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1 Introduction

ABSTRACT

SAC305 (96.5 wt% Sn, 3 wt% Ag, 0.5 wt%Cu) solder is increasingly becoming
popular due to its reliability good characteristics and performance in addition
to the environmental concerns and regulations that restrict the use of lead in
nano/microelectronic products. In nano/microelectronics, manufacturing smooth
solder coatings free of defects such as voids and cracks, which can compromise
joint reliability is crucial. Magnetron sputtering offers a high degree of control
over film thickness and composition, resulting in films with excellent uniform-
ity and adhesion. Despite these advantages, fabricating continuous and robust
SAC305 films using magnetron sputtering remains a difficult task with limited
research addressing these Challenges. To address these challenges and obtain
an enhanced surface morphology property, we focus on fabricating SAC305 thin
films by optimizing the magnetron sputtering parameters including sputtering
power and pressure, and by using various substrates. Field emission-scanning
electron microscopy imaging, energy-dispersive X-ray spectroscopy, X-ray dif-
fraction, and atomic force microscopy were used to evaluate the quality of the
thin films.

due to their low melting temperature and good wet-
ting properties, but they are being phased out due

Electronic devices consist of various components,
including resistors, transistors, capacitors, induc-
tors, diodes, and others. These components are inter-
connected using solders at various levels to ensure
mechanical and electrical continuity. The intercon-
nection technology has advanced from conventional
automated wire and tape bonding to flip-chip tech-
nology due to reliability, high electrical performance,
and package miniaturization [1, 2]. Sn—Pb solder
alloys have been widely used in nano/microelectronics
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to regulations and Pb toxicity concerns [3]. SAC305
(96.5%Sn-3%Ag-0.5%Cu) solder is evolving as a
promising alternative material to Sn—Pb solders due
to its low eutectic temperature, exceptional conform-
ity with other components, non-toxicity, and superb
mechanical/structural properties [4-6].

The rapid evolution of digital electronics, exempli-
fied by Artificial Intelligence (Al) and high-perfor-
mance computing (HPC), has created unprecedented
demands for computers with remarkable memory,
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speed, and computational capabilities. In response to
these demands, the number of transistors per unit area
on microchips has been exponentially increasing, in
line with Moore’s Law, while chip sizes continue to
shrink. However, to address the growing complexity
of system integration requirements, such as high I/O
connections, there is a critical need for the develop-
ment of smooth and continuous thin film solders. Such
solders must facilitate fast signal transfer, minimize
power consumption, and efficiently dissipate heat.
Achieving a smooth and continuous surface topogra-
phy in the deposited solder is essential for its effective
use in nano/microelectronics applications. Addition-
ally, the microstructure and properties of the solder
joints significantly influence their performance. Spe-
cifically, thin film solders with smooth surfaces and
without imperfections yield superior electrical and
thermal conductivity, strong adhesion, and excep-
tional reliability [7-10]. The microstructural charac-
teristics of these micro and nanoscale solders are not
fully understood. Further research could lead to the
optimization of the joining processes and improve
the electrical properties and reliability of the joints
through the establishment of correlations between
fabrication, microstructure, and properties.

In general, the properties of deposited thin films
depend on numerous factors, such as substrate type,
substrate cleaning, pressure, gas type, gas flow, tem-
perature, current density, and bias voltage [11]. How-
ever, adjusting these parameters could impact films’
deposition rate, adhesion, grain size, and thickness
resulting in different film morphology, microstructure,
hardness, Young’s modulus, and electrical resistivity
[12]. Magnetron sputtering is one of the traditional
methods for depositing solder alloys onto chip bond
pads in flip-chip technology. In magnetron sput-
tering, materials are transported atom by atom in a
vacuum chamber from a target and deposited onto
a substrate surface [13]. The film thus produced has
various advantages over films produced by other
PVD methods, such as excellent mechanical proper-
ties, good adhesion to the substrate, high deposition
rate, good thickens uniformity, and scalability to large
areas [14, 15]. Chan and Teo [16] demonstrated that
controlling sputtering power and deposition pressure
in DC magnetron sputtering of copper films on p-type
Siled to optimized growth, improved deposition rates,
excellent electrical properties, and structural quality.
Similarly, Shah et al. (2010) stated that working pres-
sure, temperature, and power significantly affected the
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microstructural characteristics of Chromium Nitride
(CrN) films deposited on Si(100) substrates using
reactive magnetron sputtering. The preferred orienta-
tion, grain size, crystallinity, and texture coefficient
of CrN films depended on the sputtering conditions
[17]. However, the fabrication of smooth, continuous,
and robust thin SAC305 films is particularly challeng-
ing, and limited research has addressed the challenges
of fabricating such films. The post-annealing process
after deposition is likely to contribute to the improve-
ment of the surface morphology and crystallinity of
the thin films. The annealing process for metals con-
sists of three main stages: recovery, recrystallization,
and grain growth. In the recovery stage, the metal’s
physical properties, such as thermal expansion and
electrical conductivity, are restored as dislocations in
the crystal move to stress-free environments [18, 19].
This process softens the metal and sets the stage for
recrystallization [18, 19]. The metal is heated above
its recrystallization temperature during recrystal-
lization, allowing new stress-free grains to replace
the deformed ones. The final stage and grain growth
occur if annealing continues after recrystallization.
This grain growth tends to make the metal’s micro-
structure coarse and hence reduces its strength [18,
19]. Abbas et al. explored the effects of annealing
on silver thin films fabricated using physical vapor
deposition [20]. The films were annealed at 100 °C to
800 °C in a vacuum oven for 20 min. The study found
that lower annealing temperatures resulted in porous,
interconnected nanoparticles, while higher tempera-
tures led to distinct nanoparticles of various sizes
and shapes [20]. Liu et al. studied the deposition of
CoygFeyoB1Dy;, thin films on glass substrates using
DC magnetron sputtering [21]. The films, with 10 to
50 nm thicknesses, were heat-treated at temperatures
between 100 and 300 °C. A notable outcome, the sur-
face roughness (R,) decreased as the annealing tem-
perature increased, suggesting that higher annealing
temperatures produce smoother films [21].

To produce continuous and robust SAC305 thin
films represented a mounting challenge that required
optimizing the magnetron sputtering parameters
including sputtering power and pressure in addition
to using various substrates (silicon, gallium arsenide,
sapphire, and glass). The goal is to produce SAC305
thin films of enhanced surface morphology proper-
ties. Silicon, gallium arsenide, and sapphire are used
in the semiconductor industry for various applications
[22]. Silicon is the most used semiconductor material
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because it is abundant, easy to process, and possesses
good electrical properties [22]. Most of the integrated
circuits which are the building blocks for electronic
devices and solar cells are fabricated from silicon
[22]. Gallium arsenide is a compound semiconductor
with higher electron mobility and a wider bandgap
compared to silicon, making it best suited for high-
frequency and high-power applications. Gallium arse-
nide is used in microwave, radiofrequency, and opto-
electronic devices [23]. Sapphire, a crystalline form of
aluminum oxide (Al,O;) is used as a semiconductor
material [24]. Sapphire has a high thermal conduc-
tivity and is transparent in the visible and infrared
regions, which makes it useful in high-temperature
applications and optoelectronics [24]. A comprehen-
sive heat treatment was conducted in a vacuum fur-
nace to improve the surface morphology of the films.
The SAC305 thin films were characterized using field
emission—scanning electron microscopy (FE-SEM),
energy-dispersive X-ray spectroscopy (EDS), and
atomic force microscope (AFM).

Ojha et al. [25] discussed SAC305 solder thin film’s
structural/mechanical properties including creep
properties and electrical resistivity measurements. In
the current manuscript, we only discuss the process of
fabricating SAC305 solder films using various RF and
DC sputtering process parameters including pressure
and power to fabricate continuous and robust SAC305
films. We also discuss an extensive annealing process
that was intended to improve the surface morphology
of the fabricated SAC305 films. Additionally, we also
present multiple SAC305 films deposited on various
substrates (Si, GaAs, sapphire, and glass) and inves-
tigate the substrate effect on the quality of the films.

2 Experimental setup

This study investigated the deposition of SAC305
thin films on various substrates: silicon (Si), gallium
arsenide (GaAs), sapphire (Al,O;), and silicon diox-
ide (5i0,). A single high-purity (99.99%) SAC305
(96.5 wt% Sn, 3.0 wt% Ag, 0.5 wt% Cu) 2" diameter
and 0.25" thick target was acquired from ACI Alloys
for all films” depositions. Before deposition, 100 mm
diameter substrates of Si, GaAs, Al,O5, and SiO, were
obtained from University Wafers. The Si and GaAs
wafers had a thickness of 500 um and a (100) crystal-
lographic orientation. The Al,O; substrate has a thick-
ness of 650 um, while the SiO, substrate has the same
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thickness (500 pm) as the Si and GaAs wafers. All sub-
strates were then sectioned into a 2 x 2 cm squares for
the deposition process.

The purpose of selecting various substrates is to
examine whether the failure of fabricating continuous
and robust films is caused by the substrate type. All
the Si wafers were prepared by the industry-standard
RCA cleaning procedure [26]. The cleaning procedure
consists of two stages: standard cleaning-1 (SC-1) and
standard cleaning-2 (SC-2). For the SC-1, the Si wafer
was dipped into a mixture of water (H,O), ammo-
nium hydroxide (NH,OH), and hydrogen peroxide
(H,O,) with ratios of 5:1:1 for 10 min at 80 °C. This step
removes any organic contaminants, oxides, and quartz
surfaces from the surface of the substrate wafer. Imme-
diately after that, the wafer was cleaned in deionized
(DI) water at room temperature. In the SC-2 stage, the
wafer is dipped into a solution of H,O, hydrochloric
acid (HCl), and H,O, with ratios of 5:1:1 for 10 min at
80 °C. This step is envisioned to remove alkali resi-
dues and traces of metals, such as Au and Ag, from
the wafer surface. The Si wafer was then again cleaned
in DI water at room temperature. The Si wafer was
exposed to ultrasonic cleaning in an acetone solution
for 3 min to eliminate any remaining organic compo-
nents and residues. A high-pressure nitrogen blower
was employed to dry the Si substrate.

An ATC Orion-8 Magnetron Sputter Coater from
AJA International was used to sputter the SAC305
films. The chamber features 8 2-in magnetron sputter
guns with mechanically controlled shutters operated
by pressurized air. A high-performance turbomo-
lecular pump, which is assembled with the system,
is intended to reduce the chamber’s internal pressure
to approximately 1.33 x 107 Pa. A gate valve that is
connected to the turbomolecular pump regulates this
pressure during deposition. The substrate holder is
positioned at the top of the chamber, maintaining a
distance of 150 mm from the sputter targets. The sub-
strate holder is designed with precise control and ver-
satility. It offers a rotational speed range of 0—40 RPM,
to allow for an accurate substrate rotation, and ensure
an even, and uniform sputtered coatings. Additionally,
the holder features a heating function that can reach
up to 850 °C, operable in both local and remote modes.
A slow temperature ramp-up is required to prevent
warping of the transferable substrate carrier, with a
recommended ramp time of 90 min to maximum tem-
perature. Argon gas is the sputtering medium, with
its flow rate managed by a mass flow controller. The
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chamber is outfitted with three 750 W DC and one 300
W REF sputter gun for versatile sputtering options.
After loading the clean Si wafers to the substrate
holder of the RF magnetron sputtering system, the
chamber was pumped down to a high vacuum pres-
sure of 5.33 x 107 Pa to 1.078 x 10~ Pa. The Ar flow
was kept constant at 20.5 SCCM during deposition.
Uniform thickness was accomplished (+ 5% error) with
a 20 RPM substrate holder rotation, fixed at 150 mm
from the target. The base pressure in the chamber
before sputtering was 4 Pa. SAC305 thin films were
fabricated using DC magnetron sputtering at 200 W
power and 0.533 Pa pressure. The deposition was con-
ducted at various temperatures, 24, 50, and 100 °C.
An extensive heat treatment procedure was per-
formed on the sample deposited at room tempera-
ture in a vacuum furnace to examine the surface

Table 1 Annealing process of

. . Sample # Tem- Time (h)
SAC305 thin film at various
perature

temperatures ©C)

1-2 120 1,3

34 150 1,3

5-6 180 1,3

7-8 200 1,3

9-10 210 1,3

11 220 1

J Mater Sci: Mater Electron (2024) 35:1100

morphology of the thin films. The annealing proce-
dure included changing temperatures from 50 to
220 °C for 1 to 3 h. The process included gradually
increasing the temperature at a rate of 12 °C per min.
Once the annealing experiment was completed, the
sample was kept inside the vacuum chamber until the
temperature dropped down to 50 °C. The details of the
experiment are summarized in Table 1.

This study investigated the influence of deposition
parameters including deposition power and deposi-
tion pressure on SAC305 thin films fabricated using
RF and DC magnetron sputtering on silicon (Si) sub-
strates at room temperature. The details of the experi-
ment are summarized in Table 2. The minimum pos-
sible pressure within the chamber was 0.32 Pa. At this
pressure, a minimum power of 20 watts was required
to sustain the plasma. The power was varied from 20
to 200 watts while maintaining a constant pressure of
0.4 Pa. Additionally, the pressure was varied from 0.32
to 2.67 Pa while holding the power constant at 200
watts. Exceeding a power of 200 watts at the lowest
pressure (0.32 Pa) posed a risk of target burning due
to bombardment by high-kinetic-energy argon ions.

Surface morphology analysis of the deposited
SAC305 films was performed using JEOL Hitachi
5-4700 Field Emission-Scanning Electron Microscopy
(FE-SEM). The FE-SEM has a magnification range
between %30 and x500,000 with spatial resolution of

Table 2 Deposition of

. . Sample#  DC power RF power Pressure (Pa) Time (min)  Deposition  Thickness (um)
SAC305 thin film at various
(watt) (watt) Rate (A/s)
pressures and power

1 20 - 0.4 120 0.35 0.25
2 80 - 0.4 120 1.45 1.04
3 140 - 0.4 120 2.7 1.94
4 200 - 0.4 120 39 2.80
5 - 20 0.4 120 0.33 0.24
6 - 80 0.4 120 1.31 0.94
7 - 140 0.4 120 2.16 1.56
8 - 200 0.4 120 2.95 2.08
9 200 - 0.32 120 4 2.88
10 200 - 1.07 120 3.1 2.23
11 200 - 1.87 120 2.24 1.61
12 200 - 2.67 120 1.63 1.17
13 - 200 0.32 120 3.0 2.16
14 - 200 1.07 120 2.3 1.65
15 - 200 1.87 120 1.7 1.22
16 - 200 2.67 120 1.42 1.0

@ Springer
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up to 1.5 nm at 15 kV, 12 mm WD and 2.5 nm at 1 k,
2.5 mm WD. Subsequently, the films were mechani-
cally polished with a multi-prep system from Allied
High Tech Products Inc., employing high-density,
non-woven, low-nap porous cloths. To achieve an
ultra-fine surface finish, a 1:3 mixture of abrasive col-
loidal silica (SiO,) suspension (0.02 pum diameter) and
red lube was used during the polishing process. The
polishing which was conducted at a minimal load of
100 g for 2 min, removed approximately 500 nm of
material from the film surface. Following polishing,
the sample was meticulously cleaned with an ethanol
solution in an ultrasonic cleaner for 3 min. This clean-
ing steps ensured the removal of any residual SiO,
suspension particles left from the polishing process.
A high-pressure nitrogen blower was then used to
dry the sample completely. To investigate the pres-
ence of any remaining SiO, particles after cleaning,
Noran 6 Energy Dispersive X-ray Spectroscopy (EDS)
was employed to conduct area mapping of the pol-
ished SAC305 film at an accelerating voltage of 15 keV.
Finally, the film’s crystal structure and orientation
were examined using a Bruker-AXS three-circle dif-
fractometer system equipped with a SMART Apex II
CCD detector and graphite-monochromated CuK,
radiation. To quantify the surface roughness of the
polished films, a Dimension 3100 Digital Instrument

Fig.1 SAC305 thin film
deposition at various temper-
atures: a room temperature, b
50 °C, and ¢ 100 °C

Page 50f 16 1100

Atomic Force Microscope (AFM) from VEECO with a
Si0O, probe tip in tapping mode was utilized.

3 Results and discussion

The process parameters were set at a power of 200
W and a pressure of 0.533 Pa. The deposition was
conducted at room temperature. The resulting films
exhibited a grain size of 1.65 um (Fig. 1a). The grain
size was determined from the FE-SEM images, and the
measurements were analyzed using Image] software.
However, the film’s high roughness posed challenges
to obtaining surface measurement due to the AFM
tip resolution limitations. The film’s structure was
notably porous, marked by the distinct grain bounda-
ries, which made nanoindentation tests practically
impossible. The substrate temperature was varied to
enhance the film’s surface morphology; the tempera-
ture was increased to 50, and 100 °C while keeping
other sputtering parameters constant. At 50 °C, the
film’s morphology remained unchanged. At 100 °C,
the film exhibited disconnected spherical grains with
significant grain boundaries, indicating complete melt-
ing (Fig. 1b). During the annealing process, it became
evident that the films that were exposed to lower tem-
peratures for shorter durations remained unaffected.

@ Springer
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Also, the film's surface morphology indicated no sig-
nificant changes when the film was annealed between
120 and 210 °C for 1 to 3 h after deposition. Illustra-
tions of the films that were annealed between 180 and
210 °C are presented in Fig. 2a—f. However, when the

Fig. 2 FE-SEM images

of thin SAC305 films after
annealing: a 180 °C for 1 h,
b 180 °C for 3 h, ¢ 200 °C
for 1 h,d 200 °C for 3 h, e
210 °C for 1 h, £210 °C for
3 h,and g 220 °Cfor 1 h

@ Springer
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annealing conditions were increased to 220 °C for an
hour, the films underwent noticeable transformations
(Fig. 2g). This transformation included grain growth,
the development of voids, and, in some instances, dis-
integration into separated islands on the substrate. The
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fabricated SAC305 films” quality was not improved as
a result of the above microstructural transformation.
These observations were consistent with the findings
presented by Abbas et al. (2019) [20]. Based on these
results, the emphasis of the study was shifted to the
non-annealed films, to explore the influence of varied
sputtering parameters on enhancing the surface mor-
phology of the thin films.

In general, DC power is an economical and effec-
tive choice for sputtering conductive materials such
as metals and transparent conductive oxides. Magne-
tron DC power sputtering is easy to control because
the amount of current and the thickness of the films
are almost directly proportional besides the resulting
sputtered films exhibit high uniformity [13, 27, 28]. On
the contrary, RF magnetron sputtering power is ver-
satile, making it suitable for the deposition of conduc-
tive, semiconductive, and insulating materials [13, 27,
28]. The RF power source alternates between positive
and negative polarities [13, 27, 28]. During the positive
half-cycle, electrons flow to the target surface, neutral-
izing the accumulated positive charge and enabling
positive ions to bombard the target in the negative
half-cycle of the RF voltage [13, 27, 28]. The deposi-
tion rate is higher for DC compared to RF sputtering
and DC sputtering produces high adhesion properties
since it requires high energy [13, 27, 28]. SAC305 is a
conductive material well-suited for both DC and RF
processes.

Figure 3 reveals that the deposition rate increases
with increased sputtering power for both DC and RF
sputtering processes. This relationship is influenced by
the Ar ion flux and its average energy when it collides
with the target [29, 30]. Elevated Ar ion flux at higher
power typically leads to pronounced ion interactions
with the target [29, 30]. Simultaneously, the enhanced
kinetic energy of these ions augments the chances of
the incident ions dislodging atoms from the target.
Both factors, tied to the applied voltage and sputtering
power, play pivotal roles in boosting the sputtering
deposition rate [29, 30].

The excitation mode notably impacts the deposition
rate; for instance, RF sputtering yields a lower deposi-
tion rate at an equivalent discharge power than DC
sputtering. At lower power levels, specifically at 20 W,
the difference in deposition rates between DC and RF
sputtering is negligible, amounting to a mere 0.03 A/s.
However, this difference becomes more substantial as
the power increases, reaching a difference of 1.05 A/s
at 200 W. This phenomenon can be interpreted as the
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Deposition of SAC305 Thin Films at 0.4 Pa
Pressure and Various Power

4 3.9
—a— DC Power
—e— RF Power
2 34
< 2.95
[0)
®
14
S %
.‘5;
o
Q.
[0
al
0.35
0.33
0 T T T T T
0 40 80 120 160 200

Power (watt)

Fig. 3 Variable power effects in magnetron sputtering deposited
SAC305 thin films at 0.4 Pa pressure

lower discharge voltage in RF magnetron sputtering
exhibits a significantly higher ion flux than the DC
magnetron sputtering relative to the neutral particles
[27, 28]. If, for example, DC and RF are operating at the
same substrate bias voltage and deposition rate, the
energy delivered to the fabricated film during RF exci-
tation is considerably more significant than that dur-
ing DC excitation. However, for the same discharge
power, the deposition rate of thin films using a DC
magnetron sputtering surpasses that of an RF magne-
tron sputtering. This difference in the deposition rate
can be attributed to the accelerating bias voltage at
the cathode in a DC magnetron sputtering, which is
particularly higher than in an RF magnetron sputter-
ing [27, 28].

Figure 4 depicts FE-SEM images of the SAC305
films’ surface area deposited on Si substrate at powers
between 20- and 200-watts using DC and RF sources
at various pressures. At a deposition power of 20 W,
SAC305 films displayed a fine-grain structure accom-
panied by larger grain boundaries. The phenomena
of smaller grains, combined with voided boundaries,
was more profound for RF than DC power. However,
when the power was increased to 80 watts, the grain
structure for the DC power became denser and the
grains were enlarged. A further increase in the DC
power supply (140 to 200 watts) did not significantly
impact the surface morphology. On the contrary, the

@ Springer
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Fig. 4 FE-SEM images of
thin SAC305 film surfaces
deposited at 0.4 Pa on a Si
substrate using various power
sources: a 20 W DC, b 80 W
DC, ¢ 140 W DC, d 200 W
DC,e20 WRF, £f80 WRF, g
140 W RF, and h 200 W RF

3 _
12.0kV 8.9mm x15.0k 9/8/2023 11:23

films that were fabricated using 20 RF power watts
depicted a porous structure and they were not con-
tinuous in comparison to the films that were fabricated
using 80 RF. As the RF power was increased (140 to
200 watts), an obvious improvement was visible in

@ Springer
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the sample surface morphology, accompanied by an
increase in grain size.

The deposition rates of the SAC305 films were
investigated for varying deposition pressures rang-
ing from 0.32 to 2.67 Pa at a constant 200-W DC and
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RF power supplies. At 0.32 Pa and 200 W power,
the deposition rate was 4 A/s for DC and 3.0 A/s
for RF power supplies, respectively. However,
the deposition rate declined as the pressure was
increased for both DC and RF power supplies. At
2.67 Pa and 200 W power, the deposition rate was
1.63 A/s for DC and 1.42 A/s for RF power supplies,
respectively. The observed decrease in deposition
rate with increasing deposition pressure can be
attributed to collisional events between the sput-
tered SAC305 atoms and Ar species in the deposi-
tion chamber. As the sputtering pressure increases,
the collision probability between sputtered and gas
particles typically increases, due to the shorter mean
free path (MFP) [29, 30]. As a result, some sputtered
SAC305 adatoms are deflected away from the sub-
strate, leading to a reduced deposition rate. Figure 5
illustrates the relationship between the deposition
rate of SAC305 films and the working pressure for
both DC and RF sputtering methods. In both tech-
niques, an increase in the working pressure from
0.32 to 2.67 Pa results in a decline in the deposition
rate. The difference in the deposition rates between
the two methods is minor at higher pressures, i.e.,
0.21 A/s at 2.67 Pa. However, this gap widens sig-
nificantly as the pressure decreases, reaching a dif-
ference of 1 A/s at 0.32 Pa. RF sputtering exhibits
lower deposition rates at higher pressures which
is attributed to an increased atomic scattering. At

Deposition of SAC305 Thin Films at 200-Watt
Power and Various Pressure

4.0 e A D]
—=— DC Power
—e— RF Power
3.5
@
<
o 3.0
©
14
5
:c% 2.5 -
o
[oX
(]
[a}
2.0
1.5 1
T T T T T 1
0.0 05 1.0 15 2.0 25 3.0

Pressure (Pa)

Fig. 5 Variable pressure effects in magnetron sputtering depos-
ited SAC305 thin films at 200-W power
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low deposition pressures (0.32 Pa), SAC305 films
exhibited a uniform and larger grain structure,
Fig. 6. However, as the pressure increased, the grain
structure turned into smaller grains accompanied
by voided boundaries. At the highest pressure of
2.67 Pa, Fig. 6, more and broader voided boundaries
were developed. The increase in sputtering pressure
leads to a decrease in the kinetic energy of sputtered
adatoms as they undergo a higher number of colli-
sions with Ar gas. This reduced kinetic energy of
sputtered adatoms consequently diminishes the sur-
face mobility of the adatoms, hindering their ability
to aggregate and grow, resulting in a more porous
film microstructure.

In this research, the most favorable SAC305 surface
morphology was obtained under low chamber pres-
sure and high power supplied by an RF power source.
Specifically, a SAC305 film deposited at a chamber
pressure of 0.32 Pa and an RF power of 200 W dem-
onstrated superior surface characteristics compared
to other samples before polishing. However, even the
best-performing SAC305 sample exhibited a surface
that was still too rough for precise AFM measure-
ments. This limitation was attributed to the constraints
in the resolution of the AFM tip. The SAC305 films
were further deposited on gallium arsenide, sapphire,
and glass substrates consistently with the one used
above to deposit SAC305 films on Si substrate as pre-
viously mentioned at 0.32 Pa and an RF power of 200
watts. Figure 7 shows an FE-SEM image of the SAC305
thin films deposited on (a) silicon, (b) gallium arse-
nide, (c) sapphire (aluminum oxide), and (d) glass sub-
strates. The SAC305 samples which were deposited on
silicon (Si), gallium arsenide (GaAs), and aluminum
oxide (Al,O;) substrates exhibited porous structures
with interconnected nanoparticles. In contrast, the
SAC305 sample that was deposited on glass substrates
(5i0,) resulted in distinct nanoparticles with variable
sizes and shapes. The porous nature of SAC305 depos-
ited thin films on glass, in comparison to Si substrates,
can be explained by the differences in surface prop-
erties and interactions. When SAC305 is deposited
onto glass surfaces, it tends to form porous structures
due to weaker interactions and bonding between the
Sn atoms and the glass substrate. In contrast, when
SAC305 is deposited onto Si substrates, the presence of
a thin interfacial oxide layer promotes stronger chemi-
cal bonding between the Sn film and the Si substrate,
resulting in a more compact and adherent film with
reduced porosity.

@ Springer
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Fig. 6 FE-SEM images of
thin SAC305 films deposited
on a Si substrate at vari-

ous pressures using 200 W
DC and RF power sources:
a0.32 Pa (DC), b 1.07 Pa
(DC), ¢ 1.87Pa(DC), d

2.67 Pa (DC), e 0.32 Pa (RF),
f1.07 Pa (RF), g 1.87 Pa
(RF), h 2.67 Pa (RF)

10.0kV 8.5mm x15.0k 1/17/2023 13:13

XRD diffraction patterns for SAC305 thin film
deposited on various substrates are shown in Fig. 8.
The samples depicted polycrystalline 3-Sn grains, with
a preferred diffraction plane of (200) orientation at 20
of 30.70°. Additionally, weaker peaks of $-Sn were

@ Springer

J Mater Sci: Mater Electron (2024) 35:1100

[ R R N I EN O B L xx|||||||||

3.00um 10. Ol\V 8 1mm x15.0k 3/27/202\5 10 14 3.00um

observed at 26 of 32.09°, 43.97°, 45.00°, 55.46°, 63.93°,
72.59°, and 73.34°, corresponding to diffractions
planes of (101), (220), (211), (301), (400), (420), and
(411) respectively; however, weaker peaks of Ag;Sn
were observed at 20 of 37.60° and 39.59°. The peaks
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Fig. 7 FE-SEM images of
thin SAC305 films deposited
at 0.32 Pa using 200 W RF
power on various substrates:
a Si, b GaAs, ¢ Sapphire, d
glass

of Ag;Sn relate to planes (020) and (211), respectively.
Since there was no indication of peaks that solely
represent Ag, we believe that the Ag adatoms were
fully fused with the Sn layer to form an alloy. The Si
substrate exhibited a prominent peak at 20 of 69.15°,
corresponding to the (400) plane. In contrast, a weaker
peak was observed at 20 of 33.04° associated with the
(200) plane. For GaAs, a peak was detected at 20 of
31.46° corresponding to the (200) plane. Notably, no
peaks corresponding to Al,O; and SiO, were observed
in the case of sapphire and glass substrates as expected
because both are amorphous.

Our focus is still on obtaining continuous robust
SAC305 films and we redirected our attention towards
polishing the SAC305 thin films to enhance the sur-
face morphology. A SAC305 thin film sputtered on a
Si substrate was explicitly selected for this polishing
treatment. Sample #13 of Table 2 sputtered with an RF
power source at a pressure of 0.32 Pa and a power of
200W on a Si substrate was unequivocally chosen for
this polishing treatment as it depicted the most ideal
surface morphology among all the other samples.

Since sample 13 of Table 2 represented the best-
sputtered sample in terms of the continuity and bet-
ter surface morphology properties among others, we
conducted FE-SEM microscopy analysis of this sample
as indicated in Fig. 9. The FE-SEM images in Fig. 9

Page 11 of 16 1100

represent surface morphology and cross-sectional
images. Figure 9a and c depict the top surfaces before
and after polishing, respectively, while Fig. 9b and d
represent the cross-sectional areas before and after
polishing, respectively. A polycrystalline structure of
grain sizes of 1 um in diameter was detected before
polishing, Fig. 9a. The cross-sectional image of the
2 pm thick film shown in Fig. 9b revealed narrow
cones and deep valleys with a peak-to-valley distance
of 400 nm. Using a precision automatic polisher, we
managed to remove 500 nm of the top surface material
of the 2 pm SAC305 thick film in a 2-min polishing
period. The SAC305 sample was subsequently cleaned
with ethanol in an ultrasonic cleaner for 3 min to
remove any SiO, suspension particles. The polishing
process resulted in a smooth and continuous surface
with a uniform thickness of 1700 nm. No traces of Si
particles were detected using EDS, indicating that the
ultrasonic cleaning process had completely removed
the SiO, particles. The elemental distribution of Sn,
Ag, and Cu are represented by cyan, green, and yellow
colors, respectively (Fig. 10).

The surface roughness post-polishing of sample 13
was characterized as represented by the AFM image
of Fig. 11. It was not possible to obtain accurate AFM
measurements of the surface roughness of the unpol-
ished SAC305 thin film due to the resolution limitation

@ Springer
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Fig. 8 XRD analysis of thin
SAC305 films deposited on
various substrates: a full
XRD patterns. b Enlarged
view of selected peaks for a
closer examination

of the AFM tip. After polishing the SAC305 films
which resulted in a film of 1700 nm thickness, an AFM
surface measurement was successfully conducted. For
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XRD plots of thin SAC305 films on various substrates
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the polished SAC305 thin film, the mean roughness
(R,) and root-mean-square roughness (Ry) are 16.9 nm
and 24.6 nm, respectively.
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Fig. 9 FE-SEM images of a
thin SAC305 film deposited
on a Si substrate using 200 W
RF power and 0.32 Pa pres-
sure: a surface morphology
before polishing, b surface
morphology after 2 min of
polishing, ¢ cross-sectional
morphology before polishing,
d cross-sectional morphology
after 2 min of polishing

Fig. 10 EDS analysis of the
elemental composition of a
polished SAC305 thin film
after ultrasonic cleaning: a
elemental map of the surface,
b distribution of Sn, ¢ distri-
bution of Ag, d distribution
of Cu

4 Conclusion

The results of elevating the substrate temperature
beyond 50 °C indicated larger, disconnected, and
porous grains, suggesting potential partial melt-
ing at 100 °C. It is also noted that annealing effects
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demonstrated minimal changes up to 210 °C, while
significant changes, including grain growth and frag-
mentation, occurred at an annealing temperature of
220 °C for an hour. The lack of observed morpho-
logical changes in the annealed samples likely stems
from the relatively low annealing temperature (room

@ Springer
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Fig. 11 AFM images (30 pm X 30 pm) of polished SAC305 films on a silicon substrate

temperature) compared to the eutectic temperature
of SAC 305 (217 °C). Since solidification occurs at
room temperature with minimal heat release, signifi-
cant temperature-driven modifications to the surface
morphology were not observed for annealing tem-
peratures below the eutectic temperature. We con-
clude that the optimal morphology of the SAC305
films was accomplished using an RF power source of
200 W and 0.32 Pa at room temperature. The analysis
of the sputtering parameters including power and
pressure indicated that increased sputtering power
corresponded to higher deposition rates for both
DC and RF techniques, with lower sputtering power
levels producing porous films with smaller grain
sizes, particularly in SAC305 films produced using
RF sputtering power. The deposition rate decreases
with increasing the pressure from 0.32 to 2.67 Pa at
a sputtering power of 200 watts for both DC and RF
sputtering powers. The use of various substrates for
deposition indicated morphological variations and
XRD diffraction patterns indicated polycrystalline
B-Sn grains. The polishing of a selected SAC305 film
on a Si substrate resulted in significant improvement
in surface roughness.
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