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Abstract: Differential scanning calorimetry (DSC) and the Kissinger model-fitting showed that the peak curing tem-
peratures of the four kinds of thermally conductive die attach adhesives ranged from 390 to 420 K, and they had high
apparent activation energies and had obvious latent features as die attach adhesive at room temperature. T-f extrapolation
method was used to determine the curing reaction conditions of the two-series adhesives as 110 C x 1h+150 T x2 h
and 120 C x 1 h+160 C x 2 h, respectively. The basic performance, operation state, die shear test, and environmental
reliability of the four kinds of thermally conductive die attach adhesives and the competitive sample S5 were characterized,
the PSR-2 can achieve a good packaging effect at lower cost, and is expected to replace the current market mainstream
thermally conductive die attach adhesive to reduce high-power lighting light emitting diode (LED) packaging cost.

Keywords: light emitting diode packaging, die attach adhesive, kinetics, silicone resin, thermal conductivity.

Introduction

In recent years, light emitting diode (LED) devices are rapidly
developing towards high integration and luminous efficiency.
The applications of LED have also developed from the pre-
vious indicator and display to the backlighting and general illu-
mination, thus proposing higher requirements on the reliability
of LED devices. The LED package operation can not only
improve the dust-proof, moisture-proof, and anti-vibration per-
formance of devices but also be conducive to the miniaturization
and lightweight of devices.! As a type of LED package operation,
die-attach is an important operation of LED devices, which is
used to bond the chip to the designated area of the bracket. The

“These authors equally contributed to this work.

"To whom correspondence should be addressed.
742839790@qq.com, ORCID0009-0009-7492-3020
©2024 The Polymer Society of Korea. All rights reserved.

485

heat generated by LED devices needs to be diffused in time to
improve the operation reliability and service life of devices.”?
Die attach adhesive as the core component of LED, directly
determines the heat dissipation performance of the LED and has
a significant impact on the performance of LED devices.*
Die attach adhesive is mainly divided into two categories:
silver adhesive and insulation adhesive. In practical applications,
the type of die attach adhesive used often needs to be deter-
mined based on the specific usage situation. The silver adhesive
is an adhesive doped with silver powder particles, which has
good thermal conductivity and is usually used for chips with
high power or single electrode chips. However, the silver adhe-
sive is relatively easy to absorb light, due to the doping of sil-
ver powder causing to the color be dark. Insulating adhesive is
usually used for medium and small power dual electrode chips,
most of which are transparent and have good light transmission
performance. Industrial LED packaging insulation adhesive
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has gradually developed from traditional epoxy resin to sil-

icone material.>®

Silicone has excellent high-temperature resis-
tance, aging resistance, transparency, anti-vulcanization, water
resistance, UV resistance, low stress, low shrinkage, and other
characteristics.” As a result, silicone is used as one of the ideal
packaging materials for high-power and long-term use of LED
devices." It has a significant protective effect on LED, and can
effectively extend the service life of LED. However, the ther-
mal conductivity of silicone is low (~0.2 W-m™"-K™),'" which
cannot meet the working requirements of thermally conductive
die attach adhesive.

There are two ways to improve the thermal conductivity of
die attach adhesive: (1) synthesis of structural polymers with high
thermal conductivity; and (2) preparing resin/inorganic thermally
conductive composites by filling the resin with highly thermal
conductivity inorganic materials.”>"” Due to the high price of
structural polymers with good thermal conductivity, filling
thermally conductive but insulating fillers such as alumina
(AL,O;)," boron nitride (BN),'** aluminum nitride (AIN),?' sil-
icon carbide (SiC),” and others™ to improve the thermal con-
ductivity of silicone die attach adhesive are widely used method
at present. In this paper, we use the self-made semi-finished sil-
icone resin as the matrix, add Al,O; and SiO, as the inorganic
thermally conductive fillers, and prepare the thermally con-
ductive die attach adhesive for high-power lighting LED pack-
aging. We perform tests to evaluate its performance and study
its application in depth.

Experimental

Materials. Self-made phenyl vinyl silicone resin (abbre-
viated as PVSR): The mass fraction of vinyl is 0.25 mol/100g,
the viscosity is 4x10* cps, the molecular structure of (PhSiO;,)6
(Ph,ViSiOy1)p404; Self-made phenyl hydrogen containing sil-
icone resin (abbreviated as PHSR): The mass fraction of active
hydrogen is 0.5 mol/100g, the viscosity is 1000 cps, the molec-
ular structure of (PhSiOs)),5(S1041)035(PhHS10,)00; Self-
made methyl vinyl silicone resin (abbreviated as MVSR): The
mass fraction of vinyl 0.25 mol/100g, the viscosity is 2x10* cps,
the molecular structure of (SiOyy)os(Me,Si0,5)05(Me>ViOyx)o3;
Self-made methyl hydrogen containing silicone resin (abbre-
viated as MHSR): The mass fraction of active hydrogen is 0.8
mol/100g, the viscosity is 1100 cps, the molecular structure of
(Si04)05(Me,HSi10, ), 5; Custer catalyst: Platinum mass frac-
tion is 2.6x107, Foshan Shunde Jinchun Silicon Material Co.,
Ltd; 1-ethynyl cyclohexanol: AR, Guangde Jinbang Chemical
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Co., Ltd; Adhesion promoter: y-Methacryloyloxypropylmeth-
yldi-methoxysilane, Beijing Huawei Ruike Chemical Co., Ltd;
Al,Os: particle size of 2-7 pm and 1 um, Dongguan Dongchao
New Material Technology Co., Ltd; Al,Os: particle size of 5 um,
Si0,: particle size of 2-4 um, Foshan Kingo New Materials
Co., Ltd.

Instruments. Z-700VS vacuum defoaming mixer: Shenzhen
Zhongyi Technology Co., Ltd; DHG-9775A electric blast oven:
Shanghai Zhengzhen Instrument Manufacturing Co., Ltd; HYK-
TH-3000CH double 85 aging test box: Dongguan Hongjin Test-
ing Instrument Co., Ltd; DSC25 Differential scanning calorimeter
(DSC): American TA company; DAGE 4000 multifunctional
push-pull machine: Nordson Dage, UK; NETZSCH LFA 457
MicroFlash laser thermal conductivity meter LFA: Netzsch,
Germany; Brookfield3T viscometer: Brookfield Company, USA;
EHSS5D shore hardness tester: Shenzhen Baoligen Precision
Instrument Co., Ltd; AUY120 densitometer: Shimadzu com-
pany, Japan.

Sample Preparation. The self-made PVSR and MVSR were
used as basic polymers, and the self-made PHSR and MHSR
were used as crosslinking agents, the Si-H/Si-Vi mixing ratio
was 1.5, the amount of platinum catalyst, 1-ethynylcyclohexanol,
y-Methacryloyloxypropylmethyldimethoxysilane were (.02,
0.01, and 0.01 portion of the total amount, respectively. These
compositions were mixed and evenly vacuumed using a plan-
etary stirring device for 10-15 minutes to obtain two kinds of
semi-finished adhesives with high and low refractive indexes,
respectively. Taking the semi-finished adhesives as the matrix,

Table 1. Compositions of the Thermally Conductive Die Attach
Adhesives

The name of Materials Usage Weight

samples (g) percentage (Wt%)

Semi-finished adhesive 3.5 35

PSR-1 2-7 um AlOs 35 35

1 um AlLO; 3.0 30

Semi-finished adhesive 3.5 35

PSR-2 5 um ALOs 3.5 35

1 um AlLO; 3.0 30

Semi-finished adhesive 3.5 35

MSR-1 5 um AlLOs 35 35

1 um ALO; 3.0 30

Semi-finished adhesive 4.2 39

MSR-2 5 um AlLOs 3.5 33

2-4 um SiO, 3.0 28
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spherical ALLO; and SiO, thermally conductive powders with
different weight percentages and particle sizes were added. The
compositions are shown in Table 1, the weight percentages of
the components calculated through Eq. 1. After stirring evenly,
the planetary stirring device was used to fully mix and prepare
for use after defoaming, molded on steel, and cured at their
respective curing conditions to prepare the cured composite.
Four kinds of different thermally conductive die attach adhe-
sives were prepared. The flow chart of sample preparation and
the chemical structures of self-made silicone resin used in this
study as shown in Figure 1. The matrix adhesives that the PSR
series die attach adhesives used mainly include phenyl sub-
stituent, which is a high refractive index adhesive; The matrix
adhesives that the MSR series die attach adhesives used mainly

( PHSR or MHSR
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1-ethynylcyclohexanol
y-Methacryloyloxypropylmethyldimethoxysilane
r
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include methyl substituent, which is a low refractive index
adhesive.

VVx(x:l: 2:3)

——==_x100%
WW,+ W,

Weight percentage (wt%) = (1)

where W is the weight of the semi-finished adhesive, W,
and W; are the weight of thermally conductive powders with
different particle sizes. The weight percentages of semi-finished
adhesive, powder 1, and powder 2 are calculated when x is equal
to 1, 2, and 3, respectively.

Differential Scanning Calorimetry (DSC). Non-isothermal
DSC was used to study the reaction kinetics of two silicone resin
systems. The test temperature was 40-180 C, and the heating
rates were 5, 10, 15, and 20 K/min, respectively. The sample
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Figure 1. (a) Flow chart of sample preparation; (b) chemical structures of self-made silicone resin.
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usage was 3-5 mg, the test atmosphere was nitrogen, and the
flow rate was 50 mL/min.

Chip Shear Force Test. The normal temperature and high
temperature thrust data of four kinds of thermally conductive
die attach adhesives and the mainstream thermally conductive
die attach adhesive on the market were compared. Die attach
adhesives were used to bond the LED substrate and LED chip
of CL-16A1WAY (15.19%7.87 mil). The optimal curing pro-
cesses of two-series die attach adhesives were used as 110 C
x1 h+150 Cx2 h and 120 Tx1 h+160 Cx2 h, respectively,
and the control samples used the manufacturer’s recommended
curing process. The thrust test speed is 200 um/s and the test
height is 35 um. The shear forces at room temperature and
160 'C were compared respectively, and 10 lamp beads in
each group were tested to obtain the average shear force value.

Thermal Conductivity. Thermal conductivities were mea-
sured according to GB/T 11205-1989.

Viscosity. Viscosities were measured according to GB/T
2794-2013, and the fluidities of the die attach adhesives were
characterized by viscosity.

Shore D hardness. Hardness was measured according to
GB/T 531-1999.

Results and Discussion

Curing Characteristic Temperature. The non-isothermal
DSC curves of four kinds of thermally conductive die attach
adhesives are shown in Figure 2. It can be seen from the figures
that the reaction exothermic peaks of silicone resin polym-
erization are relatively sharp, indicating that the two-series sil-
icone resin can cure rapidly at the characteristic temperature,
and the curing reaction time can be significantly shortened.
Table 2 shows the peak temperatures of the two-series silicone
resin die attach adhesives at different heating rates, 7, T2, 7,3,
and 7,4 are peak temperatures of PSR-1, PSR-2, MSR-1, and
MSR-2, respectively. From the data, it can be seen that the peak
temperatures of the four kinds of thermally conductive die attach
adhesives are between 390 to 420 K, showing a symmetrical
single peak, indicating that the different particle sizes and types
of thermally conductive powders slightly affect the T, the T,
of PSR series are lower than those of the MSR series, PSR
series have fast reaction rates and can be cured at low tem-
perature.

Activation Energy of Curing Reaction. Kissinger equation®
is usually used to calculate the apparent activation energy of
polymerization. Assuming that the 7, of the exothermic peak
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Figure 2. Non-isothermal DSC curves of the thermally conductive
die attach adhesives: (a) PSR-1; (b) PSR-2; (c) MSR-1; (d) MSR-2.
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Table 2. Peak Temperature 7T, of Thermally Conductive Die
Attach Adhesives at Different Heating Rates

BIK/min  T,./K T,./K T,4/K T,.K
5 390.61 391.09 398.06 398.41
10 40021 400.40 407.60 408.83
15 406.15 405.67 413.84 414.03
20 410.80 410.45 418.04 418.93

of the curing reaction was the maximum reaction rate tem-
perature, the activation energy of the reaction was calculated
from the Kissinger equation by plotting In(3/7,’) versus 1/T,, to
obtain a slope of -(E,/R) as shown in Figure 3.

B
— -5 @
R
d(f)

where: £ is heating rate (K/m). 7, denotes the temperature
(K) of the exothermic peak. E is reaction activation energy. R
presents gas constant.

It can be seen from Figure 3 that R values of the Kissinger
model straight-line fitting plots of the four kinds of adhesives
are greater than 0.99, indicating that the Kissinger model equa-
tion is reasonable for the study of the above two-series silicone
resin adhesives. According to the regression equation, the acti-
vation energies of PSR-1, PSR-2, MSR-1, and MSR-2 are 85.24,
89.83, 88.83, and 87.85 kJ/mol, respectively, indicating that the
curing processes react slowly at room temperature and the degree
of curing change significantly with temperature. As die attach
adhesives, they have good latency. Among them, PSR-2 has
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Figure 4. Relationship of the curing kinetic characteristic tempera-
ture (7p) and heating rating (5).

the highest activation energy, which corresponds to the best
stability exhibited in the subsequent 24 h die attach operation
(as see Table 4).

Curing Reaction Conditions. Silicone resin needs to be
cured by a certain process to exert its good adhesive properties.
According to the curing kinetic characteristic temperature (7p)
of four kinds of adhesives plotted against the heating rate (55).
The results are shown in Figure 4, where T is the peak tem-
perature of the main peak, and the optimal temperatures for the
curing process of thermally conductive adhesives are deter-
mined to be 112.17, 112.92, 119.69, and 120.21 C, respectively,
by extrapolating the straight lines obtained from the linear fit-
ting to the point of f=0. For thermosetting resin, if the curing
speed is too fast, the active groups are frozen relatively more,
which makes it easy to form cavities, and it is easy to cause the
T, point of the cured product to be low. The slow curing pro-
cess is conducive to the formation of a dense three-dimensional
network structure. Therefore, the sample needs to be post-cured
at high temperature. Combined with the previous analysis results
and the actual curing effect, the curing temperatures of PSR
and MSR systems are determined to be 110 Tx1 h+150 Tx2 h
and 120 Cx1 h+160 Cx2 h, respectively.

General Properties. The before-cure and after-cure prop-
erties of the self-made four kinds and current mainstream ther-
mally conductive die attach adhesive S5 were tested, and the
results are shown in Table 3. As can be seen from Table 3, the
viscosities of the four self-made thermally conductive die
attach adhesives before curing are higher than that of the S5,
and their thixotropic coefficient are greater than 1.6. The main
reason is that the viscosities of the matrix glues are higher than

Polym. Korea, Vol. 48, No. 5, 2024
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Table 3. General Properties of Thermally Conductive Die Attach Adhesives and Competitor S5 Before-cure and After-cure

Adhesives  pop . PSR-2 MSR-1 MSR-2 S5
Parameters
Appearance white paste
Viscosity (25 C,10 rpm) mPa*s 18730 23180 25240 37940 5318
Before-cure
Thixotropic coefficient (2/20 rpm) 2.06 1.66 1.61 242 2.04
Cure condition 110 Tx1 h+150 Tx2 h 120 Tx1 h+160 Tx2 h 100 Tx1 h+160 Tx2 h
Hardness (shore D) 82.6 84.7 81 85.1 77
Density (g/cm’) at 25 C 2.067 2.075 2.127 1.868 2.04

Afte-r-cure 300 C*24 h high-temperature

baking appearance
Thermal conductivity (W/m'K) 0.722

Non-yellowed Non-yellowed Non-yellowed Non-yellowed

Non-yellowed

0.680 0.728 0.618 0.528

that of the S5, and the addition amounts of thermally con-
ductive powders are higher than that of the S5, so the thermal
conductivity of the four self-made thermally conductive die
attach adhesives after curing are higher than that of the S5. The
hardness, density, and 300 Cx24 h high-temperature baking
performance of the four self-made thermally conductive adhe-
sives after curing outperform the S5’s, indicating that the four
self-made adhesives can be used as thermally conductive die
attach adhesives. PSR-2 and MSR-1 have the same filler par-
ticle size and content, resulting in similar viscosity, thixotropy
coefficient, hardness, density, and thermal conductivity; The
PSR-1 filler has a significant difference in particle size, result-
ing in lower viscosity and higher thixotropy coefficient. Higher
thermal conductivity may be due to the larger particle size dif-
ference, forming a better thermal conductivity pathway; The
MSR-2 filler has the smallest particle size difference and rel-
atively less addition, resulting in the highest viscosity and the
lowest density and thermal conductivity.

Die Attach Operation. Schematic diagram of LED packaging
for printed circuit board (PCB) assembly as shown in Figure
5(a). AD50 die attach machine used as LED packaging equipment
(Figure 5(b)), CL-16A1WAY LED chip (15.19x7.87 mil), and
10° glue were used for operation, and the operation conditions
of self-made four kinds of thermally conductive adhesives and
the S5 were tested. The glue dispensing conditions are shown

(a) Encapsulant

LED Die Die attach

Bond Wire
Thermally conductive
die attach adhesive [

Housing

Lead Frame

PCB ‘ Solder Jount
Heat Slug (Al or Cu)
AT L TTL SIS T AS ST T TS A TS

Figure 5. (a) LED packaging for printed circuit board (PCB) assem-
bly; (b) AD50 die attach machine.

in Table 4. It can be seen that although the viscosity of PSR-
2 is significantly higher than S5’s, PSR-2 has the same stable
dispensing conditions as S5 at 0 h and 24 h, without obvious
glue throw, and the dispensing state is good. Mainly because

Table 4. Die Attach Operation Status of Thermally Conductive Die Attach Adhesives and the S5

MSR-1 MSR-2 S5

Operation time PSR-1 PSR-2
0-hour operation  Unstable and without ~No glue-throw and
status major abnormalities good effect

Unstable and without Unstable and without
major abnormalities

No glue-throw and

major abnormalities uniform dispensed

24-hour operation Thickened and unable
status to dispense glue

No glue-throw and
good effect

Thickened and

Thickened and
glue-throw

No glue-throw and

glue-throw uniform dispensed

Zav, A|489 A5, 20243
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The micro peeling between LED
packaging adhesive or die attach
adhesive and the substrate
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Figure 6. (a) Possible micro peeling in LEDs (indicated by red
dashed lines); (b) DAGE 4000 multifunctional push-pull machine;
(c) Shear force test results of thermally conductive die attach adhe-
sives and the S5.

the filler of PSR-2 has a more suitable particle size, the phenyl-
based matrix adhesive of PSR-2 is more suitable for high-
power lighting LED packaging.

Chip Shear Force. The micro peeling between LED pack-
aging adhesive or die attach adhesive and the substrate is a

common cause of LED failure and dead light (as shown in
Figure 6(a)). The chip shear force can reflect the bonding strength
between the chip and the die attach adhesive, the die attach
adhesive layer, and the die attach adhesive and the substrate.”
The higher the shear force, the higher the adhesive strength. In
this paper, the long side shear strength of four kinds of thermally
conductive die attach adhesives used on CL-16A1WAY LED
chip (15.19%7.87 mil) were investigated at normal temperature
and 160 C (temperature of conventional welding wire platen),
and the performances were compared with that of the S5. The
test equipment and results are shown in Figure 6(b) and Figure
6(c), respectively. As can be seen, the shear forces of the four
die attach adhesives and the S5 are greater than 80 g at room
temperature, which meets the general requirements of the LED
industry, and the shear forces of the test samples PSR-2 and
MSR-2 are significantly greater than those of the S5. After heat-
ing at 160 C for 2 min, the shear forces of the four die attach
adhesives and the S5 are all greater than 30 g, in which PSR-
2’s is slightly lower than the S5’s, while the MSR-1’s and
MSR-2’s are higher than the S5’s, indicating that the two-series
silicone resins have good bonding properties even under hot
pushing, and can avoid the phenomenon of chip peeling in the
welding process. Based on the cold and hot push test results,
PSR-2 and MSR-2 are selected as substitutes for the S5. The
larger ALLO; (7 um) particles in PSR-1 reduce the bonding
strength of the matrix adhesive, resulting in lower hot bonding
strength.

Environmental Reliability Testing. LED lamp beads during
use are subject to complex external conditions such as heat,
light, and moisture. Once there is layering inside the product,
it provides a pathway for water vapor or impurities, making it
easy for chemical reactions such as oxidation, hydrolysis, and
sulfurization to occur inside the LED, reducing its reliability®.
The thermally conductive die attach adhesives were used for
0.3 W lamp beads, and their environmental reliability tests
were carried out. Table 5 shows the environmental reliability
testing results of five die attach adhesives subjected to TC6H-

Table 5. Environmental Reliability Test Results of Thermally Conductive Die Attach Adhesives and the S5

; High temperature and high humidity aging at 0-168-500-1000H Ink
Material TC6H-RF3C  TS50C g p g y aging i
type Current 0h 168 h 500 h 1000 h  (Ink: Water=1:1, 85°C4 h)
PSR-1 AC AC 5507.58 101.46% 85.10% 66.70% AC
PSR-2 AC AC 5500.90 101.53% 88.92% 82.96% AC
MSR-1 AC ac  Testings 100 mA gy q0 30 400300, 9421%  80.10% AC
Aging: 120 mA
MSR-2 AC AC 5500.22 101.80% 92.04% 74.57% AC
S5 AC AC 5539.17 101.97% 92.91% 77.76% AC

Polym. Korea, Vol. 48, No. 5, 2024
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RF3C (30 C, 60% humidity hygroscopic for 6 hours, then
reflow welding for 3 times) and TS50C (cold and hot shock for
50 times between temperature -40-105 “C, each round 30 min),
and the light maintenances after high temperature and high
humidity aging 0-168-500-1000H (under the temperature 85 C
and the humidity 85% aging at 0, 168, 500, and 1000 hours,
respectively), and the red INK test results (ink: water = 1:1, treat
at 85 C for 4 h). As can be seen from Table 5, there is no
abnormal delamination in the fixed position of the five die
attach adhesives under the above conditions. With the aging time
prolonging at high temperature and high humidity, the light
maintenances gradually decrease. Among them, the light main-
tenances of PSR-2 and MSR-1 are better than that of the S5 after
aging to 1000 h, and the light maintenance of PSR-2 is the
best. The PSR-2 and MSR-1 environmental reliability test results
are well, meet the basic requirements of LED usage, and can
be used as an alternative to the SS5.

Conclusions

Four kinds of thermally conductive die attach adhesives were
prepared by adding Al,O; and SiO, to self-made phenyl sil-
icone resin and methyl silicone resin as the matrix material. (1)
DSC was used to test the curing characteristic temperatures of
four types of thermally conductive die attach adhesives. The
Kissinger model was used to study their reaction activation
energies, and the T-f extrapolation method determined the cur-
ing reaction conditions for the two-series adhesives. The results
showed that the T,s of the four kinds of thermally conductive
die attach adhesives were between 390 to 420 K, with high
apparent activation energy and slow reaction at room tem-
perature. As die attach adhesives, they had good latent properties.
The curing reaction conditions of the two-series adhesives were
110 Tx1 h+150 Tx2 h and 120 Cx1 h+160 Cx2 h, respec-
tively. Considering that the storage stability of the die attach
adhesive is an important performance parameter as a single-
component adhesive, the PSR-2 is selected as the optimal for-
mula for the thermally conductive die attach adhesive from the
two-series adhesives. (2) The basic performances, dispensing
conditions, chip shear forces, and environmental reliabilities of
four self-made thermally conductive die attach adhesives and
the S5 were characterized. The PSR-2 can achieve good pack-
aging effects under lower cost conditions, and is expected to
replace the mainstream thermally conductive die attach adhe-
sive in the current market to reduce the cost of high-power
lighting LED packaging in the future.
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