 nm Sc 0.36 Al 0.64 N film
ook only 15 s with 25% KOH at 80 °C [32] . With 85% H 3 PO 4 at 80 °C,
he same material was not fully etched in 15 min and a large number
f cones remained, which is consistent with the measured etch rate of
8.5 nm/min for Sc 0.35 Al 0.65 N under similar conditions [33] . With 25%
OH, the removal time of 1 μm Sc 0.2 Al 0.8 N has been reported at 7 min
t 40 °C, or 25 min at room temperature [34] . To further understand
he etching of Sc x Al 1 ‑x N, we aim to analyse and compare the wet etch-
ng of AlN and Sc 0.2 Al 0.8 N in detail with a goal of minimizing the mask
ndercut and finding other relevant factors for developing wet etching
rocesses for the materials. 
A difference with wet etching Sc x Al 1-x N compared to pure AlN is that

nlike Al, Sc is poorly soluble in alkaline solutions [ 35–37 ]. It does not
end to dissolve as Sc(OH) 4 – even in strongly alkaline conditions. With
ur etching process, this resulted in the deposition of ScO x H y residues
n the wafer surface requiring an added cleaning step in dilute acid as
escribed later. 
Finally, the etching of Sc x Al 1 ‑x N is also made more difficult by

he formation of abnormally oriented grains (AOGs) during deposition
 38 , 39 ]. These are grains which have the correct wurtzite structure but
re misoriented in relation to the desired c -axis growth [39] . AOGs are
ore likely to form with increasing x and they degrade the piezoelectric
2 
roperties of the film and consequently the device performance [ 40–42 ].
n this work, we also show that the AOGs are more resistant to wet etch-
ng, which increases the etch time required to pattern the material, thus
ausing increased mask undercut. 

. Experimental 

AlN and Sc 0.2 Al 0.8 N thin films were deposited on 150 mm p-type
100) Si wafers with an Evatec Clusterline 200 II (CLN 200) cluster sput-
ering system with reactive magnetron sputtering. The 304 mm targets
Al and Sc 0.2 Al 0.8 ) were driven with 7.5 kW pulsed direct current (pDC)
ower. Deposition temperature was 300 °C and the ratio of sputtering
as flows was set to 1:3 Ar:N 2 . For stress control, a radio frequency (RF)
ias power was put on the sputtering chuck (18 W for AlN and 12 W for
c 0.2 Al 0.8 N films). X-ray diffraction (XRD) rocking curve measurements
ere performed on an Panalytical X’pert Pro diffractometer using Cu
 

𝛼
radiation, and the measurement was done at the wafer centre. Film

hicknesses were measured with a Filmtek 2000 reflectometer. 
Mo was deposited with five different processes, designated here as

o-1 ‑5 ( Table 1 ). Mo-1-4 were deposited with the CLN 200. In the Mo-1
nd -2 processes, the AlN or Sc 0.2 Al 0.8 N films were exposed to air for
t least a week before the Mo deposition. In the Mo-1 process, the film
urface was cleaned using a 30 s inductively coupled plasma (ICP) soft
tch process included in the tool. The etch gas was Ar and the ICP RF
ower was set to moderate 100 W to minimise sputter etch damage. In
he Mo-2 process, the ICP plasma cleaning was omitted. In the Mo-3 and
4 processes, the Sc 0.2 Al 0.8 N was not exposed to air after its deposition,
ut the Mo mask was deposited on it without vacuum break. In the Mo-3
rocess, the ICP plasma cleaning was included before the Mo deposition,
hile it was omitted in the Mo-4 process. Mo was deposited form a 100
m target with 1 kW power and Ar as the sputtering gas. Deposition

emperature was 200 or 300 °C, which did not have any effect on the
tching. 

Mo-5 was deposited with a Von Ardenne CS 730 S cluster sputtering
ystem at room temperature. The 200 mm Mo target was driven by DC
ower at 1 kW. A suitable Ar flow was chosen for low film stress. Before
he Mo deposition, the Sc 0.2 Al 0.8 N surface was cleaned by an inverse
putter etch process using an Ar RF plasma ion gun (30 s, 200 W RF
ower). With all Mo processes, the Mo thickness was about 200 nm. 
SiO 2 and SiN x were deposited with an Oxford Instruments Plasmalab

00 plasma-enhanced chemical vapor deposition (PECVD) system. The
recursors were SiH 4 and N 2 O or NH 3 , respectively. The deposition
emperature was 300 °C. SiO 2 was deposited on Sc 0.2 Al 0.8 N also using
etraethyl orthosilicate (TEOS) and O 2 as precursors with a deposition
emperature of 350 °C. This is referred to as TEOS SiO 2 . The thicknesses
f these films were 150–200 nm. 
TiO 2 was deposited with a Picosun R-150B atomic layer deposition

ALD) reactor. The precursors were TiCl 4 and H 2 O, and the deposi-
ion temperature was 200 °C. 1000 deposition cycles were used, which
ielded a 40 nm film. 
After deposition, some of the masked AlN and Sc 0.2 Al 0.8 N films were

nnealed with an ATV PEO-603 annealing furnace. Annealing was done
n an N 2 atmosphere at atmospheric pressure and at temperatures of
50, 700 and 900 °C. The annealing cycle consisted of purging the fur-
ace of air, heating at about 15 °C/min, holding at temperature for 1
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our, and cooling at about 15 °C/min. Stress changes were monitored
y measuring the wafer curvature optically before and after annealing. 
The wafers were patterned with standard photolithography tech-

iques. The pattern was etched into the mask material with RIE. Mo and
iO 2 films were etched with a Surface Technology Systems Advanced
xide Etcher. For Mo, etching gases were SF 6 , O 2 and Ar, and for TiO 2 ,
F 4 was used. SiO 2 and SiN x were etched with an Oxford Instruments
lasmalab 80plus RIE system, where CHF 3 and O 2 were used as the etch-
ng gases. After patterning of the mask, the photoresist was stripped with
n Oxford Instruments PRS 901 plasma stripper using O 2 plasma. 

For etching of the AlN or Sc 0.2 Al 0.8 N, the wafers were typically
leaved into 8 pieces. Etching of samples was done with 25 weight-%
MAH (2.8 mol/l) (danger: highly toxic) at temperatures of approxi-
ately 80, 60, 40 and 21 °C with an error of ± 2 °C. 80 °C was used as

he temperature for most experiments, and it is mentioned separately if
 different temperature was used. No active stirring was applied to the
olution during etching. The samples were rinsed with de-ionized water
nd dried by blowing with N 2 . Also 85% H 3 PO 4 and 4.5 mol/l H 2 SO 4 
t 80 °C were used for etching with the same procedure. 

The etch rate of Sc 0.2 Al 0.8 N was determined by measuring the thick-
ess before and after partially etching the film with reflectometry. For
lN, this was impossible due to the extreme roughness of the film after
artial etching. Instead, the etch rate was determined by visually ob-
erving the AlN film during etching. The etching was captured on video
or accurately determining the etching time. The etching end point was
efined as the moment when there was no visible thin-film interference
r additional light absorption by the AlN. The full film removal time was
etermined by inspecting the etched films with a microscope for any re-
aining cones. The lateral etching and sidewall angle were determined
y inspecting the samples with a scanning electron microscope (SEM)
eiss Supra 35. The samples were cleaved and imaged cross-sectionally.
he errors of the etch rates were estimated to be ± 20% at maximum. 
200 nm

(a)

Sc0.2Al 0.8N

Si

Sc0.2Al0.8 N

500 nm

(c)

ig. 1. (a) SEM top view of Sc 0.2 Al 0.8 N film with AOGs, tilted cross-sectional images
ostly etched AlN film with 600 nm tall cones remaining. 

3 
Time-of-flight elastic recoil detection analysis (TOF-ERDA) measure-
ents were carried out with the 5 MV tandem accelerator at the Univer-
ity of Helsinki using a 35 MeV 

79 Br + 7 beam. The detection angle was
0 ° and sample tilt angle was 78 °. Secondary ion mass spectrometry
SIMS) measurements were done with a VG IX70S SIMS instrument us-
ng a 11 keV Cs-ion beam. The analysed elements were H, C, O, F, Al,
i, Sc and Mo. The SIMS results were compared by normalizing them
sing the Al-signal of each sample. The error of the SIMS measurements
as estimated to be ± 20% at maximum. An Oxford Instruments energy-
ispersive X-ray spectrometer (EDX) connected to a Zeiss LEO 1560 SEM
as used to measure the composition of residues which remained after
tching. 

. Results 

The AlN and Sc 0.2 Al 0.8 N films deposited on (100) Si exhibited a
olumnar well-oriented c -axis structure. FWHMs of the (0002) reflec-
ion rocking curve measurements were at best 1.18 ° for AlN and 1.34 °
or Sc 0.2 Al 0.8 N. All Sc 0.2 Al 0.8 N films exhibited some AOGs ( Fig. 1 a).
he thicknesses of AlN and Sc 0.2 Al 0.8 N films were both measured as
020 ± 25 nm. 
We also measured the piezoelectric properties of the films, and they

orresponded closely with the values published earlier. Details and re-
ults of those experiments will be published separately. Nevertheless, we
ote that the quality of Sc x Al 1-x N films deposited with a corresponding
puttering tool has been demonstrated to be excellent [43] . 

Before etching, some films were thermally annealed. This caused
ignificant compressive stress in Sc 0.2 Al 0.8 N films, while the stress of
lN films did not change more than ± 50 MPa. Annealing Sc 0.2 Al 0.8 N
t 550 °C changed the stress by about –80 MPa, annealing at 700 °C
hanged the stress by –350 to –500 MPa, and annealing at 900 °C
hanged it by –800 MPa. 
Si

AlN

500 nm

(b)

500 nm

(d)

AlN

 of (b) a partially etched AlN film, (c) a partially etched Sc 0.2 Al 0.8 N film, (d) a 
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Fig. 2. Arrhenius plot of the vertical etch rates of AlN and three Sc 0.2 Al 0.8 N 

films at temperatures of about 80, 60, 40 and 21°C with TMAH. The lines are 
fitted to the data points. 
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Table 2 

Lateral etch rate (nm/s) of AlN with different mask materials 
with and without annealing with 3 min etching at 80 °C. 

Mo-1 SiO 2 SiN x 

As deposited 2.1–3.0 2.8 5.0 
Annealed at 550 °C 1.0 0.39 
Annealed at 700 °C 0 0 0.22 
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.1. Etching mechanisms of AlN and Sc 0.2 Al 0.8 N 

AlN and Sc 0.2 Al 0.8 N films had vastly different etching mechanisms
hen etched with 25% TMAH. AlN formed a structure consisting of
harp cones with approximately 58 ° sidewall angle, which likely cor-
esponds to the {10-1-1} planes ( Fig. 1 b). Due to this rapid coarsening
f the film structure, the film thickness of partially etched AlN films
ould not be measured, and instead the etch rate was determined by vi-
ually observing the disappearance of the thin film during etching. The
c 0.2 Al 0.8 N films also formed cones during etching, but for a different
eason compared to AlN. In the Sc 0.2 Al 0.8 N, cones were formed around
OGs, which were etched slower as compared to the rest of the film due
o their misorientation ( Fig. 1 c). The sidewall angle of these cones was
pproximately 45°. Except for the AOGs, the c -axis oriented Sc 0.2 Al 0.8 N
as etched evenly with only minor coarsening. 
Due to the formation of the cones with both films during etching, the

tching of the films is described with three values: vertical etch rate, full
lm removal time and lateral etch rate. For AlN, the vertical etch rate
s the inverse of the time required for the film to visually disappear.
or Sc 0.2 Al 0.8 N, the vertical etch rate is based on the measured film
hickness after partial etching. The full film removal time describes the
ime required to completely remove all cones. This was determined by
nspecting the wafer surface with a microscope, where any remaining
ones were easily visible as black spots (Fig. S1). The full film removal
imes were approximately 10–15 and 8 times longer than indicated by
he vertical etch rate for AlN and Sc 0.2 Al 0.8 N, respectively. With both
lms, the etch rates of cones followed a distribution. Most cones were
emoved rapidly, while individual cones remained and required further
tching to be fully removed ( Fig. 1 d). The lateral etch rate indicates how
apidly the material was etched sideways from bellow the mask. 

Although the AlN and Sc 0.2 Al 0.8 N films were deposited on Si, and
MAH is known to etch Si, no Si etching occurred except with overly
ong etching times. 

.2. Vertical etching of AlN and Sc 0.2 Al 0.8 N with TMAH 

At 80 °C, the vertical etching of AlN was extremely rapid ( Fig. 2 ). The
 μm thick film was etched in only about 3 s, corresponding to an etch
ate of 330 nm/s (supplementary video 1). Pre-heating the sample to
0 °C before etching did not increase the etch rate observably. The etch
ate of Sc 0.2 Al 0.8 N was 10–15 times slower at 21–30 nm/s with some
4 
ariation between different samples ( Fig. 2 ). At 21 °C, the vertical etch
ate of AlN was lowered to 7.4 nm/s, and for Sc 0.2 Al 0.8 N it was 0.24–
.36 nm/s. The etching of Sc 0.2 Al 0.8 N was very linear with increasing
tching time (Fig. S2). The activation energy for the vertical etching of
lN was 56 ± 8 kJ/mol, which is in agreement with the values published
arlier [ 25 27 ]. For Sc 0.2 Al 0.8 N, it was 65 ± 3 kJ/mol. 

At 80 °C, the time required to remove the film fully with no cones
emaining was 30 s for AlN and 5 min for Sc 0.2 Al 0.8 N. At 21 °C, the times
ere increased to 30 min and 6 h, respectively. Thermal annealing did
ot change the vertical etch rate. However, for Sc 0.2 Al 0.8 N, annealing
t 700 °C increased the full film removal time at low etching tempera-
ures. At 80 °C, the annealed films were still fully etched in 5 min, but
t 21 °C the time was increased to approximately 12 h. 

.3. Lateral etching of AlN with TMAH 

Lateral etching of AlN was examined with three etch masks: Mo-1,
iO 2 and SiN x . All masks were studied as deposited and after annealing
t 700 °C. Mo-1 and SiO 2 were additionally studied after annealing at
50 °C. Table 2 summarizes the results with an etching time of 3 min. 
With the Mo-1 and SiO 2 masks, the lateral etch rates were simi-

ar at 2.1–3.0 nm/s, corresponding to an undercut of 380 ‑550 nm in
 min ( Fig. 3 a). With the SiN x mask, the lateral etch rate was higher
t 5.0 nm/s. Annealing at 550 °C with the Mo-1 mask reduced the lat-
ral etch rate to 1.0 nm/s, and with the SiO 2 mask, it was reduced to
.39 nm/s. Annealing at 700 °C reduced the lateral etch rate even fur-
her. With the Mo-1 and SiO 2 masks, no lateral etching occurred in 3
in, while with the SiN x mask, the undercut was 40 nm. 30 min etch-

ng with the annealed Mo-1 mask resulted in an undercut of 1.0 μm
orresponding to a lateral etch rate of 0.55 nm/s. 

The lateral etch rate of AlN depended significantly on the etching
ime. The lateral etching did not start immediately after immersing the
ample into the TMAH, but it took tens of seconds to begin at 80 °C. At
1 °C it took tens of minutes correspondingly. With both Mo-1 and SiO 2 
asks, the lateral etching was negligible at 30 s, and only 50 nm at 60
. The origin of this time dependence is unclear. However, it enabled
he patterning of AlN with minimal undercut even without annealing
y choosing the minimum required etch time ( Fig. 3 b). This time de-
endence is not considered in the calculated lateral etch rates. 
The effective lateral etching activation energy of AlN with the Mo-1

ask was 66 ± 5 kJ/mol ( Fig. 4 ), which was slightly higher compared to
he activation energy for the vertical etching. This enabled reducing the
ndercut also by etching at lower temperatures. Lowering the etching
emperature from 80 to 21 °C increased the selectivity between vertical
nd lateral etching by a factor of two. The term effective lateral etch-
ng activation energy is used as it varied based on the mask deposition
rocess as shown later, and thus it is not an intrinsic material property.
he sidewall angle of AlN after etching with TMAH was always 57–59°
egardless of etching temperature, time, or annealing. 

.4. Lateral etching of Sc o.2 Al 0.8 N with TMAH 

More lateral etching occurred with Sc 0.2 Al 0.8 N compared to AlN.
herefore, the causes of the lateral etching and techniques for minimis-
ng it were investigated more in detail. The patterning of Sc 0.2 Al 0.8 N
as examined with all five differently deposited Mo masks. Four other
asks were also tested: SiO , SiO deposited from TEOS, SiN , and TiO .
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Mo-1

AlN

200 nm

(b)

Mo-1

AlN

200 nm

(a)

Fig. 3. AlN with Mo-1 mask after etching at 80°C for (a) 3 min or (b) 30 s. 

Table 3 

Lateral etch rates (nm/s) of Sc 0.2 Al 0.8 N with different masks at 80 °C with 5 min etch time. 

Mo-1 Mo-2 Mo-3 Mo-4 Mo-5 SiO 2 TEOS SiO 2 SiN x TiO 2 

As deposited 1.2–2.7 2.2 2.7 0.36 6.0 2.0–2.4 1.9 2.5 3.0 
Annealed at 550 °C 0.73–1.2 0.60 
Annealed at 700 °C 0.53 0.60 0.45 0.60 0.73 0.57 0.73 
Annealed at 900 °C 1.3 0.53 

Fig. 4. Arrhenius plot for the lateral etching of AlN and Sc 0.2 Al 0.8 N with Mo 
masks deposited with different processes. Etching was done at temperatures of 
about 80, 60, 40 and 21°C with TMAH. The lines are fitted to the data points. 
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able 3 summarizes the lateral etch rates of Sc 0.2 Al 0.8 N at 80 °C with
he different masks. 

When Mo was deposited on Sc 0.2 Al 0.8 N with the Mo-1 process, which
ncluded exposing the Sc 0.2 Al 0.8 N film to air and surface plasma cleaning
efore the Mo deposition, the lateral etch rate with TMAH varied from
.1 nm/s to 2.7 nm/s. The reason for the variation was not discovered.
he lateral etch rate corresponded to an undercut of 330–800 nm with
 5 min etch time. In the Mo-2 process, the film was exposed to air, but
he plasma cleaning was not applied. This resulted in a lateral etch rate
f 2.2 nm/s. 
Mo was also deposited on Sc 0.2 Al 0.8 N which had not been exposed to

ir. As the Sc 0.2 Al 0.8 N and Mo films were sputtered with the same tool,
hey could also be deposited without breaking the vacuum in-between.
his was done in the Mo-3 and Mo-4 processes. The Mo-3 process in-
5 
luded the plasma clean, and the lateral etch rate was 2.7 nm/s. How-
ver, when the plasma cleaning was omitted in the Mo-4 process, the
ateral etch rate was reduced to only 0.36 nm/s ( Fig. 5 a). 

Finally, in the Mo-5 process, the Mo mask was deposited with a dif-
erent sputtering tool (CS 730 S). Obviously, due to a sputtering tool
hange between the Sc 0.2 Al 0.8 N and Mo, this deposition process in-
luded exposing the Sc 0.2 Al 0.8 N film to air. A surface cleaning with a
F plasma sputter etch gun was also included before the Mo deposition.
ith this process, the lateral etch rate was 6.0 nm/s. 
The effective lateral etching activation energy of Sc 0.2 Al 0.8 N was

3 ± 5 kJ/mol with the Mo-1 mask ( Fig. 4 ). This was very similar to
he activation energy of vertical etching, and the undercut could not be
educed by reducing the etching temperature. However, with the Mo-4
ask, the effective lateral etching activation energy was 78 ± 5 kJ/mol

 Fig. 4 ). By reducing the etching temperature, the selectivity between
ertical and lateral etching was increased. A minimum undercut of
5 nm was achieved when Sc 0.2 Al 0.8 N with the Mo-4 mask was etched
t 21 °C for 6 h ( Fig. 5 b). 

With the four other masks, the lateral etch rates were very close to
ach other, and they were also strikingly similar to the Mo-1, -2 and -3
asks. The lateral etch rates with SiO 2 , TEOS SiO 2 , SiN x and TiO 2 masks
ere all between 1.9–3.0 nm/s ( Fig. 5 c). The effective lateral etching
ctivation energy with a TEOS SiO 2 mask was 70 ± 5 kJ/mol (Fig. S3),
hich was slightly higher compared to the effective activation energy
ith the Mo-1 mask. 
Lateral etching of Sc 0.2 Al 0.8 N with Mo-1 and SiO 2 masks was inves-

igated with annealing at 550 °C. With the Mo-1 mask, the lateral etch
ate was approximately halved. Similar variation occurred between dif-
erent samples as with the as-deposited samples. With the SiO 2 mask,
nnealing at 550 °C reduced the lateral etch rate to only 0.60 nm/s. An-
ealing at 700 °C was studied with all masks except for Mo-2 and Mo-5.
t reduced the lateral etch rate further to 0.53 nm/s with Mo-1 and to
.60–0.73 nm/s with the other masks. With the Mo-4 mask, the lateral
tch rate was slightly increased by the annealing ( Fig. 5 d). With the
iO 2 mask, annealing at 900 °C did not reduce the lateral etch rate sig-
ificantly more compared to 700 °C. With the Mo-1 mask, annealing at
00 °C caused grain coarsening of the Mo layer and the lateral etch rate
as increased to 1.3 nm/s (Fig. S4). Thermal annealing at 550 °C did
ot affect the effective lateral etching activation energy of Sc 0.2 Al 0.8 N
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Mo-4

200 nm

Sc 0.2Al0.8 N

(a)

Mo-4

200 nm

Sc 0.2Al0.8N

(b)

200 nm

Sc 0.2Al0.8N

SiO 2

(c)

Mo-1 700 °C

200 nm

Sc 0.2Al0.8 N

(d)

Fig. 5. Sc 0.2 Al 0.8 N with (a) Mo-4 mask etched at 80°C for 5 min, (b) with Mo-4 mask etched at 21°C for 6 h, (c) SiO 2 mask etched at 80°C for 5 min, and (d) with 
Mo-1 mask annealed at 700°C and etched at 80°C for 5 min. 

Table 4 

Summary of acid etching of AlN and Sc 0.2 Al 0.8 N films. ( ∗ Values were estimated by extrapolating from 

the experimental data). 

Mo-1/AlN SiO 2 /AlN Mo-1/Sc 0.2 Al 0.8 N SiO 2 / Sc 0.2 Al 0.8 N 

H 3 PO 4 vertical etch rate (nm/s) 8.3 8.3 2.8 2.8 
Full film removal time (min) 10 10 30 ∗ 30 ∗ 

Undercut with full film removal (nm) 50 700 10000 ∗ 15000 ∗ 

H 2 SO 4 vertical etch rate (nm/s) 0.55 0.55 0.28 
Full film removal time (min) 180 ∗ 180 ∗ 300 ∗ 

Undercut with full film removal (nm) 180 ∗ 540 ∗ 5500 ∗ 
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ut annealing at 700 °C increased it ( Fig. 4 , Fig. S3). With both Mo-1
nd TEOS SiO 2 masks, the effective lateral etching activation energy
as 77 ± 5 kJ/mol after annealing at 700 °C. 
The sidewall angle of Sc 0.2 Al 0.8 N depended on the lateral etch rate of

he film. With the masks exhibiting a lateral etch rate of 1.2–3.0 nm/s,
he sidewall angle was 56–58° corresponding to the {10-1-1} planes
 Fig. 5 c). However, with the annealed masks and the Mo-4 mask with
 lateral etch rate 0.73 nm/s or less, the sidewall angle was steeper at
0–80°. This indicates that the sidewall angle of Sc 0.2 Al 0.8 N depended
artially on the ratio of the vertical and lateral etch rates. 

.5. Etching of AlN and Sc 0.2 Al 0.8 N with H 3 PO 4 and H 2 SO 4 

Also 85% H 3 PO 4 and 4.5 mol/l H 2 SO 4 at 80 °C were tested for the
atterning of AlN and Sc 0.2 Al 0.8 N. Both etchants had lower vertical etch
ates and caused more lateral etching compared to TMAH ( Table 4 ). 

With H 3 PO 4 , the vertical etch rate of AlN was 8–9 nm/s, while it
as about 3 nm/s for Sc 0.2 Al 0.8 N. The respective full film removal times
ere 10 and 30 min. AlN with the Mo-1 mask performed similar as with
MAH etching. With the minimum etch time of 10 min, the undercut
6 
as less than 50 nm. However, with the SiO 2 mask, the lateral etch rate
as significantly higher at 1.2 nm/s. With Sc 0.2 Al 0.8 N, the performance
as much worse. The lateral etch rates were 5.4 nm/s with Mo-1 and
.3 nm/s with SiO 2 masks, respectively. Thermal annealing at 700 °C
educed the lateral etch rate to 1.6 nm/s for Mo-1 and 0.68 nm/s for
iO 2 . 
With H 2 SO 4 , the etch rates for both materials were significantly

ower. The vertical etch rate for AlN was reduced to 0.55 nm/s, and
or Sc 0.2 Al 0.8 N, it was 0.28 nm/s. These correspond to full film re-
oval times of approximately 180 and 300 min. For AlN, the lateral
tch rates were 0.017 nm/s with Mo-1 and 0.05 nm/s with SiO 2 masks.
or Sc 0.2 Al 0.8 N, lateral etch rate was 0.28 nm/s with the Mo-1 mask. 
With the acidic etchants, the sidewall angles were different from

hose observed with TMAH. The sidewall angle of AlN was 54–56° when
tched with H 3 PO 4 but only 38–42° with H 2 SO 4 ( Fig. 6 a). The sidewall
ngles of Sc 0.2 Al 0.8 N were 29 ‑31° with H 3 PO 4 , and 25–27° with H 2 SO 4 
 Fig. 6 b, c). However, the sidewall angle for Sc 0.2 Al 0.8 N etched with
 3 PO 4 was likely caused by the large lateral etch rate. When annealed
c 0.2 Al 0.8 N was etched with H 3 PO 4 , the sidewall angle was increased to
2–48°. This can also be observed in Fig. 6 c, where the sidewall angle
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Mo-1

200 nm

AlN

(a)

Mo-1

200 nm

Sc0.2Al 0.8N

(b)

1 µm

(c)

Sc0.2 Al 0.8N

Mo-1

Fig. 6. (a) AlN etched with H 2 SO 4 for 90 min, (b) Sc 0.2 Al 0.8 N etched with H 2 SO 4 for 30 min, (c) Sc 0.2 Al 0.8 N etched with H 3 PO 4 for 20 min. 
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f the cones is significantly larger compared to the masked Sc 0.2 Al 0.8 N.
ith H 2 SO 4 however, the small sidewall angle of 25–27° was consistent
etween the masked material and the cones. 

.6. TOF-ERDA and SIMS measurements 

The oxidation of Sc 0.2 Al 0.8 N with the differently deposited Mo-masks
as further investigated with TOF-ERDA and SIMS. A Sc 0.2 Al 0.8 N refer-
nce sample and Sc 0.2 Al 0.8 N with the Mo-2 mask were measured with
OF-ERDA, while SIMS was used to investigate Sc 0.2 Al 0.8 N with the Mo-
 (2 samples), Mo-2, Mo-2 annealed at 550 °C, Mo-3 and Mo-4 masks
nd a Sc 0.2 Al 0.8 N reference. 

According to the TOF-ERDA measurements, the Sc 0.2 Al 0.8 N reference
lm had an expected (Sc + Al)/N ratio close to 1 (0.97) and a Sc/(Sc + Al)
oncentration of 19.2 ± 0.3%, which was slightly lower than the nomi-
al 20% Sc of the target. The film had only 0.24% H and 0.37% O as
mpurities with the surface excluded (Table S1). The surface had much
igher concentration of O, corresponding to an oxide layer of about
–7 nm (Fig. S5) which is comparable to previous results [7] . The sur-
ace also had more H compared to the rest of the film. Measurement
f the Mo-2/Sc 0.2 Al 0.8 N sample showed similar oxide thickness and H-
oncentration on the Sc 0.2 Al 0.8 N surface as compared to the reference
 Fig. 7 a). There were little impurities in the Mo-layer except for some
urface oxide. 

SIMS measurements showed high amounts of O on the Sc 0.2 Al 0.8 N
urface with the Mo-2 mask ( Fig. 7 b). However, even with the plasma
leaning in the Mo-1 process, approximately half to quarter of the native
urface oxide layer of the Sc 0.2 Al 0.8 N film remained depending on the
ample. With the Mo-3 and Mo-4 masks, the Sc 0.2 Al 0.8 N film had one
enth or less of the surface oxide compared to the Mo-2 mask. The sim-
larity with Mo-3 and -4 masks demonstrated that the plasma cleaning
efore the Mo deposition did not cause any further formation of surface
xide. 
During the SIMS measurements, with the Mo-1 and Mo-2 samples,

he Sc- and Al-signals increased slowly to their maximum values at the
o/Sc 0.2 Al 0.8 N interface. However, with the Mo-3 and Mo-4 samples,

he Sc- and Al-signals reached their maximums rapidly ( Fig. 7 b, Fig.
6a). This was likely due to reduced erosion rate of the Sc 0.2 Al 0.8 N sur-
ace caused by the interface oxide on the Mo-1 and Mo-2 samples. The
IMS measurements showed a H-peak on the Sc 0.2 Al 0.8 N surface only
7 
ith the reference and Mo-2 samples (Fig. S6b). With the other samples,
he H-concentration was close to the bulk of the film. However, with the
o-1/Sc 0.2 Al 0.8 N samples, this cannot be taken for granted due to the
educed erosion rate at the interface. Annealing the Mo-2/Sc 0.2 Al 0.8 N
ample at 550 °C reduced the H-concentration by about 75%. The SIMS
easurements did not give any substantial signal from the Mo-layer,
nd the full SIMS-spectra are available in Fig. S7. 

.7. Scandium residues 

The poor solubility of scandium in alkaline solutions led to the for-
ation and deposition of ScO x H y -residues on the wafer surface when

aken out of the TMAH solution and rinsed ( Fig. 8 a, b). The residue
ormed a uniform layer on a portion of the wafer, while minor depo-
itions occurred across the entire surface. The uniform layer was up to
50 nm thick. The Sc and O components of the residue were identi-
ed with EDX (Fig S8). The deposition of the residues depended on the
ample size. With full 150 mm wafers, a significant amount of residues
ypically remained on the wafer surface. With the 1/8 wafer pieces used
or most experiments, the residues were rarely observed. 

The deposition of the residues also depended strongly on the rins-
ng method. More residues were deposited when a quick dump rinse
as used, which quickly emptied and filled the rinsing tank, compared
o an overflow rinse, which used continuous water flow to rinse the
amples. However, we did not find any technique for completely avoid-
ng the residues including manual agitation during etching. Instead, the
esidues could be easily removed in minutes even with weakly acidic
olutions such as 0.1% H 3 PO 4 and 1% HF. 

. Discussion 

High-fidelity patterning of AlN and Sc x Al 1 ‑x N can be challenging re-
ardless if it is done with dry or wet etching. The difficulty in dry etching
s the low volatility of ScCl 3 , which reduces the etch rate significantly
ompared to AlN. With wet etching, the main problem is lateral etch-
ng below the mask. However, if the lateral etching during wet etching
s not a concern, or if can be reduced to acceptable levels, wet etching
ecomes a very attractive option. Our experiments demonstrate that re-
ucing the undercut to less than 50 nm for a patterned 1 um film is
ossible with both AlN and Sc 0.2 Al 0.8 N. 
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Fig. 7. (a) TOF-ERDA results of Mo-2/Sc 0.2 Al 0.8 N, (b) SIMS O-signal at the Mo/ Sc 0.2 Al 0.8 N interface with the Mo-1 (2 samples), -2, -3 and -4 masks and the Al-signal 
with the Mo-1 and Mo-3 masks. The signals were normalized using the bulk Al-signal of the respective sample, and the Al-signals have been offset by 0.1. 
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Fig. 8. ScO x H y -residue on a wafer surface after etching and using a quick-dump rinse, (b) cross-sectional image of etched Sc 0.2 Al 0.8 N with a uniform 150 nm-thick 
ScO x H y layer. 
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The first requirement for a good AlN and Sc x Al 1 ‑x N wet etching pro-
ess is choosing a good etchant. TMAH performed well for both AlN
nd Sc 0.2 Al 0.8 N, and H 3 PO 4 was a decent etchant for AlN but not for
c 0.2 Al 0.8 N. H 2 SO 4 performed poorly with both films. Based on these
esults, alkaline etchants are expected to perform better compared to
cidic etchants. NaOH and KOH could perform also well for AlN and
c x Al 1-x N etching if the alkali metal contamination can be tolerated. In
ddition, they are not toxic, which advocates their use over TMAH. 

Second requirement for minimizing undercut during wet etching is
ptimization of the etching time. It should be as short as possible while
till removing the film. If some cones remaining after etching could be
ccepted, it would enable reducing the etching time. The film thickness
hould also be as thin as possible, as it enables faster removal of the film
nd consequently less undercutting. 

The choice of mask material had little effect on the lateral etch rate
ith both AlN and Sc 0.2 Al 0.8 N, especially when the films were exposed
o air and no plasma cleaning was applied. This leaves surface oxidation
f the AlN and Sc 0.2 Al 0.8 N films as the most likely cause for the lateral
tching with films exposed to air. Both AlN and Sc x Al 1 ‑x N form a native
xide layer of a few nanometres when exposed to air, and the oxide
hickness increases with x [ 7 , 39 ]. The TOF-ERDA measurements showed
n oxide layer of approximately 7 nm on Sc 0.2 Al 0.8 N exposed to air. 

The lateral etch rates of Sc 0.2 Al 0.8 N with the differently deposited
o masks indicate that in addition to surface oxidation, surface dam-
ge caused by ion bombardment during plasma cleaning before mask
eposition increased the lateral etch rate. Although the lateral etch rates
etween the Mo-1, -2 and -3 masks were similar, this was likely a coin-
8 
idence and the main cause of the lateral etching was different between
he masks. The role of the plasma cleaning in the Mo-1 and Mo-5 pro-
esses was to remove the surface oxide. However, the 30 s plasma clean-
ng was not sufficient at removing all oxide and no consistent reduction
n the lateral etch rate occurred compared to the Mo-2 process or to
he other mask materials. Also, with the Mo-3 process, which included
he plasma cleaning, the lateral etch rate was increased significantly
ompared to the Mo-4 process. The SIMS measurements showed that
he plasma cleaning did not introduce additional contaminants, which
eaves damage by ion bombardment as the only evident cause of the
ncreased lateral etch rate with the Mo-3 mask. With the Mo-5 process,
hich included a harsher surface cleaning, the lateral etch rate was sig-
ificantly higher compared to any of the other Mo masks. Previously,
on bombardment has been shown to increase the etch rate of GaN un-
er similar conditions as in this work [44] . Significant reductions in the
ateral etch rate may be obtained if the cleaning is further optimized for
emoving the surface oxide with minimal surface damage. 

Thermal annealing was an effective method for reducing the lateral
tching by a factor of 3–5 for Sc 0.2 Al 0.8 N which had been exposed to
ir or ion bombardment. The reduction with AlN was at least equal or
ven better. With the films which were exposed to air, the annealing
ncreased the etch resistance of the surface oxide. Annealing is known
o often reduce the etch rate of amorphous materials including Al 2 O 3 
 45 , 46 ]. The surface oxide hardened already with annealing at 550 °C.
ith the Sc 0.2 Al 0.8 N and AlN films exposed to ion bombardment during

he plasma clean, the annealing likely repaired some of the surface dam-
ge and 700 °C was required to minimize the effect of ion bombardment
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n the lateral etching. In addition, annealing can also enhance the piezo-
lectric properties of Sc x Al 1 ‑x N, which further advocates for adding an
nnealing step to Sc x Al 1 ‑x N processing [ 9 , 34 , 47–49 ]. 

A large disadvantage with annealing the Sc 0.2 Al 0.8 N films was the
ompressive stress caused by it. The stress may be linked to changes in
he lattice parameters of the film. In a previous study, the c -axis constant
f sputtered Sc x Al 1-x N on sapphire was found to decrease with thermal
nnealing [9] . However, the a -axis constant or the stress did not change
ignificantly. More studies on the effect of annealing on the Sc x Al 1 ‑x N
icrostructure are needed to explain the stress changes we observed. 
For Sc x Al 1 ‑x N, the film quality is extremely important. In addition to

he reduced piezoelectric response, films with large number of AOGs are
ore difficult to etch. Increased number of AOGs leads to an increased
umber of cones formed during etching, which may increase the chance
f device failure if all cones are not fully removed. On the other hand,
f no AOGs are formed during deposition, according to our results there
hould not be any formation of cones enabling reduced etching times.
owever, in a previous study, partial etching of Sc x Al 1 ‑x N films resulted
n uneven etching and a high number of cones similar to AlN [32] . The
ones were not associated with AOGs, which suggests there may be other
echanisms than AOGs which result in cone formation during etching
f Sc x Al 1 ‑x N, but those were not observed here. 
The sidewall angles with Sc 0.2 Al 0.8 N varied much more compared to

lN and they were dependent on the lateral etch rate. Also, Sc 0.2 Al 0.8 N
lm did not form cones during etching except for around AOGs. This
uggests that the chemical stability of the {10-1-1} planes is reduced
ith the addition of Sc to AlN. This may enable further controlling the
idewall angle during wet etching by tuning the mask deposition and
tching conditions. 

While alkaline etchants appear to be generally superior over acidic
tchants for Sc x Al 1 ‑x N, the possible appearance of insoluble residues
ust be accounted for. The rinsing should be done carefully by over-
owing the rinsing bath. Still, cleaning the wafers afterwards with acid
ay be required to completely avoid the residues. 

. Conclusions 

We studied the factors that affect the vertical and lateral etch rates
f AlN and Sc 0.2 Al 0.8 N during wet etching. TMAH, H 3 PO 4 and H 2 SO 4 
ere tested as etchants, with TMAH having the best performance, and
he patterning process was optimized for it. For AlN, the etch rate was
ery high at 330 nm/s at 80 °C, but the film required significant over
tching due to the formation of slow-etching conical features. However,
hoosing the minimum required etch time of 30 s enabled high-quality
atterning with no lateral etching. The etch rate of Sc 0.2 Al 0.8 N was lower
t 20–30 nm/s, and the required time to etch the 1 μm film completely
as 5 min. With this etching time, 600–900 nm of lateral etching oc-
urred with most mask materials. The main causes for the lateral etching
ere surface oxidation and ion-bombardment induced surface damage
uring plasma cleaning before the mask deposition, with the choice of
ask material having only little effect. The lateral etching of Sc 0.2 Al 0.8 N
as reduced to 35 nm by eliminating the surface oxidation and damage,
r to 150–220 nm by reducing the effect of these defects with thermal
nnealing. These results can be applied for fabricating devices with AlN
nd Sc 0.2 Al 0.8 N and as a baseline for developing patterning processes for
ther Sc x Al 1 ‑x N compositions. The discovered causes behind the lateral
tching can be used for developing mask deposition processes for better
tching of AlN and Sc x Al 1 ‑x N. 
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