Comparative Study of Die-Attach Materials for LED Die Bonding
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Abstract

In this work, the bonding conditions of different die-attach
materials are optimized for LED die to substrate bonding. The
die-attach materials are characterized for their mechanical
bonding strength, hermeticity, and surface morphology.
Among the investigated materials, it is found that SAC solder
has the largest bonding strength of ~60 MPa. The hermeticity
is at least 10= below the rejection limit of MIL-STD-883E
standard (5<10* atm-cc/s) for all die-attach materials. The
results show that high-quality bonding is achieved. Moreover,
LEDs are fabricated and bonded onto substrate with die-attach
materials.  The  electncal,  electroluminescent,  and
photoluminescent properties of the un-bonded and bonded
LEDs are investigated. The results reveal that non-conductive
elecrical adhesive has the least negative impact on the
electrical property of LEDs, Ag paste has the largest positive
effect on electroluminescent and photoluminescent properties.
In addition, this comparative study can be used as guidelines
to further optimize the process parameters, to characterize the
material properties of die-attach materals (e.g. porosity,
optical  reflectance, wvolume resistivity, and thermal
conductivity, etc.), and to study the effect of temperature on
reliability luminous efficacy, and optical property of the
packaged LEDs.

Introduction

Adhesive materdals, including Sn-Ag-Cu (SAC)-based
solder, silver (Ag) paste, and non-conductive electrical
adhesives, are widely used as part of semiconductor
packaging. Such matedals are typically wused for
microelectronics and active component die attach such as light
emitting diode (LED) die bonding, etc. [1]. Die-attach
materials are a key role in the performance and reliability of
electronic devices [2-6]. Increasingly, numerous effort has
been invested on the development and the selection of suitable
die-attach materials for specific applicaions. The main
selection criteria are material propernies (thermal, optical,
mechanical, and electrical, etc.), performance (light output and
thermal dissipation of LEDs), reliability (fatigue resistance
and creep), packaging process (yield and throughput),
compatibility with the desired application, and cost (price
performance), ete.

In the case of LED die bonding, die-attach materials
interface directly with the LED die. As illustrated in Fig. 1,
their thermal, optical, mechanical, and electrical performances
have a considerable effect on LED lumen maintenance, light

extraction, and light output over time. Therefore, it is essential
to evaluate different die-attach matedals for LED die bonding.

In this study, properties of different die-attach materials
will be analyzed. The material characterizations serve as a
comprehensive fundamental for subsequent bonding and
packaging of LED dies, where the comresponding performance
of the bonded LEDs with different die-attach materials would
be compared.
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Fig. 1. Cross-section schematics of a typical packaged LED
emitter with die-attach material.

Approach

The overall workflow for this comparative study of die-
attach materials for LED die bonding is proposed, as shown in
Fig. 2. The detailed steps are: 1) die-die bonding with different
die-attach materials; 2) material properties characterization of
different die-attach materals; 3) LED die fabrication; 4) LED
die bonding with different die-attach materials; 5) resistance
temperature detector (RTD) fabrication; 6) packaging of RTD-
integrated LED die.

Results and Discussion

1. Die-die bonding with different die-attach materials

The experimental bonding steps designed for die-attach
materials are: 1) 6" silicon (51) substrates are deposited with a
200 nm thick insulation layer of silicon dioxide (Si0z) by
plasma enhanced chemical vapor deposition (PECVD) (step 1
in Fig. 3), the substrates are subsequently deposited with a
10/100 nm thick layer of titanium/copper (T1/Cu) by electron-
beam evaporation, respectively (step 2 in Fig. 3); 2) afier
wafer singulation to form the desired bottom and top dies (step
3 in Fig. 3), die-amach materials are dispensed onto the top-
side surface of the bottom die where their position and
thickness are limited by a cut-sized thermal tape affixed on the
die substrate (step 4 in Fig. 3); 3) the top die is flip-chip



bonded onto the top side of the bottom die with the dispensed
die-attach materials, as shown in Fig. 4(a); 4) subsequently,
the bonding process is initiated by applying a force at an
elevated temperature (step 5 in Fig. 3); 5) finally, the bonded
dies are annealed for a set period of time (step 6 in Fig. 3) [7-
18].
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Fig. 2. The overall approach for comparative study of die-
attach materials and their application for LED die packaging.
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Fig. 3. The detailed steps for die-die bonding with die-attach
materials.

1.1 Shear strength of bonded dies with different die-
attach materials

The bonded dies with different die-attach materials (Ag
paste, SAC solder, and non-conductive adhesive), as shown in
Figs. 4(b), 4(c), and 4(d), are mechanically sheared to obtain
the mechanical bonding strength [19]. The corresponding
shear strength and the sheared dies are shown in Fig. 5. The
largest average shear strength obtained so far is ~60 MPa by
using SAC solder, and the smallest average shear strength
obtained 1s ~8 MPa by using Ag paste. The bonding
experiment will be further extended to other die-attach
materials under investigation, albeit with optimized bonding
parameters to obtain the highest shear strength for the
respective materials.

1.2 Hermeticity of bonded dies with different die-attach
materials

Fine leak test was performed on the bonded dies with
different die-attach materials. The corresponding results are
presented in Table 1. All bonded dies show a very low leakage
rate below 5%10? atm-cc/s, which is at least 10x below the
rejection limit of MIL-STD-883E standard (5x10% atm-cc/s)
[20]. This indicates a high-quality bonding hermeticity of the
bonded dies.

Fig. 4. (a) Schematics of die-die bonding with different die-
attach materials, (b) A bonded die with Ag paste, (c) A
bonded die with SAC solder, and (d) A bonded die with non-

conductive adhesive, respectively.
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Fig. 5. (a) Shear strength of the bonded dies with different die-
attach materials, (b) The sheared dies with Ag paste, (c) The
sheared dies with SAC solder, and (d) The sheared dies with
non-conductive adhesive, respectively.

Table 1. He leakage rate for the bonded dies with different
dic-attach materials.

Die-attach materials He leakage rate (atm-cc/s)

Ag paste 43 %107
SAC solder 82 x10®
Non-conductive 1.9 = 10°

adhesive

1.3 Surface morphology of the sheared die-attach
materials

The FESEM images of the sheared Ag paste, SAC solder,
and non-conductive electrical adhesive are shown in Figs.
6(a), 6(b), and 6(c), respectively. From the FESEM images,
one can obtain that Ag paste is made from flakes.



2. LED die bonding with different die-attach materials

The LEDs used for bonding in this work were reported in
the literature [21]. After the bonding parameters for the die-
attach materials had been optimized, the bonding process of
the LED dies were evaluated [15]. The un-bonded and bonded
LED dies are shown in Fig. 7. As shown in Figs. 7(b), 7(c)
and 7(d), the LED dies were well-bonded onto the substrate
with Ag paste, SAC solder, and non-conductive electrical
adhesive, respectively. The corresponding side-view images of
the bonded LED dies are shown in Fig. 8. Thereafter, the LED
performance was studied in the following experiments.

Fig. 6. (a), (b), and (c¢) FESEM images of the sheared Ag
paste, SAC solder, and non-conductive adhesive, respectively.

Fig. 7. (a) Image of an un-bonded LED die, (b) Image of a
bonded LED die with Ag paste, (c) Image of a bonded LED
die with SAC solder, and (d) Image of a bonded LED die with
non-conductive adhesive, respectively.
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Fig. 8. (a), (b) and (c) Side-view images of the bonded LED
dies with Ag paste, SAC solder, and non-conductive adhesive,
respectively.

2.1 Electrical property of LED

The I-V characteristics of both un-bonded and bonded
LED dies were investigated at voltage swept from -3 to +3 V.
The results are plotted, as shown in Fig. 9. From the results,
the switching voltage of the LED is ~+1.5 V. Among the
bonded LED dies, the non-conductive electrical adhesive
bonded LED dic has the least-decreased current compared to
the un-bonded LED die, which demonstrates that the non-
conductive electrical adhesive has the least negative effect on
the LED’s I-V output.

2.2 Electroluminescent property of LED

The electroluminescence (EL) spectra for un-bonded and
bonded LED dies were extracted at wavelength ranging from
300 to 1100 nm. The results are plotted, as shown in Fig. 10.
From the figure, the peak of the EL spectra of the bonded
LED dies was much larger than that of the un-bonded LED
die, and the bonded LED die with Ag paste had the largest

peak. The results reveal that the Ag paste has the largest
positive effect on the LED’s EL performance.

2.3 Photoluminescent property of LED

The photoluminescence (PL) spectra for un-bonded and
bonded LED dies were extracted at wavelength ranging from
300 to 1100 nm. The results are plotted, as shown in Fig. 11.
From the results, the peak of the bonded LED die with Ag
paste was much larger than that of the un-bonded LED die. It
demonstrates that the Ag paste does have a positive effect on
the LED’s PL performance. While the peaks of the bonded
LED dies with SAC solder and non-conductive electrical
adhesive were smaller than that of the un-bonded LED die,
which demonstrates that the SAC solder and non-conductive
electrical adhesive have a negative effect on the LED’s PL
performance.
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Fig. 9. I-V curves of the un-bonded LED, bonded LED with
Ag paste, bonded LED with SAC solder, and bonded LED
with non-conductive adhesive, respectively. The inset shows
the [-V output at voltage from +2.5 to +3 V.

Summary and Perspectives

In summary, we have conducted comparative studies,
including bonding process optimization, die shear test, and
fine leak test for different die-attach materials. It was found
that SAC solder has the largest bonding strength of ~60 MPa
among the investigated die-attach materials, and the
hermeticity is at least 10x below the rejection limit of MIL-
STD-883E standard (5x10® atm-cc/s) for all die-attach
materials. The results indicated that high-quality bonding was
achieved. We fabricated LED dies and bonded them onto
substrate with different die-attach materials, characterized the
bonded LED dies to obtain their I-V, EL and PL. The results
showed that non-conductive electrical adhesive has the least
negative effect on I-V output of LEDs, Ag paste has the
largest positive effect on EL and PL spectra. The obtained
experimental outcomes can be used as guidelines to further
optimize the process parameters, to characterize the material
properties of dic-attach materials (c.g. porosity, optical
reflectance, volume resistivity, and thermal conductivity, etc.).
For future work, the bonding and packaging of RTD



integrted LED dies with different die-attach materials will be
performed, and the effect of temperature on relishility,
luminows  efficacy, and optical spectra (g PL and EL
spectra) of the packaged LED dies will be charactenzed.
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Fig. 10. EL spectra of the un-bonded LED, bonded LED with
Ag paste, bonded LED with SAC solder, and bonded LED
with non-conductive adhesive, respectively. The mset shows
the EL spectra at wavelength from 640 to 680 nm.
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Fig. 11. PL spectra of the un-bonded LED, bonded LED with

Ag paste, bonded LED with SAC solder, and bonded LED

with non-conductive adhesive, respectively. The mset shows
the PL spectra at wavelength from 640 to 680 nm.
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