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A B S T R A C T   

During operation in environments containing hydrogen sulfide (H2S), such as in offshore and coastal environ-
ments, sintered nanoCu in power electronics is susceptible to degradation caused by corrosion. In this study, 
experimental and molecular dynamics (MD) simulation analyses were conducted to investigate the evolution and 
mechanism of H2S-induced corrosion of sintered nanoCu, and bulk Cu was used as the reference. The following 
results are obtained: (1) Both sintered nanoCu and bulk Cu reacted with O2 prior to reacting with H2S, forming 
Cu2O, Cu2S, CuO, and CuS. In addition, sintered nanoCu exhibited more severe corrosion. (2) For both sintered 
nanoCu and bulk Cu, H2S-induced corrosion resulted in the deterioration of electrical, thermal, and mechanical 
properties, and sintered nanoCu experienced a greater extent of deterioration. (3) As was ascertained through 
Reactive Force Field (ReaxFF) MD simulations, the penetration of H2S and O2 combined with the upward 
migration of Cu resulted in the formation of a corrosion film. In addition, compared to bulk Cu, the H2S and O2 
penetration in the sintered nanoCu structure was observed to occur to a greater depth, accounting for the more 
pronounced performance degradation.   

1. Introduction 

Power electronics, utilizing wide-bandgap (WBG) semiconductor 
materials such as silicon carbide (SiC) and gallium nitride (GaN), offer 
significant advantages such as high-temperature resistance and high 
energy efficiency [1–3]. Owing to its remarkable electrical, thermal, and 
mechanical properties, Cu is widely employed in semiconductor pack-
aging [4–6]. In power electronics with WBG semiconductor materials, 
Cu has been used in various applications, including as a foundational 
baseplate, leadframe, wire-bonding material, and direct copper bonding 
substrate (DBC) [7–11]. Furthermore, traditional tin-based solder, with 
its low melting point, cannot meet the high-temperature durability 
needs of WBG semiconductor materials [12,13]. As a result, sintered 
nanoCu has the potential to become the high-temperature die attach-
ment material for WBG semiconductors [14–16]. 

Power electronics operating in natural environments are vulnerable 
to corrosion owing to various factors, including ambient humidity, ox-
ygen, and corrosive gases [17–20]. This is particularly pronounced in 
severe environmental settings such as in coastal and offshore areas 
characterized by elevated concentrations of hydrogen sulfide (H2S) 
[21,22]. In addition, power electronics deployed in industrial facilities 
such as mines, paper mills, wastewater/waste treatment plants, farms, 
and fertilizer plants are exposed to elevated pollutant levels [23,24], 
thereby intensifying the corrosion challenges. Corrosive gases such as 
H2S can enter the power electronics by permeating through the encap-
sulation silicone and the interface between the silicone and the case and 
can subsequently chemically react with the materials of various pack-
aging components [25,26]. The formation of a stable surface passivation 
layer for Cu is inherently challenging, rendering Cu highly susceptible to 
ongoing corrosion. 
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Some studies have reported corrosion and electrochemical migration 
phenomena in bulk Cu used in electronics packaging [27–33]. Becker 
et al. [27] conducted H2S-aging tests on bulk Cu plates and observed the 
localized distribution of Cu2S on the copper surface. Tran et al. [28] 
reported that under high temperature and humidity conditions and in 
the presence of H2S, bulk Cu predominantly forms Cu2O and Cu2S 
initially, followed by the formation of CuO. The reaction rate was 
accelerated by increasing temperature, humidity, and H2S concentra-
tion, as assessed using a coulometric method. Yu et al. [29] found that 
during their examination of the failure mechanisms in a bulk Cu wire 
bonding on an Al layer formed by metallization in an NaCl solution, Cl−

penetrated cracks in the Cu–Al bonding interface, causing the failure of 
the wire bonding. Xu et al. [30] demonstrated that Ca2+ in the liquid 
could inhibit the corrosion of bulk Cu. During operational conditions, 
various bulk Cu components within power devices have the potential to 
be in a voltage-biased state. Consequently, some studies have focused on 
the electrochemical migration of bulk Cu under biased conditions 
[31–33]. Bayer et al. [31] observed dendritic growth between two bulk 
Cu electrodes bonded on an Al2O3 plate in deionized water, tap water, a 
hydrochloric acid solution (HCl), and a sulfuric acid solution (H2SO4), 
under a 4 V bias. The dendritic growth direction extended from the 
cathode toward the anode. Wassermann et al. [32] observed dendritic 
growth in the same direction under a high humidity, high voltage, and 
H2S-containing atmosphere. Increased humidity, voltage, and H2S con-
centration (not exceeding 30 ppm) all promote the migration of Cu. Tan 
et al. [33] reported the dendritic growth between two bulk Cu electrodes 
in air atmosphere. They proposed that the tape between the electrodes 
absorbed moisture from the air, thereby serving as an electrolyte. 

Only a few studies have focused on the corrosion and electro-
chemical migration phenomena in sintered nanoCu [22,34]. Wang et al. 
[22] compared the corrosion behavior of sintered nanoCu and sintered 
Ag exposed to 100 ppb H2S for 168 h, with sintered nanoCu exhibiting 
superior corrosion resistance under thermal shock. However, they did 
not investigate the temporal evolution of corrosion. Lee et al. [34] uti-
lized intensive pulsed light (IPL) sintering to fabricate sintered nanoCu 
electrodes and examined their electrochemical migration behavior in 
water by applying biases ranging from 3 V to 9 V. They observed the 
dendritic growth extending from the cathode to the neighboring anode 
and noted that increasing voltage could shorten the time to dendrite 

short-circuiting. 
The observation of microscopic molecular/atomic changes during 

the corrosion process through experiments is challenging. However, 
molecular dynamics (MD) simulations that model the interactions and 
movements of molecules or atoms within a system by using accurate 
potential functions and boundary conditions offer valuable insights into 
the process and mechanisms of metal corrosion. Consequently, MD 
simulations have significant potential for the analysis of extensive and 
complex Cu corrosion [35]. Numerous studies have documented the 
corrosion behavior of bulk Cu in both atmospheric and liquid environ-
ments, along with proposed protective measures [36–39]. However, few 
studies have focused on elucidating the corrosion behavior of sintered 
nanoCu. 

Generally, as shown in Fig. 1, environmental corrosion stressors can 
lead to significant deterioration of Cu materials within electronics, 
creating vulnerable points of failure within electronic packages. The 
degradation is typically categorized on the basis of the corrosion and 
dendritic growth [23]. However, a comprehensive understanding of 
time-dependent corrosion evolution and mechanism in sintered nanoCu 
is lacking, and insight into the mechanisms of sintered nanoCu corrosion 
gained through simulations has also been limited. 

In this study, sintered and bulk Cu samples were exposed to a 336-h 
aging process using 1 ppm H2S. The morphologies and performances 
were assessed at 24-h intervals. Subsequently, the mechanisms of H2S 
and O2 penetration into the sintered and bulk Cu samples were analyzed 
through MD simulations. The rest of this manuscript is organized as 
follows: Section 2 presents the sample preparation, experimental setup, 
and characterization methodology. Section 3 analyzes the corrosion 
behavior and relevant chemical reaction. Section 4 examines the influ-
ence of H2S-induced corrosion on thermal, electrical and mechanical 
performances. Section 5 compares the mechanisms of H2S penetration 
into the sintered and bulk Cu samples. Finally, Section 6 presents the 
conclusions of the study. 

2. Experimental details 

This section presents the details about sample preparation, experi-
mental setup, and characterization methodologies. 

Fig. 1. Schematic representation of power module failure in an H2S-enriched environment.  
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2.1. Sample preparation 

To investigate the corrosion process involving H2S, two types of 
samples, i.e., the sintered and bulk Cu samples, were employed in this 
study, both with dimensions of 5 mm × 5 mm × 1 mm. The Cu nano-
particle paste used in this study was composed of Cu nanoparticles with 
an average particle size of about 150–300 nm, along with ethylene 
glycol (99.5 %, from Aladdin Reagent Co., Ltd.) and terpinol (95.0 %, 
from Aladdin Reagent Co., Ltd.) [14]. To obtain the sintered nanoCu 
samples, a square-shaped mold was designed, as shown in Fig. 2(a). 
Initially, the Cu nanoparticle paste was injected into the mold, followed 
by preheating of the paste at 120 ◦C for 30 min in a vacuum oven (DZF- 
6012, YIHENG). Subsequently, pressure-assisted sintering was con-
ducted in a nitrogen atmosphere using an industrial standard sintering 
machine (Sinterstar Innovate-F-XL, Boschman) at a temperature of 
250 ◦C and a pressure of 20 MPa for 25 min. The sintering temperature 
and pressure profiles and the sintering machine are depicted in Fig. 2 
(b). Bulk Cu samples were purchased from a commercial company 
(SHENG SHI JING New Material Co., Ltd, China). The sintered and bulk 
Cu samples are shown in Fig. 2(c). 

To explore the impact of H2S on the die attachment structure, this 
study employed two types of samples, namely the dummy die joint and 
the SiC die joint. First, the paste was stencil printed onto DBC substrates, 
and the dimensions of the printed paste were 8 mm × 8 mm × 0.15 mm. 
Subsequently, the dummy die with dimensions of 3 mm × 3 mm × 1 mm 
or the SiC die (S4601M) with dimensions of 5 mm × 5 mm × 0.15 mm 
was placed on the printed paste. Like the sintered nanoCu samples, the 
joint samples were also subjected to the same processes of preheating 
and pressure-assisted sintering. The dummy die material was a Cu block 
coated with a layer of silver. The dummy die joint and SiC die joint 
samples are shown in Fig. 2(d). 

2.2. Experimental setup 

To investigate the corrosion induced by H2S, the sintered nanoCu, 
bulk Cu, dummy die joint, and SiC die joint samples were aged in a H2S 
gas atmosphere using a commercial gas corrosion test chamber (GH-180, 
YAMASAKI) for 336 h. During the aging process, the temperature, 
relative humidity, and H2S concentration were set to 45 ◦C, 85 %, and 1 

ppm, respectively. Before H2S aging, the surfaces of all sintered and bulk 
Cu samples were polished. Nine sintered nanoCu samples and nine bulk 
Cu samples were taken out every day, and all the joint samples were 
retrieved upon completion of the aging process. 

2.3. Characterization methodologies 

Scanning electron microscopy with energy-dispersive X-ray spec-
troscopy (SEM/EDS; SU8010, Hitachi) was used to detect the micro-
structure and elemental composition of the sample surfaces. To 
determine the thickness of the corrosion layer, cross-sectional cuts and 
analysis were performed on the sintered samples using a focused-ion- 
beam scanning electron microscope (FIB-SEM; Crossbeam 550, ZEISS). 
Subsequently, to further determine the composition of the corrosion 
products in the aged samples, X-ray diffraction (XRD; D8, Bruker) with 
Cu Kα radiation (λ = 0.15418 nm) was employed. X-ray photoelectron 
spectroscopy (XPS) (Axis Supra+, Shimadzu) equipped with an Al Kα 
excitation source (hv = 1486.6 eV) was used to analyze the chemical 
states of the elements in the corrosion products. The four-probe method 
was employed to measure the electrical resistivity of the samples using a 
four-probe tester (RTS-11, 4probes TECH). The thermal conductivity 
was determined using a flash apparatus (LFA457, Netzsch). The thermal 
deformation property was assessed using a thermomechanical analyzer 
(TMA/SDTA 2+, Mettler-Toledo). The surface mechanical properties of 
the samples were tested and compared using a nanoindentation testing 
system (iNano, KLA). The shear strength of the sintered nanoCu joint 
was measured using a shear tester (Dage4000, Nordan). 

3. Corrosion process analysis 

In this section, the morphological evolution of the sintered and bulk 
Cu samples during H2S-aging is discussed. The corrosion products are 
assessed and the potential reactions involved are analyzed. 

3.1. Morphological characterization 

The surface of the sintered and bulk Cu samples was inspected using 
SEM before and after aging, and the results are shown in Fig. 3. The 
surface of the sintered nanoCu sample showed an increase in the amount 

Fig. 2. (a) Designed mold. (b) Sintering temperature and pressure profiles and sintering machine. (c) Sintered and bulk Cu samples. (d) Dummy die joint and SiC die 
joint samples. 
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of corrosion products as the aging time increased. After 48 h of aging, 
the sample surfaces became completely covered by a film of corrosion 
products, as depicted in Fig. 3(c). As the volume of the corrosion 
products increased, the accumulated compressive stress caused the 
localized separation of the corrosion product film from the sintered 
copper substrate. As shown in Fig. 3(d), after 72 h of aging, the separated 
corrosion product film experienced fracture, subsequently detaching 
from the sample surface. During the H2S aging process, the bulk Cu 
sample showed a surface morphology evolution similar to that of the 
sintered nanoCu sample. However, as shown in Fig. 3 (q), fractures and 
detachment of the corrosion product film of the bulk Cu sample were 
observed after 216 h of aging, which indicated that the sintered nanoCu 
sample underwent more severe corrosion. Similar phenomena of frac-
tures and detachment during the H2S aging process have been previ-
ously reported for Cu [27,40,41]. 

To further understand the surface morphological evolution during 
H2S aging, elemental analysis was conducted on sintered and bulk Cu 
samples using EDS. Fig. 4 visually depicts the elemental O and S contents 

in the upper layer (identified as region 1) and in the exposed part after 
detachment (identified as region 2). Throughout the entire corrosion 
stage, the elemental O and S contents in the upper layer exhibited a 
trend of initial increase, followed by stabilization. However, in the 
initial 48 h aging process for the sintered nanoCu sample, the increase in 
the S content in the upper layer occurred after the increase in the O 
content. Further, in the subsequent 72 h to 120 h aging period, within 
the exposed part, the O content remained consistently higher, while the 
S content remained notably low, increasing at a slower rate. Therefore, 
during H2S aging, Cu exhibited a greater propensity to react with O2 
prior to reacting with H2S. Next, the dynamic variation in the O and S 
contents in the exposed part after 72 h of aging might be attributed to 
the fracture and detachment of the initial corrosion layer that subse-
quently exposed the underlying layers to H2S and O2 and thus led to the 
formation of additional corrosion products. The bulk Cu sample 
exhibited similar changes in the O and S contents. However, the O and S 
contents in the bulk Cu sample were slightly lower than those in the 
sintered nanoCu sample. 

Fig. 3. Evolution of surface morphology with increasing aging time for sintered and bulk Cu samples. Panels (a)–(j) represent the sintered nanoCu samples at aging 
times of 0 h, 24 h, 48 h, 72 h, 120 h, 168 h, 216 h, 264 h, 312 h, and 336 h, respectively. Panels (k)–(t) correspond to the bulk Cu samples at aging times of 0 h, 24 h, 
48 h, 72 h, 120 h, 168 h, 216 h, 264 h, 312 h, and 336 h, respectively. The upper layer region of the corrosion film was designated as “region 1”, and the exposed 
region after corrosion film detachment was designated as “region 2”. 

Fig. 4. Evolution of O and S contents on the surface of aged samples over aging time: (a) elemental O content and (b) elemental S content.  
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Cross-sections measuring approximately 12 µm × 12 µm were ob-
tained using FIB, from the central part of the surfaces of sintered and 
bulk Cu samples subjected to 336 h of H2S aging. Prior to FIB processing, 
platinum spraying of the target areas was conducted. The results of FIB- 
SEM/EDS analysis are presented in Fig. 5. The corrosion product layer 
was composed of Cu, O, and S elements. The average calculations of 3 
typical thickness values revealed that the thicknesses of corrosion 
product layers for the sintered and bulk Cu samples were approximately 
1.35 µm and 1.16 µm, respectively. For both sintered and bulk Cu 
samples, a distinct interface existed between the corrosion product layer 
and Cu matrix. 

3.2. Analysis of corrosion product 

To identify the composition of corrosion products, XRD and XPS 
analyses were conducted on both sintered and bulk Cu samples before 
and after 336 h of aging. The detection capabilities of XPS and XRD 
extend to surface and interior analyses of corrosion product films, 
probing depths in the range of several nanometers and tens of micro-
meters, respectively. The XRD results of both sintered and bulk Cu 
samples are shown in Fig. 6. As depicted in Fig. 6(a), after 336 h of H2S 
aging, a crystalline layer of Cu2O (PDF#99–0041) emerged on the sur-
face of the sintered nanoCu sample. In contrast, the unaged sintered 

nanoCu sample exhibited only metallic Cu (PDF#85–1326). Further, on 
the bulk Cu sample, Cu2O crystals were also formed during the H2S 
aging process. However, the amount of generated Cu2O in the bulk Cu 
sample was much lower than that in the sintered nanoCu sample, as 
shown in Fig. 6(b). Both sintered and bulk Cu samples did not exhibit the 
presence of S after aging, possibly due to the formation of amorphous S 
compounds with Cu. 

XPS analysis was also utilized to study the corrosion products present 
in the corroded samples conducted in Thermo ScientificTM Avantage. 
Fig. 7 shows the XPS spectra of both the sintered and bulk Cu samples. As 
shown in Fig. 7(a), the surfaces of the sintered nanoCu samples, both 
before and after aging, showed the presence of O, Cu, and C elements. 
However, S was found only in the aged sintered nanoCu samples. As 
depicted in Fig. 7(b), both the unaged and 336-h-aged sintered nanoCu 
samples exhibited a peak at 932.3 eV, indicating the presence of metallic 
Cu [42]. Furthermore, the spectrum of the 336-h-aged sintered nanoCu 
sample showed an additional peak at 934.4 eV, indicating the formation 
of CuO [43,44]. The presence of a satellite peak and its corresponding 
initiation and termination positions further substantiated the existence 
of CuO. As depicted in Fig. 7(c), the unaged sintered nanoCu sample did 
not exhibit any traces of S. However, in the 336-h-aged sintered nanoCu 
sample, the peaks observed at 162.9 eV for Cu+-S 2p1/2 and at 161.7 eV 
for Cu+-S 2p3/2 provided clear confirmation of the presence of Cu2S 

Fig. 5. FIB-generated cross-sections and SEM/EDS test results: (a) Sintered nanoCu sample and (b) bulk Cu sample.  
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[45,46]. Furthermore, the peaks around 163.3 eV for Cu2+-S 2p1/2 and 
162.1 eV for Cu2+-S 2p3/2 support the existence of CuS [47,48]. Fig. 7 
(d)–(f) show the XPS spectra of the bulk Cu sample before and after 
aging. The XPS spectra reveal that the surface of the bulk Cu sample aged 
for 336 h also contained CuO, Cu2S, and CuS. By combining the findings 
from XRD and XPS analyses, the corrosion products formed during H2S 
aging in both the sintered and bulk Cu samples were found to be the 
same: Cu2O, Cu2S, CuO, and CuS. 

The potential reactions of the sintered and bulk Cu samples during 
H2S aging can be inferred from the results of testing and analysis. In an 
air environment containing 1 ppm H2S gas, Cu could undergo direct 
chemical reactions with both O2 and H2S, resulting in the formation of 
Cu2O [49] and Cu2S [41], respectively. The reactions involved are as 
follows: 

4Cu+O2→2Cu2O, (1)  

2Cu+H2S→Cu2S+H2. (2) 

The formed Cu2O may continue to react with either O2 or H2S, 
resulting in the formation of CuO [49] and CuS [41,50], respectively. 
These reactions are as follows: 

2Cu2O+O2→4CuO, (3)  

Cu2O+H2S→Cu2S+H2O. (4) 

The produced CuO may react with H2S, converting into CuS [51]. 
This reaction is as follows: 

CuO+H2S→CuS+H2O. (5) 

Under the condition of 85 % relative humidity, numerous micro-
droplets composed of several tens of water molecules were distributed 
on the surfaces of the sintered and bulk Cu samples [52]. These micro-
droplets provided the necessary conditions for the electrochemical 
reactions. 

Trace amounts of O2 from the air and Cu on the sample surface would 
dissolve into the microdroplets, forming OH− and Cu+ ions. The re-
actions involved are as follows: 

Cathode electrode : O2 + 2H2O+ 4e− →4OH− , (6)  

Anode electrode : Cu→Cu+ + e− . (7) 

Cu+ reacted with OH− in the solution to generate Cu2O [41], as 
follows: 

2Cu+ + 2OH− →Cu2O+H2O (8) 

A trace amount of Cu+ reacted with HS− to form Cu2S [28], as 
follows: 

H2S+OH − →HS− +H2O, (9) 

Fig. 6. XRD patterns of samples before and after aging: (a) Sintered nanoCu samples and (b) bulk Cu samples.  

Fig. 7. (a) Full, (b) Cu 2p, and (c) S 2p XPS spectra of sintered nanoCu sample. (d) Full, (e) Cu 2p, and (f) S 2p XPS spectra of bulk Cu sample.  
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2Cu+ +HS− →Cu2S+H+. (10) 

The formation of CuS may involve a two-step dissociation of H2S to 
generate S2− , followed by a subsequent reaction with Cu+ [53], as 
follows: 

H2S→HS− +H+, (11)  

2HS− + 2e− →2S2− +H2, (12)  

Cu+ + S2− →CuS+ e− . (13) 

In the H2S− containing environment, corrosion products such as 
Cu2S, CuS, Cu2O, and CuO were frequently observed, with Cu2S and 
Cu2O being the dominant species [27,28,41,53,54]. 

4. Influence of H2S-induced corrosion on properties 

To evaluate the influence of H2S aging on intrinsic properties, this 
section begins by comparing the electrical resistivity, thermal conduc-
tivity, coefficient of thermal expansion, and elastic modulus of both 
sintered and bulk samples before and after the aging process. To assess 
the impact of H2S aging on interfacial performance, the subsequent 
portion of this section examines the shear strength and fracture mode of 
the sintered nanoCu joint sample before and after aging. 

4.1. Electrical resistivity 

The sintered nanoCu, as a die attachment material, needs to possess a 
sufficiently high current-carrying capability. Consequently, the changes 
in the resistivity of both sintered and bulk Cu samples following expo-
sure to corrosion were assessed. The resistivity was determined using the 
four-probe testing method (Fig. 8). The formula for calculating electrical 
resistivity (ρ) is presented below: 

ρ = 4.532
V
I
× h× K, (14)  

where V represents the voltage (μV) between the outer two probes 
(probes 2 and 3), I represents the current (A) between the inner two 
probes (probes 1 and 4), h represents the thickness (cm) of the test 
sample, and K is an adjustment factor associated with the probe spacing 
and the diameter of the inscribed circle within the sample. The K value 
for the present sample is 3.97. 

Fig. 9 shows the evolution of the electrical resistivity of sintered and 
bulk Cu samples with increasing H2S aging time. The electrical re-
sistivity of the unaged sintered and bulk Cu samples was 1.87 μΩ⋅cm and 
1.65 μΩ⋅cm, respectively. Due to the presence of voids, sintered nanoCu 
samples demonstrated a higher electrical resistivity value, 13.39 % 

higher than that of bulk Cu samples. As shown in Fig. 9(a), H2S aging 
significantly elevated the sintered nanoCu sample’s electrical resistivity. 
Over the course of H2S aging spanning from 0 to 168 h, the electrical 
resistivity exhibited a rapid increase from 1.87 μΩ⋅cm to 708.08 μΩ⋅cm. 
Subsequently, during the interval of 168–264 h, the electrical resistivity 
experienced a substantial surge, reaching 6468.63 μΩ⋅cm. Due to the 
excessive electrical resistivity exceeding the measurement range of the 
equipment, the apparatus could not be used to conduct tests on samples 
subjected to aging for more than 264 h. As depicted in Fig. 9(b), the 
influence of H2S aging on the electrical resistivity of the bulk Cu sample 
was considerably lower than that on the electrical resistivity of the 
sintered nanoCu sample. During the initial 0–120-h period, the electrical 
resistivity remained quite stable. Within the time span of 120–264 h, the 
electrical resistivity rapidly increased to 1219.55 μΩ⋅cm. Finally, from 
264 to 366 h, the electrical resistivity experienced a pronounced in-
crease, reaching 4516.33 μΩ⋅cm. 

4.2. Thermal properties 

Effective heat transfer is a crucial requirement for sintered nanoCu. 
The thermal conductivity (λ) values of both sintered and bulk Cu sam-
ples are shown in Table 1, indicating a statistically significant difference 
between the before and after aging groups. The thermal conductivity 
values of the unaged sintered and bulk Cu samples were 256.46 W/ 
(m⋅K) and 399.60 W/(m⋅K), respectively. The sintered nanoCu sample 
exhibited a thermal conductivity equivalent to 64.18 % of that observed 
in the bulk Cu sample. After 336 h of H2S aging, the thermal conduc-
tivity values of the sintered and bulk Cu samples were determined to be 
185.66 W/(m⋅K) and 309.06 W/(m⋅K), respectively. The resultant 
reduction rates in thermal conductivity for the sintered and bulk Cu 
samples were computed as 27.61 % and 22.66 %, respectively. 

The coefficient of thermal expansion (CTE) significantly impacts the 
reliability of joints in scenarios involving rapid temperature changes. 
The CTE values of sintered and bulk Cu samples were measured both 
before and after H2S aging, and the corresponding results are graphically 
depicted in Fig. 10. The change in the thermal strain of the samples with 
changing temperatures is depicted in Fig. 10(a) and (b). Based on the 
strain results, the CTE value can be calculated as follows: 

CTE =
ΔL× KCTE

L× ΔT
, (15)  

where L and ΔL are the sample’s initial length and the change in length 
within the temperature difference (ΔT), respectively. KCTE is the cali-
bration coefficient, and the KCTE value is 1 in this study. The calculated 
CTE results are shown in Fig. 10(c) and (d). The CTE value for unaged 
sintered and bulk Cu samples remained constant at 21.8 ppm/◦C and 
18.5 ppm/◦C, respectively, over the temperature range of 30–200 ◦C. 
The CTE of the sintered nanoCu sample was 21.11 % higher than that of 
the bulk Cu sample. This may be attributed to the swift expansion of the 
gas volume within sealed voids in sintered nanoCu upon heating. After 
336 h of H2S aging, the CTE value of the sintered nanoCu sample became 
lower than that of the unaged sample, except within the temperature 
range of 150–175 ◦C, where the CTE showed pronounced fluctuations. 
Further, the CTE value of the bulk Cu sample consistently remained 
lower than that of the unaged sample. 

4.3. Mechanical properties 

H2S aging induced changes in the surface morphology and elemental 
distribution of both the sintered and bulk Cu samples. Nanoindentation 
test was employed to assess the impact of corrosion on the surface elastic 
modulus (E). Each sample underwent 40 nanoindentation tests, with the 
indentation sites arranged in a 5 × 10 array. The indentation positions 
were separated by 50 μm in both the x and y directions, resulting in an 
indented area of 200 × 450 μm. Nanoindentation testing was conducted Fig. 8. Principle of linear four-probe testing.  
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in accordance with the standard ISO 14577. A test load of 50 mN was 
applied at a loading rate of 5 mN/s. 

Table 2 presents the E values obtained through nanoindentation tests 
for various samples, showing a statistically significant difference be-
tween the before and after aging groups. Under the initial condition, the 
mean E values for the sintered and bulk Cu samples were 139.24 MPa 
and 160.02 MPa, respectively. Following sintering, the E value for the 
sintered nanoCu samples became 12.99 % lower than that of the bulk Cu 
samples. After 336 h of H2S aging, the mean E values for the sintered and 
bulk Cu samples decreased to 53.95 MPa and 68.13 MPa, respectively, 
corresponding to a reduction of 61.25 % and 57.42 %, respectively. The 
indentation regions are illustrated in Fig. 11(a), and Fig. 11(b) shows the 
distribution of E within the testing area. The E value distribution across 
various regions on the surfaces of the four samples was evidently highly 
consistent, and the small standard deviation among the four samples 
further supported this observation. In general, the extent of decrease in 
the elastic modulus of the sintered nanoCu sample due to H2S aging was 
slightly greater than that of the bulk Cu sample. 

4.4. Fracture behavior of joints 

The die attachment process using low-temperature joining technique 
(LTJT) with Cu nanoparticles can be carried out below 400 ◦C, leading to 
low-porosity sintered nanoCu with melting points similar to those of 

Fig. 9. Evolution of electrical resistivity under H2S aging: (a) Sintered nanoCu sample and (b) bulk Cu sample.  

Table 1 
Influence of H2S-aging on the thermal conductivity of sintered and bulk Cu samples.  

Samples Mean λ [W/(m⋅K)] Standard deviation of λ [W/(m⋅K)] 

Unaged sintered nanoCu  256.46  21.05 
336 h of H2S aged Sintered nanoCu  185.66  33.81 
P value  < 0.001 
Unaged bulk Cu  399.60  13.52 
336 h of H2S aged bulk Cu  309.06  46.07 
P value  < 0.001  

Fig. 10. Thermal strain from 30 ◦C to 200 ◦C for (a) sintered and (b) bulk Cu samples. Coefficient of thermal expansion from 30 ◦C to 200 ◦C for (c) sintered and (d) 
bulk Cu samples. 

Table 2 
Influence of H2S aging on elasticity modulus (E) of sintered and bulk Cu samples.  

Samples Mean E (MPa) Standard deviation of E 
(MPa) 

Unaged sintered nanoCu  139.24  8.63 
336 h of H2S aged sintered 

nanoCu  
53.95  10.86 

P value  < 0.001 
Unaged bulk Cu  160.02  7.80 
336 h of H2S aged bulk Cu  68.13  8.99 
P value  < 0.001  
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bulk metals. For the evaluation of attachment properties, the shear 
strength of sintered nanoCu joints was determined through shear 
testing. A set of six joint samples both before and after H2S aging were 
subjected to testing, and the results of these assessments are presented in 
Fig. 12(a), with statistically significant difference between groups (* * 
*p < 0.001). After H2S aging, the sintered nanoCu joints exhibited a shift 
in the mean shear strength from 85.88 MPa to 66.68 MPa, i.e., a 

reduction rate of 22.14 %. In addition, the shear strength variation 
increased following the aging process. This observation indicates that 
H2S aging significantly deteriorates the interconnectivity performance 
of sintered nanoCu. Notably, even after H2S aging, the shear strength of 
the joints investigated in this study continues to significantly exceed the 
industrially acceptable threshold of 30 MPa [15,55]. 

The surface morphologies after shear fracture were examined using 

Fig. 11. (a) Nanoindentation test regions of different samples. (b) Elasticity modulus (E) distributions in each test region.  

Fig. 12. (a) Shear strength with statistically significant difference between groups (* * *p < 0.001), (b) and (c) fracture surface morphologies on the dummy die and 
(d) schematics illustrating the fracture routes of sintered nanoCu joints before and after H2S aging. 
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SEM/EDS to analyze the fracture modes. The fracture surface mor-
phologies on the dummy die are shown in Fig. 12(b). In the case of 
dummy die joints before H2S aging, fractures primarily manifested at the 
interface between the sintered copper and the silver layer coated on the 
surface of the dummy die. The presence of a small amount of Cu element 
was observed in both the edge and central regions. This confirms the 
establishment of a sturdy mechanical connection between the sintered 
nanoCu and the Ag layer. However, no substantial amount of sintered 
nanoCu was present in the dummy die. This means that the adhesive 
strength between the sintered body and the Ag layer was inferior to the 
cohesive strength of the sintered body and the adhesive strength be-
tween the sintered body and the Cu layer in DBC. 

The results for dummy die joints after 336 h of H2S aging are pre-
sented in Fig. 12(c). The sintered nanoCu layer was still observed at the 
edge of the dummy die. Trace amounts of S were distributed across the 
edge of the dummy die and the fracture surface of the sintered nanoCu. 
However, no elemental S was found in the central regions of the dummy 
die. This observation indicates the penetration of S into the edge of the 
sintered nanoCu layer. When compared to the adhesive strength be-
tween the sintered nanoCu and the Ag layer, the penetration resulted in 
a greater reduction in the cohesive strength of the sintered nanoCu and 
the adhesive strength between the sintered nanoCu and the Ag layer. 

A schematic diagram illustrating the fracture paths of the sintered 
nanoCu joints is presented in Fig. 12(d). Typically, in unaged joint 
structures, the fracture path emerged at the interface between the sin-
tered nanoCu and the Ag layer, resulting from adhesive breakage. 
However, in the H2S-aged joint structures, additional fractures were 
observed within the sintered nanoCu and at the interface between the 
edge of the sintered nanoCu and DBC, and these were attributed to a 
combination of adhesive and cohesive breakages. 

To study the corrosion within the joints, cross-sectional samples of 
SiC die joints after 336 h of H2S aging were prepared and observed using 
SEM/EDS analysis, and the results are presented in Fig. 13. Fig. 13(a) 
illustrates the SiC die, the sintered nanoCu layer, and the DBC structure, 
with the sintered nanoCu layer having an approximate thickness of 30 
μm. Fig. 13(b) reveals pronounced elemental S penetration in the SiC die 
uncovered area and slight S corrosion in the SiC die covered area. 
However, the light S corrosion substantially reduced the shear strength 
of the die interconnect structure. 

5. Penetration mechanisms of H2S and O2 into sintered and bulk 
Cu samples 

The penetration mechanism of H2S and O2 into both sintered and 
bulk Cu configurations is analyzed through Reactive Force Field 
(ReaxFF) MD simulations. 

5.1. Computational methods 

The experimental tracking of atomic-level shifts during the corrosion 
process is difficult. Therefore, MD simulations were executed in the 

Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMP) 
[56]. These simulations first mimicked the pressure-assisted sintering of 
Cu nanoparticles, followed by the H2S-induced sulfidation of sintered 
and bulk Cu samples. The resulting computations were visually repre-
sented in three dimensions using the Open Visualization Tool (OVITO) 
[57], providing a comprehensive depiction of the findings. 

To simulate pressure-assisted sintering, the classical embedded-atom 
method (EAM) potential [58] was employed to describe the interactions 
among Cu atoms. Its selection was based on advantages: fewer param-
eters, faster convergence, lower errors, higher precision, and enhanced 
capability in simulating interatomic interactions across multiple scales. 
The total energy Etot can be represented as follows [59]: 

Etot =
∑

i
Fi(θh,i)+ 0.5

∑

i=1

∑

j(j∕=i)

qij(Rij), (16)  

where θh,i, Fi(θ), and qij(Rij) are the host electron density of the ith atom, 
the energy to embed the ith atom into the background electron density ρ, 
and the core–core pair repulsion between ith and jth atoms with a dis-
tance of Rij, respectively. 

Further, ReaxFF with Cu/H/S/O elements [22,60] was employed to 
model the reactive chemistry, including bond formation and breaking. 
Etot can be represented as follows: 

Etot = Ebond +Eover +Eunder +EH− bond +Elp +Eval +Etors +EvdWaals +Ecoulomb,

(17)  

where Ebond, Eover, Eunder, and EH-bond represent the bond energy, over- 
coordination energy, under-coordination energy, and hydrogen bond 
energy, respectively, all of which are bond-order-dependent in-
teractions. In addition, Etors, Eval, and Elp correspond to the torsion angle 
energy, valence angle energy, and lone pair energy, respectively, all of 
which are covalent interactions. Further, EvdWaals and ECoulomb denote 
van der Waals energy and Coulomb energy, respectively, both of which 
are non-bonded interactions. 

5.2. Simulation details 

In this study, all simulated systems had periodic boundaries and 
underwent energy minimization using the conjugate gradient algorithm 
(CGA). The dimensions of the simulation cell were 36 Å × 36 Å×110 Å. 
To simulate pressure-assisted sintering, a system of multiple Cu nano-
clusters, each with a diameter of 1.278 nm, arranged in face-centered- 
cubic stacking, was constructed with a total of 2784 Cu atoms. The 
sintering process was simulated using the NPT (isothermal–isobaric) 
ensemble. The temperature and pressure of the simulation cell were 
maintained at 523 K and 20 MPa, respectively. The sintering process was 
carried out for a duration of 200 ps. 

To simulate the corrosion process of sintered and bulk Cu samples in 
H2S-containing air environment, a mixture of gases including H2S, O2, 
and H2O was introduced into the simulation cells of both the sintered 
and bulk Cu samples, with an approximate distance of 10 Å from the Cu 

Fig. 13. Cross-section morphologies of SiC die joints after H2S aging: (a) SEM and (b) EDS mapping for S element.  
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surface. The number of molecules for H2S, O2, and H2O is all 50. 
Notably, the bulk Cu configuration includes 4000 atoms arranged in a 
crystalline structure. The simulations were conducted under the NVT 
(canonical) ensemble. The temperature of the simulation cell was 
regulated to 318 K using the Nose–Hoover thermostat. To ensure thor-
ough sulfidation, the corrosion process was sustained for a duration of 
200 ps. 

5.3. Analysis of sintering process 

The displacement of Cu atoms during the sintering process was 
characterized using mean-square displacement (MSD), given by 

MSD =
1
N

∑N

i=1
[ri(t) − ri(0)]2, (18)  

where ri(0) and ri(t) denote the position of the ith Cu atom at the initial 
time and time t, and N is the total number of Cu atoms. The results of the 
MSD analysis are depicted in Fig. 14(a). Between 0 and 60 ps, the MSD 
values progressively increased with time, indicating the rapid diffusion 
of atoms within distinct Cu nanoparticles. From 60 ps to 200 ps, the MSD 
values remained stable, signifying the completion of the sintering pro-
cess. During the process of pressure-assisted sintering, Cu atoms in 
nanoparticles came into contact and formed neck regions, leading to the 
development of a densified structure. The evolution of the atomic 
configuration is presented in Fig. 14(b). The results demonstrate a 
reduction in the atomic volume for the Cu configuration as the sintering 
process advances. Computational analysis shows that the sintering 

process induces a decrease in the volume of sintered nanoCu configu-
ration by 19.22 %. The sintered nanoCu configuration exhibits a density 
of 7.77 g/cm3, corresponding to 87.3 % of the density observed in bulk 
Cu. 

5.4. Analysis of sulfidation process 

Fig. 15(a) and (b) illustrate the atomistic progressions of H2S and O2 
penetration into the sintered and bulk Cu configurations, showing that 
the majority of gas molecules diffused into the sintered and bulk Cu 
samples. Subsequently, the penetration depth of H2S and O2 into the 
sintered and bulk Cu configurations was quantified, and the results are 
presented in Fig. 15(c) and (d). In both the sintered and bulk Cu con-
figurations, the penetration depth of H2S and O2 exceeded 4 Å, indi-
cating chemical reactions between H2S, O2 and Cu. During the 
penetration process, Cu atoms on the surfaces of the sintered and bulk 
Cu configurations also exhibit significant upward movement, and the 
distances are shown in Fig. 15(e) and (f). Several layers of Cu atoms near 
the surface undergo substantial displacement, resulting in lattice dis-
tortions. The H2S-induced corrosion mechanisms of sintered nanoCu and 
bulk Cu can be summarized as follows: H2S and O2 penetrated into the 
Cu configurations, accompanied by the upward migration of molecules 
from the upper layers of the Cu configurations. Their combined action 
resulted in the formation of a corrosion film. 

For both sintered and bulk Cu configurations, H2S and O2 rapidly 
reached their maximum penetration depths within 25 ps, after which the 
penetration depth remained stable with slight fluctuations. The sintered 
nanoCu configurations exhibited H2S and O2 penetration depths greater 

Fig. 14. Pressure-assisted sintering process: (a) evolution and (b) atomic configuration evolution.  

Fig. 15. (a)–(b) Atomistic configuration evolutions, (c)–(d) H2S and O2 penetration depths, and (e)–(f) distances traversed by Cu atoms of sintered and bulk Cu 
configurations. 
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than those of bulk Cu configurations, and the upward distances tra-
versed by Cu atoms were also greater in the case of sintered samples. The 
presence of voids within the sintered nanoCu configuration allows H2S 
and O2 to either more easily diffuse through these voids or more easily 
traverse among enclosed voids, resulting in deeper penetration. Due to 
the pristine crystalline structure of bulk Cu configuration, the penetra-
tion of H2S into the bulk Cu configuration can be relatively challenging. 
Further, the weaker bond strength between Cu nanoparticles also 
resulted in a greater propensity for Cu atoms to move upward in the 
sintered nanoCu configurations. This is also the reason why the sintered 
nanoCu sample exhibits more severe corrosion and performance 
degradation. The die attachment process using Cu nanoparticles results 
in the formation of voids [14]. The enhancement of the sintering process 
can reduce these voids and improve the corrosion resistance of sintered 
nanoCu. Another promising approach is the addition of other nano-
particles into the sintered nanoCu paste, such as Pd [61] and Si [55], 
similar to the technique validated in the case of sintered Ag. 

6. Conclusions 

This study involved aging sintered nanoCu using 1 ppm H2S for 336 
h, comparing it with bulk Cu. The corrosion phenomena, products, and 
mechanisms were analyzed. Additionally, the changes in electrical, 
thermal, and mechanical properties post-H2S aging for both sintered and 
bulk Cu samples were investigated, focusing on the impact on inter-
connect performance. ReaxFF MD simulations probed H2S and O2 
penetration in sintered and bulk Cu configurations, unveiling H2S- 
induced aging mechanisms. The key findings are: (1) Initially, both 
sintered nanoCu and bulk Cu preferred reacting with O2 before H2S. As 
aging progressed, corrosion products fractured and detached, allowing 
continued gas reactions. Notably, sintered nanoCu exhibited more se-
vere corrosion. (2) H2S aging led to increased electrical resistivity, 
reduced thermal conductivity, thermal expansion coefficient, and elastic 
modulus in both sintered and bulk Cu, with sintered nanoCu showing 
greater degradation. It also caused decreased shear stress at the edge of 
sintered nanoCu joints, altering the failure mode. (3) H2S and O2 
penetration induced surface Cu movement, contributing to corrosion 
layer formation. Deeper penetration in sintered nanoCu explained its 
more significant degradation. O2 penetrated deeper than H2S, influ-
encing Cu’s preference for reaction. This study offers insights into sin-
tered nanoCu and bulk Cu corrosion in H2S-containing environments, 
beneficial for developing corrosion-resistant electronic devices in chal-
lenging settings. Further studies should focus on enhancing sintered 
nanoCu’s corrosion resistance through improved processes or nano-
particle additions. 
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