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Abstract

With the ultra-fast development of personal portable electronic devices, it is important
to explore new die attach film (DAF) materials in the limited mounting area and
height in order to meet the requirements of a high packaging density and a high
operating speed. Graphene-based epoxy nanocomposites are becoming one of the most
promising candidates for the next generation of DAFs combining the ultra-high thermal
conductivity of graphene, and ultra-strong adhesion of epoxy polymers. However, poor
dispersion and weak interfacial connections, due to the overly smooth surface of
graphene nanosheets, are still pressing issues that limit their industrial applications.
Additionally, pristine graphene nanosheets have only a small effect on improving the
glass transition temperature (T,) of epoxy composites to meet the requirements of
DAFs. In this work, melamine-functionalized graphene is synthesized by using a
nondestructive ball milling process, which results in greater dispersion and
enhancement of the interfacial connections between graphene and epoxy resins
demonstrated by both experimental and simulation results. In particular, the aromatic
triazine rings of melamine increase T, in the cured resin, thus improving the thermal
stability of DAFs.

The melamine-graphene (M-G) epoxy nanocomposites synthesized have a high T, of
172°C and an out-of-plane thermal conductivity of 1.08 W/mK at 10 wt% loading. This
is 6.4 multiples higher than that of neat epoxy. Moreover, M-G epoxy nanocomposites
exhibit superb thermal stability, an effective low coefficient of thermal expansion

(CTE), low moisture adsorption, and a useful high electrical resistivity. In the DAF
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performance test, involving experimentation and modeling, the samples present a better
cooling capability and heat dissipation. This supports the idea that our findings have
potential to be applied in the next generation of DAFs for high-power and high-density

3D packaging.
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1 Introduction

Recently, advanced semiconductor encapsulation become one of the most
important technologies due to the rapid development and high demand for personal
portable electronic devices.!? The excelling performance of these devices requires a
high packaging density and a high operating speed in the limited mounting area and
height.>* Thus, stacked multi-chip packages (Stacked-MCP) were developed for
satisfying the stringent requirements of these smaller, thinner, and high-performance
electronic devices such as mobile phones, tablets, and laptops.>® Within the Stacked-
MCP, System in Package (SiP) has emerged and well developed, because it combines
the different functions of dies, logic, and memory stacked in a package to meet the
demand of the miniaturization of electronic devices, where the multi-die stack-ups
are interconnected by through silicon via (TSV) vertical interconnections.”-8 TSV can
provide excellent electrical interconnection and small footprint in 3D packages with
high reliability and performance.®!'? During the system integration process, die attach
materials have been widely employed when dies are stacked with substrate or other
dies to reach a larger capacity in 3D SiP. Traditionally, silver flakes-filled epoxy as
die-attach adhesives have been used in between dies and substrates in lead-frame-
based packages because they provide uniform and controllable interconnections.!!
However, they only show high thermal conductivity only at ultrahigh filler loadings
because silver itself has a lower thermal conductivity than graphene of around 429
W/mK. At high filler loadings, it causes the epoxy composite to be brittle, which can

cause reliability issues such as failure in the drop test. Also, a high filler loading
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results in epoxy composites with a high storage modulus. If the moduli are too high,
the thermal stresses will be high in the interface. This causes more reliability problems
for semiconductor packaging applications. So, researchers recently have been
working on combining silver fillers with other types of fillers to achieve high thermal
conductivity at a lower filler loading to solve the above issues (Table S1). Moreover,
silver paste easily causes package cracking or delamination during reflow soldering,
and it also has wettability and processability issues in high integration and high pin
counts packages.!'? Overall, silver-epoxy paste struggles with thermal conductivity,
processability, reliability, etc. Thus, die attach films (DAFs) have been introduced
and became more popular recently due to its lack of not only voids, but also its
absence of paste bleeding and slanting.!!-13-16

The requirements of DAFs in modern high density 3D electronic packages
include low heat resistance, high adhesion strength, high glass transition temperature
(Ty), and low coefficient of thermal expansion (CTE).!!:!"-2! Epoxy resins as the
matrix of polymer composites have already been applied in DAF vendors such as
Henkel and AI Technology for several years because epoxy resins have many
hydroxyl groups after curing, which provide strong adhesion strength between the die
and substrate. However, epoxy itself has a low thermal conductivity (only around 0.2
W/mK), which will cause high thermal resistance between the chip and substrate.?>23
Thus, nanofillers need to be added to epoxy in order to achieve high thermal
conductivity and low thermal resistance. Among many fillers, graphene nanosheets

are the top candidates for next generation of DAFs because of their excellent thermal



Nanoscale

conductivity (3500-5300 W/mK) and high surface area (~2630 m?/g).?42¢ Their
monatomic 2-D sp? hybridized structure creates an efficient heat transport path.>’” Many
graphene-based epoxy composites have already been reported to achieve high thermal
conductivity.?3% However, due to the overly smooth surface of graphene nanosheets,
poor dispersion and weak interfacial connections are still large issues that limit their
industrial applications.?!32 Additionally, pristine graphene nanosheets only have a
small effect on improving the T, of epoxy composites to meet the requirements of
DAFs.333% Therefore, it is a major challenge to create graphene-based epoxy DAFs
with both high through-plane thermal conductivity and high T, under a reasonable
curing schedule.

In this work, melamine functionalized graphene has been fabricated by using a
nondestructive ball milling process. The sp? hybridized conjugated structure of
melamine provides n—n stacking interactions with graphene nanosheets, which result
in better dispersion without creating any defects on the surface of graphene. Moreover,
the amine groups of melamine open the epoxide groups and enhance the interfacial
connections with epoxy resins. In particular, the aromatic triazine rings of melamine
could provide a high T, in the cured resin to improve the thermal stability of DAFs.
The resultant epoxy nanocomposites presented a high through-plane thermal
conductivity of 1.08 W/mK at 10 wt% filler loading and a high T, of 172 °C under a
curing schedule of 155 °C for 90 mins. Additionally, they also present a low CTE,
low moisture adsorption and effective electric resistivity. Compared to silver-epoxy

pastes, our work shows improvements in thermal conductivity, processability, CTE,
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and thermal stability and represents an advanced in the die attach materials field in
the application of 3D semiconductor packaging. Meanwhile, to emulate epoxy
nanocomposites in real world applications, they have been used and modeled as DAFs.
Heat and time-based experiments and thermal simulations have revealed important
features of these epoxy nanocomposites as DAFs. These results provide new insights
into the design and fabrication of graphene-based epoxy nanocomposites to meet the
needs of next-generation DAF in high density 3D electronic packaging.

2 Results and Discussion

2.1 Preparation and characterization, and simulation of the melamine
functionalized graphene:

The preparation procedure of the synthesis of melamine functionalized graphene
is illustrated in Figure l1a. The melamine was mixed with graphene nanosheets using
a nondestructive ball milling process. The morphology of graphene nanosheets after
functionalization is shown in scanning electron microscopy (SEM), transmission
electron microscopy (TEM) and optical microscopy (OM) images. The pristine
graphene nanosheets have a mean diameter of around 1 pm, and they showed semi-
transparency through TEM characterizations (Figure 1b-c and Sla-e), indicating the
thinness of graphene nanosheets. Atomic force microscopy (AFM) also indicated the
low thickness of graphene nanosheets to be around 21 nm (Figure 1d-e). After
functionalization, the surface of melamine-graphene (M-G) became rougher and
coarser, and the thickness of melamine-graphene increased to 65 nm (Figure 1f-g, 2a

and S1f-h), which indicates that the melamine attached on the surface of graphene



Nanoscale

successfully. Moreover, the graphene nanosheets were more obscure in Figure 2b and
S1f when treated with melamine due to the amorphous organic layer coating. At the
same time, the graphene flakes with a lateral size of around 50 pum also co-exist with
graphene nanosheets, which facilitate the formation of a thermal transport

internetwork.

(a) Melamine  24-Hrs Ball-Milling @ 200 rpm

PN

Graphene (G) )\\;\

Height (nm)

Figure 1. (a) Schematic of the synthesis process. (b) SEM image, (¢) TEM image and (d) AFM image of
graphene nanosheets. (€) The height of graphene nanosheets. (f) AFM image of M-G. (g) The height of
M-G.

To further confirm the interaction between melamine and graphene, X-ray
photoelectron spectroscopy (XPS), Fourier-transform infrared spectroscopy (FTIR),
and thermogravimetric analysis (TGA), Raman and X-ray diffraction (XRD) were
utilized. The XPS elemental analysis and survey curve (Figure S2a-b) identified the

appearance of nitrogen in M-G, showing how melamine and G connected. The C 1s
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XPS spectrum of M-G in Figure 2¢ was separated into five major peaks with binding
energies at 284.5, 286.0, 287.6, and 290.5 eV, corresponding to C-C, C-N and C-O,
C=N and C=0, and n—n satellite components, respectively.?> The appearance of C-N
and C=N peaks at 286.0 and 287.6 eV, respectively, supports that melamine has
attached with graphene nanosheets. The deconvolution of the N 1s XPS spectrum in
Figure S2c reveals three peaks at 398.4 (neutral imine), 399.1 (neutral amine), and
400.1 eV (charged nitrogen), also indicating a connection between melamine and
graphene by m—7n bonds.3®37 FTIR results in Figure 2d show that M-G has
characteristic peaks around 3200 cm! due to N-H stretching vibrations and
characteristic peaks around 1500 cm!' due to C-N and C=N stretching vibrations.
Moreover, the breathing mode of s-triazine rings cause several peaks around 900 cm-
13840 These results help prove that melamine attached to the graphene. In Figure 2e,
the TGA of M-G composite also provides evidence of noncovalent functionalization
of graphene with melamine. The M-G exhibits weight loss between pristine graphene
and pure melamine, which shows residual weight of 53.9% at 800 °C. Melamine
degraded quickly, only around 260°C due to the low thermal stability of organic
molecules. Raman spectroscopy (Figure 2f) shows that the characteristic peaks of G
and M-G can be found near 1345 (D-band), 1576 (G-band), and 2720 cm! (2D-band).
For pristine graphene, the exhibited G-band/2D-band ratio of 1.92 reveals that few-
layer graphene is present.*! After functionalization, the 2D-band of M-G was slightly
shifted, resulting in a 10 cm™! down-shift compared to pristine graphene (2720 cm-

N4 A low D-band to G-band ratio means negligible damage caused by the
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modifications, and the ratio found for the M-G samples was 0.22. Thus, melamine
modifications caused insignificant damage to the graphene nanosheets. These results
all suggest that melamine successfully connected with graphene via n-w interactions.*?
In addition, for XRD as shown in Figure 2g, the high intensity of diffraction peaks at
26.60° can be assigned to the (002) plane of graphene nanosheets, indicating high
crystallinity of both G and M-G nanosheets. In addition, the claims that melamine
functionalization does not affect the crystal structure of graphene and that melamine
is amorphous are supported by the fact that G and M-G share the same characteristic
diffraction peaks after 20°. Otherwise, the XRD pattern of M-G should have some
peaks from melamine itself. A (100) peak of M-G at 14.50° was indexed and
represents tristriazine unit in-plane structural packing. The (100) indicates the hole-

to-hole distance (d = 0.675 nm) in the nitride pores.**

10
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Figure 2. (a) SEM image and (b) TEM image of M-G. (¢) XPS spectra of M-G in C 1s. The comparison
of (d) FTIR, (e) TGA curves, (f) Raman spectra and (g) XRD pattern between G, M and M-G. (h) Energy
of the graphene, melamine, and the M-G structures and (i) energy of the M-G, epoxy, and M-G-epoxy

structures from DFT calculation. The energy difference within each figure indicates the binding energy.

To further fundamentally investigate the connection between melamine and
graphene, density functional theory (DFT) has been employed with the Vienna Ab
Initio Simulation Package (VASP). Meclamine was relaxed on top of the infinite
graphene surface, on which one melamine molecule adsorbed onto the graphene,
consisting of 72 carbon atoms in the unit cell with a 20 A vacuum perpendicular to the
graphene surface. To avoid the local minimum issue during the relaxation simulation,
different distances between graphene and melamine (from 1.1 A up to 2.0 A) and
different adsorption spots with respect to graphene were considered in the initial

1
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configurations. The optimized M-G configuration, shown in figure 2h, with a 3.7 A
distance between graphene and melamine indicates a -0.19 eV binding energy. This
negative binding energy confirms the interaction between graphene and melamine
posited by the experiments and is consistent with previous studies with the M-G
system.*#¢ Additionally, the interaction between M-G and epoxy also has been
demonstrated by DFT. One epoxy molecule was added on top of the M-G configuration,
reacting with the amine groups of 2 melamine molecules on top of a 3x1x1 graphene
supercell (216 carbon atoms). More information about the model is given in the support
information. The simulation results in Figure 2i demonstrate that the binding energy
between one epoxy molecule and two melamine molecules is -0.43 eV, which further

verifies the strong binding between epoxy and melamine.

2.2 Dynamic mechanical properties of melamine-graphene epoxy nanocomposite:

Thermal stability of the nanocomposite is essential because a high T, and modulus
can maintain the electric contact and characteristics of optimal DAFs.#’ For some
commercial and military applications, they require a high T, above 150 °C. 125 °C, the
maximum operating temperature for conventional silicon dies, is lower than the
recommended T, for commercial and military applications.*® Typically, epoxy-based
DAFs can withstand long-term usage in the range of 125-150 °C; however, this
temperature range needs to be improved to satisfy the requirements of high-power
environments.*” Moreover, industry applications demand a comparable lower curing

temperature and faster curing schedule. As shown in Figure 3a-b, different ratios of

12
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bisA and cresol novolac epoxy were fabricated and their network formation was
investigated by dynamic mechanical analysis (DMA). With the ratio of bisA to cresol
novolac epoxy decreasing, the storage modulus and T, of epoxy resins both increase.
The ratio of 5:5 (bisA to cresol novolac) achieved the largest storage modulus of 1169
MPa and the highest T, of 161°C because most of the epoxide groups reacted and hence

underwent ring-opening to produce a higher cross-link density than others.

0.8
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Figure 3. (a) Storage moduli and (b) loss factor between different ratios of Bis A to cresol novolac epoxy
resins. (c) Storage moduli and (d) loss factor of different wt% loadings of M-G epoxy nanocomposites
(neat epoxy is 0 wt%).

A more fundamental estimation of cross-link density was calculated by the

following equation in the epoxy’s rubbery region:4%->°

13
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X=3rT

Where X is the estimated cross-link density, R is the ideal gas constant (R = 8.314
J/(mol-K), E' is the storage modulus at T’, and T" is 30 °C higher than T,. With the ratio
of bisA to cresol novolac epoxy decreasing, the calculated cross-link density is
increased. The ratio of 5:5 obtained a cross-link density of 8.3 x 10~ mol/cm?, which
is much higher than the cross-link density of the ratio of 9:1 (3.9 x 10~ mol/cm?).
With the addition of M-G into epoxy resins, the stiffness increase leads to an
enhancement of the storage modulus. This stiffness change results from amine groups
reacting with epoxide groups, causing the formation of covalent bonds. Subsequently,
the mobility of epoxy chains is restricted, enhancing the storage modulus. The M-G
epoxy nanocomposites have the highest storage modulus of 2032 MPa at 10 wt%
loading as shown in Figure 3c. It was also found that the T, for 10 wt% M-G epoxy
nanocomposites was 172 °C, about 11 °C higher than neat epoxy in Figure 3d. Similar
to the storage modulus increase a higher T, results from better interfacial connection
between M-G and epoxy resins. More importantly, the s-triazine rings in melamine
provide high primary bond strengths and rigid polymer chains due to its molecular
symmetry and aromaticity.’'=3 Thus, the synergistic functions of both the mechanical
interlocking of epoxy chains and the aromatic triazine rings, introduced by melamine,
lead to the increase of T, for epoxy nanocomposites under a curing schedule of 155 °C
for 90 mins without any post-cure, and the curing schedule is appropriate and
reasonable for DAF applications. The effects of curing process parameters such as

curing temperature, heating rate, and curing time can influence properties such as Ty,

14

Page 14 of 32



Page 15 of 32

Nanoscale

viscosity, and thermal stress of epoxy composites, and they can be explored in future

studies.

2.3 Thermal properties of melamine-graphene epoxy nanocomposite

The thermal conductivity of 1 wt% graphene and 1 wt% M-G epoxy
nanocomposites were measured and are presented in Figure 4a. M-G epoxy
nanocomposites exhibit the highest thermal conductivity of 0.49 W/mK, about 0.09 and
0.32 W/mK higher than graphene-epoxy composites and neat epoxy resins, respectively.
The higher thermal conductivity of M-G epoxy nanocomposites is attributed to the
improved interfacial connection and increased filler dispersion. The amine groups of
melamine could open the epoxy rings through the addition reaction by nucleophilic
substitutions. Then the amine groups will connect the methylene groups of epoxies, and
the epoxy rings will be opened to form hydroxyl groups which still connect with another
methylene groups of epoxies. Better interfacial connections and uniform dispersion of
fillers result in a decreased thermal resistance between epoxy and fillers. Figure 4b
shows the thermal conductivity of different filler loadings of M-G epoxy
nanocomposites. The addition of fillers improved the thermal conductivity over neat
epoxy, which has a thermal conductivity of 0.17 W/mK. The 10 wt% M-G epoxy
nanocomposites have a thermal conductivity of 1.07 W/mK, 6.4 multiples higher than
that of neat epoxy resins. These results all demonstrate that melamine functionalization
reduces the interfacial thermal resistance and facilitates thermal transport within the

epoxy composites.

15
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To determine the main contribution to interfacial thermal resistance in epoxy
nanocomposites, effective medium theory (EMT) was used to calculate the interfacial
thermal resistance. Because of M-G being randomly dispersed in epoxy resins by
stirring and sonication, EMT can effectively and reasonably predict thermal interfacial
resistance values.>* Moreover, compared to the Foygel model, EMT focuses more on
filler-polymer thermal interfaces, which is more suitable for M-G epoxy
nanocomposites.>>3¢ The thermal conductivity (K) of M-G epoxy nanocomposites was

obtained by the following equations:>’

Ky —Knm
3 + 2V

Ko

K=K, -
3_V [(1—(1)——'"]
r K,

where K, and K,are the thermal conductivity of the epoxy and the thermal
conductivity of the fillers, respectively; V represents the volume fraction of the fillers;
d symbolizes the thickness of the fillers; and R corresponds to the thermal interfacial
resistance between epoxy and fillers. The Supporting Information contains the
calculation details. For 1 wt% M-G epoxy nanocomposites, the calculated data of R is
5.12 x 10> m? K/W, which is lower than graphene-epoxy composites (6.54 X 10~ m?
K/W). In addition, 10 wt% M-G epoxy nanocomposites show even lower thermal

interfacial resistance values 0f 2.56 x 103 m?K/W. These computed values concur with

16
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the trend found from measuring the thermal conductivity of epoxy composites in Figure

4a-b.

_~
i
~

©

(b) [ 10 wt% MG
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Figure 4. (a) A comparison of the thermal conductivities of neat epoxy, graphene epoxy nanocomposites
and M-G epoxy nanocomposites at 1 wt% loading. (b) A comparison of the thermal conductivities of
neat epoxy and M-G epoxy nanocomposites at different wt% loading. (¢) The CTE of M-G at different

wt% loading.

Along with thermal conductivity, another essential thermal property in epoxy
composites, with regard to the reliability of DAF applications, is the CTE. The thermal
stress will occur in the die bonding interface when the CTE mismatch of two materials
are connected to DAFs by heat pressing. The thermal stress will remain at the interface
to yield residual strain, which will cause die warpage and then result in package
cracking.® In particular, for TSV 3D packaging, multiple-die stacking structures induce
more serious thermal stress which can be detrimental to DAFs.> Typically, dies and
copper substrates have an ultra-low CTE of 3 ppm/°C and 17 ppm/°C, respectively.!!
Therefore, DAFs are also expected to have a low CTE to connect die and substrate or
die and die. As shown in Figure 4c, due to M-G enhancing the stiffness and improving
the dimensional stability, an increase in filler loading led to a decrease in the CTE of
epoxy nanocomposites. For 10 wt% M-G epoxy nanocomposites, the CTE was only

17
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35.93 ppm/°C, about 29 ppm/°C lower than neat epoxy. This is because the M-G has
connected with epoxy by covalent bonding, and the connection prevents volumetric
contraction.®® Moreover, graphene nanosheets naturally have a negative in-plane CTE.

Thus, this property also contributes to the net reduction in the CTE of the composite.®!

2.4 Moisture adsorption and electrical resistivity of melamine-graphene epoxy

nanocomposite:

Moisture adsorption is also important for the reliability of DAFs because adsorbed
moisture can be vaporized at high temperature processing, and this high-pressure water
vapor causes the package cracking or interface delamination, commonly known as
popcorn failure in semiconductor packaging.®> Additionally, moisture acts as the
plasticizer to reduce the modulus and T, for the cured epoxy composites.®* Thus, lower

moisture adsorption of DAFs is demanded by semiconductor applications. The

moisture adsorption behavior is plotted in Figure 5a under the 85 °C/85%RH conditions.

All of samples were done through carful weight measurements before and after HAST
test at the certain time. Neat epoxy resins have higher moisture adsorption than M-G
epoxy nanocomposites because inorganic graphene fillers do not adsorb any moisture.
Additionally, melamine modifications lead to less polymer chain movement and more
cross-linking, constraining the rotation and alignment motions of polar groups of both

melamine and epoxy. This reduces the overall polarity of the epoxy composite.

However, melamine itself will give more amine polar groups on the surface of graphene.

When the filler loading increase from 4 wt% to 7 wt%, these two competing factors are

18
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nearly balanced out in their effect on moisture adsorption. However, with the filler
loading continuing to increase, polar groups of melamine and epoxy have been further
influenced and constrained because more amine groups react with epoxy to form the

covalent bonds.

05 10t 107
a b c

( ) ( ) 108 [ 1 wt% MG ( ) " 10wt% MG

1w G 10° Twi% MG

101 Il BisA:Cresol - 5:5 4wt% M-G
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Figure 5. (a) The comparison of moisture adsorption between neat epoxy and M-G epoxy
nanocomposites at different wt% loading. (b) The comparison of electric resistivity between neat epoxy,
graphene, and M-G epoxy nanocomposites at 1 wt% loading. (¢) The electrical resistivity of M-G epoxy
nanocomposites at various wt% loading.

Electrical insulation is another essential factor for DAFs because highly thermally
conductive and electrically insulating epoxy nanocomposites are desired for TSV multi-
die stacking structures to prevent short circuiting. In Figure 5b, 1 wt% M-G showed an
electrical resistivity of 4.26 x 10'° () cm, more than an order of magnitude greater than
the resistivity of common semiconductors (10° Q-cm).®* Moreover, it presented a 10*
times larger electrical resistivity than 1 wt% G (1.24 X 10° Q. cm) due to the insulating
melamine coating layers. Although the electric resistivity is decreasing with increasing
M-G loading, because more M-G fillers connect to form an electrically conductive
network, 10 wt% M-G epoxy composites still has an electrical resistivity of 3.31 x 106

Q cm, as shown in Figure 5c. This value is still higher than that of 1 wt% G epoxy

19
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composites.

2.5 Performance test and simulations of the epoxy nanocomposites in DAFs

application:

Towards investigating the heat dissipation ability of epoxy nanocomposites as
DAFs in practical applications, a test design was constructed to monitor the cooling
ability of electronic devices. A schematic of this configuration is shown in Figure 6a —
a stack-up of dies with intermediate DAFs, attached to a ceramic heater and a copper
heatsink. Epoxy nanocomposites as DAFs were placed between each of the die-die
interfaces, as well as in between the die-copper interface. In total, there were three
stacked dies with three layers of DAF. These dies were obtained from Intel, and they
all have the same geometry (36.97 mm?). In this system, the primary heat source is a
ceramic heater that is powered by a tunable power supply. A cycling water pump
contacts the thermally conductive copper heat sink to allow heat to dissipate as it is
generated. This occurs in the bottommost level of the stacked setup. Performance tests
were run at ambient room temperature (25°C), and an infrared camera was directed at
the top layer of the stackup to measure temperature. During the operation process, M-
G epoxy nanocomposites exhibited slower temperature rises and lower equilibrium
temperatures under a power of 15 W compared to neat epoxy, as shown in Figure 6b.
Equilibrium temperature for the 10 wt% M-G epoxy nanocomposites was around
176°C at steady state in 870 s, as also observed by the IR camera, a temperature value

which was 21°C lower than neat epoxy. Equilibrium temperatures (Figure 6¢ and S3a-

20
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¢) of the ceramic heater relative to the applied power is plotted in Figure 6d for both
neat epoxy and 10 wt% M-G epoxy nanocomposites. In comparison of their respective
slope values, 10.6°C/W (epoxy) and 9.4°C/W (M-G), it was demonstrated that the M-
G epoxy composites reached an 11.3% increase in cooling efficiency over neat epoxy.
In all, the performance tests support that M-G epoxy nanocomposites have improved
heat dissipation as DAFs in real operations of electronic encapsulation, consistent with

their superior thermal conductivities.
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Figure 6. (a) An illustration of the DAFs evaluation setup. (b) The time-dependent temperature of the

ceramic heater at 15 W power reaching the steady state. (c) A circular ceramic heater at a power of 15

W under an IR camera for 10 wt% M-G epoxy nanocomposites as DAFs. (d) The temperature of the

ceramic heater with different applied powers. (e) The junction thermal resistance and temperature of

DAFs as a function of thickness. (f) The junction thermal resistance and temperature of DAFs as a
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function of the heat transfer coefficient. (g) The modeling ceramic heater temperature of 10 wt% M-G

epoxy nanocomposites as DAFs at power of 15W.

Through finite element analysis (FEM), it is possible to further understand the
behavior of these epoxy nanocomposite as DAFs — gaining new insights into their
development and optimization for more reliable and robust performance. In order to
thoroughly capture the capabilities of DAFs in actual applications for thermal
management, a parametric study was carried out in ANSYS. More information about
the FEM modeling can be found in the supporting information. For direct comparison
to the performance test setup, boundary and loading conditions for this stackup were
close representations — an applied power of 15 W as losses from the heat generating
source, and an applied heat transfer coefficient of 300 W/m?K at the copper heatsink.
It was found that the simulated temperatures were in reasonable agreement with the
experimental temperatures. From Figure 6e-g and S4a-c, the 10 wt% M-G epoxy
nanocomposite DAFs had noticeably lower maximum junction temperature (176.68°C)
and junction-to-ambient thermal resistance (10.31 K/W) in comparison to the other
DAFs. These increasingly lower temperatures represent the effectiveness of the
modifications of epoxy nanocomposite DAFs for thermal management. With each
successive complexity added to the DAFs, from neat epoxy to M-G epoxy

nanocomposites, overall improvements were observed.

In addition, several variables were taken into consideration in this time-based

modeling study to create an in-depth review of their effects. Geometric properties were
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varied, including the thickness of the DAF layers (20 - 200 um). Material selection was
also varied, including the type of DAF, highlighting the differences in thermal
conductivities and specific heat capacities across the materials. Different types of
cooling solutions were also considered — ranging from low air cooling at 10 W/m?K to
forced air cooling at 100 W/m?K up to intensive liquid cooling above 1,000 W/m?K.
From the parametric modeling study (Figure 7a-b and S4d-e), response surface images
reveal the relationships between different variables. Comparing the response of two
variables is useful in determining their relative effect. Altogether, M-G epoxy
nanocomposite DAFs are more effective for thermal management, as evidenced by
lower temperatures and lower thermal resistances. Additionally, they can maintain
these lower temperatures at lower heat transfer coefficients, such that simpler cooling

solutions would be possible to maintain operation.

(a) )

Thermal Resistance
[°ciw)
Temperature
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Thermal Resistance
rem
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Figure 7. The 3D response picture of (a) neat epoxy and (b) 10 wt% M-G epoxy nanocomposites for
changes in temperature and thermal resistance with respect to thickness and heat transfer coefficient.

Three dies in the configuration system for (c) neat epoxy as DAFs and (d) 10 wt% M-G epoxy
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nanocomposites as DAFs have their thermal stresses modeled.

Furthermore, through finite element analysis, the thermomechanical behavior of
these stack-ups were also compared. Such aspects are important in that due to the
variations in storage moduli and CTE among the different types of DAFs, there can be
substantial differences. Especially as die-stacking has become more prominent, it has
become important to consider these implications. As seen in the stress distributions for
the dies (Figure 7c-d and S4f), the 10 wt% M-G epoxy nanocomposite as DAFs had
lower maximum and average stresses of 160.78 MPa and 30.40 MPa in the dies due to
less CTE mismatches. In terms of thermal stresses on the dies, trade-offs can be seen
as in the M-G loading. At higher loadings — moduli increase as CTE decreases. These
lower coefficients contribute toward less stresses from CTE mismatches between the
die attach films and the dies themselves, but higher moduli can also contribute toward
more stress as the films are less compliant. However, with a 77% increase in modulus
and a 41% decrease in CTE from 1 wt % to 10 wt% in M-G, there was an overall 3%
decrease in maximum stress and 1% decrease in average stress for the dies. There was
a smaller percentage decrease in CTE as compared to modulus, yet it still resulted in
decreases in stresses. Therefore, this demonstrates that CTE is more impactful on
stresses than modulus. Furthermore, there was an increase in thermal conductivity by
121% from 1 wt % to 10 wt% loading in M-G. This higher thermal conductivity also
contributes to lesser stresses due to more gradual temperature gradients throughout the
bodies in the stackup. It is important to recognize that these material properties are
closely intertwined and, together, influence stresses.
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3 Conclusions

In summary, melamine functionalized graphene epoxy nanocomposites have been
fabricated through a non-destructive ball milling process, and their interfacial
connections have been studied through both experimental and simulated methods. The
n—= stacking interaction makes graphene nanosheets present better dispersion without
creating any defects on the surface. In addition, the aromatic triazine rings of
melamine increase T, to improve the thermal stability, and the amine groups of
melamine react with epoxy to decrease the interfacial thermal resistance. M-G epoxy
nanocomposites reached a high thermal conductivity of 1.08 W/mK at 10 wt% loading.
This is 6.4 multiples higher than that of neat epoxy. Moreover, M-G epoxy
nanocomposites exhibit superb thermal stability, an effective low CTE, low moisture
adsorption, and a useful high electrical resistivity. Since M-G epoxy nanocomposites
have exhibited an increased ability to cool the device and an increased ability to
dissipate heat, as shown by experimentation and modeling, these modified

nanocomposites pave a new pathway for DAFs in the future of electronic devices.
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