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ABSTRACT

The element diffusion behavior, the interfacial evolution and mechanical

properties of the joining of gallium arsenide (GaAs) with Sn3.5Ag4Ti(Ce,Ga)

alloy filler at 250 �C in air were investigated. The interfacial microstructure,

elemental diffusion and absorption, interface reaction and evolution were ana-

lyzed in detail. Titanium (Ti) and gallium (Ga) element were found to obviously

take part in the active bonding between GaAs substrate and Sn3.5Ag4Ti(Ce,Ga)

alloy filler. According to the transmission electron microscopy analysis, the

titanium elements were observed to successively segregate at the interface,

while some of the element Ga included in GaAs to dissolve into the molten

alloy. In addition, there is a resultant formed discontiniously along the interface

which was identified as Ga4Ti5, but no arsenic compounds were observed. The

joining mechanisms related to the adsorption and reaction were discussed based

on the thermodynamics theories, the molecular dynamic (MD) model and the

reaction product controlled (RPC) model. The analysis results show that the

RPC model was a special form of MD model, both the chemical reaction and the

adsorption of active elements may control the reactive wetting of Sn3.5Ag4-

Ti(Ce,Ga) filler alloy on GaAs substrate together. In order to better understand

the interfacial evolution of bonding, a simple interfacial evolution model

between GaAs substrate and Sn3.5Ag4Ti(Ce, Ga) active solder was established.

Finally, the effect of holding time on shear strength was investigated and the

maximum shear strength of 23.32 MPa was obtained when soldered at 250 �C
for 1 h. The interface separation could be caused by the mixed fracture

mechanism.
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1 Introduction

In the field of integrated circuit manufacturing, gal-

lium arsenide (GaAs) is one of the most commonly

used substrate materials [1–3]. Owing to its superior

electrical performance and optical properties, it pre-

sents in a wide range of applications from optical

devices to high speed digital circuits and microwave

devices [4–6].

Nowadays, active welding has great advantages

over traditional welding. One of the biggest advan-

tages is that the substrate does not need to be pre-

metallized. And the key factor to realize active

welding is the addition of active elements, such as Ti,

Cr, Zr, etc. [7]. However, there are also some short-

comings in active welding, especially welding in high

temperature. For example, during the cooling process

after high temperature welding, the interface thermal

stress caused by the difference of thermal expansion

coefficient between ceramic and metal will make the

joint worse. In addition, high temperature welding

process will reduce both the performance and relia-

bility of the chip. So it is not suitable for integrated

circuit manufacturing. In order to reduce the prob-

lems caused by high welding temperature, tin based

active solders with low welding temperature have

been developed.

Summarizing the previous research, it states clearly

that adding active Ti can make the best improvement

of wettability and mechanical properties of active

solder. However, most research on active solder

added Ti was mainly focused on the field of high

temperature active welding [8–10], and the research

on welding at low temperature is less. Especially for

SnAgTi, only Chang and Tsao etc. had carried out

some researches on it in the early days. Chang et al.

used Sn3.5Ag4Ti (Ce, Ga) active solder to realize the

joining between ZnS–SiO2 and Cu, and indium tin

oxide ceramic (ITO) and Cu at 250 �C [11, 12]. Tsao

adopted Sn3.5Ag4Ti (Ce) active solder to realize the

welding of porous TiO2 and Ti at 250 �C, and the

welding interface was found to be formed by CeO2

and Ti6Sn5 [13, 14]. Besides, Tsao also used

Sn3.5Ag4Ti (Ce) to realize the welding between Al

and MAO–Al [15]. In last several years, Wu et al.

used SnAgTi at melting point to bond SiC ceramics

under the action of ultrasound, and found that some

new products around 7.6 nm were formed at the

welding interface [16]. In brief, although it has

attracted some scholars to carry out research in low

temperature active bonding in recent years, it is far

from enough. There is no unified understanding of

the surface wetting and interfacial bonding mecha-

nism of active bonding in the low temperature.

Meanwhile, GaAs is one of the most commonly used

substrates in the field of integrated circuit; there is a

certain engineering application value to study the

low temperature active bonding of GaAs. So it is

necessary to carry out the analysis of element diffu-

sion behavior and the study of interfacial reaction

mechanism of low temperature active bonding

between SnAgTi and GaAs. In addition, the bonding

temperature is the key parameter of wetting on sub-

strate with active solder. At low temperature, whe-

ther or not the bonding mechanism of the low

temperature active solders follows the high temper-

ature welding mechanism needs to be further studied

and analyzed. Besides, during low temperature

bonding, the environmental temperature of the

interface reaction between active solder and substrate

is also different from high temperature. So it may

affect the behavior of active elements at the interface,

and the welding dynamic process will also have

some differences. All of these need to be analyzed

and discussed in detail experimentally and theoreti-

cally for the industry application.

In this work, the element diffusion and adsorption

behavior, the interfacial reaction and evolution, and

mechanical properties of the joining of GaAs sub-

strate with Sn3.5Ag4Ti(Ce,Ga) alloy filler at 250 �C in

air were investigated. The interfacial microstructures,

element distributions and interface reactions were

analyzed in detail. Underlying wetting and reaction

mechanism were elucidated based on the molecular

dynamic (MD) model, reaction product controlled

(RPC) model and thermodynamics theories. GaAs

substrate were bonded by using Sn3.5Ag4Ti(Ce,Ga)

alloy with soldering times of 1 min, 30 min, and

60 min, respectively. The effect of holding time on

shear strength was investigated, and the interface

fracture mechanism was discussed simultaneously.

2 Experimental

In this study, the Sn3.5Ag4Ti(Ce,Ga) alloy filler is

provided by S-BOND Technologies, and its compo-

sition is listed in Table 1. The GaAs substrate is

supplied by Harbin Tebo Technology Co., Ltd. The

GaAs substrate for joining used in this study was
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sliced into 10 mm 9 10 mm and 5 mm 9 5 mm as

the bonding substrates. The making method of

GaAS/SnAgTi/GaAs samples are the same as our

preliminary studies[17]. Prior to soldering, the GaAs

specimens were preheated on a heating plate at

250 �C for 5 min. The active solder foil was then

placed on the bond surface. Once the solder was

molten, the molten solder was agitated for about 30 s

for wetting on the bond surface, and then another

GaAs specimen was place on the molten solder to be

joined by being rubbed together for 30 s. The joint

was held firmly in place and cooled, leading to the

solidification of the molten solder. The schematic

representation of soldering is demonstrated in Fig. 1.

The bonding temperature was set at 250 �C with

holding time of 1 min, 30 min, and 60 min, respec-

tively. When the samples making were completed,

the traditional metallographic procedures were used

to obtain a suitable cross section for metallographic

observation, which was carried out on a scanning

electron microscopy (SEM: HITACHI S-3700N). To

further analyze the interfacial morphology, a field

emission transmission electron microscopy (TEM:

JEM-2100F) was used. Conventionally, the mechani-

cal properties of the GaAs/SnAgTi joints were char-

acterized by shear strength, which was performed

with a bond tester (MFM1500) according to the test

method of chip bonding shear strength in MIL-STD-

883G-2006. The shear speed is set to be 300um/s. The

geometry and dimension of the soldering specimens

subjected to shear test are demonstrated in Fig. 2. Ten

samples were tested in each group, and the average

value was taken as the final test result. To analyze the

fracture mechanism of the joint, the fracture surface

after shear test was acquired by using a scanning

electron microscopy (SEM: HITACHI S-3700N).

3 Experimental results

3.1 Microstructure

SEM backscatter electron (BSE) images of GaAs/

Sn3.5Ag4Ti(Ce,Ga)/GaAs joints soldered at 250 �C
with soldering time of 1 min are shown in Fig. 3. It

can be seen that two pieces of GaAs substrate are

bonded together well. It is obviously that there are

some particles adhering to the surface of GaAs sub-

strate irregularly. Besides, it can be seen that there

seems to be some phases formed inside the active

solder after soldering.

Backscatter images of SEM for the cross-sectional

view of GaAs/Sn3.5Ag4Ti(Ce,Ga)/GaAs joints sol-

dered at 250 �C with soldering time of 30 min are

shown in Fig. 4. From the interface morphology,

there is little difference from that of 1 min. EDS

spectrum of the marked area in Fig. 4a is shown in

Fig. 5. According to the atom ratio of tin to titanium,

it can be inferred that the phase is Sn5Ti6. Moreover,

the particles with long strip shape are Ag3Sn which

had been confirmed by our previous study [18]. So it

can be inferred that there are Ag3Sn and Sn5Ti6
phases formed inside the active solder after bonding.

Besides, it is also obviously that there are some par-

ticles adhering to the surface of GaAs substrate

irregularly. Maybe these particles are the interfacial

chemical resultants between GaAs substrate and

Sn3.5Ag4Ti(Ce,Ga) alloy to achieve good bonding.

However, we can only get some rough data from the

BSE images and it is not enough to judge whether the

new phase formed at the interface. Hence, it is very

necessary to get more experimental data.

In order to preliminarily determine the phase of

interfacial products, the energy dispersive spectrum

(EDS) analysis was conducted at the marked point as

denoted in Fig. 4b, and the result was shown in

Fig. 6. It can be seen that the relative titanium

Table 1 Composition of the

active solder Element Sn Ag Ti Other active elements (Ga, Ce)

Wt% 91.5–93.5 3.5–4.0 3.1–4.1 0.0–0.2

Fig. 1 Schematic representation of soldering (Units: mm)
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concentration is about 13.2 wt%, which is obviously

higher than 4wt.% in the active solder. Therefore, it

may preliminarily infer that there is a Ti-rich region

or substance formed at the interface. In addition,

from the content of other elements in the EDS spec-

trum diagram, it can be found that the atomic weight

of gallium is much higher than that of arsenic, which

could be inferred that the gallium is diffused more

strongly than arsenic into the active solder. Based on

the comprehensive analysis of all elements in Fig. 6, it

might be deduced that the area around the marked

point perhaps consists of Sn, GaAs, Ga–Ti and Ag3Sn.

SEM backscatter electron (BSE) images of GaAs/

Sn3.5Ag4Ti(Ce,Ga)/GaAs joints soldered at 250 �C
with soldering time of 60 min are shown in Fig. 7.

The morphology of the interface is similar to that of

Fig. 2 Schematic representation for shear testing (Units: mm)

Fig. 3 SEM micrographs of

cross-sectional view of GaAs/

Sn3.5Ag4Ti(Ce,Ga)/GaAs

solder joints with soldering

time of 1 min

Fig. 4 SEM micrographs of cross-sectional view of GaAs/Sn3.5Ag4Ti(Ce,Ga)/GaAs solder joints with soldering time of 30 min a BSE

micrograph; b enlarged view of Z1 in (a)
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soldering time of 1 min and 30 min, and there is no

obvious difference. In order to deeply understand the

structure of the interface of GaAs/Sn3.5Ag4Ti

(Ce,Ga)/GaAs solder joints, and explore which

mechanism makes bonding to come true at low

temperature, that is, whether or not the mechanism is

the interaction of titanium adsorption or interface

chemical reaction. The samples with soldering time

of 30 min were selected for TEM analysis and ana-

lyzed in the following sections.

3.2 The distribution of elements

To determine whether there is active element

adsorption at the interface and to confirm the new

interfacial reaction phase formed in soldered joint,

interfacial microstructure and element distribution

have been investigated by TEM. TEM micrographs

and element maps for GaAs/Sn3.5Ag4Ti(Ce,Ga) joint

soldered at 250 �C for 30 min are shown in Fig. 8.

From the element mapping analysis, it shows that the

titanium element obviously segregates at the

GaAs/solder interface, as shown in Fig. 8f. Mean-

while, the gallium element is found to be diffused

into the SnAgTi alloy and also formed a line shape

region along the interface. In order to obtain a more

obviously contrast among the contents of various

elements, a line scan is also performed to detect the

active element titanium and gallium across the

interface, as shown in Fig. 9. It can be found that a

peak of both relative titanium concentration and

gallium concentration are appeared at the interface,

which could further infers that active element tita-

nium segregates at the gallium arsenic/solder inter-

face and element gallium dissolves into SnAgTi

molten alloy from GaAs substrate. The element maps

of the silver, arsenic and tin are shown in Fig. 8b, c

and e, respectively.

The EDS spectrum of the marked point at the

interface in Fig. 9a is shown in Fig. 10. From the EDS

spectrum data, it indicates clearly that the relative

titanium concentration is about 31.86 at.%, and the

relative gallium concentration is about 37.91 at.%

which is much higher than arsenic’s concentration of

20.05 at.%. All of these are in good agreement with

Fig. 5 EDS spectrum of the marked area in Fig. 4a
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C
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nt
s(

cp
s/

eV
)

Energy(keV)

Sn

Sn Ti

Sn
Ti

Sn

Ga

As
GaSn

Ti
Ga Ag Sn

Element Sn Ga Ti As Ag

Norm.C(wt.%) 66.23 14.88 13.20 5.50 0.20

Atom.C(at.%) 49.72 19.01 24.57 6.54 0.16

Error(wt.%) 6.70 0.57 0.48 0.29 0.07

Fig. 6 EDS spectrum of the marked point in Fig. 4b

Fig. 7 SEM micrographs of

cross-sectional view of GaAs/

Sn3.5Ag4Ti(Ce,Ga)/GaAs

solder joints with soldering

time of 60 min
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the above analysis of element mapping results. It

infers once more that active element titanium segre-

gates at the interface and element gallium dissolves

into molten alloy.

3.3 Reactants at the interface

TEM micrographs of cross-sectional view of GaAs/

Sn3.5Ag4Ti(Ce,Ga) solder joints with soldering time

of 30 min are shown in Fig. 11. Figure 11a is the

micrograph of the interfacial reaction layer, together

with Fig. 11c and d are the high resolution trans-

mission electron microscopy (HRTEM) images of the

corresponding reactants in Fig. 11a. Besides, Fig. 11b

is the diffraction pattern of the reactants in the

interface. To characterize the reactants at the interface

precisely, the HRTEM image and diffraction pattern

were analyzed together. The crystalline interplanar

spacing measured in Fig. 11c is about 2.24 Å, 3.93 Å,

and 3.4 Å respectively in three different lattice faces.

Among all possible Ti–Ga and Ti–As substances, the

crystalline interplanar spacing determined by

HRTEM image has exactly matched with Ga4Ti5,

which is in line with the lattice spacing of Ga4-
Ti5(112), Ga4Ti5(110), and Ga4Ti5(200), respectively.

In addition, the diffraction pattern as shown in

Fig. 11b was analyzed and the results show that the

diffraction pattern is coincided with that of Ga4Ti5.

Based on the above analysis, it could be conformed

that there is Ga4Ti5 phase formed at the interface of

gallium arsenide/SnAgTi active solder. However, no

arsenic compounds were found from our experi-

mental data.

4 Mechanism of bonding

4.1 Thermodynamics analysis

In the bonding material system, the chemical reaction

between the active element Ti in Sn–Ag–Ti filler alloy

and the GaAs substrate may promote the soldering

successfully. The chemical reaction between Ti and

GaAs substrate may generate Ga–Ti and As–Ti

compounds in accordance with the law of element

conservation. Based on the Gibbs–Helmholtz

approximate equation, by calculating the change of

free energy, thermodynamics can predict whether or

not a reaction will occur at a specified temperature.

So it is necessary to consider all possible reactions

and predict these reactions at the bonding tempera-

ture of 250 �C. On the basis of Potzschke and Schu-

bert’s study of Ga–Ti thermodynamics system [19],

there are eight possible chemical reactions which may

occur. These equations for the formation of sub-

stances have been listed in Fig. 12. The relative free

energy change data with different bonding tempera-

tures are calculated and described as curves shown in

Fig. 12.

From Fig. 12, it can be seen that the standard

reaction Gibbs free energy of different chemical

equation at 250 �C are all below zero, which may

indicate that all chemical equations listed in Fig. 12

could take place independently. However, the stan-

dard reaction Gibbs free energy of the Eq. 4 GaAs ?

9Ti = Ga4Ti5 ? 4AsTi at 250 �C is - 349.032 kJ/mol,

which is the lowest in all possible chemical equations.

This maybe show that the possibility of this reaction

Fig. 8 Micrograph and element maps for GaAs/

Sn3.5Ag4Ti(Ce,Ga) joint soldered at 250 �C for 30 min.

a micrograph, b map of Ag, c map of As, d map of Ga, e map

of Sn, f map of Ti
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is the largest and spontaneous reaction will happen

more easily [22]. This should be the thermodynamic

factor for the formation of Ga4Ti5 at the bonding

interface because of the relative chemical reaction

happened when active bonding is taking between

Sn3.5Ag4Ti(Ce,Ga) alloy filler and GaAs substrate. In

addition, according to the above analysis, Ga–Ti and

As–Ti compounds will coexist at the interface when

the chemical reaction between Ti and GaAs happens.

However, in our TEM test results there is no As–Ti

phase found. Maybe because arsenic is easy to vola-

tilize that will lead to volatilization in the process of

TEM sample preparation [23–25]. As the triangle area

is too small and the substance formed at the interface

is quite brittle, it is quite hard to make a satisfactory

sample. Another possible reason may be that the

bonding surface of GaAs(111) is Ga layer[26], and the

chemical reaction between Ti and Ga will happen

firstly to form Ga4Ti5 layer which may resist the Ti

atoms sequentially diffusing into the surface of GaAs

substrate. Hence, the chemical reaction between Ti

and As is prevented and no AsTi phase is formed. In

brief, in order to further clarify the activity mecha-

nism of arsenic, further efforts are still needed in the

future research.

4.2 The relevance between adsorption
and reaction to wetting behavior

The active Sn3.5Ag4Ti(Ce,Ga) solder filler and the

GaAs substrate compose a typical reactive wetting

system, in which either the chemical reaction at the

bonding interface, or the diffusion of active element

in the molten solder could control the spreading

kinetics. As suggested by Cox, the relationship

between wetting angle and spreading speed is given

as follows [27], which is called molecular dynamic

(MD) model.

v ¼ 2kkesinh
rlvðcoshe � coshdÞ

2nkBT

� �
ð1Þ

where he and hd are the final and dynamic contact

angle, respectively. rlv is the liquid surface tension. k

Fig. 9 The TEM micrograph of the soldered joint with elemental line scans for Sn, Ga, Ti and As. a The TEM micrograph; b elemental

line scans marked in a
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Fig. 10 EDS spectrum of the marked point in Fig. 9a
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is the distance between two adsorption sites and ke is

the quasi-equilibrium rate constant. kB is the Boltz-

man constant, and n represents the number of

adsorption/desorption sites per unit area.

According to the characteristics of spreading

dynamics for adsorption wetting by Qiaoli Lin [28],

when the condition rlv coshe � coshdð Þ � 2nkT is sat-

isfied, and considering that the chemical potential

gradient along the wetting interface induces each

molecule to produce a force as the driving force, the

MD model could be deduced further as follows [29].

v ¼ K2v
p
i exp

�DGr

RT

� �
ðai � aei Þ ð2Þ

where DGr is Gibbs free energy of activation that

happens, vpi is the molar volume of the products, and

K2 is a constant. This expression is very close to the

expression of the reaction product control (RPC)

model, which has strict linear wetting behavior. The

fitting results analyzed by Lin show that the RPC

model overlaps with the MD model, and the RPC

model can be regarded as a special form of MD

model [28]. In addition, due to the adsorption char-

acteristics of MD model, the contribution of adsorp-

tion to the diffusion of metal fluid in the reaction

system cannot be ignored. Therefore, according to the

above analysis and the experimental results, it can be

derived that the Ti adsorption at the interface was

responsible for the decrease of interfacial energy,

Fig. 11 TEM micrographs of cross-sectional view of GaAs/Sn3.5Ag4Ti(Ce,Ga) solder joints with soldering time of 30 min

a Microstructure of the reaction layer; b diffraction pattern; c, d HRTEM image indicated in a
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which drove the molten bulk to move forward at low

temperature. The contribution of adsorption for

spreading in a reactive wetting system should not be

neglected, and may be in dominant. Meanwhile, it

could be inferred that both adsorption and reaction

are important effects to promote the spreading

behavior. Except the diffusion of active elements,

both the chemical reaction and the adsorption of

active elements may control the reactive wetting of

filler alloy on gallium arsenide. The wetting behavior

should be the result of the interaction of titanium

adsorption and chemical reaction together. Besides,

Chang et al. pointed out in their research papers that

the role of the Ce and Ga owe to the high affinity of

Ce for oxygen to protect Ti from oxidation. Thus, the

activity of titanium was enhanced, and promoting the

wetting and reaction of Ti with ZnS–SiO2, Al2O3, Cu

and etc. A small amount of a rare earth element in

solder can inhibit the intermetallic layer growth

[11, 30]. So maybe the Ce and Ga also play an

important role that should not be ignored. In order to

further clarify the role of Ce and Ga, further efforts

are still needed in the future research.

4.3 Interfacial evolution of bonding

Analyzing the interface evolution process between

Sn3.5Ag4Ti and GaAs substrate during active bond-

ing is an important part of elucidating the formation

mechanism of joint. A comprehensive analysis of all

the data we obtained in the early research, it had not

found that the elements of the substrate materials

such as alumina, silica and silicon are easy to dissolve

into the molten alloy. However, in this study, the

element Ga in gallium arsenide diffuses into the

molten alloy strongly, whereas arsenic does not.

Therefore, the diffusion behavior both of Ti and Ga

should be considered comprehensively. Besides,

chemical reaction can occur between GaAs and

Sn3.5Ag4Ti(Ce,Ga) in terms of thermodynamics. A

discontinuous and thin layer of resultant at interface

observed from the experiment results could confirm

that interfacial chemical reaction does take place.

Based on the above analysis, interfacial evolution

processes between GaAs substrate and Sn3.5Ag4-

Ti(Ce, Ga) active solder could be discussed, and a

simple model could be established, as shown in

Fig. 13. It is reasonable to divide the interface evo-

lution process of bonding into three steps. First, a

part of active titanium elements move to the solid–

liquid interface[17], and the Ga elements included in

the GaAs substrate dissolves into the molten alloy, as

shown in Fig. 13a; Second, when the active element

Ti arrived at the GaAs/active solder interface, some

of them segregate at the interface and some of them

Fig. 13 Interfacial evolution model between GaAs and

Sn3.5Ag4Ti(Ce, Ga) active solder. a diffusion and dissolution,

b adsorption, c forming discontinuous resultants
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may diffuse back to the molten alloy because of

atomic concentration gradient; while some of the Ga

atoms dissolve in the opposite direction into the

molten solder and much of them stay near the

interface, as shown in Fig. 13b; Third, when titanium

atoms meet Ga atoms, interfacial reaction is hap-

pening and a discontinuous reaction layer is gradu-

ally formed, as shown in Fig. 13c. Due to the

spontaneous chemical reaction between Ti and Ga

elements takes place, both Ti and Ga atoms at the

interface are consumed to form new products. With

the prolongation of bonding time, Ti atoms in the

solder continue to diffuse to the interface and Ga

atoms keep on dissolving as well, and the interfacial

reaction continues.

5 Mechanical properties

In order to analyze the influence of holding time on

the joint strength, shear strength tests were carried

out on the specimens with soldering time of 1 min,

30 min and 60 min, respectively. The fracture mor-

phologies of as soldered GaAs/Sn3.5Ag4Ti(Ce,Ga) /

GaAs joints with different soldering time after shear

test are shown in Fig. 14. Figure 14a and b are the

fracture morphologies of the active solder side and

the GaAs side of 60 min with low magnification,

which shows clearly that the two fracture surfaces

separated from a solder joint could match each other

well. However, such fracture surfaces only show that

the fracture occurs in the solder layer, it is not certain

whether the fracture occurred in the solder, in the

substrate or at the interface. Therefore, in order to

clearly observe the residual particles in fracture sur-

faces, the fracture images of the active solder side and

the GaAs side with high magnification were

obtained, as shown in Fig. 14c, e, g and d, f, h

respectively. Figure 15 is the EDS spectrum of mate-

rial remained in the solder side marked in Figs. 14e

and 16 is the EDS spectrum of material remained in

the GaAs side marked in Fig. 14f. From the EDS

analysis results, it shows that some of GaAs particles

are still adhere to the active solder. Meanwhile, little

solder and maybe Ga–Ti phase are adhere to the

GaAs substrate as well. According to the analysis of

fracture surface, it could indicate that all layers in the

joint including the GaAs substrate, active solder layer

and interface reactant layer experience fracture in the

process of shear strength test. Shear test results show

that fracture of all samples with different soldering

time occurs at the solder/gallium arsenide interface,

and that the fracture plane and the shear stress in the

same direction. All of these show that the interface

connection is the weakest place which causes the

fracture occurred at the interface. Moreover, it could

be found from Fig. 14c, e, g that there are obvious

cleavage fracture patterns in the solder side. This

may indicate that GaAs/Sn3.5Ag4Ti(Ce,Ga)/GaAs

joints have experienced a mixed fracture in the pro-

cess of shear strength test. The interface separation

could be caused by the mixed fracture mechanism.

The test results show that the average shear

strength of the samples for 1 min, 30 min and 60 min

is 15.25 MPa, 17.43 MPa and 23.32 MPa, respectively.

According to the die shear strength test methods and

requirement in MIL-STD-883G-2006, the materials

used to attach semiconductor die to substrates shall

withstand a minimum strength of 11.68 MPa. The

joint strength of GaAs/Sn3.5Ag4Ti(Ce,Ga)/GaAs

exceeding the standard requirements of die bonding

application in the MIL-STD-883G-2006 demonstrates

that Sn3.5Ag4Ti(Ce,Ga) alloy filler could be used to

attach semiconductor die or surface mounted passive

elements to package headers or other substrates. It

also shows that the low temperature active solder has

a certain application prospect in the field of inte-

grated circuit packaging. Test results reveal that the

joint strength increases with the increase of soldering

time. This is similar to that of Si/Sn3.5Ag4Ti(Ce,Ga)/

Si joints and SiO2/Sn3.5Ag4Ti(Ce,Ga)/SiO2 joints in

our previous studies, whose shear strength also

increases with the increase of soldering time. The

comparison chart of influence law of heating time is

shown in Fig. 17.

6 Conclusions

In this study, the elemental adsorption and interface

reaction of Sn3.5Ag4Ti(Ce,Ga) alloy filler on GaAs

substrates were investigated and the mechanical

cFig. 14 Fractographs of as soldered GaAs/Sn3.5Ag4Ti(Ce,Ga)/

GaAs joints with different soldering time after shear testing a the

active solder side of 60 min with low magnification; b the GaAs

side of 60 min with low magnification c the active solder side of

1 min, d the GaAs side of 1 min, e the active solder side of

30 min, f the GaAs side of 30 min, g the active solder side of

60 min, h the GaAs side of 60 min

J Mater Sci: Mater Electron (2021) 32:21248–21261 21257



21258 J Mater Sci: Mater Electron (2021) 32:21248–21261



properties of the joint were tested. Interfacial evolu-

tion of bonding between Sn3.5Ag4Ti(Ce,Ga) and

GaAs substrate at low temperature was studied. The

conclusions are summarized as follows:

1. The active Ti and the Ga in GaAs substrate are

found to obviously take part in the active bond-

ing between GaAs substrate and Sn3.5Ag4Ti

(Ce,Ga) alloy filler. The titanium elements are

segregated successively at the interface and the

element Ga diffuses into the molten alloy. The

reactant Ga4Ti5 is formed discontinously at the

interface of GaAs/Sn3.5Ag4Ti(Ce,Ga) soldered

joints with soldering time of 30 min.

2. The active bonding of Sn–Ag–Ti solder foil and

GaAs substrate at 250 �C was well described by

adsorption control model which is very close to

the expression of the reaction product controlled

model. The contribution of adsorption for spread-

ing in a reactive wetting system should not be

neglected, both the chemical reaction and the

adsorption of active elements may control the

reactive wetting of Sn3.5Ag4Ti(Ce,Ga) filler alloy

on GaAs substrate. The wetting behavior should

be the result of the titanium adsorption and

chemical reaction together.

3. Interfacial evolution of bonding is explored and it

is reasonable to divide the interface evolution

process of bonding into three steps. First, a part of

active titanium elements move to the solid–liquid

interface, and the Ga elements included in the

GaAs substrate dissolves into the molten alloy;

Second, when the active element Ti arrived at the

GaAs/active solder interface, some of them seg-

regate at the interface and some of them may

diffuse back to the molten alloy, but much of

them stay near the interface; Third, when tita-

nium atoms meet Ga atoms, interfacial reaction

happens and a discontinuous reaction layer is

gradually formed.

4. The average shear strength of the samples for

1 min, 30 min and 60 min was measured to be

15.25 MPa, 17.43 MPa and 23.32 MPa, respec-

tively, which indicates that the joint strength

increases with the increase of soldering time. The

GaAs/GaAs interface separation is caused by the
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Fig. 15 EDS spectrum of the marked point in Fig. 14e
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Fig. 16 EDS spectrum of the marked point in Fig. 14f

Fig. 17 Effects of holding time on shear strength of GaAs/

Sn3.5Ag4Ti(Ce,Ga)/GaAs, Si/Sn3.5Ag4Ti(Ce,Ga)/Si and SiO2/

Sn3.5Ag4Ti(Ce,Ga)/SiO2 joints with soldering time of 1 min,

30 min and 1 h
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mixed fracture mechanism, and the interface

connection is the weakest place which causes

the fracture occurred at the interface.
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