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R E S U M E N 

En las aplicaciones de alta temperatura de la electrónica de potencia, han surgido nuevos requisitos debido al aumento 

de la temperatura de operación. Por esta razón, son necesarios materiales apropiados, que cumplan con los nuevos 

requisitos. En este contexto, la capa die-attach (unión entre el dispositivo semiconductor y el sustrato), es uno de los 

elementos más críticos de los módulos de la electrónica de potencia y, por lo tanto, la selección adecuada del material 

para la capa die-attach, es uno de los desafíos más importantes. La capa de die-attach basada en la sinterización de 

nano-partículas de Ag, es una solución prometedora, ya que ofrece una baja temperatura de proceso (<300 ºC) y una 

alta temperatura de operación (debido a su alto punto de fusión del Ag (961ºC)). Este trabajo tiene como objetivo el 

análisis experimental de la degradación de la die-shear force (fuerza de adherencia) durante el ciclado térmico y los 

efectos del ciclado térmico en el comportamiento eléctrico de la capa die-attach, utilizando chips de SiC, y la capa de 

die-attach de Ag sinterizado, procesada de dos diferentes maneras, sobre sustratos de Cu. Se utilizarán vehículos de 

prueba y herramientas de análisis físico para llevar a cabo la evaluación experimental. En este documento, nosotros 

presentamos la influencia del proceso de secado de la pasta de Ag en la fuerza de die-shear y la respuesta eléctrica 

después del ciclado térmico.  

Palabras Clave: Sinterización de Die-attach, Electrónica de Potencia, Alta Temperatura, Comportamiento Eléctrico, Ciclado Térmico.  

A B S T R A C T 

In high temperature power electronics applications new requirements have emerged due to the increase of operating 

temperature. For this reason, suitable materials that meet the new requirements are necessary. In this context, die-

attach layer (joint between semiconductor device and substrate) is one of the most critical elements of the power 

electronics modules and therefore, selecting the suitable die-attach material is one of the most important challenges. The 

die-attach layer based on sintering of Ag nano-particles is a promising solution, owing to offer low process temperature 

(< 300 ºC) and high operation temperature (due to high Ag melting point (961ºC)). This work aims at the experimental 

analysis of the degradation of the die-shear force during thermal cycling and the effects of thermal cycling on the 

electrical behaviour of the die-attach layer, using SiC dice, and Ag sintered die-attach layer processed in two different 

ways onto Cu substrates. Test vehicles and physical analysis tools will be used to carry out the experimental assessment. 

In this paper, we present the influence of the Ag paste drying step in the die-shear force and electrical response after 

thermal cycling.  

Keywords: Die-attach Sintering, Power Electronics, High Temperature, Electrical behaviour, Thermal Cycling. 

 

 

Nomenclature 

AuGe  Gold Germanium solder alloy 

AuSi  Gold Silicon solder alloy 

AuSn  Gold Tin solder alloy 

C SAM  C mode Scanning Acoustic Microscope 

FIB  Focused Ion Beam 

GaN  Gallium Nitride 

K  Kelvin 

Li  Initial thickness of Ag paste layer (μm) 

Lf  Final thickness of sintered Ag layer (μm) 

MPa  MegaPascal 

PbSnAg  Lead Tin Silver solder alloy 

Ra   Arithmetic surface roughness (nm) 

SiC  Silicon Carbide 

TMAX  Maximum cycling temperature 

TMIN  Minimum cycling temperature 

Ts  Sintering temperature (ºC) 

Vf  Volume of the final Ag layer (nm) 
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Vi  Volume of the initial Ag layer (nm) 

WBG  Wide bandgap 

W/m.K   Watts/meter.Kelvin 

Ω
-1

cm
-1

  Ohm
-1

centimeter
-1

 

ºC  Degree Celsius 

1. Introduction 

The fast development of Power Electronics, especially in 

high temperature applications (such as, spacecraft, well 

logging or high-speed trains) has originated the need to 

research new materials. In this context, wide bandgap 

semiconductors (such as GaN, SiC and Diamond) are 

materials that have the possibility to operate at 

temperatures higher than Si-based devices [1, 2]. Specific 

die-attach materials, are therefore, an actual challenge in 

order to satisfy the requirements of the high temperature 

applications of the power electronics. For this reason, 

several researchers around the world are making serious 

efforts to determine the most suitable materials and 

techniques for the manufacture of the high temperature die-

attach. In fact, there are several alternatives, materials such 

as solder alloys (for instance AuSn, PbSnAg, AuGe, AuSi) 

and technologies such as the sintering of particles (with 

typical particle sizes in the “nano” and “micro” range) of 

different metals (Ag, Cu or alloys) and transient liquid 

phase bonding [3–8]. In the context of the die-attaches, the 

technology based on the sintering of Ag nano-particles, 

offers the advantage of a low processing temperature (< 

300 ºC) and, consequently, low level of residual stress. 

Another advantage of the sintered layer is a final high 

melting temperature, which provides a wide safety margin 

between operating temperature and melting point. In order 

to have a reference material to compare with the sintered 

die-attach, we chose the PbSnAg solder alloy. In fact, the 

PbSnAg is well known for its excellent thermo-mechanical 

behavior at different temperatures. The purpose of this 

work is the study of the sintering technology based on Ag 

nano-particles, giving special attention to the drying step 

that influences the final sintered die-attach layer. Besides, 

die-shear force evolution during thermal cycling and the 

influence of the thermal cycling on the electrical behaviour 

of the sintered die-attach layer, will be also analysed with 

specific test vehicles. For assessing the test vehicles 

capabilities, a die-shear tester and a C-SAM (C-mode 

Scanning Acoustic Microscope) were used. Finally, the 

main results obtained are discussed in this paper.  

2. Die-attach process based on sintering of Ag nano-

particles 

The purpose of the sintering process is to create bulk 

materials by heating and pressing some powder below its 

melting temperature [9–11]. In this work, a commercially 

available nano-Ag paste (NBE Tech K series [12]) was 

selected for manufacturing the sintering die-attach. This 

paste is composed of Ag nano-particles mixed with organic 

components (dispersant, binder and thinner). The Ag is 

used because it offers advantageous properties for die-

attach, for instance, we can highlight its high melting 

temperature (961 ºC), high thermal (430 W/m.K) and high 

electrical conductivity (0.63x10
6
 Ω

-1
cm

-1
). The nano-

particle size is used because the required sintering 

temperature decreases (generally < 300 ºC), as it does the 

necessary pressure for an adequate adhesion between 

surfaces [13–15]. 

 

The sintering process for manufacturing the die-attach is 

carried out by several steps. The first step is cleaning the 

test vehicle materials (dice and substrate). The cleaning of 

the dice consists in a bath with acetone (10 min in 

ultrasonic agitation) to remove the organic contaminants 

and a final isopropanol cleaning (10 min in ultrasonic bath) 

to remove the traces of the organics dissolved by the 

acetone. The Cu substrates follow a similar procedure, 

which includes an intermediate step for surface 

deoxidization using an etching agent. The second step 

consists in dispensing the nano-Ag paste onto the Cu 

substrate by means of the screen printing technique (see 

Figure 1 (a)). The corresponding mask used in the screen 

printing is 100 μm thick and it allows placing an initial 

volume of fresh paste (Vi) for each die (see Figure 1(b)). In 

fact, Vi is controlled by adjusting the size of the mask hole. 

The third step consists in placing the dice onto the Ag paste 

and at this point the thickness of the fresh paste layer (Li) is 

set to 60 μm (see Figure 1 (c)). Finally, the fourth step 

consists in a thermal treatment divided into two phases, the 

debinding (or paste drying) and sintering (either, with or 

without pressure (see Figure 1(d))). 

 
Figure 1 - Process description to manufacture the die-attach based on 

sintering of Ag nano-particles. 

 

The drying phase is made of three successive steps at 

different temperatures (50, 100, and 150 ºC) as it is shown 

in the temperature profile of the Figure 2, where the 

organic components vaporize. This profile is based on the 

paste manufacturer information with minor adjustments. 

Whereas the temperature is quickly increased up to 285 ºC, 

the pressure is applied on the dice and the sintering process 

takes place. In order to avoid semiconductor damage and to 

ensure a uniform pressure distribution among the dice, a 75 

μm Kapton layer is placed between the plate of the press 

and the chips. After sintering, the system cools down 

naturally, so the overall process time takes around 110 

(a) (b)

(c) (d)
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minutes. The final thickness (Lf) of the sintered Ag layer at 

this point ranges between 20 and 35 μm depending on the 

applied sintering pressure.  

 

 
Figure 2 - Temperature profile used to manufacture the die-attach 

based on the sintering of Ag nano-particles. 

 

Figure 3 shows the experimental setup used to manufacture 

the die-attach, where the drying is realized in an oven 

under air ambient, and the sintering step is performed on a 

hot plate with the test vehicle placed in a specifically 

designed press [11, 16].  
 

 
Figure 3 - Experimental setup to manufacture the nano-Ag sintering 

die-attach. 

 

The sintering parameters are very important in order to 

obtain a suitable densification of the sintered die-attach 

layer. The most common ones are temperature, time, 

atmosphere, pressure and, of course, the characteristics of 

the elements of the pastes (particles and organic 

components). Nevertheless, the drying process of the 

organic components of the green paste is also critical and 

requires special attention. In fact, the drying step is 

dependent on the heating rate, dwell time, types of organic 

components and type of atmosphere. Besides, the drying 

step can be carried out with dice or without dice on top of 

the green paste (see Figure 1 (c)). In fact, some researchers 

have demonstrated that the Ag nanoparticles paste has 

better densification without die than with die during the 

drying step [17]. In general, a drying process in ambient 

atmosphere and with the die placed on top of the fresh 

paste, simplifies the manufacturing process, but can result 

in other problems as it will be shown in the next sections. 

3. Test vehicle used for experimental assessment of die-

attach layers based on sintering of Ag nano-particles 

In order to analyze the typical structure of the power 

module, we developed a test vehicle formed by 4 dice, die-

attach layer and Cu substrates [18]. Figure 4(a) shows the 

cross section of the main parts (die, die-attach layer and 

substrate) of the test vehicle. Figure 4(b) shows a top view 

of the distribution of the 4 SiC dice adhered to the 

substrate. For assembling the test vehicle, SiC Schottky 

diodes have been chosen in order to study the mechanical 

adhesion provided by the Ag sintered layer under thermal 

cycling. Besides, the fact that SiC diodes have been used in 

real space applications [2], allows us to perform a practical 

analysis on the evolution of the electrical response of the 

Ag layer and therefore, to establish a correlation between 

the electrical behavior and the degradation provoked 

during thermal cycling. The used dies are 300 μm thick, 

with an area of 2.8 x 2.8 mm
2
. The backside metallization 

includes four metal layers of different thickness: Al (0.5 

μm) / Ti (100 nm) / Ni (500 nm) / Au (200 nm). The aim of 

this multiple metallization layer is to allow a good ohmic 

contact with the semiconductor (Al), to ensure a good 

adherence (Ti), to establish a diffusion barrier (Ni) and to 

avoid surface oxidation (Au). The mean roughness (Ra) of 

the chip backside was 30 nm. 

 

 
Figure 4 - (a) Parts of the test vehicle (cross section). (b) Test vehicle 

with 4 SiC dies (top view). 

 

In the case of the substrate, Copper has been used because 

it has a lower cost than ceramic substrates and, because it 

also provides adequate properties such as high thermal 

conductivity and easy machinability. Another reason why 

we selected Cu substrates is because there are numerous 

results in the literature about nano-Ag sintering on Ag and 

Au plated substrates, but little information is available for 

Cu. Besides, the Cu coefficient of thermal expansion (17 

ppm/ºC) is higher than that of other used metal substrates 

such as Kovar (6 ppm/ºC). Therefore, our test vehicle can 

be considered as the worst case scenario, because it allows 

us obtaining fast degradation results during thermal cycling 

test. The dimensions of the Cu substrates are based on the 

TO-247 standard package (15 mm x 20 mm x 0.8 mm). 

Oven
Press

Hot Plate

(a)

(b)
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4. Experimental results 

4.1. Drying influence in the sintering process 

First of all, a comparison between Ag sintering and the 

previously mentioned PbSnAg solder alloy are presented. 

In the specific case of sintered die-attach layers, we used a 

pressure of 7 MPa because in other works we have 

observed that good results were obtained with this pressure 

[22]. With the aim of studying the drying influence, some 

samples were dried with a die on top of the fresh Ag paste 

and some without die. Figure 5 shows the C-SAM images 

acquired for the die-attach materials under study: PbSnAg 

solder alloy and sintered layers dried with die and without 

die. The images show that the sintered die-attaches provide 

a very low level of voids, similar to the PbSnAg solder 

alloy. Besides, it is important to note that the sintered 

layers processed without die show a more homogeneous 

layer than the other two.  

 

 
Figure 5 - C-SAM images of different die-attach materials.  

(a) PbSnAg solder alloy. (b) Sintered layer dried with die. (b) Sintered 

layer dried without die. 

 

Figure 6 shows the results of the die-shear force obtained 

with different die-attach materials (PbSnAg and nano-Ag 

sintered die-attach layers). 

 

 
Figure 6 - Die-shear results after die-attach process of different die-

attach materials. 

 

In the case of PbSnAg, we can observe that the standard 

deviation (red line) is closer to the mean value (which 

indicates that the process is repetitive and, therefore, its 

behaviour is predictable than for the Ag sintered layers. On 

the other hand, the Ag sintered layers have a higher 

adherence mean value (blue rectangle) than the die-attaches 

base on PbSnAg. In any case, the sample that was dried 

with the die has a lower shear force mean value and higher 

standard deviation than the samples that were dried without 

the die. The aforementioned behaviour can be related to the 

fact that the presence of the die during drying obstructs the 

elimination of the paste organic solvents. This translates in 

a worst densification of the sintered layer. This point can 

be demonstrated by the CSAM images shown in Figure 5 

for a die-attach layer dried with die (Figure 5(b), 

inhomogeneous Ag layer) and another one dried without 

die (Figure 5(c), homogeneous Ag layer). Taking into 

account all the advantages and disadvantages, it can be 

concluded that the nano-Ag sintering die-attach is 

comparable with the PbSnAg solder alloy in terms of chip 

adhesion after die-attach formation. 

4.2. Thermal cycling results of sintered die-attach layers 

In the present framework, it is also very important to 

analyse the possible degradation mechanisms in order to 

guarantee the reliability of the power modules [19]. In fact, 

there are different testing methods for evaluating die-attach 

degradation such as accelerated ageing test at constant 

temperature, power cycling test, thermal cycling, and 

thermal shock test [20, 21]. In this study, we propose a 

temperature cycling profile based on both MIL-STD-883H 

and MIL-STD-750E. Figure 7 shows the thermal cycling 

profile proposed in this work, where the maximum 

temperature is TMAX = 275 ºC and the minimum one is 

TMIN = -65 ºC. In fact, the TMAX value was selected 

according to the homologous temperature (margin between 

the operating temperature and melting point) of the die-

attach materials used in this work [11, 16, 22].  

 

 
Figure 7 - Selected thermal cycle profile. 

 

Figure 8 shows the die-shear results concerning the 

evolution of two sintered Ag die-attach layers during 

thermal cycling. It can be seen that the samples dried 

without die (values in blue) present higher die-shear force 

values at zero cycles than samples dried with die (values in 

(a)

PbSnAg

(b) 

nano-Ag with Die

(c) 

nano-Ag without Die
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red). Concerning the degradation rate, it is clear that the 

value is higher for the samples dried with die than for the 

samples dried without die. This fast degradation cannot be 

clearly explained from the nominal thermomechanical 

properties of the Ag, because the microscopic structure of 

the sintered Ag layers reveals the presence of pores and 

defects. Consequently, the degradation behaviour driven by 

the temperature cycles is expected to show a very different 

behavior than for solder alloys. Another important 

observation to be considered is that the maximum cycling 

temperature (275 ºC) is close to the sintering temperature 

(Ts = 285 ºC), and it is possible that the sintering process 

continues during the thermal cycling tests. For this reason, 

we decided to study the effects of the thermal cycling on 

the electrical behavior of the sintered layer. 

 

Figure 8 - Die-shear results during thermal cycling. 

4.3. Electrical responses of the sintered die-attach layers 

after thermal cycling test 

In the case of the electrical response, we obtain the I-V 

curves of the SiC diodes used in the test vehicles before 

and after the thermal cycling. The curves were measured at 

0, 18, 70 and 120 cycles.  

 

 

Figure 9 - I-V forward characteristics of SiC Schottky diodes 

attached to the Cu substrate with sintered Ag layers. 

To this particular case of study, we used the drying with 

die to manufacture the test vehicles (due to ease 

manufacturability). Figure 9 shows the influence of the 

thermal cycles on the I-V curves and Figure 10 shows the 

dynamic on-state resistance evolution after thermal 

cycling. The decrease in resistance with thermal cycling is 

very clear, which indicates that the sintered layer continues 

to densify during the temperature cycles. It is important to 

highlight that an abrupt reduction of the resistance occurs 

in the first 18 cycles, and then it evolves very slowly. This 

behaviour is very interesting because it indicates that the 

nano-particles continue their densification in the first 

cycles, whereas the adhesion between surfaces decreases. 

 

 
Figure 10 - Resistance evolution after thermal cycling. 

5. Conclusions 

This work presents a study about the influence of the fresh 

Ag nano-particles paste drying during sintering processes, 

on the densification of the die-attach layer. The 

comparative analysis between sintered die-attach layers 

(processed with different drying steps) and die-attaches 

prepared with PbSnAg solder alloy, is also presented. 

Besides, a study of the influence of thermal cycles on the 

electrical behavior of the Ag sintered die-attach layers has 

been carried out. The test vehicles used in this work, 

include four SiC Schottky diodes, the die-attach layer and a 

Cu substrate. It is important to note that die-shear results of 

the entire die-attach layers after manufacturing processes, 

comply with the acceptance criteria of the MIL-STD-883H 

standard. In this sense, we have found that the test vehicles 

that were dried without the die showed higher die-shear 

forces at zero cycles than those that were dried with the 

die. This behaviour can be explained because the drying 

process without the die removes all the organic 

components of the fresh paste and, therefore, the result is a 

more homogeneous sintered layer. Concerning the thermal 

cycling experiments, the main degradation mechanism is 

caused by the stresses generated by the difference in CTEs 

of the different materials. In fact, we can observe that the 

degradation rate is clearly higher for the test vehicles dried 
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with the die than for the samples dried without the die. This 

behaviour is congruent because the sintered layer dried 

without die has better densification than the layer dried 

with die, and therefore, has greater resistance to wear 

caused by stresses generated during thermal cycling. In the 

electrical study of the sintered layer with die, it has been 

shown that the sintering still occurs after the thermal 

cycling test. Finally, we conclude that in future works, it is 

necessary to study the electrical behavior of the sintered 

layers processed without die under thermal cycling and the 

FIB analysis of Ag layer cross-sections, in order to 

compare their behavior with the sintered layers processed 

with die. 
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