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Sintered nanocopper (nanoCu) paste, exhibiting excellent electrical, thermal, and mechanical performances,
offers promise for interconnections in wide bandgap (WBG) semiconductors operating at higher temperatures.
However, sintered nanoCu is prone to severe corrosion in environments containing H,S, with on-site charac-
terization methods for the composition of corrosion products currently lacking. In this study, a novel method was
proposed for the rapid characterization of corrosion products during the corrosion process based on hyper-
spectral imaging (HSI) technology. Sintered nanoCu samples were subjected to 336 h H;S gas corrosion tests with
bulk Cu as the reference, followed by correlating the corrosion element content with hyperspectral characteristic
parameters. Then, the morphology and composition of corrosion products were researched using focused ion
beam scanning electron microscope (FIB-SEM) and transmission electron microscope (TEM) analysis. The results
showed that (1) during the corrosion process, a linear relationship was established between the Cu, O elemental
atomic contents on the sample surfaces and their hyperspectral characteristic parameters. (2) The elemental
atomic content of S exhibited an exponential relationship with the characteristic parameter. (3) The change rate
in the spectral characteristic parameters during the corrosion process reflected the severity of corrosion, which
was confirmed by comparing the thickness of the corrosion products of the sintered nanoCu and bulk Cu. This
study offers a foundation for the further investigation of rapid on-site characterization of sintered nanoCu
corrosion involving HjS.

1. Introduction

In recent years, power semiconductor devices have gained signifi-
cant attention from the electronic industry by enabling power conver-
sion and circuit control [1-3]. Power device packaging technology has
progressed toward higher frequencies, faster response times, greater
integration, improved power conversion efficiency, and higher opera-
tional junction temperatures [4-6]. Sintered nanoCu, with low pro-
cessing temperatures and a high melting point, can adapt well to the

high operational temperatures of wide bandgap (WBG) semiconductors
[7,8], showing promise for chip interconnection in WBG semiconductors
[9-11]. In addition, due to its exceptional electrical and thermal con-
ductivity, as well as favorable processability, Cu has shown extensive
application in lead frames, substrates, bonding wires, micro-bumps, and
various structural components in advanced electronic packaging
[6,12-15].

Sintered nanoCu and bulk Cu pose potential reliability issues such as
corrosion degradation, when employed in electronic packaging [16].
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Fig. 1. (a) Self-designed square-shaped mold; (b) sintering machine and temperature profile; (c) sintered nanoCu and bulk Cu samples images; (d) gas corrosion

test chamber.

Environmental corrosion stress can significantly impact chip intercon-
nection, making it a vulnerable point prone to failure [17-19]. Sintered
nanoCu will be susceptible to severe corrosion degradation when con-
fronted by harsh operating environments such as offshore wind power
applications, especially those involving combined stresses such as high
pressure, high temperature, high humidity, and intense H5S corrosion
[8,20]. Corrosive gases like HaS, found in coastal and offshore areas, can
cause severe corrosion of sintered Cu interconnectors, resulting in the
degradation of their electrical, thermal, and mechanical properties
[21,22]. Therefore, developing an efficient and precise corrosion prod-
uct characterization method is critical for understanding and preventing
corrosion in metal interconnect materials.

Prevalent techniques for corrosion products characterization
currently include X-ray powder diffraction (XRD) [23,24], X-ray
photoelectron spectroscopy (XPS) [25], scanning electron microscopy
combined with energy-dispersive X-ray spectroscopy (SEM-EDS) [26],
Fourier transform infrared spectroscopy (FTIR) [27], and Raman spec-
troscopy [28]. However, these methods have shown to be primarily
effective in identifying aging products under atmospheric corrosion
within controlled laboratory settings and have limitations when applied
outside these conditions due to time-consuming procedures and
inherent challenges. By contrast, hyperspectral imaging (HSI) has
emerged as a promising tool for simultaneous spatial and spectral in-
spection, as it can provide RGB information and surface composition
details based on distinct wavelength responses [29,30]. This technology
may serve as a potential solution for material composition character-
ization beyond the constraints encountered when utilizing traditional
methods.

Numerous studies have focused on utilizing hyperspectral informa-
tion across various wavelength ranges, to investigate the corrosion
products and degree of corrosion in metals [31-34]. Ma et al. [31]
proposed a technique that leveraged the reflectance spectral responses
of coatings, spanning from the visible to near-infrared (VNIR, 400-100
nm) range, to determine the condition of steel beam coatings. This
underscored the swift and dependable capability of HSI in detecting
corrosion in metal coatings. Zahir et al. [32] demonstrated that high
spectral data in the shortwave infrared (SWIR, 1100-1700 nm) range
could be used to detect the type and degree of corrosion in carbon steel
samples. Subsequently, the study employed reference spectra to monitor
the temporal variations of different corrosion products (goethite,
magnetite, lepidocrocite, and hematite) in the carbon steel samples
[33]. Ktash et al. [34] utilized HSI reflectance spectroscopy within the

ultraviolet (UV, 200-380 nm) range to non-destructively and rapidly
characterize the Cu oxidation state and layer thickness on direct bonded
copper (DBQC). Liggins et al. [35] merged HSI with unsupervised machine
learning algorithms to automate spectral clustering, presenting a high-
resolution SWIR imaging solution for the rapid detection of corrosion
products in ancient bronze.

Many studies have also focused on employing HSI to address the
detection and screening issues of other materials [33-38]. Tao et al. [36]
proposed a method for employing HSI and machine learning models to
characterize and classify urban solid waste. The researchers achieved
nearly 100 % accuracy under specific parameter conditions, and effec-
tively identified inorganic components within waste. Pu et al. [37]
combined HSI with convolutional neural networks (CNNs) to distinguish
between fresh and freeze-thawed beef samples, offering a potential non-
destructive tracing method for diverse beef conditions. Extracting key
information from spectral patterns enabled principal component anal-
ysis, while artificial neural networks demonstrated exceptional classi-
fication and regression performance. Zhou et al. [38] used HSI for the
visual non-destructive detection of composite heavy metals in lettuce
leaves. The researchers preprocessed hyperspectral data using tech-
niques such as multi-scatter correction and variable iterative space
shrinkage, establishing a model to detect composite heavy metal
content.

However, a comprehensive understanding of the corrosion behavior
of sintered nanoCu relying on HSI in H,S-containing environments has
remained insufficient. In this study, gas corrosion experiments involving
HyS were conducted on sintered nanoCu and bulk Cu samples, followed
by HSI to detect samples at various stages of corrosion. Subsequently, a
correlation between hyperspectral characteristic parameters and
element content was established through combined XPS analysis.
Finally, the corrosion phenomena and product composition of the
samples were analyzed based on FIB-SEM and TEM. This manuscript was
structured as follows. Section 2 introduces the preparation of samples
and experimental test settings, Section 3 investigates the variation pat-
terns of hyperspectral data during the corrosion process, the relationship
between hyperspectral characteristic parameters and element content in
the corrosion products, as well as the corrosion phenomena and mech-
anisms, and Section 4 summarizes the study.
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Fig. 3. The spectral data involved in the data processing procedure: (a) light
source spectrum; (b) measured reflectance spectrum; (c) real reflectance spec-
trum and (d) normalized reflectance spectrum.

2. Experimental details
2.1. Sample preparation and gas corrosion test

In this study, sintered nanoCu and bulk Cu samples, each measuring
5 x 5 x 1 mm in size, were used to investigate the corrosion processes
involving HS. The Cu nanoparticle paste was composed of Cu nano-
particles (average particle size of 150-300 nm), ethylene glycol (99.5 %,
Aladdin Reagent Co., Ltd.), and terpinol (95.0 %, Aladdin Reagent Co.,
Ltd.). A custom-designed square-shaped mold was used to produce the
sintered nanoCu samples (Fig. 1 (a)). The Cu nanoparticle paste was first
injected into the mold, then preheated at 120 °C for 30 min in a vacuum
oven (DZF-6012, YIHENG). This was followed by pressure-assisted sin-
tering in a nitrogen atmosphere using an industrial standard sintering
machine (Sinterstar Innovate-F-XL, Boschman) at 250 °C and 20 MPa for
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25 min. The sintering machine and temperature profile are shown in
Fig. 1 (b). The bulk Cu samples were procured from SHENG SHI JING
New Material Co., Ltd., China. Fig. 1 (c) shows the sintered nanoCu and
bulk Cu samples.

To assess the impact of H,S on corrosion, a 336 h aging test was
conducted on both the sintered and bulk samples within a commercial
gas corrosion test chamber (GH-180, YAMASAKI) (Fig. 1 (d)). The test
conditions included a temperature of 45 °C, relative humidity of 85 %,
and an H,S concentration of 1 ppm. Before H,S exposure, the surfaces of
all sintered and bulk Cu samples were polished using 4000-grit sand-
paper. At 168 h intervals, 10 sintered nanoCu samples and 10 bulk Cu
samples were extracted for inspection.

2.2. Hyperspectral imaging system

Fig. 2 illustrates the HSI system, which was comprised of a light
source, samples, a hyperspectral camera (SR-5000, TOPCON), and a
computer. The reflectance spectrum of the light source (380-440 nm) on
the samples was captured using a calibrated hyperspectral camera. The
hyperspectral image was displayed on a computer with pre-installed
software, generating an image data cube. The image cube with a reso-
lution of 1.4 million (1376 x 1024) was acquired, signifying that the
spectral data (ranging from 380 to 780 nm, with a 1 nm interval) were
obtained for each pixel point. Adjustments were made upon the inte-
gration time during measurement to obtain smooth and continuous
spectra. Measurements were conducted in a darkroom with uniform
illumination to minimize stray light interference.

2.3. Characterization methodology

The optical microscope (OM) (BX53M, OLYMPUS) was used to
capture the surface information of the sintered samples to examine the
aging-induced changes in the macro-topography. The elements in the
corrosion products were investigated by XPS (Axis Supra+, SHIMADZU)
with an Al Ka excitation source (hv = 1486.6 eV). TEM (JEM-F200,
JEOL) was performed on the samples to further analyze the morphology
and composition of the corrosion products. The TEM samples were
prepared by performing cross-sectional cuts and analysis on the samples
using a FIB-SEM (Crossbeam 550, ZEISS).

3. Results and discussions
3.1. Spectrum feature

To obtain the reflectance spectral features of the samples, hyper-
spectral experiments were conducted on samples subjected to different
corrosion times. The measured reflectance spectrum on the sample is
depicted in Fig. 3 (a), indicating features inherited from the light source
spectrum (see Fig. 3 (b)). To mitigate the shape influence of the light
source spectrum, mathematical operations were required for the
measured reflectance spectrum, as described by Eq. (1):

- lmea.sured (l)
/1rea = T N 1
(D) Aighe () D

where Areqi(d), Ameasured(), and Ajgn{i) represent the real reflectance
spectrum, measured spectrum, and light source spectrum, respectively,
and i denotes the wavelength. The real reflectance spectrum is depicted
in Fig. 3 (c). In the hyperspectral experiments, the position variations
could influence the intensity of the real reflectance spectrum of the
sample. To eliminate this effect, normalization of the real reflectance
spectrum was required, using the specific approach outlined in Eq. (2):

o Area(l) — 4
/"-normalized(l) = M (2)

)
}'max - }'min

where Anormatized(i) represents the normalized real reflectance spectrum,



W. Chen et al.

Microelectronics Reliability 162 (2024) 115508

_ 1.0 (a) Sintered Cu-Unaged 1.0 (b)
50.8 0.8
<
0.6 0.6
£ 0.4mm
Z0.4 —— 04
)
£0.2 g 0.2
0.0 i\ ~| 0.0 i

Sintered Cu-72h 1.0 Sintered Cu-168h

(c)

0.8
0.6
0.4
0.2
0.0

400 450 500 550 600 650 700
Wavelength (nm)

400 450 500 550 600 650 700
Wavelength (nm)

400 450 500 550 600 650 700
Wavelength (nm)

e Sintered Cu-264h
_ 1'0'(d)
= 0.8f
< 06 |
é 0.4l 1 Newty 0.4mm
a™ Iexposed
E 0.2} Isurface
o.0f ! e

1.0 (e = Sintered Cu-336h

0.8

0.6

0.4 0.4mm

0.2

0.0 A
1

400 450 500 550 600 650 70!
Wavelength (nm)

400 450 500 550 600 650 700
Wavelength (nm)

Fig. 4. The average reflectance spectra (solid line) and their standard deviation (shaded area) obtained from 10 spectral acquisition areas on each of the 6 sintered
nanoCu samples: (a) unaged sintered nanoCu samples; (b) sintered nanoCu samples after 72 h of corrosion; (c) sintered nanoCu samples after 168 h of corrosion; (d)
sintered nanoCu samples after 264 h of corrosion; (e) sintered nanoCu samples after 336 h of corrosion.
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corrosion; (e) bulk Cu samples after 336 h of corrosion.

and Amayx and Apin denote the maximum and minimum intensities within
Areat(D). Fig. 3 (d) shows the normalized real reflectance spectrum.

Both sintered nanoCu and bulk Cu were subjected to corrosion over 5
time periods: 0, 72, 168, 264, and 336 h. Hyperspectral experiments
were conducted on the samples under different corrosion durations,
with 6 samples for each corrosion duration. Ten circular regions were
selected at the four corners and central position on the surface of each
sample, and the hyperspectral data (440-780 nm; 1 nm interval) were
collected from each of these circular regions. In addition, the surface
morphologies of the samples were captured using OM.

Fig. 4 shows the average reflectance spectra of the sintered nanoCu
samples with different corrosion times, with the insets showing the
surface morphology images of the corresponding samples. According to
the OM images, we observed that with an increase in corrosion time, the
color of the sintered nanoCu samples changed from yellow to black-

brown. The corrosion products demonstrated a layered morphology,
and after 264 h of corrosion, the corrosion product film on the surface of
the sintered nanoCu sample peeled off, revealing a new surface.
Following 336 h of corrosion, the newly exposed surface was again
covered by corrosion products. The reflectance spectra of the sintered
nanoCu samples also changed with an increase in corrosion time, and
the standard deviation of the samples demonstrated an increasing trend.
A characteristic peak appeared in the reflectance spectra at 450 nm,
which continuously increased with increasing corrosion time. The
corrosion products formed in H,S environment are sensitive to light at a
wavelength of 450 nm and exhibit high emission efficiency at this
wavelength. As the quantity of corrosion products increases, the in-
tensity of reflected light at 450 nm also rises.

Fig. 5 shows the average reflectance spectra of the bulk Cu samples,
with the inset figures showing the surface morphology images of the
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Table 1
Fitting results obtained by using the linear function.
Parameters Element a b R?
Sintered nanoCu Cu —95.02 96.59 0.9879
o 76.28 4.68 0.9987
Bulk Cu Cu —132.49 102.00 0.9844
o 95.33 3.12 0.9712
Table 2
Fitting results obtained by using the exponential function.
Parameters Element Py P, Py R?
Sintered nanoCu S —31.14 250.22 14.08 0.9881
Bulk Cu S —31.47 47.73 17.85 0.9843

samples. With an increase in corrosion time, the color of the bulk Cu
samples also changed from yellow to black-brown, and the corrosion
products exhibited a layered morphology. No peeling of the corrosion
product film was observed in the samples for all corrosion times, and
only the cracks in the corrosion product film were found in the sample
following 336 h of corrosion. A characteristic peak also appeared in the
reflectance spectra of the bulk Cu samples at 450 nm, which continu-
ously increased with increasing corrosion time, however, the increase
magnitude was smaller than the sintered nanoCu samples. These
demonstrated that the sintered nanoCu underwent more severe corro-
sion than bulk Cu. The sintered sample with voids presented a larger
surface area, making it more susceptible to corrosive gas reactions, and

facilitating the easier penetration of corrosive gas into the interior of the
sintered sample.

3.2. Tarnishing product characterization

The elemental contents in the samples with different corrosion times
were assessed by XPS. The intensity of the characteristic peak at 450 nm
in the reflectance spectra was defined as the characteristic parameter.
Fig. 6 presents the elemental content trends and characteristic param-
eters of the sintered nanoCu and bulk Cu samples with different corro-
sion times, respectively. For sintered nanoCu, the surfaces of the unaged
samples contained oxygen (O) elements, because the Cu elements were
easily oxidized to copper (I) oxide and copper (II) oxide in the air [39].
In the corrosion experiment, sulfur (S) elements appeared on the sample
surfaces, however, the S content remained stable and did not signifi-
cantly change with the corrosion time. The change rates of Cu and O
were high during the first 168 h of corrosion and then slowed down
significantly. The characteristic parameters also showed an initial rapid
increase (0-168 h) followed by a slower rate of increase (168-336 h).
For the unaged bulk Cu samples, the surface revealed the presence of O
elements, while S elements were detected in the aged samples, and S
content displayed fluctuations. Similarly, the Cu and O elements on the
bulk Cu samples decreased and increased, respectively, during corro-
sion, at a slower rate than sintered nanoCu. Throughout the corrosion
process, the change rate of Cu and O content for the bulk Cu samples
remained relatively steady. Correspondingly, the characteristic param-
eters of the bulk Cu samples demonstrated a gradual increase trend
throughout the corrosion process.

Analysis revealed a clear correlation between the characteristic pa-
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Fig. 7. The measured values and fitted curves of elemental atomic content versus characteristic parameter: (a) Cu within sintered nanoCu sample; (b) O within
sintered nanoCu sample; (c) S within sintered nanoCu sample; (d) Cu within bulk Cu sample; (e) O within bulk Cu sample; (f) S within bulk Cu sample.
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rameters and Cu, O and S atomic contents in both the sintered and bulk
Cu samples. To elucidate those relationships, a linear function (Eq. (3))
was used to fit the variations in both Cu and O atomic contents con-
cerning the characteristic parameter:

y=ax+Db, 3

where a and b denote the parameters within the linear function. An
exponential function (Eq. (5)) was utilized to accurately represent the
correlation between the atomic content of S element and the charac-
teristic parameter:

Y =p1 % (p27*) +ps, ()]

where pj, po, and ps denote the parameters within the quadratic func-
tion. The coefficient of determination (R? value) has been commonly
used to indicate the goodness of fit of a regression model, as calculated
by the following equation [40]:
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where y; represents the i measured value, j; denotes the i fitted value,
and y represents the average value of all measured values.

The model parameters for Cu and O atomic contents were extracted
by linear fitting using particle swarm optimization (PSO) conducted in
1stOpt software, as listed in Table 1; the exponential function parame-
ters for S are listed in Table 2. The measured and fitted values of Cu, O
and S atomic contents in both the sintered and bulk Cu are presented in
Fig. 7. The slope of the fitted equation for Cu element in the sintered
samples was lower than that in the bulk samples, indicating a more se-
vere level of corrosion in the sintered samples.

As shown in Fig. 7 (a), (b), (d) and (e), a strong agreement was
achieved between the measured and fitted Cu and O atomic contents
through high R? values for both the sintered and bulk Cu samples.
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Consequently, a strong linear correlation was evident between the
characteristic parameter and the atomic contents of Cu and O. Fig. 7 (c)
and (f) illustrate a strong agreement between measured and fitted S
atomic contents for both sintered and bulk copper samples, indicating a
significant exponential relationship between the Cu atomic content and
the characteristic parameter. Thus, employing Egs. (3) and (4) allowed
for the computation of elemental content in the sample corrosion
products, leveraging easily accessible spectral characteristics.

3.3. Corrosion mechanism analysis

The cross-sections of the sintered and bulk Cu samples before
corrosion were obtained using FIB cutting. The cross-sections, along
with the TEM/EDS test results for both sintered and bulk Cu, are shown
in Fig. 8 (a) and (b). The figures reveal that the sintered Cu sample
contains some voids, while the bulk Cu exhibits a dense structure. The
cross-sections of the corrosion product films at the central positions of
the sintered and bulk Cu samples, which were subjected to 336 h of
corrosion, were obtained through FIB cutting. To ensure the integrity of
the corrosion product films, a layer of platinum (Pt) metal was deposited
on the central region of the sample surfaces before FIB cutting occurred.
The cross-sections generated by FIB and test results from the TEM/EDS
of both the sintered and bulk Cu are shown in Fig. 8 (c) and (d). After
336 h of corrosion, the corrosion product films on the sintered nanoCu
and bulk Cu samples measured approximately 1.32 and 0.89 pm,
respectively. Both samples exhibited distinct interfaces between the
corrosion product layers and the Cu matrix. The sintered nanoCu sample
displayed a few voids in its Cu matrix, resulting in a relatively porous
corrosion product layer. By contrast, the bulk Cu sample exhibited a
denser corrosion product layer due to the absence of porosity in its Cu
matrix. The corrosion product layers in both the sintered and bulk
samples consisted of Cu, O, and S elements, which was consistent with
previous XPS findings. The O content in the corrosion product film was
lower than that in the Cu matrix. S existed exclusively within the
corrosion product film and was not present within the Cu matrix, with a
clear border observed between Cu matrix and S element. Therefore, it
was inferred that O initially reacted with the Cu matrix to form Cu ox-
ides, followed by HjS reacting with the Cu oxides to produce sulfides.

The corrosion products of the samples were examined by TEM, and
the high-resolution TEM (HRTEM) images of both the sintered nanoCu
and bulk Cu, subjected to 336 h of corrosion, are shown in Fig. 8 (e) and
(f). For sintered nanoCu, four distinct lattice spacings were observed in
the corrosion products, measuring 0.241 nm, 0.371 nm, 0.306 nm, and
0.253 nm, as obtained by the Joel Gatan Microscopy Suite 3.0 (GSM
3.0). These four distances corresponded to the crystallographic planes of
Cuz0 (11 1) (PDF: 34-1354), CusS (1 2 2) (PDF: 33-0490), CuS (1 0 2)
(PDF: 06-0464), and CuO (0 0 2) (PDF:48-1548). The bulk Cu sample
also displayed four distinct lattice spacings, measuring 0.242 nm, 0.373
nm, 0.189 nm, and 0.235 nm, corresponding to the crystallographic
planes of Cup0 (1 1 1) (PDF: 34-1354), CusS (1 2 2) (PDF: 33-0490), CuS
(11 1) (PDF: 06-0464), and CuO (1 1 1) (PDF: 48-1548), respectively.
Under the atmospheric conditions of 45 °C, 85 % humidity, and 1 ppm
HjS, both sintered nanoCu and bulk Cu generated four main corrosion
products, namely, Cuy0, CusS, CuO, and CuS.

4. Conclusions

In this study, a sintered nanoCu sample was prepared using nano-
copper paste and subjected to 336 h of corrosion aging in an environ-
ment containing 1 ppm H,S, with bulk Cu as a reference. Subsequently,
the hyperspectral data for the sintered nanoCu and bulk Cu samples
were acquired by an HSI system. During the corrosion process, the re-
lationships between the hyperspectral characteristic parameters and
elemental compositions on the sample surfaces was analyzed. Finally,
the sample composition was determined. The results revealed that (1)
the average reflectance spectra of the samples were calculated using
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computational methods, revealing systematic changes during corrosion.
(2) A linear relationship was found between the Cu, O atomic surface
contents and the spectral characteristics at 450 nm; besides, the
elemental atomic content of S exhibited an exponential relationship
with the characteristic parameter. (3) A more rapid increase in charac-
teristic parameters signified severe corrosion in the samples. The
corrosion product thickness of the sintered nanoCu sample, which
demonstrated a faster increase in characteristic parameters, was
approximately 1.32 pm, while that of the bulk Cu sample, with a slower
increase, was about 0.89 pm. (4) Both the sintered and bulk Cu samples
produced Cuy0, Cu,S, CuO, and CuS in an environment containing H,S,
as confirmed by the TEM results; And O initially reacts with Cu to form
oxides, followed by the reaction of HyS with Cu oxides to produce sul-
fides. This study introduced a rapid characterization method for sintered
nanoCu corrosion, offering the potential to advance the application of
sintered nanoCu interconnections in WBG semiconductors. The rela-
tionship between different types of corrosion products and their surface
reflection spectra will be analyzed in the future study.
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