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The kinetically spraying method was used to fabricate an in situ copper- (Cu-) tin (Sn) intermetallic compound (IMC) film with its
thickness of approximately 1 ym using a Cu-Sn mixed powder. Microsized Cu (~5 gm) and Sn (~10 ym) powders were mixed at its
ratio of 45 : 55 wt.%, respectively, and then deposited onto a silicon substrate, forming an IMC layer. The actual composition of the
deposited film was measured to be at a Cu: Sn ratio of 36: 64 wt.% (in situ kinetically sprayed at 200°C). This kinetically sprayed
process uses the energy source of collision and heat energy simultaneously, leading to the formation of an IMC phase. The IMC
phase of Cu,Sng was formed successfully within 3 minutes of in situ deposition. Moreover, we obtained a CugSng phase when
the thin film was annealed in a furnace for 1 hour immediately after kinetically spraying at room temperature. However, an
IMC phase was not formed in the thin film when kinetically sprayed at room temperature followed by heating on a hot plate for
3 minutes. It seems that the simultaneous supply of collision and heat energy is crucial to result in phase formation. Therefore,
we have proven that the kinetically spraying process is capable of fabricating a super-thin layer of IMC film within a short time.

1. Introduction

Copper- (Cu-) tin (Sn) intermetallic compounds have numer-
ous advantages that have led to their being widely used in
various applications, such as in semiconductors, vessels,
and vehicles. For example, they exhibit high corrosion resis-
tance compared to Sn or Cu alone and have good weldability
and ductility [1-4]. In addition, the corrosion resistance of
Cu-Sn intermetallic compounds can be controlled and
enhanced by increasing the ratio of Sn in the intermetallic
compound [1, 2].

Due to these advantages, Cu-Sn intermetallic compound
films are often fabricated using solution-based processes,
such as electrodeposition and sol-gel [1, 5, 6]. However, the
chemical reactions that occur when using the solution-
based methods can lead to problems due to the high toxicity
of the reactants and difficulty in controlling the chemical
reaction due to the complexity of its reagents [7]. In particu-
lar, the coating by the electrodeposition method has a limita-
tion in the usage of substrates since the layer must be formed
on the conductive electrode. Moreover, the sol-gel method is

prone to cause cracks due to the shrinkage of the film when
the solvent evaporates [6]. A uniform intermetallic com-
pound phase can be obtained through powder processing,
followed by posttreatment at high temperatures, while a long
time is required to obtain an intermetallic compound phase.
As a result, these fabrication processes raise some disadvan-
tages, such as using a toxic solvent and consumption of heat
energy. Moreover, it is very difficult to form a thin interme-
tallic compound film because the intermetallic compound
fabrication process is limited in terms of the shape and size
of the final product.

We have developed a kinetic spraying process with the
intention of overcoming the problems mentioned above.
This dry deposition system uses commercially available pow-
ders [8, 9], and its schematics and the principle of the kinet-
ically spraying process are shown in the supplementary
section. The surface uniformity is relatively poor compared
to the films fabricated via the conventional fabrication
methods, like sol-gel, electrodeposition, and sputtering pro-
cess. However, the kinetically sprayed process does not
require high vacuum conditions or posttreatment and the
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film can be formed within a very short amount of time.
Moreover, previous studies have confirmed that this kineti-
cally spraying process can deposit various types of powder
in both thin and thick films [10-14].

Therefore, we have used this kinetically spraying process
to deposit a thin film of the intermetallic compound phase
through an in situ deposition process at 200°C so that both
collision energy between the particles and the substrate, as
well as heating substrate, contributed to the formation of
the intermetallic compound. Using this kinetically spraying
process, we also studied the in situ intermetallic compound
formation mechanism. For comparison, we kinetically
sprayed films under the following conditions: room temper-
ature deposition using the kinetically sprayed process, in situ
deposition at 200°C, room temperature deposition of the Cu-
Sn mixture followed by sintering on a hot plate for 3 minutes,
and room temperature deposition of the Cu-Sn mixture
followed by sintering in a furnace for 1 hour. The sintering
step in the furnace was performed at its heating rate of
5°C/min and maintained at 200°C for 1 hour in air atmo-
sphere condition. And then, the sample was allowed to cool
to room temperature. Finally, we have demonstrated the pos-
sibility of fabricating an intermetallic compound thin film
within a short amount of time, showing its application on
solder thin films as well as on color-changing thin films.

2. Experimental Details

2.1. Fabrication of Cu-Sn-Based Thin Films. Cu powders
(JoinM Co., Ltd., Korea) with an average size of 5 ym and
Sn powders (Sigma-Aldrich, USA) with an average size of
10 um were blended in ethanol at its ratio of 45 wt.%: 55 wt.%.
Then, we evaporated the Cu-Sn mixed powder from the eth-
anol solution using ultrasonication while heat treating at
40°C. Finally, we sieved the mixed powder to obtain an evenly
mixed Cu-Sn powder with uniform particle size distribution.
We used the kinetically spraying method to deposit the
mixed Cu-Sn powder onto the Si wafer. The powder was
accelerated to subsonic speed onto the silicon (Si) wafer in
a low-vacuum chamber through a macronozzle with its scan
rate of 100-150 ym/s so that we could obtain a Cu-Sn thin
film with an area of 1x 1cm?. The substrate can be heated
to 200°C. In general, the Cu-Sn intermetallic compound
shows the solid-state diffusion in the temperature range of
190-220°C [15]. Therefore, we have kinetically sprayed a thin
film, followed by sintering at its relatively low annealing tem-
perature of 200°C to form an intermetallic compound in this
study. Schematic diagrams of the particle printing system
and mechanism are provided in the supplementary section.
In order to compare the phase of the film when in situ depos-
ited at 200°C, we have kinetically sprayed the Cu-Sn film at
room temperature, followed by sintering on a hot plate at
200°C for 3 minutes, as well as sintering in a furnace at
200°C for 1 hour. We finally evaluated the differences in the
phases of these films under these four conditions.

2.2. Evaluation of Cu-Sn-Based Thin Films Fabricated under
Different Heating Conditions. As stated in Section 2.1, we
have summarized the different heating conditions of the
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TaBLE 1: Heat treatment condition of the samples fabricated from
the Cu-Sn mixed powder.

Deposition condition Subsequent heating

No. condition
Temperature Time  Temperature Time

1 Room temperature 3 min — —

2 200°C (in situ deposition) 3 min — —

3 Room temperature 3min Hot plate, 200°C 3 min

4 Room temperature 3min Furnace, 200°C 60 min

kinetically sprayed Cu-Sn thin films as shown in Table I.
First, X-ray diffraction analysis (XRD) (TTRIL Rigaku,
Japan) was used to identify the Cu-Sn intermetallic com-
pound phases obtained under each condition specified in
Table 1. Among these samples, we performed energy disper-
sive X-ray fluorescence (EDXRF) analysis (ARL QUANT’X;
Thermo Fisher Scientific, USA) to compare the actual com-
position ratios of the thin films that were deposited at room
temperature to those that were in situ deposited at 200°C as
shown in Table 2. In particular, field emission scanning elec-
tron microscopy (FE-SEM) (SU-70; Hitachi, Tokyo, Japan)
was used to compare the microstructure of the film formed
at room temperature vs. in situ deposited at 200°C as shown
in Figure 1. Finally, we have used a surface profiler (ET200;
Kosaka Laboratory Ltd., Japan) to measure the thickness
and average surface roughness of the Cu-Sn composition as
shown in Figure 2.

3. Results and Discussion

First, we performed XRD analysis of the deposited Cu-Sn
thin films under various conditions to identify their phases.
Figure 3(a) shows the XRD results of the thin films deposited
at room temperature vs. those in situ deposited at the sub-
strate temperature of 200°C using a mixed powder of micro-
sized Cu-Sn powder for comparison. As shown in Figure 3,
crystalline Cu and Sn peaks are evident in the thin film
deposited at room temperature, confirming that the room
temperature deposition did not cause any phase transforma-
tion as expected [16]. In contrast, the in situ deposition at
200°C successfully formed the CugSn, intermetallic com-
pound phase within just 3 minutes. Additionally, the thin
film that was annealed for 3 minutes on the hot plate right
after the room temperature deposition contained Cu and
Sn peaks only just like the film deposited at room tempera-
ture shown in Figure 3(a). Finally, we observed crystalline
peaks of Sn and SnO, along with the Cu-Sn intermetallic
compound phase of the thin film when the film was depos-
ited at room temperature followed by heat treatment for 1
hour in a furnace, as shown in Figure 3(b). Therefore, it
seems that in situ deposition at 200°C for 3 min resulted in
the comparable formation of the Cu-Sn intermetallic com-
pound which can be obtained after heat treatment in the fur-
nace for 1 hour. Therefore, we have confirmed that the Cu-Sn
intermetallic compound film can be easily manufactured by
in situ deposition within a very short time of 3 minutes.
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TaBLE 2: The composition of the thin films fabricated from blended Cu-Sn powder based on EDXRF analysis.

No. Composition of the blending ratio (wt.%)

Annealing condition

Actual composition of the thin film (wt.%)

1
Cu:Sn=45:55

Room temperature deposition for 3 min
(without heating process)

Heated while depositing on the heated substrate

Cu:Sn=31:69

Cu:Sn=36:64

for 3 min (in situ deposition)

(b)

FIGURE 1: Scanning electron microscopy image of a Cu-Sn-based thin film formed (a) at room temperature and (b) under the substrate
heating condition of 200°C, along with elemental mapping results for Cu and Sn. The encircled parts in the image indicate Cu particles.

1.03 ym, R, 460 nm
Thickness

()

1.36 ym, R, 610 nm
Thickness

10 mm

(b)

F1GURE 2: Thickness and roughness of the average surface: the thin film (a) fabricated at room temperature and (b) in situ deposited at 200°C.

And then, we have chosen two types of these thin films
which were deposited onto the Si wafer using the mixed pow-
der of microsized Cu particles and Sn particles with its start-
ing composition of 45 : 55 wt.% ratio, both deposited at room
temperature and in situ deposited at 200°C. Table 2 shows the
actual composition of the deposited film under these 2 condi-
tions, as the actual composition of the film was determined
using XRF analysis. As listed in Table 2, for the case of the
condition under which the substrate was heated to 200°C,
we obtained an actual wt.% ratio of 36:64 wt.% for Cu:Sn.
This corresponded to the intermetallic compound having a
Cu composition 5wt.% higher compared to the film fabri-
cated at room temperature. Compared to the initial com-
position, there were 10wt.% differences in Cu after the
deposition. Typically, Sn particles are more likely to cause
the plastic deformation on the substrate than Cu particles,
as they are readily deposited due to their ductility as well
as lower melting point [17]. Therefore, it is comparatively
difficult to cause plastic deformation with Cu particles, as
Sn particles are more likely to be deposited onto the substrate
with plastic deformation than Cu particles. Figure 1 shows

SEM images of the Cu-Sn thin films exhibiting different
morphologies, depending on room temperature deposition
vs. in situ deposition at 200°C.

The elemental mapping analysis results shown in
Figure 1 indicate that the Sn and Cu elements were distrib-
uted uniformly throughout the sample. However, as shown
in Figure 1(b), it appears that the Cu particles (encircled part
in Figure 1(b)) maintained their shape after the in situ depo-
sition onto the substrate without causing any deformation
since Sn particles acted as a soft matrix in the film, showing
plastic deformation. As a result, the surface of the film depos-
ited at 200°C seems to be rough, showing no deformation of
Cu. This observation was confirmed by the surface roughness
measurement shown in Figure 2. The average surface rough-
ness was measured to be higher for the in situ deposited film
at 200°C. Moreover, we can possibly relate these differences
in the surface roughness values to its molar volumes. The
molar volumes of Cu and Sn were 7 and 16 cm’/mol, respec-
tively, while the molar volume of the intermetallic compound
phase (CuSn;) was 118cm’/mol [18]. Therefore, the
dramatic differences in the molar volume between single
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FIGURE 3: The X-ray diffraction analysis results of the Cu-Sn-based thin film: (a) thin films deposited under condition nos. 1 and 2 and (b)

heat-treated films under condition nos. 3 and 4.

phases (Cu and Sn) and the intermetallic compound might
lead to differences in the surface roughness of the film as
well [18, 19].

As shown in Figure 2, the thin films deposited onto the Si
substrate under both conditions showed its average thickness
to be about 1 ym, while the surface roughness of the in situ
deposited film at 200°C was 0.6 ym, which is significantly

60 70 80 90

® CuSn,
Sn
Cu

higher than the roughness of the film with single phases
(Cu and Sn) deposited at room temperature.

The fabrication mechanism is summarized in the sche-
matic diagram for the 4 cases as shown in Figure 4. First,
the Cu-Sn thin film (Figure 4(a)) was deposited at room
temperature; then, we performed in situ deposition of the
Cu-Sn mixed powder at 200°C (Figure 4(b)), we heated the
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FIGURE 4: Schematic illustration of (a) the Cu-Sn thin film, (b) in situ deposition, (c) heating on the hot plate, and (d) heat treatment in a

furnace using a blended powder.

deposited Cu-Sn thin film at room temperature on a hot plate
(Figure 4(c)), and finally, we further heated the deposited Cu-
Sn thin film at room temperature for 1 hour in a furnace
(Figure 4(d)). For the case of the in situ deposition case, the
Cu-Sn mixed powder was deposited directly onto the sub-
strate while undergoing heat treatment at its temperature of
200°C. The Sn powder, which has a lower melting tempera-
ture than that of the Cu powder, first forms a matrix on the
substrate as shown in Figure 1. At the same time, Cu particles
were deposited onto the Sn matrix without causing deforma-
tion. Additionally, the Cu and Sn powders diffuse, so that the
Cu particles enter the Sn matrix via the energy supplied by
the heat and collisions. First, the Cu/Sn phase starts to form
at the Cu-rich boundary, forming Cu,Sn; at its interface with
the Sn-rich boundary as illustrated in Figure 4(b). It seems
that the energy supplied by the heat and collisions is suffi-
cient enough to result in the successful formation of an
Cu,Sn; intermetallic compound phase within a short time
of 3minutes (Figure 4(b)). The Cu-Sn thin film, which we
have kinetically sprayed at room temperature in the form of
mixed powders, followed by the posttreatments, such as heat-
ing on a hot plate or in a furnace, are shown in Figures 4(c)
and 4(d). The thin film that was sintered on a hot plate for
3 minutes did not form any CuySn, phase due to insufficient
energy to promote the necessary diffusion at the interface
between Cu and Sn. This is possibly due to the fact that we
have supplied collision and heat treatment consecutively so
that no suflicient energy was provided for phase transforma-
tion. However, the Cu,Sn, intermetallic compound phase did
form in the thin film when the kinetically sprayed film was
heat treated in the furnace for 1 hour, indicating that the
diffusion time was sufficient enough to have intermetallic
compound formation.

Therefore, we have confirmed that the in situ deposited
thin film at 200°C for 3 min successfully formed an interme-
tallic compound phase of Cu Sn., indicating that the simul-
taneous supply of collision and heat energy through heating
the substrate at 200°C for 3 minutes is sufficient. The inter-
metallic compound formed within 3 minutes through in situ
deposition showed the same effect as those formed by heating
the sample in a furnace at 200°C for 1 hour. This result shows
that the kinetically sprayed system is capable of dramatically
shortening the phase transformation time as well as having
the simplicity of deposition to form intermetallic com-
pounds. This result can open this kinetically spraying process
to wide applications for thin intermetallic compound films in
free form.

4. Conclusion

We used the kinetically sprayed process to form super-thin
intermetallic compound films using a commercially mixed
Cu-Sn powder. The in situ deposited thin film with its sub-
strate temperature of 200°C was fabricated to compare its
morphologies and to identify phases. As a result, Cu and Sn
particles deposited at room temperature were uniformly dis-
tributed over the Si substrate, whereas the in situ deposited
thin film at 200°C for 3min showed plastically deformed
Sn, which could be used as a matrix for Cu deposition.

We performed XRD analysis to identify the crystalline
peaks of the thin films fabricated under the varying heat
treatment conditions to find out if the intermetallic com-
pound phase of CuSng successfully formed in both the in
situ deposited film (200°C for a 3-minute process) and the
film deposited at room temperature followed by a 1-hour
long furnace heat treatment. This result shows that the



simultaneous supply of collision and heat energy was suffi-
cient enough to form a CugSns intermetallic compound,
although it is within a very short time of 3 minutes; this inter-
metallic compound was evident in the deposited thin film,
showing its surface to be 1.33 times rougher than that of
the composite film due to its significant differences in molar
volume of each phase, such as the Cu, Sn, and Cu-Sn inter-
metallic phase. Therefore, this kinetically spraying method
has demonstrated the possibility of fabricating a thin IMC
film within a short amount of time, showing this method
to be potentially applicable in solder thin films as well as
color-changing films.

Data Availability

The data used to support the findings of this study are
included within the article.

Conflicts of Interest

The authors declare that they have no conflicts of interest

Acknowledgments

This work was supported by a National Research Foundation
of Korea (NRF) grant funded by the Korean Government
(Ministry of Education) (No. NRF-2016R1D1A1A029369
36) and by the Human Resources Development Program
(No. 20174030201830) of the Korea Institute of Energy
Technology Evaluation and Planning (KETEP) grant funded
by the Korean Government’s Ministry of Trade, Industry &
Energy. This work was also supported by the National
Research Foundation of Korea (NRF) grant funded by the
Korean Government (MSIT) (No. 2019R1F1A1060586).

Supplementary Materials

Figure SI: the schematic of the kinetically sprayed system.
(Supplementary Materials)

References

[1] P. S. d. Silva, L. F. d. Senna, and D. C. B. d. Lago, “Cu-Sn
coatings produced using environmentally non-aggressive
electrolyte containing sodium tartrate,” Materials Research,
vol. 20, supplement 2, pp. 667-675, 2017.

[2] Y. Siirme, A. A. Giirten, E. Bayol, and E. Ersoy, “Systematic
corrosion investigation of various Cu-Sn alloys electrodepos-
ited on mild steel in acidic solution: dependence of alloy com-
position,” Journal of Alloys and Compounds, vol. 485, no. 1-2,
pp. 98-103, 2009.

[3] Q. Y. Hou, T. T. Ding, Z. Y. Huang, P. Wang, L. M. Luo,
and Y. C. Wu, “Liquid phase separation microstructure
and properties of mixed Cu-Sn and Co-base alloys without
or with molybdenum addition processed by plasma trans-
ferred arc hardfacing,” Surface and Coatings Technology,
vol. 262, pp. 87-96, 2015.

[4] M.Jung, G. Lee, and . Choi, “Electrochemical plating of Cu-Sn
alloy in non-cyanide solution to substitute for Ni undercoating
layer,” Electrochimica Acta, vol. 241, pp. 229-236, 2017.

Journal of Nanomaterials

[5] S. Alex, B. Basu, S. Sengupta, U. K. Pandey, and
K. Chattopadhyay, “Electrodeposition of §-phase based Cu-
Sn mirror alloy from sulfate-aqueous electrolyte for solar
reflector application,” Applied Thermal Engineering, vol. 109,
pp. 1003-1010, 2016.

[6] L. Robbiola, T. T. M. Tran, P. Dubot, O. Majerus, and
K. Rahmouni, “Characterisation of anodic layers on Cu-10Sn
bronze (RDE) in aerated NaCl solution,” Corrosion Science,
vol. 50, no. 8, pp- 2205-2215, 2008.

[7] A. P. Abbott, A. I. Alhaji, K. S. Ryder, M. Horne, and
T. Rodopoulos, “Electrodeposition of copper-tin alloys using
deep eutectic solvents,” Transactions of the IMF, vol. 94,
no. 2, pp. 104-113, 2016.

[8] J. F. Li, P. A. Agyakwa, C. M. Johnson, D. Zhang, T. Hussain,
and D. G. McCartney, “Characterization and solderability of
cold sprayed Sn-Cu coatings on Al and Cu substrates,” Surface
and Coatings Technology, vol. 204, no. 9-10, pp. 1395-1404,
2010.

[9] K.-S.Kim, J. Lee, Y. H. Kim, and C. S. Lee, “Effect of scanning
speed on copper line deposition using nanoparticle deposition
system (NPDS) for direct printing technology,” Aerosol Science
and Technology, vol. 47, no. 1, pp. 106-113, 2013.

[10] D. Choi, M. Lee, H. Kim et al., “Fabrication of transparent
conductive tri-composite film for electrochromic application,”
Applied Surface Science, vol. 425, pp. 1006-1013, 2017.

[11] D. Choi, M. Lee, H. Kim et al., “Investigation of dry-deposited
ion storage layers using various oxide particles to enhance
electrochromic performance,” Solar Energy Materials and
Solar Cells, vol. 174, pp. 599-606, 2018.

[12] S. Yang, H. Kim, S.-H. Ahn, and C. S. Lee, “The effect of the
agglomerated microstructure of dry-deposited TiO, electrodes
on the performance of dye-sensitized solar cells,” Electrochi-
mica Acta, vol. 166, pp. 117-123, 2015.

[13] H. Kim, K. Kim, D. Choi et al., “Microstructural control of the
electrochromic and ion storage layers on the performance of
an electrochromic device fabricated by the kinetic spray tech-
nique,” International Journal of Precision Engineering and
Manufacturing-Green Technology, vol. 5, no. 2, pp. 231-238,
2018.

[14] M. N. E. A. A. Nasim and D.-M. Chun, “Formation of few-
layer graphene flake structures from graphite particles during
thin film coating using dry spray deposition method,” Thin
Solid Films, vol. 622, pp. 34-40, 2017.

[15] S. Kumar, C. A. Handwerker, and M. A. Dayananda,
“Intrinsic and interdiffusion in Cu-Sn system,” Journal of
Phase Equilibria and Diffusion, vol. 32, no. 4, pp. 309-319,
2011.

[16] S. Firtauer, D. Li, D. Cupid, and H. Flandorfer, “The Cu-Sn
phase diagram, part I: new experimental results,” Intermetal-
lics, vol. 34, pp. 142-147, 2013.

[17] X. Deng, N. Chawla, K. K. Chawla, and M. Koopman,
“Deformation behavior of (Cu,Ag)-Sn intermetallics by nano-
indentation,” Acta Materialia, vol. 52, no. 14, pp. 4291-4303,
2004.

[18] J. Feng, C. Hang, Y. Tian, B. Liu, and C. Wang, “Growth kinet-
ics of CuSn; intermetallic compound in Cu-liquid Sn interfa-
cial reaction enhanced by electric current,” Scientific Reports,
vol. 8, no. 1, p. 1775, 2018.

[19] Q.Yin, F. Gao, Z. Gu, E. A. Stach, and G. Zhou, “In situ visual-
ization of metallurgical reactions in nanoscale Cu/Sn diffusion
couples,” Nanoscale, vol. 7, no. 11, pp. 4984-4994, 2015.


http://downloads.hindawi.com/journals/jnm/2019/4575079.f1.docx

) ] Ndfidmaterial
J " FT A

;‘ } ot l};‘@ﬂ :
"o ° 2 .HW

The SCientiﬁc Journal of i’ ‘ “ International Journal of
World Journal Applied Chemistry Scientifica ' Polymer Science

Advances in

Chemistry

Advances in

Physical Chemistry

Hindawi

Submit your manuscripts at
www.hindawi.com

\mtematiopa\ Journal of : Advances in
Analytical Chemistry Condensed Matter Physics

Journal of - ! International Journal of ’ Journal of

Chemistry Biomaterials Nanotechnology

International Journal of Journal of BioMed Advances in

Corrosion Materials Research International Tribology


https://www.hindawi.com/journals/ijc/
https://www.hindawi.com/journals/amse/
https://www.hindawi.com/journals/jchem/
https://www.hindawi.com/journals/ijac/
https://www.hindawi.com/journals/scientifica/
https://www.hindawi.com/journals/ijps/
https://www.hindawi.com/journals/acmp/
https://www.hindawi.com/journals/ijbm/
https://www.hindawi.com/journals/je/
https://www.hindawi.com/journals/jac/
https://www.hindawi.com/journals/jnt/
https://www.hindawi.com/journals/ahep/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/at/
https://www.hindawi.com/journals/ac/
https://www.hindawi.com/journals/apc/
https://www.hindawi.com/journals/bmri/
https://www.hindawi.com/journals/jma/
https://www.hindawi.com/journals/jnm/
https://www.hindawi.com/
https://www.hindawi.com/

