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ABSTRACT

A solid-state bonding technique using fine-grained silver (Ag) foils is presented. The

Ag foils aremanufacturedusingmany runs of cold rolling and subsequent annealing

processes to achieve the favorable microstructure. X-ray diffraction and pole fig-

ure measurement are performed to examine the crystal structure and grain orien-

tations. Si chips are bonded to bare Cu substrates using the Ag foil as the bonding

medium at 300 �C in 0.1 torr vacuum assisted by 6.9 MPa static pressure, which is

much lower than that used in conventional thermal compression bonding. Cross

sections prepared by focus ion beam show clear bonding interfaces with only a few

voids smaller than 100 nm. The bonded structures do not crack after cooling down to

room temperature, indicating that the ductile Ag layer is able to manage the strain

induced by the large coefficient of thermal expansion mismatch between Si and Cu.

The average shear strength of as-bonded samples is 29 MPa. High-temperature

storage tests are conducted, and slight increase in strength can be observed after

300 �C aging. Fracture analyses show that the breakage occurs within the Ag foil

rather than on the bonding interface. Transmission electronmicroscopy and energy-

dispersive spectroscopy (TEM/EDX) are conducted for Ag/Cu interface after 200-h

aging, and the result shows that slight diffusion proceeds during the aging. Since Ag

has the highest electrical and thermal conductivities among metals, therefore the

bonded structures reported in this paper probably represent the best possible design

for high-temperature and high-power electronic packaging applications.

Introduction

In electronic packaging, die-attach is a crucial step

that provides active devices with mechanical support

and heat dissipation path. Nowadays, advanced

development in aircraft, automotive, aerospace, and

deep oil and gas drilling requires electronic devices

to operate at high temperature. For example, the

operating temperature of devices in deep oil explo-

ration has increased to 300 �C [1]. Traditional high-
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temperature die-attach materials such as gold-ger-

manium (AuGe) eutectic alloy and high-lead (Pb)

solder cannot sustain this temperature because their

melting temperatures are not high enough. On the

other hand, materials with high melting temperature

require high process temperature to turn them into

molten phase during bonding. One method to cir-

cumvent this constraint is the solid–liquid interdif-

fusion bonding (SLID) that employs a structure

consisting of a low-melting-point component and a

high-melting-point component [2]. During bonding,

the low-melting-point component melts and is con-

sumed by reacting with the high-melting component

to form a new phase that has high melting tempera-

ture. Thus, high-temperature joints can be made at

low bonding temperature. SLID processes based on

Ag/Sn [3], Cu/Sn [4, 5], and Au/Sn [6] had been

developed. A concern on SLID joints is the inter-

metallic compound (IMC) region formed when the

molten phase is consumed during bonding. Although

the mechanical properties of IMC joints can be

improved through post-heat treatments [7, 8], the

formation of pores is an issue. Ga and In had also

been used in SLID designs due to its low melting

temperature. SLID joints made with Ag/In [9, 10] and

Cu/Ga [11, 12] systems had been reported, where the

IMC formation issue persists. A technique to elimi-

nate the IMC region is to convert it into a solid

solution phase by post-annealing, as demonstrated

using the Ag/In system [13]. The resulting joints

between Si chips and Cu substrates survive 5000

thermal cycles between - 40 and ? 200 �C.
A recent approach to producing high-temperature

joints is to sinter nano-silver paste where Ag

nanoparticles dispersed in binder agglomerate dur-

ing sintering. A recent report shows that as the size of

Ag nanoparticle scales down to 2.4 nm, the surface

pre-melting temperature can be as low as 350 �C due

to increased proportion of atoms on the surfaces [14].

With further process improvements, the sintering

temperature has been reduced to 275 �C [15]. A

fundamental challenge of sintered Ag process is the

pores that cannot be eliminated. In high-temperature

reliability tests, many research groups had reported

the penetration of oxygen through the pores within

the Ag to reach Cu substrates, producing an oxide

layer which becomes the weak region [16, 17]. A few

groups have developed coating methods on the

substrates to reduce oxidation. However, the inter-

diffusion between metallized layers and porous silver

can enlarge the pore size near the interfacial region,

resulting in bonding strength degradation [15, 18].

Regardless of pores in sintered Ag, Ag is still an

attractive bonding medium because of its superior

physical properties: the highest electrical conductiv-

ity (63 9 106 S/m) and highest thermal conductivity

(429 W/m–K) among metals, high melting tempera-

ture, and high ductility. Furthermore, based on Ag–

Cu phase diagram shown in Fig. 1 [19] (the diagram

was colored by ASM International 2012, http://mio.

asminternational.org/apd/index.aspx), Ag and Cu

do not form IMCs. This is in contrast to nearly all

soldering and SLID processes where the IMC for-

mation is essential [20]. Since Cu is the most com-

monly used material for leadframes, electrodes, and

bond pads in electronic packaging, high-quality joints

of semiconductor chips to Cu using Ag would be of

significant contribution to electronics in general and

to high-temperature power electronics in particular.

In this research, we turn to solid-state atomic bonding

idea for which atoms on the bonding interface must

be brought within atomic distance in order for

bonding to occur [21]. To facilitate this condition, the

materials on the interface must deform and mate to

each other to achieve atomic contact. To make Ag

deform more easily, Ag foils are produced through

cold rolling and subsequent annealing many times to

obtain favorable microstructure. During bonding,

pressure of 1000 psi (6.9 MPa) is applied at 300 �C to

further enhance the deformation of Ag surface. It is

worthwhile to indicate that this pressure is a few

orders smaller than the pressure used in industrial

thermo-compression bonding processes [22].

In the following sections, the preparation and

characterization of silver foil will be firstly intro-

duced. Secondly, the process of solid-state bonding

will be briefly described. Next, the cross-section

images will be shown and quality of joints evaluated.

In addition, shear tests will be performed for strength

evaluation before and after high-temperature storage

(HTS) tests. Lastly, the potential application and sci-

entific value will be discussed.

Experimental design and procedures

To produce Ag foils, Ag ingots are first grown by

melting Ag shots under vacuum, followed by natural

cooling down to room temperature. Several runs of

cold rolling and subsequent annealing are then
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performed to reduce the thickness of an ingot. As it

was mentioned in the previous section, Ag foil needs

to be soft enough to be deformed easily during the

bonding process. A recent report also demonstrated

that the ease of dislocation gliding facilitates the

collapse of surface asperities during solid-state

bonding [23]. Therefore, grains with low dislocation

density are preferred, which can be acquired after

recrystallization [24]. On the other hand, the initial

grain size of the ingot ranges from hundreds of

microns to a few millimeters, refinement of grains is

necessary since the thickness of the foil is within

100 lm. Therefore, these rolling and annealing con-

ditions are determined after many rounds of trials

and adjustments. In each run, the thickness is

reduced by 70%, and the annealing temperature is

optimized at 300 �C, corresponding to a homologous

temperature of 0.46 at which recrystallization is

expected to complete and excessive grain growth

does not occur within 1 h [25]. The final foil thickness

is approximately 75 lm, suitable for bonding exper-

iments. Prior to each bonding experiment, the foil is

slightly polished by 1 lm diamond suspension solu-

tion and rinsed with deionized water.

In general, metallic materials become harder and

less ductile after cold work because the heavy

increase in dislocation density makes dislocations

harder to glide within crystal grains [26]. In addition,

texture is formed within polycrystalline metals dur-

ing cold rolling, making the materials exhibit certain

anisotropy in mechanical properties. In this research,

an isotropic and texture-free Ag foil microstructure is

highly preferred since the Cu electrode and sub-

strates used in electronics do not have a preferred

orientation. To confirm that residue stress and texture

are removed by the annealing process, X-ray

diffraction (XRD) and pole figure (PF) measurement

are conducted using Rigaku Smartlab in Irvine

Materials Research Institute (IMRI) [27]. XRD theta–

theta scan is operated using Bragg–Brentano (BB)

optics at 2� per minute with a filter removing K-beta

line. In-plane parallel beam (IPB) scan is performed

for PF measurement. An as-rolled foil sample with-

out final annealing is chosen as the control group

only for PF experiment.

To produce the semiconductor chips for bonding

experiments, 3-inch silicon (Si) wafers are deposited

with 30 nm Cr and 100 nm Au thin films by E-beam

evaporation in one high vacuum cycle (5 9 10-6 -

torr). The Cr provides strong adhesion between Si

and Au. The Au layer protects Cr from oxidation and

works as a bonding buffer as it does not oxidize. The

Si wafers are then diced into 5 mm 9 5 mm chips

and ready for bonding. Cu substrates of

Figure 1 Ag–Cu binary

phase diagram [19].

2620 J Mater Sci (2018) 53:2618–2630



7 mm 9 7 mm are cut from a Cu sheet purchased

from a vendor. Right before bonding, they are

slightly polished by 1 lm diamond powder sus-

pended solution and rinsed with thin hydrochloric

acid and DI water to remove the oxides and

contaminants.

The bonding structure design is illustrated in

Fig. 2. The metallized Si chip, Ag foil, and Cu sub-

strates are held together by a fixture with a pressure

of 1000 psi (6.9 MPa) onto a graphite heater stage in a

vacuum chamber [28]. The chamber is pumped to

0.1 torr, and the graphite stage is heated to 300 �C in

5 min, kept isothermally for 5 min, and cooled down

naturally in vacuum to room temperature. The vac-

uum environment reduces Cu oxidation during the

bonding process.

To evaluate the joint quality, the samples are

mounted in epoxy resin, cut in cross sections, and

polished. Optical microscope (OM) and Tescan Gaia3

SEM–FIB in Irvine Materials Research Institute

(IMRI) are utilized for cross-section examination.

Since mechanical polishing process often causes

smearing of materials over the interface, focus ion

beam (FIB) cutting is applied onto the interface to

produce a true interface in atomic scale without

smearing. Furthermore, the in-beam backscattered

electron (BSE) signal enables us to obtain crystallo-

graphic orientation contrast imaging on the cross

section, resulting in images showing microstructure

with detailed crystalline grains. High-temperature

storage (HTS) tests at 300 �C are performed, follow-

ing the process specified in JESD22-A103E [29]. After

that, the cross sections of all samples tested are

examined by the same FIB cutting and SEM imaging

process. To further study the structure evolution of

Ag–Cu interface during aging, TEM sample is cut

from sample after 200-h aging by FIB. Bright field

(BF) imaging and EDX are conducted for interfacial

morphology examination and composition analysis.

To evaluate the strength of the samples, shear test

is conducted using Nordson Dage 4000 tester at a

shear speed of 500 lm/s for as-bonded samples and

for the samples after HTS aging. After the shear test,

the fracture surfaces are examined by SEM to reveal

the deformation morphology and the fracture modes.

Experimental results and discussions

XRD and PF measurement

XRD result of a typical as-annealed Ag foil is shown

in Fig. 3. The data collected in the test are processed

and analyzed by PDXL, an integrated polycrystalline

XRD analysis software package. The peaks in Fig. 3

are indexed, and the crystallographic information is

sorted and listed in Table 1.

From Fig. 3, it is clear that the crystal structure of

the Ag foil is face-centered cubic (FCC) in terms of

the diffraction peaks’ systematic absence. Several

peaks associated with Cu were also detected because

the Ag foil was attached to a Cu sheet during the scan

process. In Table 1, d is the d-spacing of corre-

sponding crystallographic planes, (hkl) is the Miller’s

indices with classical denotation, and a is the calcu-

lated lattice constant. The deduced lattice constant of

4.088 Å fits with the data recorded in ICDD card (03-

Figure 2 Illustration of bonding structure (dimensions of small

features are exaggerated).

Figure 3 XRD pattern of a typical annealed Ag foil, where the

Cu peaks were caused by X-ray incident on the Cu sheet on which

the Ag foil was adhered to.
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065-2871) perfectly with only 0.5% deviation, an

indication of Ag material nearly free from macroscale

residue stresses.

The PF measurement results of as-rolled and as-

annealed samples are exhibited in Fig. 4. Figure 4a, b

shows that the (111) poles of an as-rolled sample are

concentrated near 45� and the (220) poles are con-

centrated near 90�, which are consistent with the

theoretically calculated results based on mechanics

and the operation of slip systems in FCC polycrys-

talline metals with low stacking fault energy [30].

From Fig. 4c, d, it is seen that the concentration of

(111) poles and (220) poles is greatly reduced after

annealing, which indicates that the strain energy

stored during cold work was released to trigger

recrystallization resulting in a near texture-free

microstructure.

The XRD and PF measurement results presented

are representative and repeatable for silver foils from

different batches. In conclusion, high-quality, stress-

free, and near texture-free silver foils have been

successfully prepared by cold rolling and subsequent

annealing processes.

Cross-section examinations of as-bonded Si/
Ag/Cu structures

According to Fig. 5, the Si/Ag and Ag/Cu bonding

interfaces are clear and sharp without defects under

optical microscope inspection. Given the large dif-

ference in coefficient of thermal expansion (CTE)

between Cu (17 9 10-6/ �C) and Si (2.7 9 10-6/ �C),
the crack-free silicon implies that the ductile Ag layer

is capable of managing the strains induced by the

CTE mismatch. It is worth reminding that the Si chips

were coated with thin Cr and Au layers. It is the Au

layer that bonds to the Ag foil. To study the Ag/Cu

bonding interface, it is a challenge to produce a clear

and sharp interface using mechanical polishing pro-

cesses because of smearing effects of ductile Ag and

Cu during polishing. We thus turned to FIB cutting to

produce a clear and sharp interface. Figure 6a dis-

plays the high-magnification SEM image of the FIB-

cut interface. The bonding interface is clear and

sharp. No IMCs are observed near the interface, as

suggested by the Ag–Cu phase diagram. There are a

few voids less than 100 nm in size, probably caused

by contaminations as the samples were prepared in a

typical laboratory rather than in cleanroom environ-

ment. To quantify the fraction of voids along the

interface, several images containing interface of

25 lm in total length have been captured and the

number of the voids counted. The result is calculated

to be 0.56/lm. Figure 6b is an SEM view showing the

Table 1 XRD peaks and analysis results

Peak # 2-Theta (�) d (Å) (hkl) a (Å)

1 38.10 2.359 (111) 4.088

2 44.23 2.045 (200) 4.090

3 64.39 1.445 (220) 4.087

4 77.32 1.233 (311) 4.088

5 81.48 1.180 (222) 4.087

Figure 4 PF measurement results: a (111) poles of as-rolled

sample, b (220) poles of as-rolled sample, c (111) poles of

annealed sample, d (220) poles of annealed sample.

Figure 5 Optical microscopy image of an as-bonded Si/Ag/Cu

structure.
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Ag grains in the foil. The grain size is within 5 lm,

and the recrystallization was completed during the

annealing process after cold rolling in consideration

of the shape of these grains and the vanishing rolling

textures as well.

HTS test results

The high-temperature reliability of joints was evalu-

ated through HTS tests. Samples were aged at 300 �C
for 72 and 200 h in air, respectively. Afterward, cross-

section studies were performed following the same

procedures as for as-bonded samples. OM and SEM

images were captured and are shown in Figs. 7 and 8,

respectively.

According to Fig. 7a, b, the joints remain at good

conditions after long-term aging. The Si/Ag/Cu

structure is still very clear, and no cracks are

observed in Si chips. Figure 8 displays high-magni-

fication SEM images after FIB cutting of aged sam-

ples. Figure 8a, c exhibits the Ag/Cu bonding

interfaces, respectively, after 72- and 200-h aging.

After such a high-temperature storage test, the

bonding interfaces are still intact aside from a few

voids of size less than 100 nm. The fraction of voids

for these two conditions are measured to be 0.64 and

0.44/lm, respectively. No cuprous oxides or other

compounds were found. This means that the bonding

interface is so robust that no oxygen could penetrate

through the Cu/Ag bond even at 300 �C. That is, the
Cu/Ag interface is air-tight at 300 �C. This feature is

important in applications where hermetic seal is

required. Figure 8b is an orientation contrast SEM

image on an Ag region after 72-h aging. The Ag

grains are about 5 lm, similar to those on as-bonded

sample. Figure 8d is an orientation contrast image

after 200-h aging. It is observed that the Ag grains

have grown to more than 10 lm with a preferred

orientation. It is worth pointing out that the Ag foil

thickness is 75 lm. Thus, further grain growth will be

constrained by the foil thickness.

Figure 6 SEM images of interface region of a sample prepared by FIB cutting: a Cu/Ag bonding interface, b orientation contrast image

on Ag region.

Figure 7 Cross-section OM

images of samples after aging

at 300 �C in air: a sample after

72 h, b sample after 200 h.
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Shear test results, fractography
and discussion

Regardless of how good the bonding interfaces look

under optical microscope and SEM, the strength of

samples is still unknown until it is measured. A

commonly used method to determine the strength is

the shear test, as illustrated in Fig. 9a. To perform

shear tests, instead of using Si/Ag/Cu structures, we

turned to Cu/Ag/Cu structures. The reason is that Si

of the Si/Ag/Cu structure will break first during the

test and the true strength of the structure cannot be

determined. From our experience, a 5 mm 9 5 mm Si

chip cannot endure a shear force of 15 kgf applied to

an edge by the shearing tool. Accordingly, a

5 mm 9 5 mm Cu instead of a Si chip was bonded to

a 7 mm 9 7 mm Cu substrates using the same con-

ditions to produce samples for the shear test. As-

bonded samples, samples after 72-h aging and sam-

ples after 200-h aging were tested. There were 12

Figure 8 SEM images of cross sections produced by FIB cutting

on samples after aging at 300 �C in air: a interfacial region after

72-h aging, b orientation contrast image of Ag region after 72-h

aging, c interfacial region after 200-h aging, d orientation contrast

image on Ag region after 200-h aging.

Figure 9 Configuration of shear test and illustration of fracture surface examination.
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samples total, 4 per type. The average breaking load,

corresponding shear strengths, and standard devia-

tions are presented in Table 2. The results show that

the strength of 3 types samples far exceeds the value

(5 kgf) specified in American military standard (MIL-

STD-883H method 2019.8) [31]. In addition, it is seen

that the average breaking force actually increases a

little after aging at 300 �C for 75 h and it increases

further after aging for 200 h. That is, the strength is

enhanced by the 300 �C aging process. This

strengthening phenomenon further supports the idea

that there is little oxygen penetration through the

bonding interfaces to oxidize the Cu atoms on the

interfaces. This is really a dream coming true: a

structure that gets stronger during usage.

After preliminary inspection, the surface at which

fracture incurred is similar for all samples, shown as

the dash path on the cross-section sketch shown in

Fig. 9a. To study the fracture in more details, all

fractured samples were examined by SEM with view

directions depicted in Fig. 9. The results of samples

with three conditions indicated in Table 2 are pre-

sented in Figs. 10, 11, and 12, respectively.

From Fig. 10a, the broken end of the Ag foil is

smooth with certain plastic deformation features. On

the Cu substrate side, there are Cu regions and Ag-

trace regions. The Cu regions have only Cu, indicat-

ing weak or no bonding between Ag and Cu. There

are two types of Ag-trace regions. Figure 10b exhibits

the region with Ag traces that have lots of submicron

and micron size dimples. Figure 10c shows the region

with Ag traces of cleavage nature. Figure 10d is an

enlarged portion of Fig. 10c, exhibiting torn-apart

appearance. For as-bonded samples, fracture occur-

red either within the Ag foil or near the Ag–Cu

bonding interface but inside the Ag.

For a sample after 72-h aging, Fig. 11a shows that

the broken end of the Ag foil appears similar to that

of the as-bonded sample, but with a little bit more

plastic deformation features. On the Cu substrate

side, in addition to Cu regions, two types of Ag traces

are found and circled as ‘‘c’’ and ‘‘d’’ in Fig. 11b.

Region ‘‘c’’ region is enlarged as Fig. 11c, displaying

dimples with size ranging from submicron to 5 lm.

Region ‘‘d’’ is enlarged as Fig. 11d that exhibits

cleavage features with very small dimples on top of

them.

Figure 12a shows the broken end of the Ag foil of a

sample after 200-h aging, where numerous deep

dimples are observed on the ridge. On the Cu sub-

strate side, the area of Cu regions has significantly

reduced, as exhibited in Fig. 12b. This means that the

area of no bonding or weak bonding on the Ag–Cu

interface has decreased. Accordingly, the shear

strength is expected to be higher, as indicated in

Table 2. On the Ag traces, the dimples are more

consistent and more uniformly distributed. Fig-

ure 12c, d is enlarged portions of Fig. 12b, where the

dimple geometries indicate very ductile fracture.

The fracture evaluations presented above show

that the joints become stronger and more ductile after

aging. This can be attributed by interdiffusion and

rearrangement of atoms within the interfacial region.

Although interdiffusion is quite limited between Ag

and Cu because of limited miscibility, it has been

discovered that the grain boundary diffusion can

proceed at elevated temperatures, as analyzed by

ultraviolet photoelectron spectroscopy (UPS) depth

profiling [32]. Figure 13a also shows the TEM image

of Ag–Cu interface after 300-h aging. It is obvious

that Ag and Cu mate each other very well without

any oxides or compounds. EDX line scan is con-

ducted along the red arrow, and the result is shown

in Fig. 13b. It can be seen that small amount of Ag can

be detected tens of nanometers away from the

bonding interface, indicating that slight diffusion

proceeds during the long-term aging. It is worth

mentioning that Cu can also be detected on the Ag

side; however, the intensity of signal cannot be

directly related to concentration due to fluorescence

since the TEM sample was welded on Cu grid. In

conclusion, slight interdiffusion can proceed within

Table 2 Shear test results

Conditions Average breaking load (kgf) Average shear strength (MPa) Standard deviation (MPa)

As-bonded 73.9 29.0 2.9

After 72-h aging 81.5 32.0 3.9

After 200-h aging 86.1 33.7 2.8
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tens of nanometers near the interface during the

aging process.

Furthermore, due to large difference in lattice

constants and random orientation of grains on both

sides of the interface, large quantity of crystal defects

and residue stress are expected within the interfacial

region such as vacancies and misfit dislocations at the

initial stage. Given that the lattice misfit of Ag–Cu

Figure 10 Fracture surfaces of an as-bonded sample: a overview of broken end of Ag foil and Ag traces on Cu substrate, b one type of

morphology of Ag traces on Cu substrate, c another type of Ag traces, d high-magnification image of circled region in (c).

Figure 11 Fracture surfaces

of a sample after 72-h aging at

300 �C: a overview of broken

end of Ag foil, b overview of

Ag traces on Cu substrate,

c and d are high-magnification

images of circled regions in

(b).
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system is 11%, coherent interface is not favorable in

terms of strain energy penalty. Although there is no

direct atomic resolution observation of Ag–Cu sys-

tem so far, the Au–Cu interface may serve as a ref-

erence to understand the interfacial structure and the

structure evolution during annealing because lattice

misfit of the Au-Cu system is also 11%. The Au–Cu

interface prepared by sputtering has been studied

through high-angle annulus dark-field (HAADF)

illumination which can provide atomic resolution

Z-contrast imaging [33]. At the initial stage, both

coherent phase boundary and incoherent region can

be found. After annealing, the stress due to the lattice

misfits is relaxed by the climb and glide of misfit

dislocations. All these processes proceed within

20 nm near the interface. In total, although the initial

state of our Ag–Cu interface is different from that of

deposited Au–Cu, similar process may proceed to

Figure 12 Fracture surfaces

of a sample after 200-h aging:

a overview of broken end of

Ag foil, b overview of Ag

traces on Cu substrate, c and

d are high-magnification

images of circled regions in

(b).

Figure 13 TEM analysis of Ag-Cu bonding interfaces after 200-h aging: a bright field imaging, b EDX line scan along the red arrow in

(a).
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facilitate the stress relaxation and to strengthen the

interface after long-term aging. Another thing which

is noticeable is that the fractured end of the Ag foil on

the Cu substrate appears differently for samples after

200-h aging. This may be caused by different local-

ized stress state during shear test given that the grain

grows significantly after 200-h aging. In addition,

excessive grain growth may result in loss of foil’s

strength. On the other hand, the strengthening in

interfacial region during aging increases the overall

strength of the samples. Fortunately, given that the

thickness of foil is 75 lm, the space of grain growth is

quite limited after 200-h aging. As a result, the Ag/

Cu bonding interfaces are expected to be reliable for

high-temperature applications.

It is interesting to compare our results with that of

Ag–Cu joints produced by sintered silver technology.

Figure 14 shows the comparison of our data and HTS

results available in the literature so far [16, 17]. It can

be seen that the sintered silver can produce strong

joints at the initial state. However, the strength drops

drastically after aging at 250 �C due to the growth of

cuprous oxide. Since degassing paths are needed for

the escape of resultant binders and organic com-

pounds during the sintering process, numerous pores

are formed in the sintered Ag joints. These pores are

connected rather than isolated, allowing oxidizing

species to penetrate through the network of pores to

reach the Cu substrates. Although the oxidation issue

might be mitigated by Au or ENIG coatings on the

Cu substrates, the additional processes would

increase the production cost. Also, the interdiffusion

between Au and porous Ag may decrease the

strength [15, 18]. In contrast, our Ag joints are pore-

free. The Ag–Cu bonding interfaces are shown to be

air-tight even at 300 �C. Accordingly, our Ag–Cu

joints formed by solid-state bonding technology

exhibit superior reliability after aging at 300 �C for

200 h.

Conclusion

Solid-state bonding technology using ductile Ag foil

as the bonding medium has been developed. The

fine-grained Ag foils were produced in house. Two

structures, Si/Ag/Cu and Cu/Ag/Cu, were bonded

at 300 �C with 1000 psi static pressure in 0.1 torr

vacuum. The Si chips were coated with thin Cr and

Au layers prior to bonding. HTS tests at 300 �C were

conducted to evaluate long-term reliability. The Cu/

Ag/Cu samples were used for shear test because the

Si of the Si/Ag/Cu samples could not sustain much

shear force. After shear test, fracture analyses were

performed to evaluate the fracture surfaces and

fracture modes. Major important results are summa-

rized below:

1. Despite large CTE mismatch between Si and Cu,

the Si/Ag/Cu structures did not break after

cooling down to room temperature, indicating

that the ductile Ag joint could manage the

induced shear strains.

2. The breaking force of the joints is 74 kgf, far

exceeding the 5 kgf requirement specified in

Military Standard, MIL-STD-883H method

2019.8.

3. The corresponding average shear strength is

29 MPa. The shear strength increases for samples

going through 300 �C storage tests, meaning that

the structures are expected to get stronger during

high-temperature usage.

4. The HTS test results indicate that the Ag/Cu

bonding interfaces and Ag joints are air-tight,

meaning that oxygen cannot penetrate through

them even at 300 �C.
5. Fracture analyses reveal that the Cu/Ag/Cu

structures broke within the Ag foil rather than

on the Cu/Ag bonding interfaces.
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Figure 14 Strength comparison after HTS tests between our

result and reports of sintered Ag technology (S. Zhao et al.

conducted the aging at 250 �C) [16, 17].
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It is well known that silver Ag has the highest

electrical and thermal conductivities among all met-

als. Its melting temperature is as high as 962 �C.
Accordingly, the solid-state bonding design reported

in this paper probably not only represents the best

possible design for high-temperature semiconductor

device packaging applications but also can be applied

in devices in which air-tight is required.
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