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With the rapid development of new energy vehicles and offshore wind power systems in coastal cities, the
application scale of power devices is constantly increasing. However, the corrosion problem of power packaging
interconnection materials caused by the humid air and chlorine-rich environment near the sea is gradually
emerging. This study addresses the corrosion protection of sintered nano-copper by innovatively employing
atmospheric pressure plasma jet (APPJ) technology with hexamethyldisiloxane (HMDSO) as precursor to
construct organic-inorganic hybrid hydrophobic coatings on copper surfaces. Experimental results demonstrate
that the coating exhibits a three-dimensional crosslinked Si-O network structure. The synergistic effect between
surface micron-scale spherical clusters and methyl groups elevates the contact angle by 50 % to 153.1° Elec-
trochemical characterization reveals that the coating positively shifts corrosion potential by 0.035 V and reduces
corrosion current density from 6.008x10~7 A/cm? to 5.542x10~7 A/cm?, while maintaining higher activation
energy across the experimental temperature range (30-60°C). EIS tests show that the coating effectively in-
creases the charge transfer impedance of the sample, indicating an improvement in corrosion resistance. The
168-hour immersion test confirms effective barrier against Cl~corrosive attack with preserved substrate integrity.
Density functional theory (DFT) simulations elucidate that unsaturated methylated fragments in HMDSO pref-
erentially graft onto copper surface via chemisorption, where strong interfacial bonding energies (-2.26 ~ -4.38
eV) facilitate cleavage and crosslinking to form stable siloxane networks. This work proposes a novel anti-
corrosion surface engineering strategy for copper interconnects, while revealing the plasma-induced interfa-
cial bonding mechanisms of hybrid coatings, providing both theoretical and experimental foundations for
developing durable electronic packaging materials.

1. Introduction specific environments such as coastal areas or near fertilizer plants.

Corrosive media like moisture, salts, and H>S can significantly damage

With the rapid development of the new energy sector, power elec-
tronic devices are being widely applied in new energy vehicles and
offshore wind power, among other applications [1-3]. Advances in
wide-bandgap (WBG) semiconductors have enhanced the performance
of power electronic devices [4-6], but the resulting high power density
and operating temperatures pose new challenges for packaging pro-
cesses. In particular, the metal components in packaging structures are
susceptible to corrosion from environmental pollutants, especially in
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metal materials [7-9]. Copper (Cu), with its high melting point, excel-
lent electrical conductivity, and mechanical properties, overcomes the
migration failure issues of traditional lead-free solders under
high-temperature and high-pressure conditions, making it widely used
for the long-term stable operation of power devices [10-13]. In recent
years, nanometal particle solder paste has attracted significant attention
due to its ability to sinter at low temperatures into metals with excellent
electrical conductivity, thermal conductivity, and high-temperature
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resistance [14-15]. Among these, sintered Cu, with its lower cost and
excellent performance, shows great potential as a high-temperature chip
bonding material [16-18]. However, this trend also places higher de-
mands on the reliability of chip packaging materials.

Currently, a significant amount of research has focused on the
corrosion protection of sintered metal materials in harsh environments
[19-20], such as the corrosion behavior of sintered Cu joints in humid
H:S environments and the migration phenomenon of sintered silver in
electrolytes [21-22]. Hydrophobic treatments of metal surfaces have
become an effective corrosion protection strategy, where low surface
energy materials are roughened or low surface energy coatings are
deposited to isolate corrosive substances [23-24]. Common methods for
preparing superhydrophobic copper-based surfaces include electrode-
position [25], sol-gel processes [26-27], hydrothermal synthesis
[28-29] and spraying [30-31]. Song et al [25] prepared a composite
coating of nickel/myristate zinc (ZnMA) on Cu plates through electro-
deposition technology. The coating exhibited superhydrophobicity and
good corrosion resistance. Li et al [31] innovatively constructed a
STA@TiO2/PU superhydrophobic coating on the surface of
aluminum-lithium alloy through a low-cost spraying process. This
coating exhibits excellent corrosion resistance, self-cleaning, anti--
fouling, and anti-icing properties. However, these methods typically
require immersing the entire sample in a reactor, posing challenges for
applying them to metal components in packaging structures. In recent
years, using the atmospheric pressure plasma jet (APPJ) for localized
surface modification has become a feasible method. Silva et al [32] used
hexamethyldisiloxane (HMDSO) monomer as the polymerization agent
and deposited organosilicon films on the surface of SAE 1020 steel by
using an APPJ system. They investigated the effects of different process
parameters on the films and ultimately concluded that the three-step
deposition method was more effective in improving corrosion resis-
tance than continuous film deposition. Zhu et al [33] proposed a new
treatment method based on plasma-assisted thin film deposition, which
suppresses defects at the Cu/epoxy (EP) interface. By applying APPJ
treatment, a silicon-containing film is deposited on the epoxy surface,
significantly enhancing hydrophobicity, extending the creepage dis-
tance, and improving electrical insulation performance. Although there
are already studies on the surface modification of metals using the APPJ
process, its application in surface modification of interconnection metal
structures is still rare. Moreover, there is still a lack of research on the
film formation mechanism and corrosion protection mechanism of this
process.

Density functional theory (DFT) calculations are often employed to
analyze the interactions between coatings and substrates. Mahamdi et al
[34] proposed a novel coating material, Alg-Ep-STO, for Cu corrosion
prevention and analyzed the adsorption mechanism of this molecule on
the Cu surface through DFT calculations. Ekeocha et al [35] combined
DFT and molecular dynamics (MD) to deeply investigate the
anti-corrosion ability of newly developed antipyrine derivatives for mild
steel in an acidic environment. However, there are few studies on the
film formation mechanism of plasma-assisted deposition on metal
surfaces.

This study innovatively addresses the corrosion failure of sintered
copper materials in harsh service environments by using APPJ tech-
nology to build silicon-based hydrophobic functional coatings on the
surface, and the film formation mechanism of the APPJ process on Cu
substrate is deeply analyzed through DFT simulations. Through sys-
tematic experimental characterization and theoretical calculations, it is
revealed that the coating has a three-dimensional cross-linked silica
network structure. The rough morphology formed by micron-sized
particles on the surface, combined with the low surface energy of
methyl groups, enhances hydrophobic performance by 50 %. The results
of polarization curve and EIS curve tests show that the coating exhibits
excellent corrosion protection performance and significant thermal
stability advantages. Through 168-hour immersion test and DFT simu-
lations, the study elucidates the grafting-crosslinking growth
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mechanism, where the methylated fragments in the precursor HMDSO
molecules dominate the chemical adsorption process. This strong
interface interaction maintains the structural integrity and hydropho-
bicity of the coating under long-term corrosion conditions. The results
provide not only a novel surface protection strategy for Cu intercon-
nection materials in power modules but also theoretical and experi-
mental foundations for developing long-lasting protective power
electronic interconnection materials.

2. Materials and methodologies
2.1. Material preparation

In this work, we investigate the corrosion mechanisms and corrosion
prevention strategies associated with sintered nano-Cu materials. The
size of the sintered Cu samples utilized in this work is 5 x 5 x 1 mm. The
sintered Cu paste contains Cu nanoparticles with an average particle size
of 150-300 nm, with ethylene glycol (99.5 %, from Aladdin Reagent Co.,
Ltd.) and terpineol (95.0 %, from Aladdin Reagent Co., Ltd.) serving as
solvents. As shown in Fig.1(a), after injecting the paste into the
customized molds, they were firstly baked in a vacuum oven (DZF-6012,
YIHENG) at 120 °C for 30 min to remove most of the solvents. Subse-
quently, the samples were pressure-sintered using a sintering machine
(Sinterstar Innovate-F-XL, Boschman) under a nitrogen atmosphere at
250 °C, 20 MPa, for a duration of 25 min, resulting in bulk sintered Cu
samples.

2.2. APPJ treatment

The schematic diagram of the APPJ system used for film deposition is
shown in Fig. 1(b). The precursor hexamethyldisiloxane (HMDSO,
Shanghai Aladdin Biochemical Technology Co., LTD.) is blown out by
high purity argon through the bubbling method and then fully mixed in
the mixing chamber before entering the reactor. After being ionized to
form plasma under high voltage, it is blown out by the gas flow and
finally grafts and crosslinks on the sample surface to form a hydrophobic
coating. The working photo and structural schematic diagram of the
reactor are shown in Fig. 1(c) and (d), respectively. The reactor contains
a quartz tube as the reaction container and to limit the size of the jet, a
Cu needle as the anode, and a Cu tape about 6 mm wide wound around
the outside of the quartz tube as the ground electrode. The inner
diameter of the quartz tube is 6 mm, the outer diameter is 8 mm, and the
length is 140 mm. The distance between the bottom end of the Cu tape
and the tail end of the tube opening, as well as the distance between the
end of the Cu needle and the top end of the tape, is 15 mm. During
operation, gas was blown into the top of the quartz tube. A breakdown
discharge occured between the tip of the Cu needle electrode and the
ground electrode, causing the HMDSO molecules in this space to ionize
and generate plasma. Subsequently, it was blown out from the end of the
quartz tube, forming a purple plasma plume.

The output voltage and repetition frequency affect the plume
morphology and completeness of ionization reaction in reactor, while
the distance between tube outlet and sample surface affects the depo-
sition effect on the sample surface. In this work, the parameters for APPJ
treatment are determined based on our preliminary adjustment as well
as some previous studies [33]. In this work, the distance between the
end of the reactor and the sample surface was maintained at approxi-
mately 20 mm to achieve optimal coating performance. The output
voltage of the power supply was set to 10,000 V, the repetition fre-
quency was 6 kHz, and the pulse width was 800 nanoseconds. The gas
flow rate was regulated by a mass flow controller (Sevenstar D07-19),
with the argon gas flow rate set at 1500mL/min and the HMDSO flow
rate at 35mL/min. The APPJ film deposition process lasted a total of 12
min and was repeated four times for 3 min each deposition.
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Fig. 1. (a) Schematic of the sintering process, (b) Setup of the APPJ treatment system, (c) photo of the reactor and (d) schematic diagram of the reactor structure.

2.3. Corrosion experiments

To evaluate the corrosion resistance of both coated and uncoated
samples, electrochemical experiments and immersion corrosion tests
were conducted. The electrochemical experiments were performed at
room temperature and a series of preset temperatures (30 °C, 40 °C, 50
°C, 60 °C), using a typical three-electrode cell. The reference electrode
was a saturated calomel electrode (SCE), the counter electrode was a
platinum sheet electrode, and the sample under test served as the
working electrode. The electrolyte used was a 3.5 % NaCl solution. The
potentiodynamic polarization curves and electrochemical impedance
spectroscopy (EIS) were measured using an electrochemical workstation
(Chenhua CHI660€). In the polarization curve test, the scanning voltage
range and scanning rate were set to —0.15~0.5 V and 5 mV/s respec-
tively, while in the EIS test, the scanning frequency range and amplitude
were set to 10 2~10° Hz and 15 mV respectively. For the immersion
test, both types of samples were cleaned on their surfaces and then
immersed in 3.5 % NaCl solution. The temperature of solution was
controlled at 25 °C. After immersion for 168 h, the samples were taken
out and cleaned before subjected to subsequent experiments.

2.4. Characterization methodology

Energy dispersive X-ray spectroscopy (SEM/EDS, Zeiss/GeminiSEM
360) was employed to analyze the surface morphology and elemental
distribution of the samples. To determine the structure and composition
of the samples, Fourier Transform Infrared Spectroscopy (FTIR, Thermo
Nicolet IS50) and X-ray Photoelectron Spectroscopy (XPS, Shimadzu/
Axis Supra+) were utilized. To observe the coating thickness and
corrosion depth, the samples were sectioned using a focused ion beam

(FIB/SEM, ZEISS Crossbeam 550) for subsequent observation and
analysis. The XPS test results were processed with CasaXPS software.

3. Results and discusses
3.1. Characterization of coating samples

Fig. 2 (a-d) shows the surface morphology of the coated/uncoated
samples. Compared with the relatively smooth surface of the untreated
sintered Cu sample, the surface of the APPJ-treated sample is covered
with many closely arranged cluster-like structures, with an average
diameter of about 1 pm. Fig. 2(e) shows the cross-sectional details and
EDS test results of APPJ-treated samples. Before FIB processing, both
samples were treated with a gold spray of titanium. In the cross-sectional
image of the coated sample, a dark and dense coating appears on the Cu
surface, the cluster-like structures are closely cross-linked at the bottom.
This structure can ensure a close connection between the coating and the
sample surface while significantly enhancing the surface roughness of
the sample. The average thickness of this coating is approximately 1.5
pm. The EDS scanning results show that the coating is mainly composed
of Si and O elements.

The water contact angles of the sintered Cu samples before and after
treatment were measured, and the measurement results are shown in
Fig. 2(f) and (g). The average water contact angle of the untreated
sample is 100.4°, while after APPJ deposition, the average water contact
angle of the sample significantly increases to 153.1°, approximately 50
% higher than the samples before treatment. This is because the plasma
deposition increases samples’ surface roughness. When water droplets
land on the surface, the cluster structures on the coating can trap air and
form a stable air-liquid layer between the water and the sample surface,
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Fig. 2. Vertical-views SEM images of (a-b) untreated samples and (c-d) plasma treated samples, (e) section-view SEM image and EDS results of plasma treated
sample, water contact angle images of (f) untreated sample and (g) plasma treated sample.

weakening the adhesion of water droplets.

The FTIR and XPS test results were used to further analyze the
chemical configuration of the coating composition, as shown in Fig. 3(a-
F). From the transmission spectrum, some characteristic peaks of silicon-
containing functional groups can be found, including Si-O-Si, Si(CHs)3
and SiCHjz [33]. The XPS wide-spectrum scan results reports the content
of each element in the coating, with 28.71 % Si2p, 47.60 % Ols, and
23.69 % C1s. Additionally, we conducted narrow-spectrum scans of Si2p
O1s, and C1s to analyze the chemical states of elements and characterize
the molecular structure in the coating. For the Si2p peak, it contains
45.42 % of the SiO3 peak (102.9 eV), 40.91 % of the SiO5 peak (102.1
eV) and 22.81 % of the SiO4 peak (103.9 eV); while in the O1s peak, it
contains 75.75 % of the Si-O peak (532.7 eV) and 24.25 % of the C—O
peak (533.6 eV); and the Cls peak contains 77.19 % of the C-Si peak
(284.7 eV) and 22.81 % of the C—O peak (287.0 eV) [33,36]. The XPS
results indicate that the Si and O elements in the coating mainly exist in
the form of a Si-O network. After the decomposition of the precursor
HMDSO, formed molecular fragments crosslink on the treated surface to
form a film, and this crosslinked network contains a certain amount of
methyl groups. In addition, the undetectable Cu2p peak indicates that
the coating deposited on the Cu surface via APPJ has a good encapsu-
lation effect.

3.2. Corrosion protection performance

In order to compare the corrosion susceptibility of sintered Cu
samples before and after APPJ deposition, electrochemical experiments
are conducted on both coated and uncoated samples. Fig. 4(a) presents
the polarization curves of the two types of samples at room temperature.
From the polarization curves, parameters such as corrosion potential
(Ecorr), corrosion current density (I.orr), and Tafel slopes for the cathodic
and anodic regions are obtained, as shown in Table 1. After APPJ
treatment, the coating positively shifts E.or by 0.035 V and reduces Ioor
from 6.008x1077 A/cm? to 5.542x1077 A/cm?, indicating that the

coated samples have a lower corrosion tendency in NaCl solution.
Additionally, to further analyze the effect of the silicon-containing hy-
drophobic coating on the corrosion susceptibility of the sintered Cu
samples from a kinetic perspective, polarization curves are measured for
both types of samples at a series of different temperatures (303, 313, 323
and 333 K), and the relationship between I oy and temperature is plotted
in Fig. 4(b). The results indicate that within the experimental temper-
ature range, the average I.or of both samples increase with rising tem-
perature, and the I, of the APPJ-deposited samples is consistently
lower than that of the undeposited samples. The difference in corrosion
current density between the two samples decreases with increasing
temperature. Corrosion current density is positively correlated with
corrosion current and corrosion rate, so the relationship between I¢q.
and reaction temperature conforms to the Arrhenius equation [37]:

E
—_ a 1
Ink = + InA (@)

Eq. (1) represents the exponential form of the Arrhenius equation,
where k is the reaction rate constant (k « Icor), Eq is the activation en-
ergy of the reaction, R is the molar gas constant, T is the temperature,
and A is the pre-exponential factor. According to the Arrhenius equa-
tion, the obtained data are fitted to determine the activation energy of
the corrosion reaction for both samples, as summarized in Table 1. The
activation energy of the APPJ-coated samples is significantly higher
than that of the uncoated samples, suggesting that the silicon-containing
hydrophobic coating enhances the corrosion resistance of the sintered
Cu.

Fig. 5(a) shows the Nyquist plots of the coated and uncoated samples
and the corresponding fitting results. The corrosion resistance of the two
samples in NaCl solution can be evaluated by the diameter of the
impedance arc [31]. The results show that the impedance arc diameter
of coated sample is larger than that of uncoated sample, indicating
stronger corrosion resistance performance. Fig. 5(b-c) provides the Bode
plots of the two samples. At the lowest frequency, the |Z| value of the
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Fig. 4. (a) Polarization curves of two kinds of samples, (b) relationship between I, and temperature.

coated sample is approximately 2 x 10* Q-cm?, which is about 20 times
Table 1 o g . . o ..
L X L of the uncoated sample, indicating that the deposited silicon-containing
Characteristic parameters obtained by polarization curves. . . . . . .
hydrophobic coating can effectively improve the corrosion resistance of

Sample Yeorr Ecorr Sa 4 gc \4 E]:J i the sample. Fig. 6 provides the chemical equivalent circuits of the two
S:2) A v ec) ec) (kJ-mol =K samples, and the corresponding parameters are listed in Table 2. In this

model, Ry is the solution resistance, R is the charge transfer resistance,
Cosai;eired cu 5542 0.034 0214 -0.133 16157 and Ry is the resistance of the hydrophobic coating. CPE4 and CPE; refer
Uncoated 6.008 -0.001  0.222 0116  14.612 to the double-layer capacitance and coating capacitance, respectively.
Sintered Cu The Warburg impedance W is observed in the coated sample, indicating
the diffusion process of the electrolyte on the electrode surface. The

results show that the R of the coated sample is significantly higher than
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Fig. 6. Equivalent circuits for (a) uncoated sample and (b) coated sample.

Table 2

Fitting parameters of the equivalent circuits.
Samples R (Q-cm?) Rt (kQ-cm?) R (kQ-cm?) CPEg; (uF-cm™2) CPEs (uF-cm™?) W (Q-cm?)
Uncoated 5.27 0.28 - 290.85 - -
Coated 28.59 2.13 0.20 180.70 4.68 5048.8

that of the uncoated sample, indicating that the silicon-containing hy-
drophobic coating obtained in this study can provide corrosion protec-
tion for the sintered Cu sample in NaCl solution. The improvement in the
corrosion resistance of sintered Cu in this study is less than that of APPJ
coating on SAE 1020 steel in another study, which is related to the
composition and size of the samples. Future research will focus on the
optimization of APPJ processing technology and the influence of

substrate materials on coating performance.

Fig. 7 shows the surface optical micrographs of the coated and un-
coated samples after 168 h immersion test. It can be clearly seen that the
surface of the uncoated sample is severely corroded after immersion,
with large corrosion spots; while the coating on the surface of the APPJ-
processed sample remains intact, and no obvious corrosion marks are
observed on the coated sample.

Fig. 7. Surface optical micrographs of (a) uncoated and (b) coated samples after immersion tests.
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Fig. 8(a) and (c) present the surface and cross-sectional morphol-
ogies of the uncoated sample after immersion corrosion, the element
distribution within the test area is illustrated as well. It can be seen that
obvious corrosion pits have appeared on the surface of the sample. Some
Cu particles detached due to corrosion and aging proceed in the solution,
leading to further reactions in the internal structure and a tendency
towards loosening and shedding. In the cross-sectional pattern, It can be
clearly observed that a dark area diffusing inward has appeared at the
top of the sample, with an average diffusion depth of approximately 1
pm. This area is consistent with the O element enrichment area in the
EDS scanning results, and the overall content of Cl element is low
without obvious enrichment, indicating that the corrosion products are
mainly Cu oxides. Notably, in the oxide layer area, the tiny pore struc-
ture originally present in the sintered body shows a trend of volume
expansion and lateral cracking, which will eventually lead to the
detachment of the top sintered body, forming new corrosion pits and
promoting further corrosion.

To analyze the specific composition of the corrosion products, XPS
detection is conducted on the undeposited samples after corrosion, and
the test results are shown in Fig. 9(a-c). The Cu 2p3/2 peak and 2p1/2
peak are located at 930.4 eV and 950.5 eV respectively. Among them,
the Cu 2p3/2 peak shows two components, including the Cu™ (Cuy0)
peak at 932.4 eV and the Cu®t (CuO) peak at 934.4 eV; the Cu 2p3/2
peak is mainly produced by Cu® (Cu,0); the satellite peaks of Cu0
appear in the range of 940.1 eV to 946.2 eV. The O 1 s peak is mainly
composed of 91.63 % C—O peak (from absorbed contaminants such as
COq, etc.) and 8.37 % Cup0O peak [38]. The XPS results indicate that
Cu20 is the main component of the corrosion products, and the content
of CuO is relatively low. In addition, in the surface EDS scanning results,

20pm

Uncoated Sample

()

Coated Sample
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it was noted that there are point-like Cl element enrichment areas on the
surface, indicating that a very small amount of Cu chloride was pro-
duced at individual points. In oxygen-containing neutral sodium chlo-
ride solution, the possible Cu chlorides that may form include CuCl and
Cuy(OH)3Cl. The chemical reactions that occur during the corrosion
process can be summarized as follows [39-41]:

In a neutral NaCl solution containing oxygen, Cu undergoes oxida-
tion to form Cu™;

Cu—Cu’ + e 2)
subsequently, Cu™ reacts with Cl~ ions in solution to produce CuCl and
CuCly;

Cu' + Cl” - CuCl,g 3)

CuCl,g, + Cl”—CuCl, 4

then, CuCl; precipitates to form a Cuy0 film;

2CuCl, + H,0-Cu,0 + 2H* + 4Cl” 5)

furthermore, some Cuy0 may react further to yield Cup(OH)3CL.
Cuy0 + CI™ + OH™ + H,0—Cu,(OH),Cl 4 2e~ (6)

Fig. 8(b) and (d) exhibit the surface and cross-sectional morphology
of the coated sample after immersion. From the surface morphology
images of the samples, it can be observed that the spherical-cluster
structure on the surface of the coating remains unchanged before and
after immersion, and the integrity of the coating is not damaged. This
indicates that the hydrophobic coating exhibits good physical stability in

Fig. 8. The surface morphology of the (a) uncoated and (b) coated samples after immersion, and the cross-sectional morphology of the (c) uncoated and (d) coated

samples after immersion.
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Fig. 9. XPS spectrum of the (a-c) uncoated and (d-f) coated samples after immersion.

the NaCl solution. Besides that, the photos of cross-sectional
morphology indicates that the coating remains highly dense after im-
mersion and is firmly bonded to the surface of the sintered Cu. No dark
oxide layer is observed beneath the coating, and the pore size of the
inner sintered Cu does not increase significantly. Moreover, the EDS
results indicates that the O element is mainly concentrated in the coating
area, and no enrichment of the O element is found in the interior of the
sintered Cu. This proves that the Si-containing hydrophobic coating
deposited by the APPJ process provides excellent corrosion protection
for the sintered Cu samples.

Fig. 9(d-F) presents the XPS test results of the coated sample after
immersion. In the full spectrum results, the Si2p, C1s and O1s peaks are
observed at 102.3 eV, 285.4 eV and 533.4 eV respectively, with contents
of 28.71 %, 23.69 % and 47.60 %. In the narrow spectrum scanning
results, the Si2p peak contains two components, including 24.53 % of
the SiO4 peak (104.7 eV) and 75.47 % of the SiO3 peak (102.7 eV), while
the O1s peak is composed of 83.78 % of the Si-O peak (532.9 eV) and
16.22 % of the C—O peak (533.6 eV) [33,36]. This indicates that after
immersion, the silicon-oxygen network structure in the coating remains
intact and has not undergone a chemical reaction with the solution. The
Cu2p peak shows almost no signal, suggesting that there is no damage to
the coating surface and the barrier effect is good. The XPS results

Water Contact Angle (°)

demonstrate that this coating has good chemical stability in NaCl
solution.

To verify the stability of the hydrophobic coating in NaCl solution,
the water contact angle of the coated samples after immersion was
tested. Fig. 10 presents the results of four measurements and the average
value. The average water contact angle of the hydrophobic surface after
168 h of immersion is 147.70°, which has only decreased by 5.1°
compared with the uncorroded samples. This indicates that the coating
has good stability in NaCl solution and can maintain high hydrophobic
performance for a long time.

Fig. 11 illustrates the corrosion protection mechanism of the silicon-
containing hydrophobic coating. Without coating protection, in a humid
atmosphere or immersion conditions, corrosive substances in water can
directly contact and react with the Cu surface. However, for coated
samples, the methyl groups in the Si-O network of the coating can reduce
the surface energy, and the surface structure is rough, which not only
effectively increases the water contact angle but also retains an air film
within the coating under water droplet or immersion conditions, further
preventing the direct contact of corrosive media with the substrate.

160

Avg:152.8°
155 Bl
. o
150 Avg:147.7
145
140
0 168

Aging Duration (h)

Fig. 10. The average water contact angle of coated samples before and after immersion.
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Fig. 11. Schematic diagram of the corrosion protection mechanism of silicon-containing hydrophobic coatings.

3.3. Theoretical study

3.3.1. Grafting mechanism of molecular fragments

In our APPJ process, the exited high energy electrons (e*) firstly
motivate the gas molecules (Ar, O, and Nj) to form active particles
(excited state Ar*, O*, No* and metastable state Ary) via collision
ionization and Penning ionization. Then, the precursors-HMDSO mol-
ecules, will decompose into different molecular fragments under the
impact of high-energy ions and deposit on sintered Cu surface driven by
gas flow, as shown in Fig.12.

The equations of HMDSO cracking reaction are as follows [33]:

Ar,, + (CHs),Si0Si(CHj),—(CH3),Si0Si" (CHs), -+ CHs + Ar @

+ (CHs)4Si0Si(CHs);—(CHs);Si* + (CHs),SiO" + Ar ©)

Some oxygen molecules will generate free oxygen atoms O* after
ionization, local oxidation may occur in a short time before the molec-
ular fragments deposit on Cu surface. Therefore, it is necessary to
consider copper oxide when establishing the surface grafting model. Due
to the short oxidation time, this study only considers the surface of Cuy0
which is preferentially generated.

In order to analyze the film formation mechanism on sintered Cu
surface, the adsorption models of different molecular fragments are
established through Density functional theory (DFT) calculations. The

simulations are performed using Materials Studio software (Accelrys,
Inc.). An energy path of dissociation of HMDSO molecules is illustrated
in Fig. 13(a). The free energy of each dissociation step can be calculated
through Eq. (9):

298.15K
Greactlon

)]

Where Epoa1 and Gporal represent the total electronic energy (Ecotar)
and the zero-point corrected free energy (Giotal) Of the products, while
Ertotal and Giotal represent the above two energies of the reactants. The
calculated Egota) and Giora) of all molecular fragments are shown in
Table 3. Due to the cleavage of Si-O and Si-C bonds, the HMDSO
molecule can be dissociated into -OSi(CH3)3, -OSi(CHgs)s, -OSiCHgs, -OSi
with Gibbs free energy (AG) of each step are 103.4, 16.6, 67.6 and 14.3
kcal/mol. The AG values of all the steps are positive, thus the dissoci-
ation process cannot occur spontaneously and requires additional en-
ergy provided by plasma. And it can be observed that the first step is
hardest with highest AG, while the generation of -OSi(CH3), and -OSi
fragments is relatively easy.

The Cu and Cu,0 (111) surfaces have exhibited lower surface free
energy and higher stability in former studies [42,43], and are regarded
as ideal models for surface adsorption research. Therefore, in this study,
the (111) surfaces of Cu and Cu,O are utilized for the theoretical studies.
The Cu (111) surface is modeled with a 4-layer slab from a (3 x 2)
supercell, while Cuy0 (111) surface is modeled with a 4-layer slab from

- (Eptotal + Gptotal) - (Ertotal + Grtotal)

(CH;);Si

@@ @\ ar @"" > L%%—En*m o
‘5 — @+ ogm@ % % € 0 Molecular fragments
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Fig. 12. Illustration demonstrating the APPJ coating process mechanism.
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Table 3

The calculated Eyoa and Gyoga of different molecular fragments.
Fragments Eqotai(kcal/mol) Giotal(kcal/mol)
HMDSO —560,870.565 110.440
OSi(CH3)3 —303,994.767 46.660
OSi(CH3)2 —278,982.347 28.752
OSiCHj3 —253,915.246 7.203
OSi —228,904.514 —-11.313
Si(CH3)3 —256,755.317 46.717
CH3 —24,983.834 5.917

a (2 x 2) supercell. The generalized gradient approximation (GGA)
method and Perdew-Burke-Ernzerhof (PBE) function are used to
describe the exchange-correlation energy. The SCF tolerance, energy
convergence tolerance, maximum force, and maximum displacement
are set to 1E-5 eV~atom*1, 2E-5 Ha, 0.004 Ha/A and 0.005 ;\, respec-
tively. And a smearing value of 0.005 Ha is chosen to enhance SCF
convergence. All DFT simulations (including the optimization of mole-
cule/ion surface adsorption models and the analysis of film formation
processes) were calculated by the DMoL® module with double numerical
basis sets, including the polarization functions (DND) and basis file 3.5.

The optimized adsorption models of different fragments on Cu (111)
and Cup0 (111) are shown in Fig. 13(b) and (c), respectively. The charge
density differences (CDD) are shown as well,in which the cyan areas
indicate electron accumulation, and the yellow areas indicate electron
depletion. The interaction energies between molecules/molecular frag-
ments and Cu surface are utilized to evaluate the grafting strength and
can be calculated through Eq. (10):

Einter = Etotal - (Esub + Emol) (10)

Where Ejpyer refers to the interaction energy between molecular and
Cu substrate, Egyp, Emol, and Eota represent the total energies of Cu
substrate, molecule and adsorption model, respectively. The more
negative value of the interaction energy, the stronger the adsorption
performance. The Ejy, of different fragments on Cu and CuyO surface
are shown in Table 4. In the Cu grafting model, the OSi(CH3)3 has the
highest binding energy of —4.380 eV. With the decrease of methyl

Table 4
The interaction energy of different molecule fragments.

Structures  Eyorai(Ha) Esun(Ha) Emoi(Ha) Ein(Ha)  Ein(eV)

Cu(111)+
HMDSO
Cu(111)+
OSi
(CH3)3
Cu(111)+
OSi
(CH3),
Cu(111)+
0SiCH;
Cu(111)+
OSi
Cu,0
a1+
HMDSO
Cu,0
a1+
OSi
(CH3)3
Cu,0
a1+
OSi
(CH3)2
Cu,0
111+
0SiCHs
Cu,0
111+
OSi

—105,879.920  -104,986.550  —893.369  —0.001 —0.028

—105,470.857 —104,986.542 —484.154 —0.161 —4.380

—105,430.943  —104,986.537  —444.284  —-0.122 -3.337

—105,391.034  —-104,986.568  —404.383  —0.083 —2.259

—105,351.128  —104,986.548  —364.555  —0.025 —0.680

—108,107.103 —107,218.385 —888.716 —0.002 —0.054

—107,700.206 -107,218.372 —481.680 —0.154 —4.190

-107,660.720  —107,218.366  —442.158 —-0.196 -5.333

-107,621.139  -107,218.229  —402.737 —-0.173 —4.707

-107,756.517  —107,391.866  —364.546  —0.105 —2.857
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groups, the interaction energies of other molecular fragments gradually
decrease, but they are all higher than that of the HMDSO molecule. The
unsaturated O atoms in the fragments serve as the principal participants
in grafting process, and the stable adsorption sites of O atoms vary in
different grafting models. Different adsorption sites lead to the variation
in the number of chemical bonds that can be formed, eventually
resulting in different interaction energies. The HMDSO molecule fails to
form effective chemical adsorption with the Cu surface, therefore has a
weaker interaction energy than other molecular fragments. While on the
Cuy0 surface, due to the presence of unsaturated O adsorption sites, the
unsaturated Si atoms in the molecular fragments can also form strong
surface bonds. Therefore, the OSi(CHs),, OSiCHs, and OSi have higher
interaction energy on Cuy0O surface.
1Ha=27.211eV

3.3.2. Analysis of the film growth process

Fig. 14 and 15 show the formation process of the hydrophobic film
on Cu (111) and Cup0 (111) surfaces, respectively. This process can be
summarized into two steps: the grafting of methyl-containing molecular
fragments OSi(CHgs)x onto the Cu/Cu0 surface, and the cross-linking
process among the grafted molecular fragments. In the Cu surface
model, after the grafting is completed, some methyl groups are detached
due to the impact of the plasma jet and are replaced by O atoms from the
air. Subsequently, the unsaturated O and Si atoms bond with the nearby
unsaturated sites, achieving the interconnection among the four grafted
molecular fragments and forming a short Si-O chain. There are still
unsaturated O and Si atoms in this Si-O chain, which can further form
interconnections with nearby grafted fragments through a similar
mechanism, eventually forming a large Si-O network covering the Cu
surface. It should be noted that some discrete methyl groups can still
modify the unsaturated O and Si atoms, forming -SiCHs and —OCHjs
structures, which helps to reduce surface energy and improve the hy-
drophobicity of the coating. The cross-linking film formation mecha-
nism on the Cuy0 surface is similar. After the molecular fragments are
grafted, they cross-link with the surrounding grafted fragments or the
fragments deposited subsequently. Some unsaturated Si atoms within
the siloxane network can be modified by free methyl groups, as shown in
Fig. 15. Here, to simplify the model and make the image clear, the lower
layers of the Cuz0 model are hidden, and Si-O fragments are used as all
of the initial grafted molecular fragments.

3.3.3. Hydrophobic and anti-corrosion properties of the coating

The adsorption of HoO molecules and Cl~ on coated and bare Cu
surfaces was used to evaluate the hydrophobic and corrosion protection
properties of the coating. In the initial adsorption models, a small
silicon-oxygen crosslinking layer was constructed on the top of the Cu
layer and served as the hydrophobic processed model after optimization.
The H,0 molecules and Cl~ ions are placed 2.5 A above the C atom in
-CHj group and the Cu atom at the center of the surface, respectively.
The geometry optimization results are shown in Fig. 16, and the inter-
action energy and adsorption distances are listed in Table 5. For the H,O
adsorption models, the adsorption distance increases both in coated and
uncoated models, while the interaction energy of HyO molecules in
coated model is smaller, demonstrating stronger hydrophobic perfor-
mance than bare Cu. In Cl™ ion adsorption models, the bare Cu surface
exhibits stronger adsorption intention towards the Cl~, resulting in
decreased adsorption distance and an adsorption energy of —3.477 eV,
which is sufficient to form chemical adsorption. However, the coated
model shows a lower Ej,; of —1.041 eV and increased adsorption dis-
tance, indicating that the hydrophobic coating can weaken the adsorp-
tion effect of CI™ ions on Cu surface and reduce the risk of corrosion.

4. Conclusions

In this study, we proposed a novel corrosion protection method for
sintered Cu based on plasma-assisted deposition with HMDSO as the
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Fig. 14. The formation process of hydrophobic film on Cu (1 1 1) surface.
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Fig. 15. The formation process of hydrophobic film on CuzO (1 1 1) surface.
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Fig. 16. The adsorption model of H,0 and CI~ on hydrophobic layer and bare Cu surface.
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Table 5

The E;j, values and adsorption distances of different models.
Models Eini(eV) daps(A)
H,0 on hydrophobic layer —0.069 3.490
H,0 on Cu(111) —0.097 3.409
Cl™ on hydrophobic layer —3.477 3.583
Cl” on Cu(111) —1.041 2.412

precursor. A stable cross-linked organosilicon film with high hydro-
phobicity was deposited on the surface of sintered Cu samples. The
microstructure, chemical composition and water contact angle of the
film were characterized, and the corrosion protection performance of
the coating in a chlorine-rich environment (3.5 % NaCl solution) was
examined. DFT calculations were used to explain the film formation and
hydrophobic mechanism. The main conclusions are summarized as
follows:

(1) The coating was formed by numerous closely combined cluster-
like particles at the micrometer scale, with the main component being
a methyl-containing crosslinked siloxane network. The methyl groups’
low surface energy and increased surface roughness significantly
enhance the hydrophobicity of the samples by approximately 50 %.

(2) The coated samples exhibited excellent corrosion resistance in
3.5 % NaCl solution. The polarization curve and EIS test results indi-
cated that, compared with the uncoated sample, the corrosion potential
of coated sample shifted positively by 0.035 V, and it showed a lower
corrosion current density and a higher reaction activation energy within
the experimental temperature range (30°C—60°C). The |Z| value at the
lowest frequency and charge transfer resistance R of the coated sample
were significantly higher than those of the uncoated sample. After 168 h
of immersion corrosion test, the physical structure of the coating
remained intact and the chemical composition was stable, with the
contact angle decreasing by only 5.1°, and no obvious corrosion
occurred on the bottom sintered Cu sample.

(3) The growth process of the film on Cu/CuyO surface is mainly
divided into two stages: the grafting stage and the interconnection stage.
The methyl-contained OSi(CHjs)y fragments, due to its easier grafting,
becomes the main participant. After the group substitution of grafted
molecules and intermolecular cross-linking, a silicon-oxygen network is
formed. Some unsaturated O atoms and Si atoms are modified by
discrete methyl groups, forming -SiCH3 and —~OCH3 structures, which
can improve the hydrophobicity of the coating.

This study presents a new method - atmospheric pressure plasma jet
process - for surface corrosion protection of precision interconnection
structures in power device packaging, successfully enhanced the corro-
sion resistance of sintered Cu in a chlorine-rich environment and con-
ducted an in-depth analysis of the film formation mechanism on Cu/
Cup0 surface. Providing a new direction and theoretical basis for high-
reliability power packaging.
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