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Abstract

Radio Frequency (RF) magnetron sputtering is a pivotal technique in
thin-film deposition, renowned for its versatility and precision in
producing high-quality crystalline films. This method excels in
delivering uniform film deposition, high reproducibility, and
adaptability for both insulating and conductive materials. Among the
materials deposited using RF magnetron sputtering, Aluminum Nitride
(AIN) has gained attention due to its wide bandgap, high thermal
conductivity, and excellent breakdown voltage. Over the years,
researchers have successfully deposited c-axis-oriented AIN films with
thicknesses ranging from 8 nm to 2.75 pm, typically on small wafers (2-
4 inches) at temperatures up to 900 °C. This mini-review explores the
fundamentals, working principles, and application of RF magnetron
sputtering for AIN thin film deposition. The novelty lies in synthesizing
existing literature on RF magnetron sputtering for AIN deposition and
systematically linking key sputtering parameters (RF power, working
pressure, gas flow ratio, substrate temperature, target-to-substrate
distance, and post-annealing) to film properties, while highlighting the
challenges of scaling up to larger wafers. These insights offer a practical
reference for optimizing AIN deposition at larger scales.

1. Introduction

Among techniques to be used in thin-film deposition, radio frequency (RF) magnetron sputtering has emerged as
a reliable and versatile method, renowned for its ability to produce high-quality crystalline films with excellent
control over film properties [1]. Its adaptability in depositing a broad range of materials, including both insulating
and conductive targets, has made it a preferred method for researchers and industries [2]. Compared to other
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deposition techniques, RF magnetron sputtering excels in providing uniform film deposition, high reproducibility,
and compatibility with various substrate materials, even at relatively low substrate temperatures. These
advantages make it an essential tool for applications requiring exceptional precision, such as in microelectronics,
optoelectronics, and high-frequency devices [3].

RF magnetron sputtering operates by utilizing RF power to generate a plasma, which facilitates the ejection
of atoms from a target material onto a substrate. This technique enables precise control over critical deposition
parameters, including RF power, working pressure, gas flow ratio, substrate temperature, target-to-substrate
distance, and post-annealing. These factors play a pivotal role in determining the thin film's properties, such as
crystallinity, thickness, and morphology [4, 5]. Moreover, the alternating electric field in RF sputtering overcomes
the issue of charge accumulation on insulating targets, a common limitation in direct current (DC) sputtering,
broadening the range of materials that can be effectively deposited [6].

Among the materials that can be deposited using RF magnetron sputtering, Aluminum Nitride (AIN) is
particularly attractive due to its wide bandgap, high thermal conductivity, and excellent breakdown voltage. For
example, AIN thin film is widely employed as a buffer layer in Gallium Nitride (GaN)-based High Electron Mobility
Transistors (HEMTSs) to enhance structural integrity and mitigate lattice mismatch [7]. RF magnetron sputtering
has proven to be an effective technique for depositing high-quality AIN thin film, offering precise control over
deposition parameters to tailor film quality [8]. Therefore, this mini review provides an overview of RF magnetron
sputtering, emphasizing its fundamental principles and targeted applications in the deposition of AIN thin film.

2. Fundamental Theory of RF Magnetron Sputtering

In a magnetron sputtering system, plasma generation is a critical process that depends on achieving electrical
breakdown. Once this breakdown is reached, a stable plasma forms, facilitating efficient ion bombardment of the
target material [2, 9]. The ions generated within the plasma are essential for sputtering, as they dislodge atoms
from the target surface. Electrical breakdown occurs when the electric field between the electrodes exceeds a
critical threshold, ionizing gas molecules to form plasma. This ionization process follows the Townsend discharge
mechanism, where free electrons gain energy from the electric field, collide with neutral gas atoms, and cause
further ionization, initiating a cascade effect [10]. The dynamics of this process are described by Equation 1.

1
a =—exp (<Ei/.) )

e

where,

a : first Townsend coefficient

A, : mean free path of an electron

E; : ionization threshold of the gas

& : electron energy colliding with a gas atom

During the sputtering process, energetic ions bombarding the target surface can eject secondary electrons
[11]. This ejection occurs through two primary mechanisms: potential electron emission (PEE), which releases
electrons due to ion neutralization, and kinetic electron emission (KEE), resulting from energy transfer as ions
penetrate the target material [12]. The efficiency of secondary electron emission (SEE) is quantified by the
secondary electron emission coefficient, as defined in Equation 2 [13].

Yy = ]T |cathocle (2)
J
where,
y : secondary electron emission coefficient
j~ 1 current density of electrons
j* current density of ion

For metallic targets, singly charged metal ions are unable to induce potential electron emission, resulting in
negligible SEE during the self-sputtering process, with the SEE coefficient effectively being zero [4]. However,
during AIN deposition using a metallic aluminum target, the introduction of nitrogen in the sputtering atmosphere
significantly alters the surface interactions. Although the aluminum target inherently exhibits a low SEE
coefficient, the reactive nitrogen environment modifies surface energy dynamics. This interaction facilitates some
degree of SEE, as ionization and collisions with nitrogen ions alter the surface conditions, enabling electron release
[14].
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The relationship between breakdown voltage and gas pressure in the sputtering chamber during the
deposition process is further described by Paschen’s Law, as shown in Equation 3 [15]. The constants used in
support of Equation 3 are listed in Table 1.

Bpd
Ve = g (3)

In(4pd) — In (In (1 + %))

where,

Vg :  breakdown voltage

Aand B 1 constants that depend on the gas type
p 1 gas pressure

d 1 distance between the electrodes

y :  secondary electron emission coefficient

Table 1 Constants for Townsend ionization

Gas A (cm1Torr1) B (V/cmTorr)
Air 14.6 365
Hz 5 130
Ar 13.6 235
\P 11.8 325
He 2.8 3.4
H20 12.9 289
CO: 20 466

The next essential parameter is the sputter yield, which quantifies the efficiency of material ejection from the
target under energetic ion bombardment. It is defined as the number of atoms ejected from the target surface per
incidention [16, 17]. The sputter yield is also used to determine the sputter rate, as outlined in Equation 4 [4].

R=_"Ji 4)
entarget
where,
R ! sputter rate
Ji : ion current density
e 1 electron charge
Negrger + atomic density of the target

To enhance the lifetime of electrons escaping from the cathode and to capture them near the cathode target,
magnetic fields were introduced in sputtering systems as early as 1936 [18]. Figure 1 shows a schematic of a
magnetron sputtering system. In a magnetron sputtering system, the electron trajectory becomes more complex
due to the combined effects of magnetic and electric fields. In the absence of an electric field, electrons spiral
within the magnetic field, following a path determined by their cyclotron angular frequency and gyration radius,
as outlined in Equations 5 and 6 [4].

Penerbit
UTHM



Emerging Advances in Integrated Technology Vol. 6 No. 2 (2025) p. 11-26 14

Anode

- . - Grounded
Magnets ring
Fig. 1 Configuration of magnetron sputtering system, redrawn from [4] with modifications

L (5)
ce —
me
where,
Wee : electron cyclotron angular frequency
e 1 electron charge
B :  magnetic field
m, : electron mass
u u
oo = ok = Zedlle (6)
Wee eB
where,
Tee : gyration radius
Uy : electron velocity perpendicular to the magnetic field
Wee : electron cyclotron angular frequency
m, :  electron mass
e 1 electron charge
B :  magnetic field

3. Working Principle of RF Magnetron Sputtering

The working principle of RF magnetron sputtering involves generating plasma within a vacuum chamber by
applying an RF electric field to a target material, typically positioned on a magnetron. This RF field ionizes the
chamber's gas (usually argon), creating a plasma composed of ions and electrons. The electric field accelerates the
ions toward the target, causing them to collide with it at high energies. These collisions dislodge atoms from the
target surface, a process known as sputtering. The ejected atoms then travel through the chamber and deposit
onto a substrate, forming a thin film. RF power is beneficial for sputtering insulating or reactive materials, as it
enables continuous plasma generation, even when the target material is not prone to emitting electrons [5].

Figure 2 shows the common magnetic designs. In a balanced magnetron configuration, the magnetic field is
symmetrically distributed around the target, promoting a uniform plasma density and ensuring a stable sputtering
process. This setup optimizes the use of target material while minimizing the scattering of sputtered atoms,
leading to high-quality films with excellent uniformity [1].

In contrast, unbalanced type [ magnetron systems feature a magnetic field that is stronger on one side of the
target, resulting in increased ionization of the sputtered material. This asymmetry enhances the deposition rate
and offers better control over film properties, such as composition and microstructure. However, the increased
ionization can also cause more ion bombardment on the substrate, potentially affecting the film's characteristics
[19-21].

Unbalanced type Il magnetron sputtering further intensifies this effect by employing a more pronounced
asymmetrical magnetic field, creating a highly ionized plasma. This configuration provides greater control over
the deposition process, particularly in reactive sputtering applications where film composition and stoichiometry
are critical. Additionally, unbalanced type II systems excel at depositing high-quality films on complex substrate
geometries, ensuring uniform deposition rates across various surface profiles [22, 23].
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(b)

E f B E B

©

Fig. 2 Configuration of magnetron sputtering (a) balanced; (b) unbalanced type 1; and (c) unbalanced type 2,
redrawn from [4] with modifications

For decades, innovations using large cylindrical targets have been central to large-area coatings. This
configuration places the cathode target inside a cylindrical tube, with the magnet assembly positioned within the
cylinder, as illustrated in Figure 3. One significant benefit of rotating magnetrons is their improved target
utilization, achieving efficiency levels of 80-90% compared to stationary magnetrons [24-26]. Additionally,
rotating magnetrons enhance the uniformity of the deposited film across larger substrates, making them highly
beneficial for industrial-scale thin film deposition. This is particularly useful in applications such as solar cells,
architectural glass coatings, and semiconductor devices [27].

Rotating target

Target Shield

Fig. 3 Rotating magnetron sputtering configuration, redrawn from [4] with modifications

4. RF Magnetron Sputtering for Aluminum Nitride Deposition

Figure 4 illustrates the RF magnetron sputtering system used for AIN thin film deposition. The important
parameters influencing the preferred AIN properties are RF power, working pressure, gas flow ratio, substrate
temperature, target-to-substrate distance, and post-annealing. For instance, working pressure is related to the
mean free path: a lower working pressure increases the mean free path, allowing higher-energy aluminum and
nitrogen species to reach the substrate and typically promote c-axis orientation. In contrast, higher working
pressure or a relatively large target-to-substrate distance compared to the mean free path reduces the arriving
species’ energy, which may lead to non-c-axis orientations such as a-axis [28, 29].

Figure 5 shows an example of the AIN thin film deposited using RF magnetron sputtering from a previous
study. Atomic Force Microscopy (AFM) analysis revealed that the film exhibited a root mean square (RMS) surface
roughness of 13.17 nm. The X-ray Diffraction (XRD) pattern confirmed that the AIN film had a strong (002)
orientation. X-ray Photoelectron Spectroscopy (XPS) further indicated the presence of O 1sand C 1s peaksat ~532
eV and ~285 eV, respectively, suggesting surface contamination. To achieve the (002) orientation, the study
employed a N, flow rate of 20 sscm, an RF power of 500 W, and a substrate temperature of 600 °C, using a
relatively small Al target of 3 inches in diameter. This AIN 002 is further used as a buffer layer for GaN deposition,
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resulting in high-quality GaN (002) with FWHM of 1.03°, increasing quality from 3.99° without AIN [30]. Hence,

RF magnetron sputtering for depositing high-quality AIN thin film is very promising.

Table 3 further summarizes other studies utilizing RF magnetron sputtering for AIN thin film deposition. This
data shows that highly c-axis-oriented AIN can be achieved on a wide range of substrates across a broad
temperature window from room temperature up to approximately 900 °C. The reported films also vary
significantly, ranging from ultrathin layers of around 8 nm to thick films exceeding 2.75 pm, depending on
deposition conditions. Despite these advances, most studies remain limited to small wafer sizes, such as 2 - 4

inches.

Cathode

Rotating

To pump

oy

Magnet

Ar N,

Fig. 4 AIN deposition process using RF magnetron sputtering, redrawn from [31] with modifications

Fig.5 (a) AFM; (b) XRD; (c) XPS survey spectrum; and (d) XPS core level for AIN deposited by RF magnetron
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5. Scale-up Challenge Perspectives

RF magnetron sputtering is a highly effective technique for producing c-axis-oriented AlN films, which are critical
for various applications. Recent research has predominantly utilized RF magnetron sputtering systems with small
target diameters, typically around 3 inches, primarily designed for academic studies. While this setup has proven
effective for depositing AIN films mostly on wafers 2 - 4 inches, as shown in Table 3, it falls short when addressing
the needs of industrial applications. To meet industrial-scale requirements, a shift toward larger wafer sizes, such
as 8 inches or more, is essential [32]. This transition requires magnetron systems with larger targets (typically
around 12 inches) and appropriately redesigned vacuum chambers.

A key challenge in scaling up is maintaining uniform AIN deposition across the entire wafer. Achieving
consistent film thickness and crystalline orientation on 8-inch wafers is more difficult, as sputtering rates, gas
distribution, and ion flux can vary across the substrate. Such variations can negatively affect device performance
and reliability [33]. Optimizing deposition parameters is therefore essential. Strategies include adjusting RF
power density, improving argon-nitrogen gas distribution (for example, using multi-zone gas inlets), tuning the
working pressure and target-to-substrate distance, and applying variable rotation speeds to both the target and
substrate. For instance, many reports indicate that academic systems typically operate at a few hundred watts for
3-inch targets, and 12-inch targets require proportionally higher RF power to maintain uniform plasma density
across the erosion racetrack [34, 35]. Further relation between each sputtering parameter on the deposited AIN
film is shown in Figure 6, observed from the existing literature listed in Table 2. This relationship can be used as
a reference for large wafer transition using a large target size.

Scaling up also changes chamber dynamics. As the target and chamber size increase, plasma behavior
becomes more complex, potentially causing variations in the energy and trajectory of sputtered species [36].
Addressing these issues requires a detailed investigation into how chamber size influences plasma stability, ion
bombardment uniformity, and target erosion patterns. Advanced simulation techniques, including computational
fluid dynamics (CFD) and plasma modeling, offer powerful tools to analyze these dynamics and provide actionable
insights for optimizing sputtering system design. Experimental diagnostics, particularly optical emission
spectroscopy (OES) and Langmuir probes, are essential for validating plasma behavior. While previous studies
have mainly focused on these diagnostics in small chambers [37-39], there is a clear gap in the literature for large-
area systems, making such investigations particularly valuable.

Table 2 Overview of AIN thin film deposition using RF magnetron sputtering

Year Author Substrate Size  Temperature Plane Thickness Deposition Parameter
direction
2014 Shihetal Si(100) 2" 200°C (002), 1.76 um The optimum condition is
[40] (100) using a gas ratio (N2/Ar +

Nz) of 40%, RF power 400
W, and working pressure
4mTorr. RMS value was
measured at 1.9 nm. The
device was used for
surface acoustic wave
application, with the
phase velocity reaching

4,996 m/s.
2015 Kumada et Nitride 2" 823,873, (002) 1.6 um The growth rate is 2.4
al. [41] sapphire and 923 °K um/h (RF power: 900 W)

and 2.9 um/h (RF power:
1,000 W). The edge-type
dislocation density is
estimated at 1010 cm-2,
and the screw and mixed
dislocation density is
estimated at 10° cm2

2015 Morietal Si(100) - 200-400°C (002), 120 nm The optimum parameter
[42] (101) is 35% Nz, working
pressure of 2 mTorr, and
RF power of 250 W,

resulting growth rate of 2
nm/min. RMS value was
15 nm.
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Year

Author

Substrate

Size

Plane
direction

Temperature

Thickness

Deposition Parameter

2016

Kang et al.
[43]

Patterned
sapphire
substrate

500 °C (002)

200 nm

The optimum RF power
used was 500 W, with an
RMS value was 8.278 nm.

2016

Miyake et al.
[44]

c-plane
sapphire

650 °C (002),

(1012)

170 - 340
nm

The post-annealing
temperature used is 1,600
- 1,700 °C for 1 hour. The
RF power used was 700
W, and an Ar/N: ratio of
0.33. The roughness
varied from 0.40 nm to
0.91 nm.

2017

Jinno et al.
[45]

c-plane
sapphire

Room
temperature,
300 and 600
oC

(002),
(1120)

30 nm

The RF power used was
450 W, with the Ar and N2
flow rates used was 5
standard cc/min. The
annealing process was
conducted at 1,600 °C.
The RMS value increased
from 0.18 nm to 2.47 nm.

2017

Jeong et al.
[46]

c-plane
sapphire

700 °C (002)

30 nm

The RF power used was
300 W, with an N2 flow
was 90 sscm. The RMS
value was 0.270 - 1.828
nm.

2018

Cascajero et
al. [47]

p-Si(111)

450 °C (002)

8-25nm

The variation of RF power
used was 150 - 225 W.
The roughness was below
1.7 nm.

2018

Chenetal
[48]

Diamond(111)

400 °C (002),

(100)

1.2 pm

The parameter used was
the variation of total
pressure in the reactor
(0.2 - 0.6 Pa) and Ar/Nz
ratio (3:1, 5:2, 2:1, 5:3,
and 3:2). The sample
rotation used was 30
r/min. The RF power used
was 250 W. The
electromechanical
coupling coefficient was
6.2 %, with the resistivity
was 2.88 x 102 Qcm.

2018

Hakamata et
al. [49]

c-plane
sapphire

650 °C (002),

(1012)

200 nm

The thin film was
annealed at 1,700 °C for 3
hoursin an N>
atmosphere. The RF
power used was fixed at
700 W. The full width at
half maximum (FWHM)
value was 97 - 214 arcsec.

2019

Huang et al.
[50]

c-plane
sapphire

650 °C (002),

(1012)

50 nm

RF power used was 750
W. The parameters used
were annealing time (0 -
6 hours) and annealing
temperature (1,450 -
1,550 °C). The FWHM
values for (002) and
(1012) were 28 and 410
arcsec, respectively.
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Year Author

Substrate

Size

Temperature Plane Thickness Deposition Parameter
direction

2019 Keetal [51]

Sapphire

550 °C - - The AIN film layer was
deposited through the
hybrid method. The N2
flow rate was 1.4 sscm,
with an RF value of 50 W.
The leakage current
density was 4.38 x
107°A/cm?.

2019 Ishimoto et
al. [52, 53]

c-plane
sapphire

600 °C (002), 20 nm The RF power used was
102 450 W. The piezoelectric
p
field was varied from 3.48
to 3.72 MV/cm, with an
efficiency drop of 4 - 13
%.

2019 Geetal [54]

c-plane
sapphire

200°C (002) 2.75 pm The RF power used was
300 W, with working
pressure at 0.8 Pa, Ar:N2
ratio of 1:3, and
sputtering time varied
from 60 to 120 minutes.
The surface roughness is
aslow as 2.012 nm, and
the resistivity reached
4.36 x 102 Qcm.

2020 Songetal
[55]

Sapphire(002)

N

460 -610°C (002), 700 nm The FWHM value was

at 30° (1011) 2,455.2 arcsec for the

interval (002) plane and 3,992.4
arcsec for the (1011)
direction.

2020 Zengetal
[56]

Sapphire

550 °C - 25 nm The RF power used was
fixed at 50 W, with the
background pressure
fixed at 10-7 Torr.

2020 Fengetal
[57]

c-plane
sapphire

650, 800, (1122) 500 nm The working pressure was

and 900 °C kept at 5 mTorr, with the
annealing process
conducted at 1,600 °C for
4 hoursina 150 Torr N2
atmosphere. The surface
roughness varied from
0.376 nm to 5.433 nm.
The optimum deposition
temperature was 800 °C,
with the threading
dislocation density was
7.5 X 10°cm™2.

2020 Bakrietal
[58]

Si(100)

o7

Room polycryst  199.85 The Ar and N2 gases used

temperature alline nm were 100 sscm and 50
sscm, respectively. The
working pressure was set
at 5 mTorr, and the RF
power was 200 W.
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Year Author

Substrate

Size

Temperature

Plane Thickness
direction

Deposition Parameter

2020 Guetal [59]

c-plane
sapphire

>

550 - 770 °C

(002), 200 nm
(1012)

The RF power was set at
2,000 and 3,000 W, with
the Nz gas flow being 100
- 180 sscm. The post-
annealing treatment was
performed at 1,700 °C for
3 hours. The RMS value
increased from 1.51 to
1.93 nm.

2021 Lietal [60]

c-plane
sapphire

o7

650 °C

(002), 25 nm
(1012)

The annealing
temperature used was
1,500 °C in the Hz and N2
mixture atmosphere for
30 minutes. The N2 gas
flow rate used was 200
sscm, with fixed RF power
at 750 W.

2021 Uesugietal
[61]

c-plane
sapphire

600 °C

(002), 300 nm
(004),
(006)

The RF power is setat 700
W. The RMS value was
measured at less than
0.25 nm. The dislocation
found was a screw type
and mixed-type.

2021 Shojiki et al.
[62]

c-plane
sapphire

(002), 190 nm
(1012)

The FWHM value for the
(002) plane was 15
arcsec, and for the (1012)
plane was 280 arcsec.

2022 Pengetal
[63, 64]

Sapphire

350 °C

(100), -
(110)

The deposition time was 1
hour, working pressure at
0.5 Pa, N2 flow rate of 1 -
6 sscm, and RF power of
100 W. The band gap
energy varied from 4.48
to 5.58 eV.

2022 Liuetal
[30]

p-Si(111)

400 - 800 °C

(002), 450 nm
(100)

The working pressure was
maintained at 3 mTorr,
with substrate rotation of
10 rpm. The RF power
was varied from 300 to
500 W. Another
parameter was the N2
flow rate ratio from 50 to
100 %. The RMS value
was decreased from 13.17
nm to 2.57 nm as the N2
flow rate increased.

2023 Ueokaetal
[65]

Si(100) and
Si(111)

(002), -
(1012)

The power used was 200
W under a 0.3 Pa mixture
of N2 and Ar atmosphere.

2024 Liuetal
[66]

p-Si(111)

- 150 nm

The photoluminescence
was performed at 100° K
with an emission peak at
3.37 eV (367 nm).
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Year Author Substrate Size  Temperature Plane Thickness Deposition Parameter
direction
2024 Azmanetal Si(100) 4" - (002) 177.87 - The dominant (002) peak
[67] 191.6nm  was obtained near the

target source. The RF
power used is 300 W with
a background pressure of
1 X 107° Torr and
working pressure of 3

mTorr.
Crystallinity
Sputteri High D iti
puttering . ( lg_ Grain Size | Roughness eposition Stress Density Remark
Parameter | intensity, Rate

low FWHM)

Excessive power
causes
oversputtering
and rough
surface. ‘
Increased mean
free path

Increase in
RF power

Decrease in

working enhances
pressure adatom
mobili
Maximum 40 -
. 50%. Too high
Medium N,
. N, causes target
flow ratio

poisoning and
reduces rate.

Increase in Atleast 200 °C.
Hich .
substrate — igher mobility
enhances crystal
temperature .
alignment.

Higher arrival
energy; too

Decrease in

target-to-
g close affects
substrate
. bombardment-
distance

induced stress.

Typically
Post 600-1100 °C,
annealing — some studies
use up to 1600
°C.

Increase

Slightly increase
Neutral/not related
Slightly decrease
Decrease

Fig. 6 Relationship of magnetron sputtering parameters on the properties of AIN thin film
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6. Conclusion

This mini review highlights the fundamental theory of RF magnetron sputtering, its working principle, and its
application for AIN thin film deposition. Researchers have deposited AIN (002) films ranging from 8 nm to
2.75 um, mostly on small wafers of 2 - 4 inches and at high temperatures up to 900 °C. The main challenge is
scaling up wafer sizes and chamber systems to meet industrial demands. The mini review highlights the critical
relationship of sputtering parameters, including RF power, working pressure, gas flow ratio, substrate
temperature, target-to-substrate distance, and post-annealing, that affect film properties such as crystallinity,
grain size, roughness, deposition rate, stress, and density of AIN films. To further support scale-up, advanced
simulation approaches and experimental diagnostics are suggested to understand plasma behavior in larger
chamber configurations. Overall, these insights serve as a practical reference for optimizing AIN deposition at
industrially relevant scales.
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