E coatings

Review

Sputtering Process of ScxAl;_xN Thin Films for
Ferroelectric Applications

Jacob M. Wall

check for
updates

Citation: Wall, J.M.; Yan, FE.
Sputtering Process of ScxAl;_xN Thin
Films for Ferroelectric Applications.
Coatings 2023, 13, 54. https://
doi.org/10.3390/ coatings13010054

Academic Editor: Rafal Chodun

Received: 21 November 2022
Revised: 10 December 2022

Accepted: 20 December 2022
Published: 28 December 2022

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Feng Yan *

Department of Metallurgical and Materials Engineering, The University of Alabama, Tuscaloosa, AL 35487, USA
* Correspondence: fyan4@ua.edu

Abstract: Several key sputtering parameters for the deposition of ScxAl;_yN such as target design,
sputtering atmosphere, sputtering power, and substrate temperature are reviewed in detail. These
parameters serve a crucial role in the ability to deposit satisfactory films, achieve the desired stoi-
chiometry, and meet the required film thickness. Additionally, these qualities directly impact the
degree of c-axis orientation, grain size, and surface roughness of the deposited films. It is systemati-
cally shown that the electric properties of ScxAl; _yN are dependent on the crystal quality of the film.
Although it is not possible to conclusively say what the ideal target design, sputtering atmosphere,
sputtering power, and substrate temperature should be for all sputtering processes, the goal of this
paper is to analyze the impacts of the various sputtering parameters in detail and provide some
overarching themes that arise to assist future researchers in the field in quickly tuning their sputtering
processes to achieve optimum results.
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1. Introduction

The use of piezoelectric thin films has seen a surge in recent years due to its various
applications such as in microelectromechanical systems (MEMS), bulk acoustic wave (BAW)
resonators, and surface acoustic wave (SAW) resonators to name a few [1]. Traditionally,
Aluminum Nitride (AIN) was among one of the most used piezoelectric materials for such
applications because it is completely semiconductor compatible and has satisfactory piezo-
electric properties [2-4]. However, the demand for materials with superior piezoelectric
coefficients resulted in the investigation of Sc-doped AIN thin films. In 2009, it was discov-
ered that the partial substitution of aluminum with scandium to form ScyAl; _«xN resulted in
a substantial increase in the piezoelectric response [5]. The approximately 500% increase in
piezoelectric modulus, ds3, of ScxAlj_xN when x = 0.43 was ascribed to the phase transition
from wurtzite to layered hexagonal with increasing scandium content [5]. Furthermore, it
was found that the electromechanical coupling factor, k¢, could be improved from 7% to
10% when x < 0.2 [6]. Due to these excellent piezoelectric characteristics, ScxAl;_xN has
garnered substantial interest in the piezoelectric community and is expected to be an ideal
candidate for piezoelectric thin-film layers.

More recently in 2019, Fitchner et al., demonstrated the first official instance of ferro-
electric switching in ScxAl;_«N [7]. This paramount discovery has generated a resurgence
in research related to Scx Al;_N. High-performance thin-film ferroelectrics exhibiting good
technological compatibility with generic semiconductor technology are in urgent demand
due to emerging applications based on controlling electrical polarization, multitude of
memories, and micro/nano-actuators [7]. Similar to the piezoelectric response observed in
ScxAl;_xN, the ferroelectric nature of the material arises as a result of the anisotropic crystal
structure that originates from the layered-hexagonal structure when Sc-doping occurs [8].
For this reason, ScyAl;_«N is considered to be a possible candidate for the development of
practical two-terminal ferroelectric nonvolatile memory devices (FE-NVMs) [9].
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To date, there have been two primary deposition routes used when creating Scx Al;_ N
thin films. These include both molecular beam epitaxy (MBE) and RF or magnetron sput-
tering. Although there are benefits to MBE deposition such as better control over thickness,
crystallinity, and stoichiometry, sputtering represents a more viable deposition process
because of its relatively low cost, reproducibility, good adhesion with the substrate, ability
to deposit stoichiometry of target material, and potential for large-scale manufacturing.
However, a systematic review of the sputtering parameters for thin film ScyAl;_N is
absent from the literature.

In this review, the evolution and optimization of the various sputtering parameters
for ScxAl;_«N is reported. There are several key parameters during sputtering that have a
critical outcome on film properties. For instance, in this review target design, sputtering
atmosphere, sputtering power, and substrate temperature will be examined in detail.
Deposition parameters such as these will directly affect the deposited film quality, including
the thickness and morphology. Many reports have analyzed the effects of one or more
of these deposition parameters on such quality indicators as film thickness, crystallinity,
or final composition. Moreover, various reports have then connected those film quality
indicators to the eventual electric properties of the resulting film. The type of substrate
can also play a role in controlling the final crystal quality of the ScxAl;_«N films. Li et al.,
compared ScAIN films prepared on both silicon and C276 alloy substrates and found that
the films prepared on C276 alloy substrates resulted in non-ideal, a-axis oriented ScAIN
films. However, films prepared on Si resulted in all c-axis oriented crystals. The non-ideal
behavior was attributed to the superior lattice mismatch of the Si substrate [10]. For this
reason, most literature reports depositing ScAIN on c-axis oriented substrates such as
silicon or sapphire. Thus, since the literature comparing the impacts of different substrates
(i.e., amorphous silicon) are scarce this review chooses not to focus on this topic. Specifically,
in this review, the goal is to interconnect the findings of all existing reports and generate a
better understanding of the sputtering process for ScxyAl;_N.

2. Structure and Properties of ScxAl;_«xN
2.1. Structure of ScyAly_xN

It has long been known that the III-nitride materials, such as AIN, GaN, and InN,
possess a wurtzite-type crystal structure (space group P63mc) [11]. Moreover, there is a
spontaneous polarization along the c-axis of these III-V semiconductors, which leads to the
separation of group-III and nitrogen atoms in individual planes [7]. This phenomenon leads
to the piezoelectric response in this class of materials. Moreover, it was discovered that
the piezoelectric response of AIN can be significantly increased by forming solid solutions
with ScN [5]. While pure ScN has a stable cubic rock salt crystal structure, it also maintains
a highly metastable, nearly fivefold coordinated layered-hexagonal phase (space group
P63/mmc) [12]. Therefore, the belief in the research community is that there is a transition
from pure wurtzite to a more layered-hexagonal crystal structure with increasing scandium
content as shown in Figure 1.

Waurtzite Layered - Hexagonal

Figure 1. Crystal structure transition of AIN from wurtzite to layered-hexagonal with Sc doping to
form Scy Al _«N.
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Moreover, the metastable hexagonal phase works to flatten the ionic potential land-
scape, which causes the wurtzite basal plane and the length of metal-nitrogen bonds parallel
to the c-axis relative to the lattice parameter, ¢, to increase [13,14]. In other words, the
distance between the (0001) planes that hold both the nitrogen atoms and the metal atoms
increases with increasing Sc-content. On account of this, the energy barrier is set to decrease
with increasing Sc content, leading to an overall reduction of the energy barrier between
the two polarization states of the wurtzite structure and creating an avenue for ferroelectric
switching. Furthermore, the wurtzite to layered-hexagonal transition is responsible for
both the reciprocal increase in piezoelectric response with increasing Sc content and the
ability of ScxAl;_«N films to exhibit ferroelectric switching [7].

2.2. Properties of ScxAly_xN

A summary of some of the structural, optical, electrical, thermal, piezoelectric, and
ferroelectric properties of ScxAl;_xN are reported in Table 1. Since ScxAl; _«xN is a ternary
alloy with properties that are highly dependent on the Sc content, most of the reported
values are presented as a range. Additionally, the equations used to generate the values
with respect to Sc content are provided as well.

Table 1. ScxAl;_«N properties.

Property Reported Value [Ref]
Density (g/cm3) 3.255-3.456; p(x) = 3.806x + 3.255(1 — x) — 0.298x(1 — x) [15]
Elastic Modulus (GPa) 535-269 (for x = 0-0.41) [16]
Elastic constant C11 (GPa) 396.00-280.96; C11(x) = 285.12x + 396(1 — x) — 238.39x(1 — x) [15]
Elastic constant C, (GPa) 137.00-161.59; C1»(x) = 180.57x + 137(1 — x) + 11.23x(1 — x) [15]
Structural Properties Elastic constant Cy3 (GPa) 108.00-137.84; C13 = 141.70x + 108(1 — x) + 51.95x(1 — x) [15]
Poisson’s ratio vp1 = 0.343 (when x = 0.5) [15]
Crystal structure wurtzite/layered-hexagonal [15]
I's
Lattice constant (A) a=3.0997; ¢ = 4.59569 [17]
. . Effective electron mass 0.46 my (for x =0.18) [18]
Optical Properties Refractive index (visible to IR) 2.05 [19]
Breakdown field (MV /cm) 12.44 (for x = 0.18) [18]
I\mblllty(cc’ff’z1 %_r;m/hdes 147-205 (for x = 0.18) [18]
Electrical Properties Dielectric constant 10.31-34.52; £33 = 89.93x + 10.31(1 — x) — 62.48x(1 — x) [15]
Energy band gap (eV) 4.29-6.15; Eg(x) = 6.15 — 9.32x (for x < 0.2) [20]
Resistivity (1012 Q-cm) 1.0-3.5 [10]
Thermal conductivity (W/m-K) 3.0-8.0 (for x = 0-0.20) [21]
Thermal Properties Coeff1c1ent(c>)<flt(})1sgt;llg expansion 4.29-4.65 (for x = 0-0.41) [16]
Debye temperature (K) 933 (for x = 0.18) /737 (for x = 0.25) [18,19]
Piezoelectric coeff. e;5 (C/m?) —0.313-—0.135; e15 = 0.308x — 0.313(1 — x) — 0.528x(1 — x) [15]
Piezoelectric Properties P%ezoelectr%c coeff. e3; (C/ mz) —0.593-—0.829; e31 = —1.353x — 0.593(1 — x) + 0.576x(1 — x) [15]
Piezoelectric coeff. e33 (C/m~) 1.471-3.642; e33 = 9.125x + 1.471(1 — x) — 6.625x(1 — x) [15]
Relative permittivity coeff. €33 9.37-13.06 (for x = 0-0.26) [22]
. . Ferroelectric switching (uC/ cm?) ~80-153 [7,8,23]
Ferroelectric Properties Coercive field (MV /cm) 2-5 (for x = 0.27-0.43) 7]

It is clear from the excellent piezoelectric and ferroelectric properties of ScxAl;_4N that
it has tremendous potential for use in various power electronics. Moreover, the excellent
piezoelectric properties of ScyAl;_yN and low processing temperature make it a suitable
choice for power devices such as surface and bulk acoustic wave resonators [24]. Addi-
tionally, the recent discovery of ferroelectricity in low-temperature processed ScxAl; 4N
provides substantial opportunities for direct memory integration with logic transistors,
providing the possibility for the back-end of the line (BEOL) integration on silicon logic.
Thus, taking advantage of high ferroelectric switching and coercive fields, ferroelectric
field-effect transistors (FE-FET) can be fabricated [25]. However, in order to maximize the



Coatings 2023, 13, 54

40f18

Sc-Al Alloy Pure Sc Pure Al

(@)

piezoelectric and ferroelectric properties in SCAIN thin films, high-quality thin films must
be deposited, which is only possible by utilizing optimum sputtering conditions.

3. Sputtering Process for Scandium Aluminum Nitride
3.1. Deposition Parameters

Reactive sputtering is a physical vapor deposition (PVD) process that utilizes charged
ions from a mixture of argon and reactive gases to bombard a target causing the ejection
of surface atoms from that target and the eventual deposition of those target atoms onto a
substrate following the reaction with the reactive gas. In the case of ScxAl;_«N, the reactive
gas is nitrogen (Ny). Many different parameters can be altered during the reactive sputtering
process to achieve desired deposition outcomes. These include parameters such as target
design, sputtering atmosphere, sputtering power/power density, substrate temperature,
sputtering time, and target-to-substrate distance. However, the primary parameters that
have been focused on and investigated thus far in the literature are target design, sputtering
atmosphere, sputtering power/power density, and substrate temperature [6,24,26,27].
Table 2 lists the published articles that deposited c-axis ScAIN films on top of several
substrates using a variety of sputtering equipment and processes.

3.2. Target Design

Target design is a crucial step in the sputtering process because it will directly impact
both the final film’s stoichiometry and uniformity. Three types of target designs have
been widely used for the sputtering of ScxAl;_«N thin films. including alloy sputtering
targets, pure metal sputtering targets (used in conjunction with dual co-sputtering), and
segmented targets [24]. A schematic representation of the three different target types is
illustrated in Figure 2. The final thickness and composition of the ScxAl; _«N film deposited
can be controlled in different ways depending on the target chosen. For example, for a dual
co-sputtering target the final film composition can be varied by selectively adjusting the
power applied to the Sc and Al sources, respectively. Correspondingly, for a Sc-Al alloy
target the final film composition can be varied by carefully tuning the alloy composition
of the target. Lastly, for Sc-Al segmented targets the distribution, size, and quantity of
various Al and Sc segments allows for facile and precise tuning of film composition and
homogeneity [24].

G

y

(b)

Figure 2. Schematic representation of different target designs with (a) Sc-Al Alloy target, (b) pure Sc

and pure Al targets for dual co-sputtering, and (c) ring-shaped segmented target with alternating Sc
and Al tiles.
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Table 2. Summary of sputtering deposited ScAIN growth conditions.

Author [Ref] Power (W)/Power _srlel;St:: Sputtering Base g?isog(}gﬁg- ;ﬁﬁﬁ;& Final Com- Deposition Film Surface
(Year of Substrate Sputtering Type Density (W/em?) tuEe Pressure Pressure [N2:Ar] Distance position FWHM (°) Rate Thickness Roughness
Publication) y o (Pa) (Pa) o/ N (ScxAl;_(N) (nm/min) (um) (nm)
Q) /%N, [mm]
T"[‘;;??EO’SZ% al (100) Si Ri;ife‘;f;g’“ 200/3.98 300 0.6 3.00 x 104 1:2/50% 25 x=03 3.2-6.0 NA 4045 NA
Tominaga et al. RF magnetron 0.14,0.25,
[M&m' (100) Si Sw%m 200/3.98 300 0.35, 0.45, 2.00 x 104 1:2/50% 25 NA 2347 NA 1-2 NA
0.56
2000, 3500,
Rassay et al. DC magnetron ¢ § 15:6, 20:3, x=0.22,
8] (2021) NA sputtering 5500/;5.?2, 4.80, 280 NA NA 28:1.6/NA NA 0.25, 0.30 2-2.8 NA 0.025-0.250 NA
Al-target:
Liu et al. . Pulsed DC 1000/12.34; ~
- Pt/(100) Si magnetron 350 NA NA NA NA x=0.29 NA NA 0.100 NA
[25] (2021) co-sputterin Sc-target:
P 8 450/5.55
Al-target:
Liu et al. ) Pulsed DC 1000/12.34; .
. X o =U. ..
[9] (2021) Pt/(100) Si magnetron Sc-target 350 NA NA 20:80/20% NA x =0.36 NA NA 0.200 NA
co-sputtering 655/8.08
Zhang et al. Mo/SiO, / DC magnetron . o _
[17] (2021) AIN/SOL sputtering 7500/10.28 300 0.347 NA 1:3/25% 70 x=0.29 4.13 NA 0.780 NA
Al-target:
1000/12.34;
. Pulsed DC Sc-target
Wang et al. PY111)/Ti/ magnetron x = 0.32): 350 NA 830 x 1072 20:80/20% 33 x=032,036 27-2.8 15.6-16.8 0.2 NA
[30] (2020) SiO, /si 5
g 2 co-sputtering 555/6.85; Sc-target
(x = 0.36):
655/8.08
Dong et al. p DC magnetron 140-190/NA 24 03 NA 13:17/43.3% NA = 0175 0.38-0.29 233 07 NA
[31] (2019) t sputtering -190/ ’ 17/43.3% x=0 et ’ ’
AC magnetron
Felmetsger et al. . reactive _
[24] (2019) (100) Si Sputtering with 2000-5000/NA 24 NA NA NA NA x=0.3 1.6 NA 0.500-2.00 2.3
segmented target
Fichtner et al DC reactive
[7] (2019) ' NA magnetron sputter 600/NA 400 NA NA 15:7.5/NA NA x=0.36 NA NA 0.600 NA
deposition
Tabaru et al RF reactive
. 100) p-Si magnetron 400/8.78 207 04,1.0 5.00 x 107° 4:6/NA 70 x=04 4.6,8.5 NA 2.3,2.6 NA
p g

[32] (2019)

sputtering
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Table 2. Cont.

Power

Substrate

Gas Compo-

Target to

Author [Ref] (W)/Power Tempera- Sputtering Base sition Ratio Substrate Final Com- Deposition Film Surface
(Year of Substrate Sputtering Type Density tuge Pressure Pressure [N2:Ar] Distance position FWHM (°) Rate Thickness Roughness
Publication) (W/em?) €0) (Pa) (Pa) /%N, [mm] (ScxAl;_N) (nm/min) (um) (nm)
80, 90, 100, 110,
Pulsed DC 8T 1e N 19 1:3,1:4,
%e;]‘réglt 2)1. (100) Si magnetron 12?)/1%18'1%227' 350 NA NA 1:5/25%, NA x=0.12 1.884 NA 0.750 NA
o sputtering ’ 0 i70 ’ 20%, 16.7%
(100) DC reactive 300,500
Lozano et al. As-doped Si balanced g 0.53, 0.79, Y . o _
(34] (2018) % (100) magnetron 700/3.70, 6.17, 24 Lo6 1.00 x 10 1:3/25% 45 x =026 2-5 24-90 1.00 NA
. . 8.64
B-doped Si sputtering
Pulsed DC 30.4 cm-Target:
Mertin et al. magnetron 7500/10.34; 10 5 . o, x=0,0.1, . -
[35] (2018) NA sputtering/co- cm-Target: 200~ 300-350 NA 1.00 x 10 1:2/33.3% NA 0.31,0.42 1.2-2.0 12-60 NA NA
sputtering 1000/2.55-12.74
(100) DC reactive
. 300, 500, 700,
Perez-Campos As-doped Si balanced P 0.26, 0.53, 5 . o, ~
etal. [36] (2017) & (100) magnetron 900/3.70, 6.17, 24 0.79,1.06 9.99 x 10 3:9/25% 45 x~0.23-0.26 2.5-10 24-110 1.00 NA
. . 8.64,11.11
B-doped Si sputtering
RF reactive 100, 120, 135,
éﬁ%ﬁ% PT/Ti/Si magnetron 16010 600 047 150 x 1074 3.47/32.7% 120 x=0.15 2.38-6.55 NA 100 325-10.34
> sputtering e T
1.68
Felmetsger et al. . AC powered X _
[37] (2017) (100) si S-gun sputtering 2000/NA 350 NA NA 9:3.5/NA NA x=0.07 1.55 NA 1.00 33
Fichtner et al Pulsed DC
[38] (2017) ’ (100) c-Si reactive 1000/NA 300 0.21 5.00 x 1072 15:5.3/NA NA x=0.27,0.29 1.7 NA 0.4-2 NA
g co-sputtering
(100) p-Si & DC reactive
Lietal. [10] (2016) Ni-Cr-Mo magnetron NA/1.16-2.10 600 0.45 2.00 x 107* 3.3:7 NA x =043 1.5-11 NA 1.1-2.0 2.0-4.9
(Hastelloy) sputtering
. 30:70, 35:65
DC reactive o EEn,
Tang etal. (100) p-Si magnetron 130/1.37 600 04,08 200 x 104 40:60, 50:50, 100 NA 17 16.6-21.0 1.50 321
[6] (2016) p & 60:40/30%~—
> sputtering Eprovales
60%
DC reactive 3.1:.7-
Z[g‘;‘]“(gzgi 43)1' oo magnetron 130/1.37 650 0.3-07 400 x 104 3.67/30.7%- NA NA 26 16.67 150 2.65
g PP sputtering 34%
Dual RF
Al{ig]a’(rz‘gg)al' (100) n-Si mraegarcflt\f;’“ NA NA NA 1.20 x 107 NA NA x =041 1.8-7.9 NA 0.500-1.10 NA

co-sputtering
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Table 2. Cont.
Power Substrate . Gas Compo- Target to . ~ ies .
Author [Ref] ] (W)/Power Tempera- Sputtering Base sition Ratio Substrate Fmal. C.om . Deposition Fllm Surface
(Year of Substrate Sputtering Type . Pressure Pressure . position FWHM (°) Rate Thickness Roughness
Publication) Density fure (Pa) (Pa) [N2:Ar] Distance g A1, ,N) (nm/min) (um) (nm)
(W/cm?) (@) /%N, [mm] XX
Magnetically
. TiN(111)/ AL, O3 unbalanced _
Zukauskaite etal. - =501y 100 reactive DC 150/7.64 400, 600, 800 0.17 6.00 x 107 19.8:30/NA NA x=0,01, 1.0-2.0 NA 0.25 NA
[41] (2012) 200 02,03
nm magnetron
sputtering
i RF reactive
Akiyama et al. (100) -5 . o _ =
[29] (2010) n-Si-600 um magnet.ron 300/6.58 200 0.3 5.00 x 10 3:7/30% NA x=0.38 2.3 NA 0.500-1.20 NA
sputtering
Al-Target: 250,
Hoglund et al. ScN(111)/ Magnetron 230, 180, 130, 80; 6 x=0.4,032,
[42] (2010) MgO(111) sputter epitaxy  Sc-Target: 0, 20, 800 0.46 1.33 %10 NA NA 0.26,0.22 NA 42 0.080 NA
70,120,170
Al-Target: 0, 20,
60, 100, 140, 180, x=0,0.1,
H&g;]“é%fg)al' E/‘EN&}% (o agnetron 200; Sc-Target: 600 12 133106 0.13:1.07/NA NA 0.27,0.49, NA 54 0.05-0.06 NA
8 P plaxy 200, 180, 140, 0.71,0.86, 1
100, 60, 20, 0
Dual RF
Akiyama et al. . magnetron 6 o 0 . - .
[27] (2009) (100) n-Si reactive 0-200/0-9.87 27-580 0.25 1.20 x 10 NA/40% NA x =0-0.43 2.3-7.5 NA 0.5-1.1 0.3-2.7
co-sputtering
Dual RF
Aldyama et al. (100) n-Si magnetron 0-200/0-9.87 580 025 1.20 x 107 NA/40% NA x = 0-0.43 1.8-7.9 NA 0.5-1.1 NA
[5] (2009) reactive

co-sputtering

NA (Not Available) is used to indicate when specific parameters were not provided in the given literature.
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Early in the research days of sputtering ScxAl;_«N, the primary sputtering technique
was dual co-sputtering [5,27,42-44]. However, there was a clear transition from dual co-
sputtering, using two pure targets, to the use of Sc-Al alloy targets for sputtering. In fact,
approximately 67% of the literature cited the use of alloy targets during the period of 2010
to 2018 [6,7,10,17,24,32-35,39,45]. The primary reason for this transition was that during
this period dual co-sputtering was thought to make it difficult to maintain a consistent
scandium concentration in ScyAl;_«N films over large substrates due to the difference in
scandium and aluminum sputtering yields [45]. Additionally, single-target sputtering is
more attractive for industrial high-volume production because it has a higher deposition
rate [35].

Although single-alloy target sputtering has several advantages, it is confined by its
lack of tunability of the Sc concentration. Thus, as interest grew to develop ScxAl; _xN films
with ever increasing Sc content, the preferred deposition mode again pivoted towards dual
co-sputtering. Dual co-sputtering is unique in that the Sc concentration can be set directly
by tuning the two powers of the sputtering targets [35]. In Table 3, the transition between
different sputtering targets is made especially clear, as is the correlation with the desired
ScxAlj_yN composition. In general, it can be stated that single-alloy-target sputtering is
best suited for the deposition of ScxAl; _«N films with x < 0.3 and dual co-sputtering is
better suited for handling deposition of compositions where x > 0.3 and precise control
over chemistry is required.

Table 3. ScyAl;_«N films produced using various target designs.

ScxAl; N Composition Target Composition Ref
Single-Alloy-Target

x =0.38 Sc:Al = 42:58 [45]

NA Sc:Al=0.1:0.9 [39]

x =043 Sc: Al=0.1:0.9 [10]

NA Sc:Al=1:9 [6]

x =0.23-0.26 Sc:Al=0.4:0.6 [36]
x=0.15 Sc:Al = 0.15:0.85 [26]
x=0.12 Sc:Al =12.5:87.5 [33]
x=0.26 Sc:Al = 0.4:0.6 [34]
x=0.1,0.31 Sc:Al = 6:9.5, 15:28 [35]
x=0.3 Sc:Al = 8:92 [24]
x=0.36 Sc:Al =43:57 [7]
x=04 Sc:Al = 43:57 [32]
x=0.29 Sc:Al=0.3:0.7 [17]

Dual Co-Sputtering Target

x=0,0.1,0.27,0.49,0.71, 0.86, 1 Al (pure) and Sc (pure) [42]
x =0.36 Al (pure) and Sc (pure) [5]

NA Al (pure) and Sc (pure) [44]

x =04, 0.32,0.26, 0.22 Al (pure) and Sc (pure) [43]
x=0,0.1,02,03 Al (pure) and Sc (pure) [41]
x =041 Al (pure) and Sc (pure) [40]
x=0.27,0.29 Al (pure) and Sc (pure) [38]

x =042 Al (pure) and Sc (pure) [35]

x =0.175 Al (pure) and Sc (pure) [31]

x =0.32,0.36 Al (pure) and Sc (pure) [30]
x=0.29 Al (pure) and Sc (pure) [9]

x =0.36 Al(pure) and Sc (pure) [25]
x=0.3 Al(pure) and Sc (pure) [29]

x =043 Al(pure) and Sc (pure) [28]

Segmented Target
x=0.3 Segmented Al-Sc [24]
x =0.22,0.25, 0.30 Segmented Al-Sc [8]

NA (Not Available) is used to indicate when specific parameters were not provided in the given literature.
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In recent years, there has also been the introduction of a third class of sputtering targets
known as a segmented targeted. The primary advantages and disadvantages of Sc-Al alloy
targets and dual co-sputtering targets are compared in table IV. Sc-Al alloy targets allow
for higher deposition rates, which make them well suited for use in industrial applications.
Additionally, the alloy target provides consistent Sc content across large substrate areas.
However, this target design is very expensive to produce due to the complicated metallurgy
required to produce it. Moreover, the alloy design makes quick tuning of the final films Sc
content very difficult. On the other hand, using two pure Al and Sc targets in a dual co-
sputtering setup allows for facile tuning of Sc content by tuning the power on the respective
targets. Additionally, this setup significantly reduces the cost of the targets due to its simple
nature. Yet, the dual co-sputtering target design only allows for residual stress tailoring by
altering the reactive gas flow, which ultimately degrades film uniformity and crystallinity.
Additionally, this design makes it difficult to obtain final films with tensile stress. Thus,
Sc-Al segmented targets were developed to overcome the disadvantages of the two prior
methods while maintaining as many of the advantages of them as possible. A comparison
of the various target designs is presented in Table 4. By combining alternating segments
of Sc and Al as shown in Figure 2c, it was possible to get a more uniform distribution of
Sc in the ScxAl;_«N films [24]. Additionally, the segmented target design allowed for a
significant reduction in film thickness while maintaining excellent control over Sc content
and residual film stress [8]. Furthermore, achieving thin films of such thicknesses was
especially beneficial for use in ferroelectrics.

Table 4. Comparison of various target designs.

Sc-Al Alloy Target

Dual Co-Sputtering Target Sc-Al Segmented Target

Higher deposition rate
Applicable for
industrial applications

e  Constant Sc content across e  Reduced cost of target

large substrates

Enables thickness reduction
Large tunability of Sc content
Large tailorability of residual film
stress (independent of gas flows)

e  Easy Sc content tuning by adjusting
target power

e  Expensive targets due to
complicated metallurgy

) Residual stress tailoring only
through altering reactive gas flow,
which degrades film uniformity

Lower deposition rate
Less applicable for

° Difficult tuning of Sc content and crystallinity industrial applications

° Difficult to achieve tensile stress

Although few papers have been published that explicitly compare ScxAl; 4N depo-
sition with different targets, the target design remains one of the most crucial sputtering
parameters [24,35]. In fact, there remains more opportunities to investigate novel modi-
fications to target design and setup. For instance, Posadowski et al., explored the critical
role that the placement of substrates versus the target axis, i.e., the so called on- or off-axis
mode, had on the properties of deposited films of AlxZnyO when using a two element
segmented target [46]. During the engineering of the electric properties of piezoelectric and
ferroelectric materials such as ScxyAl;_«N, it is vital to achieving desired material stoichiom-
etry [40]. Furthermore, choosing the correct target to achieve the desired chemistry and
electric properties is of paramount importance and must not be understated.

3.3. Sputtering Atmosphere

A second critical reactive sputtering parameter that must be taken into consideration
is the sputtering atmosphere. Sputtering atmosphere consists of both the chamber pressure
and the proportion of argon to nitrogen gas [6]. There have been several studies conducted
that examine how the variation in sputtering atmosphere affects parameters such as crystal
quality, sputtering rate, residual stress, and the electric properties of the film [6,28,34,36,39].
Because sputtering atmosphere is one of the parameters that directly impacts the energy
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for adatoms to bombard the surface of the substrate, it is especially pertinent to optimize
the sputtering atmosphere to achieve desired film quality and the subsequent electric
properties [47].

3.3.1. Sputtering Pressure

(a) Effect on Crystal Quality: Sputtering working pressure is well known to have a sig-
nificant impact on the crystal quality of deposited ScxAl;_«N films. Numerous researchers
have demonstrated that the highest level of c-axis orientation of ScyAl;_«N corresponds
to the lowest full width half maximum (FWHM) of the (0002) peak [36]. Furthermore,
when comparing the FWHM values of the rocking curve vs. pressure from several sources,
as shown in Figure 3, there appears to be a relative congruence in the ideal pressure for
ScxAlj_«N sputtering. Most of the papers reported the lowest FWHM value at an ap-
proximate pressure between 0.4 Pa and 0.6 Pa. Additionally, these studies also highlight
that the preferred c-axis texture deteriorates at both extremely high and low pressures. In
2022, Tominaga et al., proposed a possible explanation for the deterioration of crystallinity
and even electric properties at low-pressure depositions. In short, the report claims that
negative-ion bombardment will increase both in quantity and energy at lower pressures,
which will negatively impact ScxAl; _xN crystal growth and cause substantial film quality
reduction [29].

8 -
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[ / + Tang 2016

—#-Zhang 2015

—u -Tominaga 2022

FWHM (deg)
L [9)]

w
T T

o L 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2
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Figure 3. Rocking curve FWHM of the (0002) reflections of ScAIN thin films under various working
pressure conditions.

(b) Effect on Sputter Deposition Rate: The impact of sputtering pressure on the sputter
deposition rate is partially obfuscated when comparing reports from existing literature
related to the reactive sputtering of ScyAl;_xN. For instance, Tang et al., reported that there
was a decrease in the sputtering rate with an increase in pressure from 0.4 Pa to 0.8 Pa which
was attributed to more scattering between the ejected atoms and the gas atoms, which
reduced the mean free path of the ejected atoms [6]. On the other hand, Perez and Lozano
reported, respectively, that during deposition at low pressures the rate decreases due to the
lower quantity of ions available in the plasma to eject the target material [34,36]. Regardless
of these competing theories, the actual deviation of the sputtering rate reported due to the
change in pressure is rather minor when compared to the deviation of the sputtering rate
due to other parameters such as the sputtering power or N, proportion. For this reason,
more focus should be placed on tuning parameters such as those when seeking control
over the sputtering rate of ScxAl;_xN.

(c) Effect on Electric Properties: Resistivity is an important benchmark when com-
paring piezoelectric thin films. It stands as a crucial indicator of a piezoelectric thin-films
ability to achieve both reduced dielectric losses and lower insertion losses when used in
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electronic devices such as SAW resonators [6,39]. It is well known that a film'’s crystallinity
directly impacts its dielectric properties. Thus, the pressure that provides the optimum
c-axis orientation in the case of ScxAl;_«N should also be the pressure that generates the
greatest resistivity. In reality, this theory stands true as is supported by the literature.
Tang et al., claim that this occurs because non-ideal sputtering pressure leads to incom-
plete crystallization, which will ultimately lead to a reduction in resistivity of ScyAl;_xN
thin-films [6].

Similar to the resistivity of piezoelectric thin films, the piezoelectric response, d33, is
directly impacted by the film’s crystal quality. The trends for rocking curve FWHM values
for different sputtering pressures coincide with the trends for the piezoelectric constant
(d33) at different sputtering pressures [34]. For this reason, there is a consensus in the
literature that the ideal piezoelectric response is achieved when the greatest degree of c-axis
texturing occurs [6,28,34,36,39]. Furthermore, by optimizing the sputtering pressure to
reach the maximum c-axis orientation, the greatest piezoelectric response can be achieved,
paving the way for the creation of piezoelectric sensors and SAW devices [39].

Currently, limited published investigations regarding the effect of sputtering pressure
on the ferroelectric response of ScxAl;_«N. However, it can be assumed that the ferroelectric
properties of ScxAl;_«N would be tied to the film crystallinity just as the piezoelectric
properties were. Since most ferroelectric ScxAlj_xN films are significantly thinner than
their piezoelectric counterparts, there is a potential for differences to exist in the ideal
sputtering pressure in each case. Regardless, this knowledge gap provides an opportunity
for additional research and discovery and warrants further investigation in the future.

3.3.2. Gas Flow Ratio

The gas flow ratio is the ratio of inert gas (Ar) to reactive gas (Np) that is in the
sputtering atmosphere during reactive sputtering. The gas flow ratio plays a crucial role
during the reactive sputtering process because it controls the amount of reactive gas that is
involved during thin film deposition. As shown in Figure 4, deposition parameters such
as sputtering rate, structural properties such as crystallinity and surface morphology, and
electronic properties such as the resistivity, the dielectric constant, and the piezoelectric
response are all greatly impacted and controlled according to the ratio of gas flows [6].
In other words, tuning the concentration of N, gas present during sputtering is a crucial
parameter that must be considered during the reactive sputtering of ScyAl;_4N.

(a) Effect on Sputtering Rate: The effects of gas flow ratio on the sputtering rate of
ScxAlj_xN have been shown to exhibit similar trends to those of the AIN system, where
sputtering rate decreases with an increasing proportion of N, gas [48]. The deleterious effect
of the N, proportion on the sputtering rate is clearly demonstrated in Figure 4a. Moreover,
Tang et al., explained that there are two possible explanations for this phenomenon. The
first explanation is that pure Ar* ions in the working gas have a higher sputtering yield
than N* or No* ions due to their higher mass. The second explanation is related to target
poisoning, which occurs with an increasing proportion of Nj [6]. For these reasons, it is
very important to be aware of the impacts of the gas flow ratio on the sputtering rate of
SCXAll_XN.

(b) Effect on Crystal Quality: It has been established that excellent c-axis orientation is
a prerequisite for achieving maximum piezoelectric or ferroelectric properties in ScxAlj_xN
thin-films [38]. Thus, when developing the reactive sputtering procedures for ScxAl;_yN
thin-films, it was vital to screen the gas flow ratios to determine the ideal percentage of
N, gas necessary to achieve maximum c-axis orientation. Moreover, it was determined
from the literature that the XRD intensity and FWHM of the rocking curves for the (0002)
plane are both closely tied to the concentration of N [6,39]. At approximately 32%-35%
Ny, both the XRD intensity for the (0002) plane and the FWHM were found to be optimized
as shown in Figure 4b. There is a clear consensus that an atmosphere oversaturated with
N, will lead to “target poisoning” due to excessive Nj reacting on top of the target [39]. On
the other hand, an atmosphere undersaturated with N, will develop poor crystallinity and
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film quality due to the formation of N-vacancies and Al-interstitials [6]. For this reason,
there must be strict control and optimization of the gas flow ratios to ensure proper film
quality and crystallographic orientation during the reactive sputtering ScyAl;_xN.
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Figure 4. Effect of sputtering atmosphere on (a) sputtering rate, (b) crystal quality, (c) resistivity, and
(d) piezoelectric response. Reproduced with permission from Ref. [6].

(c) Effect on Surface Roughness: Surface roughness becomes especially important
when considering the applications of ScxAlj_«N thin-films such as in SAW devices. Surface
acoustic waves are propagated only on the surface, and all the energy is approximately
contained in a wavelength from surface to inside [49,50]. Furthermore, SAWs will be
critically hindered when the surface roughness of the film is greater than the wavelength.
Therefore, it is beneficial to minimize the RMS of ScxAl;_4N films to achieve reduced
insertion losses for SAW devices [51]. It has been discovered that the gas flow ratio also
has an important impact on the surface roughness of ScxAl;_4N [39]. By optimizing the
gas flow ratio to achieve the desired c-axis orientation, it has been shown to minimize the
surface roughness [6,39].

(d) Effect on Electric Properties: As mentioned in the previous sections regarding the
resistivity and piezoelectric response of ScxAl;_«N films with respect to the sputtering
pressure, both parameters are directly dictated by the degree of c-axis orientation of the
film. Thus, by optimizing the gas flow ratio to achieve the maximum c-axis orientation,
both the highest resistivity and largest piezoelectric response can be achieved. As is shown
in Figure 4c,d, the resistivity, piezoelectric response, and dielectric constant are all shown
to improve initially with the increasing N concentration. However, they show significant
degradation after reaching a saturation point [6]. Thus, a harmonious proportion of N, is
required to achieve films with uniform size and minimized defects, which will ultimately
lead to the greatest improvement of electric properties.

3.4. Sputtering Power Density

The sputtering power/power density is an additional parameter that is critical to the
thin-film deposition of ScxAlj_«N. At the beginning, it was established that the sputtering
power significantly influences the deposition of AIN films, affecting both its crystallinity
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(a)

X-ray diffraction intensity

(c)

RMS (nm)

and its electric properties [52]. Similarly, it was discovered that sputtering power plays an
analogous role in the thin-film deposition of ScxAl;_xN as is shown in Figure 5 [26].
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Figure 5. Effect of sputtering power on (a) XRD intensity, (b) FWHM, (c) RMS, and (d) piezoelectric
response. Reproduced with permission from Ref. [26].

(a) Effect on Sputtering Rate and Thickness: Sputtering power density becomes espe-
cially important during the process of reactive dual co-sputtering of ScxAl;_xN because
the variation in power density between the Sc and Al targets allows for the precise control
over the concentration of Sc in the alloy [42]. By maintaining a constant power density on
the Al target, the Sc concentration can be increased linearly by gradually increasing power
density applied to the Sc target [31]. On account of this, most papers employing a dual
co-sputtering setup for ScyAl;_yN tend to modulate the power density only as a means to
dictate the final stoichiometry of the film. The mechanism governing the linear increase in
Sc content with increasing power density is closely related to the mechanism governing the
effect of the power density on both the sputtering rate and the film thickness.

Moreover, increased power density generally results in an increase in the sputtering
rate of ScxAl;_xN. This can be mainly attributed to the increase in the kinetic energy of the
adatoms arriving at the substrate [36]. However, there have been reports of exceedingly
high power densities leading to a reduction in sputtering rate due to the occurrence of
re-sputtering [10]. Furthermore, since the thickness is a rate-dependent property, it follows
the same trend as the sputtering rate for a constant sputtering time. This means that the
thickness of sputtered ScyxAl; _xN can be systematically tailored by increasing or decreasing
the sputtering power for a given sputtering time. Thickness tuning via power density
modulation is primarily reserved for cases in which Sc-Al alloys are utilized as the target.

(b) Effect on Crystal Quality: As previously discussed, ScxAl;_«N has a wurtzite
structure. As a result of this crystal structure, the (0002) plane has the lowest surface energy
because it is the closest packed plane [10]. Additionally, it has been established that with
increasing power density, there is an increase in the kinetic energy of Sc adatoms. This
helps to promote the rearrangement of atoms to align according to (0002) crystal orienta-



Coatings 2023, 13, 54

14 of 18

tion on the substrate surface, which will contribute to a reduction in surface energy [26].
However, at exceedingly high discharge powers/power densities, the adatoms can harbor
an overabundance of kinetic energy that forces the B, bonds in wurtzite to disassociate,
causing crystal quality deterioration [31]. Correspondingly, it has been stated that at higher
discharge powers the increase of adatom mobility not only improves the crystal quality,
but it is also beneficial in preventing the incorporation of impurities from the background
gas [34]. Indeed, these phenomena are widely observable in the data available in the
literature where the XRD patterns of ScyAl;_«N and plots of the rocking curve FWHM
are shown to improve initially with increasing power density, and then degrade at higher
power densities [10,26,31]. An example of this is shown in Figure 5a,b. Moreover, Henry
et al., showed that increasing RF power from 80 to 120 W leads to a significant reduction
in both compressive stress and the inclusion number, where the inclusion number is the
number of non-c-axis orientated grains [33].

Additionally, the surface morphology of ScxAl;_xN films is similarly tied to the sput-
tering power used during film deposition as the surface properties are improved with
increasing c-axis orientation due to the increase in sputtering power. With insufficient
power, the film is unable to properly form the desired texture. On the contrary, with in-
creasing power, the mobility of the atoms improves, providing the opportunity to eliminate
defects such as inclusions [53]. However, Tang et al., warn that when the power density is
increased toward the extreme, the surface of the film is more susceptible to cracking due to
thermal stresses [26]. This is reflected in the measured RMS as shown in Figure 5c.

(c) Effect on Electric Properties: The electric properties of ScxAl;_xN such as resistivity,
leakage current, and piezoelectric response are closely tied to the crystal quality of the
deposited film. With better crystal quality, there are fewer defects in the lattice, which
serves an advantageous role in the enhancement of electrical properties [10]. Moreover,
when the optimum power condition is chosen such that there is a coincidence between
the best crystal quality and surface morphology, the maximum piezoelectric response is
achieved [26]. When this occurs, the literature has shown that ScyAl; _,N thin-films are
capable of achieving a piezoelectric response at least 250% greater than that of AIN [31].

3.5. Sputtering Substrate Temperature

The substrate temperature is a very important parameter to consider during the sput-
tering of ScxAl;_«N films as it impacts the crystal quality, grain size, and even the final
electric properties of the film as shown in Figure 6 [27]. Additionally, the substrate tempera-
ture can directly limit what applications the film can be used for. For example, a perquisite
for using ScxAlj_4N thin-films in complementary metal-oxide-semiconductor (CMOS)-
integrated devices such as ferroelectric field effect transistors (FE-FETs) and random-access
memories (RAMs) is a low-temperature (T < 400 °C) deposition [25,30]. Moreover, the
low temperature deposition of ScxAl; _xN thin films could alleviate the process integration
failures commonly associated with PZT FE-RAMs that require deposition temperatures
exceeding 600 °C, which are detrimental for CMOS transistors [8,23].

(a) Effect on Crystal Quality, Grain Size, and Film Stress: It has long been acknowl-
edged that the crystal quality and grain size of ScyAl;_«N films share a dependency with
the substrate or growth temperature [5,27,41]. In 2009, Akiyama et al., showed that there
was a significant decrease in the crystal quality of films deposited above 400 °C as shown in
Figure 6 [27]. Additionally, this decrease in crystal quality was proposed to be the result of
a drastic increase in the size and disorder of grains when the growth temperature exceeded
400 °C. Moreover, Zukauskaite et al., showed that at high growth temperatures above
400 °C and higher Sc concentrations, there was a structural degradation into Al-rich and
Sc-rich domains, which most likely contributed to the reduction in crystal quality [41]. Like-
wise, it was found that the number of non-c-axis oriented grains decreases with increasing
substrate temperature up to 375 °C before increasing again with subsequent temperature
increase [33]. On account of these investigations, the vast majority of literature utilizes a
sputtering temperature that is less than or equal to 400 °C.
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Figure 6. Effect of substrate temperature on (a) XRD intensity, (b) FWHM, (c) grain size, and
(d) piezoelectric response. Reproduced with permission from Ref. [27].

(b) Effect on Electric Properties: As mentioned in the previous section, the crystal qual-
ity of ScxAl; 4N films deteriorates significantly when the substrate temperature exceeds
400 °C. Since the electrical properties of the film are dependent on the crystal quality, this
means that they too should degrade after surpassing the temperature threshold. Indeed,
this is supported by the data presented in the literature. When Tqpstrate > 400 °C, there is
a significant increase in the leakage current [41]. Additionally, the piezoelectric response
was shown to drop off drastically when Tgypstrate > 400 °C as shown in Figure 6d [27]. The
degradation of the electric properties such as piezoelectric response could also be linked to
the formation of Al-rich and Sc-rich clusters, which occurs at higher temperatures [22]. To
conclude, it is vital to minimize the substrate temperature during the deposition of thin-film
ScxAl;_xN because exceeding the threshold temperature of approximately 400 °C leads to
a significant reduction in crystal quality and electric properties while also excluding the
film from being easily integrated into CMOS devices.

4. Conclusions

In summary, key sputtering parameters for the deposition of ScyAl; _xN such as target
design, sputtering atmosphere, sputtering power, and substrate temperature are vital
for depositing high-quality thin films, achieving desired stoichiometry, and meeting the
required film thickness. Moreover, this review has shown that these qualities directly
impact the degree of c-axis orientation, grain size, and surface roughness of the deposited
films. Additionally, the electric properties of ScxAlj_N films share a clear dependence
on the crystal quality of the film. It should be stated that there is no one set of sputtering
parameters that is ideal for all applications. Therefore, it is impossible to say definitively
what the ideal target design, sputtering atmosphere, sputtering power, and substrate
temperature should be. However, some overarching truths can be gleaned from the review
of current literature on the sputtering of ScxAl;_«N. These are as follows:

(1) Sputtering target design is essential to ensure the Sc and Al composition in the
ScxAlj_«N films. In general, single-alloy targets appear to be better when depositing
films with Sc concentrations less than 30%, whereas dual co-sputtering targets are
better suited for applications where concentrations exceed 30% and when the precise
control of Sc content is necessary. Lastly, segmented targets are interesting in the
ability to combine the advantages of both single-alloy targets and dual co-sputtering
targets, but they are less applicable for industrial applications.
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(2) In general, sputtering pressures should be kept between 0.4-0.6 Pa to avoid the issues
associated with extremely low or high pressures. Moreover, the gas flow ratio should
be kept such that there is between 30% and 35% N, present.

(3) Increased sputtering power can benefit the crystal quality and electric properties
of ScxAl;_xN. However, there exists a maximum power density whereupon further
increase the film quality will become damaged.

(4) Substrate temperature should not exceed 400 °C during the deposition of ScxAl;_«N.

These insights and this comprehensive analysis can serve as reference points for
any novel research project utilizing the sputtering of ScxAl;_yN thin films. Moreover, by
utilizing this review future researchers should be able to quickly tune and adjust their
sputtering processes to rapidly obtain exceptional results.
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