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Vertically Aligned Graphene for Thermal Interface Materials

Shichen Xu and Jin Zhang*

With the rapidly increasing power density and integration level in electronic
devices, the development of the next generation of thermal interface materials
(TIMs) with substantially high thermal conductivity is essential for various device
technologies. Graphene, exhibiting ultrahigh in-plane thermal conductivity, is
investigated intensely for improving the heat dissipation performance. To satisfy
the requirements of high vertical thermal conductivity of TIMs, numerous efforts
have been made toward the development of the assembly method of graphene
sheets extending the intrinsic properties of graphene to macro graphene-based
TIMs. A successful approach that erects graphene sheets to construct a vertical
structure of graphene material has been widely demonstrated to significantly
increase the thermal conductivity of graphene-based TIMs. In this review, the
latest advances in the rational design and controllable fabrication of vertical
graphene structures by means of top-down and bottom-up methods are sum-
marized. Moreover, the state-of-the-art progress on graphene-based TIMs is

conductivity can transfer heat effectively.
However, the vertical thermal conductivity
of commercial TIMs is normally limited
to 10Wm 'K '(usually around 4 or
5Wm ™' K1), which is far from satisfying
the requirement in efficient thermal man-
agement of power devices.®! Therefore,
how to dramatically improve the thermal
conductivity of TIMs is still an imperative
challenge.

Graphene, regarded as the most promis-
ing candidate for thermal management in
both academics and industry, has been
widely used in heat dissipation in-plane
or out-of-plane due to its extremely high
thermal conductivity and excellent mechan-
ical strength.”'” Traditional TIMs are

discussed from the viewpoint of material fabrication, structure design, and
property optimization. Finally, the existing advantages, challenges, and per-
spectives of high-thermal-conductivity graphene-based TIMs are presented

and highlighted.

1. Introduction

Along with the technology evolution toward miniaturization,
dense integration, and high power in electronic devices, the heat
flux density generated in a unit area increases rapidly, which will
seriously shorten the service life of electronic devices. Therefore,
exploring efficient heat dissipation technologies has gradually
become key for the development of electronic components.['™
Thermal interface materials (TIMs), which function in enhanc-
ing heat transport at rough and uneven mating surfaces, play a
very important role in solving the interfacial heat transfer prob-
lem.>™ In particular, TIMs yielding high vertical thermal
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mainly formed with graphene composites
composed of graphene powder and poly-
mer complex by solution methods.!]
Due to the high thermal contact resistance
derived from the weak coupling between
the graphene skeleton and the polymer
matrix, the random arrangement of gra-
phene sheets and the presence of polymer
resins seriously reduce the vertical thermal conductivity of the
graphene-composite-based TIMs. To construct TIMs with excel-
lent thermal conductivity, graphene sheets with high in-plane
thermal conductivity need to be erected and assembled orderly
in the vertical direction so that the intrinsic thermal properties
of graphene can be fully extended and utilized in TIMs.
However, the arrangement and assembly strategies of gra-
phene sheets play a decisive role in transmitting the thermal
properties of the graphene microstructure to the macroscopic
graphene materials. Here, aiming at the applications in high-
performance TIMs toward heat dissipation systems, we focus
on the progress in the special design and controllable preparation
of graphene materials with desired architectures. As shown in
Figure 1, to produce high-performance TIMs, graphene sheets
need to be vertically aligned and assembled. The preparation
strategies of vertical graphene (VG) structures with high thermal
conductivity can be summarized as top-down and bottom-up
methods. The top-down methods are mainly represented by
mechanical processing and hydrothermal reduction with gra-
phene oxide (GO) or reduced graphene oxide (rGO) as raw mate-
rials.'*'% On the contrary, the bottom-up methods are mainly
represented by plasma enhanced chemical vapor deposition
(PECVD), by which VG with a specific morphology can be
directly grown using different types of carbon sources as precur-
sors.'#1” This review attempts to summarize the state-of-the-art
research on the preparation of VG to provide guidelines on
the design of VG structures and discusses the progress and
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Figure 1. Schematic diagram of VG for TIMs. The middle section shows that upright graphene is beneficial for TIMs. The left and right sections show the
top-down and bottom-up approaches to preparing VG, respectively. The schematic illustration of TIMs is reproduced with permission.'? Copyright 2020,

Wiley-VCH.

advantages of VG-based TIM applications to offer a perspective
on the preparation of VG for TIM applications.

2. Preparation of VG Structure

In this part, we mainly discuss the preparation methods of VG
structures consisting of VG arrays,!*? VG monoliths,'® VG aero-
gels,[® etc. The preparation methods are divided into top-down
methods and bottom-up methods according to the different
approaches to assembling raw materials. One of synthesizing
VG by self-assembly of GO sheets!"®*®?*! or organic supermo-
lecules with benzene ringsi”® belongs to the top-down method,
while the others of synthesizing VG by splicing together carbon
fragments or carbon atoms are classified as the bottom-up meth-
ods. In the following sections, we will discuss these two different
methods for preparing VG in detail.

2.1. Top-down Method

The top-down methods are used to form the VG structure by
assembly of some molecules with benzene rings or GO sheets,
including molecular self-assembly,”®  rolling—cutting,!**2"*!
directionally freezing,**** oriented hydrothermal reduction, and
the shrinking—compressing method."® The common characteris-
tics of these methods are that the preparation processes are based
on solution phase and are dependent on high-temperature anneal-
ing. High temperature is beneficial to carbonization of organic
supermolecules or reduction and graphitization of GO sheets.

2.1.1. Molecular Self-Assembly Method

As shown in Figure 2a, Hurt and coworkers used chromonic lig-
uid crystal (CLC) precursors to fabricate vertically aligned gra-
phene layer arrays on substrates.”® Oriented liquid crystal
phases were spontaneously formed in aqueous solution when
organic dyes reached a high concentration. Parallel orientation
of the supramolecular rods composed of water-soluble organic
dyes on substrates produced a set of vertically aligned disks in
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the presence of shear or elongational flow. Then, the orientation
of the disklike molecules on substrates became stabilized
through edge-to-edge polymerization reactions during room-
temperature drying and a high-temperature carbonization pro-
cess, in which neighboring molecular disks cross-link and merge
into VG layers with retention of the vertical order.

2.1.2. Rolling—Cutting Method

A typical schematic diagram of the preparation of VG by the
rolling—utting method is shown in Figure 2b. Ethanol was
sprayed onto dried GO paper to facilitate good adhesion between
graphene films in the rolling process. Then, the rolled GO paper
was cut into pieces across the cross-section. Meanwhile, the cut-
rolled strips of the horizontally rolled GO paper were erected to be
a vertically oriented GO films. Eventually, vertical rGO films were
obtained after a high-temperature reduction. By this method, Lee
and coworkers fabricated highly dense and vertically aligned rGO
for capacitor applications.*” In addition, by adding polymer resin
to the coiled graphene, Bai and coworkers prepared thermally
reduced vertically aligned rGO film/epoxy composites.2**"!

2.1.3. Directional-Freezing Method

Schematic illustration of the fabrication of vertically aligned
graphene aerogels using directional freezing is displayed in
Figure 2c. Yu et al. synthesized vertically aligned, ultralight,
and highly compressive all-graphitized graphene aerogels by
chemical reduction of GO suspension followed by directional
freezing and freeze drying."”) Wong and coworkers prepared ver-
tically aligned and interconnected graphene networks based on a
controllable three-step strategy, including formation of GO liquid
crystals, oriented freeze casting, and annealing reduction under
an argon atmosphere.??! In this approach, the directional growth
of GO liquid crystals along the ice template resulted in the for-
mation of a VG structure, and the sublimation of the ice crystal
ultimately led to the formation of an aligned and porous gra-
phene material.
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Figure 2. The top-down method for preparation of VG structure. a) Molecular self-assembly method. Reproduced with permission.*®! Copyright 2011,
Wiley-VCH. b) Rolling—cutting method. Reproduced with permission.") Copyright 2014, American Chemical Society. c) Directional-freezing method.
Reproduced with permission.?”) Copyright 2018, Elsevier. d) Oriented hydrothermal reduction method. Reproduced with permission.? Copyright 2018,
American Chemical Society. e) Shrinking—compressing method. Reproduced with permission.l"®! Copyright 2019, American Chemical Society.

2.1.4. Oriented Hydrothermal Reduction Method

Vertically aligned high-quality graphene foams were synthesized
by hydrothermally assembling a suspension of GO sheets
followed by drying and annealing. As shown in Figure 2d, the
preparation of vertically aligned foams was mainly through
three processes: hydrothermal reduction, air drying, and
vacuum annealing. By adding boron nitride nanosheets (BNs)™®!
and graphite nanoplates (GNPs)"®* to the hydrothermal system,
Yu et al. fabricated rGO/BN and rGO/GNP hybrid aerogels
with a long-range ordered architecture, respectively. During the
self-assembly of GO sheets by n—r interactions, BN and GNP
were wrapped and connected by GO sheets due to van der
Walls interactions, resulting in a similar vertically aligned hybrid
network.

2.1.5. Shrinking—Compressing Method

The machining process is a purely physical top-down approach.
In addition to cutting the rolled graphene paper, formation of a
vertically aligned architecture could also be realized when apply-
ing a lateral mechanical force to stacked graphene paper.
As shown in Figure 2e, Lin and coworkers adopted a simple
machining method to modulate the alignment of graphene
microstructure.'® A VG monolith was synthesized by a two-step
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mechanical machining process. A specific lateral force was first
applied around the stacked graphene paper, generating the
formation of crumpled graphene. The lateral compression of this
crumpled structure would contribute to a compact vertical
monolith.

2.1.6. Self-Aligning “Magnetic Graphene” Filler Method

Balandin and coworkers developed a unique method for the
preparation of self-aligning “magnetic graphene” fillers.””! In
this method, polymer wrapping technique and layer-by-layer
self-assembly strategies were used to achieve the noncovalent
attachment of nanoparticles to the surface of graphene and
few-layer graphene (FLG), which were obtained by the scalable
liquid-phase exfoliation method. Poly-sodium-4- styrene sulfonate
was used to wrap graphene and polyelectrolyte poly-dimethyl-
diallylammonium chloride was used to produce homogeneous
positive charges, which adsorbed negatively charged magnetic
nanoparticles onto the surface of graphene and FLG under the
electrostatic interactions. Finally, the functionalization of gra-
phene flakes with magnetic nanoparticles was beneficial for
the alignment of graphene fillers in an external magnetic field
during dispersion of the thermal paste to the connecting surfaces.

In summary, in addition to self-assembly of organic supermo-
lecules, the top-down methods were mainly used to prepare VG
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Dby self-assembly of GO sheets in solution phase. GO can be pro-
duced by many different strategies, most typically by the modi-
fied Hummer’s method. This method was exceptionally feasible
in creating a scalable production of GO exhibiting great potential
and significant advantages in the rapid batch preparation of large
quantities of macroscopic VG materials. In short, the top-down
method is promising for mass production of VG.

2.2. Bottom-up Method

PECVD is a typical bottom-up method for directly preparing VG.
In the PECVD system, carbon sources are activated, dissociated,
and ionized by the high-energy electrons generated in the plasma
system, and further the excited carbon species results in the
growth of VG on various substrates.”* ! PECVD exhibites sev-
eral advantageous features, such as a relatively low growth tem-
perature, high growth selectivity, and free metal catalysts.
However, the complexity of plasma chemistry makes the growth
mechanism of VG elusive. In addition, the growth of VG in
PECVD is affected by many factors. Especially, the morphology
and structure of the VG sheets produced by PECVD are strongly
dependent on the types of plasma sources and a series of oper-
ating parameters, such as feedstock gas type and composition,
substrate temperature, and operating pressure. It is crucial to
understand the influence of different factors on the growth rate
and morphology of VG. Therefore, in this section, we first dis-
cuss the growth mechanism of VG in PECVD, and then summa-
rize the factors affecting the growth of VG, especially focusing on
the growth rate and morphology of VG.

2.2.1. Growth Mechanism of VG in PECVD

Although it still remains elusive and puzzling in explaining the
growth process in PECVD, a critical three-step nucleation and
growth mechanism of VG was generally accepted. These three
steps can be described briefly as follows.
Formation of Nucleation Sites: There were even controversial
explanations for VG nucleation. As shown in Figure 3a, some
evidence was presented for the formation of a buffer layer on
the substrate, which served as nucleation sites for the VG growth.
The buffer layer formed in the nucleation step is usually made of
either amorphous carbon or carbide.?” Amorphous carbon is
formed due to the large mismatch of the lattice parameters
between the substrate material and the graphite, while a
carbide layer is formed when the substrate reacts with carbon
atoms.?*>7) In addition, VG adjoined to carbon onions is also
observed in Figure 3b. Similar to the buffer layer, the carbon
onions also serves as active nucleation sites for the growth
of VG.*? Once the buffer layer or carbon onion-like graphitic
layer is formed, the graphene nanosheets starts to grow.
Growth of VG Sheets: VG with open edges originates from the
mismatches and curved areas of the graphitic layer and continu-
ously grows vertically under the influence of internal stress and a
localized electric field. Internal stress is accumulated between the
graphitic layer and substrate arising from the temperature gra-
dients, ion bombardment, and lattice mismatch between the sub-
strate and graphitic layer, which results in upward growing of
aligned graphene sheets. The local electric field is induced in
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the plasma sheath, which can effectively control the orientation,
density, and spatial distribution of the VG. As shown in Figure 3c
(left), a continuum model based on the surface diffusion was pro-
posed to describe the continuous growth of graphene.*” Carbon
atoms landed on the surface of graphene sheets, subsequently
diffused along the sheets, and continuously incorporated into
the open edges for continuous growth of VG. In addition, this
model also indicates that VG growth only occurred at open edges,
as shown in Figure 3c (right) and Figure 3d, which indicates that
the presence of seamless or folded edges would terminate the
growth.*?

Growth Termination: The growth of VG finally terminates
upon the closure of open edges determined by the competition
between carbon deposition and etching effects in the plasmas.
The presence of amorphous carbon at the edge or on the sheets’
surface would accelerate the tendency of active edge closure and
increase the possibility of growing multilayer graphene. The
etching growth mechanism was beneficial to slowing down
edge closure and promoting VG growth.'23**# As shown in
Figure 3e,f, the hydrogen atoms decomposed from alkanes or
the hydroxyl groups decomposed from the alcohol could act as
etchants to rapidly remove amorphous carbon for preventing
the formation of secondary nucleation and removing cross-
linking at the active edges, thus, promoting a continuous growth
of highly crystalline graphene.

The generally accepted three-step growth mechanism helps us
to better understand the growth process. However, exploring the
growth mechanism is fundamental to the controllable growth of
VGs, and the subsequent accurate analysis and regulation of the
factors affecting growth are key to preparing high-quality VG.

2.2.2. Factors Affecting Growth of VG in PECVD

The morphology and structure of VG sheets grown with PECVD
are strongly affected by a series of operating parameters, includ-
ing feedstock gas type, gas proportion, system temperature, oper-
ating pressure, operating power, and plasma type. In this section,
we discuss these important operating parameters for the synthe-
sis of VG in the PECVD process, especially the plasma types.
In Figure 4, PECVD is classified into six categories according
to the types of plasma sources, including microwave PECVD
(MW-PECVD), direct current PECVD (DC-PECVD), inductively
coupled PECVD (IC-PECVD), capacitively coupled PECVD
(CC-PECVD), alcohol-based electric-field-assisted PECVD (AEF-
PECVD), and hybrid PECVD (H-PECVD). Figure 5a—c schemat-
ically illustrates MW-PECVD, which yields high-frequency
electromagnetic radiation in the gigahertz range.?>~*"! Because
the electric field and magnetic field are perpendicular to the
direction of wave travel, MW-PECVD can be divided into trans-
verse magnetic (TM) mode MW-PECVDP?! and transverse elec-
tric (TE) mode MW-PECVD,*" which are shown in Figure 5a,b,
respectively. DC-PECVD is characterized by the application
of a sufficient potential between the cathode and the anode.
As schematically shown in Figure 5d,e, pin-to-plate electrode
pair*? and parallel-plate electrode pairl’”! are the two main set-
ups of DC-PECVD used to synthesize VG. Radio frequency (RF)
PECVD mainly includes IC-PECVD (ICP) and CC-PECVD
(CCP). According to the plasma generated by the planar coil
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Figure 3. Growth mechanism of VG. a,b) Formation of nucleation sites: buffer layer or carbon onion-like graphitic layer. c) A continuum model based on
the surface diffusion. (a—c) Reproduced with permission.? Copyright 2014, American Chemical Society. d) Schematic representation of VG with folded;/
seamless and open edges. Reproduced with permission.**! Copyright 2014, Elsevier. e) A schematic of VG growth controlled by carbon surface diffusion.
Reproduced with permission.**) Copyright 2007, Elsevier. f) Etching effect for regrowth of VG. Reproduced with permission.l'? Copyright 2020,

Wiley-VCH.

or helicon antenna, IC-PECVD is also divided into evanescent
electromagnetic (H) mode!* and propagating wave (W)
mode.*! H-mode and W-mode IC-PECVD are shown in
Figure 5f,g, respectively. Figure 5h is a schematic diagram of
CC-PECVD."™! Despite CC-PECVD using a simpler apparatus,
the relatively low electron density makes CC-PECVD rarely be
used to grow VG individually. Moreover, as is the same with
CC-PECVD, DC-PECVD is also used for growing VG in
combination with other high-density plasma sources making
up H-PECVD, such as CCP +ICP,** CCP+MW,*! and
DC + MW,*¥! as shown in Figure 5i,j,k, respectively.

PECVD has diverse types of plasma sources and different
configurations, which also contribute to the complexity of the
plasma chemistry. The microwave plasma source has high
energy, which promotes the rapid growth of VG, while the gen-
erator of CC-PECVD is equipped with parallel electrode plates,
which is conducive to the vertical directional growth of VG.
The morphology and structure of the VG sheets produced by
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PECVD are strongly dependent on the types of plasma sources.
The growth of VG by PECVD is an extremely complex process,
which is influenced by many factors simultaneously. Only by pre-
cisely regulating the growth conditions of VG can the controlla-
ble preparation of high-quality VG be realized.

As shown in Figure 4, apart from plasma type, there are some
other factors affecting VG growth.**=" 1) Feedstock gas type:
Different carbon sources with diverse dissociation energy result
in different growth rate and morphology of graphene. 2) System
temperature: The substrate temperature has a great influence on
the PECVD process because it strongly affects the reaction kinet-
ics. 3) Operating pressure: The system pressure can regulate the
ionization rate and maintain the stability of the plasma. 4) Gas
proportion: The composition and proportion of the feedstock gas
significantly affect plasma properties and type of active species,
as well as the morphology and quality of the VG. 5) Operating
power: The power of the plasma determines the dissociation rate
of the carbon source and the concentration of the active species.
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Figure 4. Factors influencing the growth of VG in PECVD.

These factors mainly affect the morphology and growth rate of
VG. More details and examples will be discussed in Section 2.2.3.

2.2.3. Morphology and Growth Rate of VG in PECVD

The controllable growth of VG has always been a key concern.
Some important reviews have summarized the growth and appli-
cations of VG prepared by PECVD.!**! To extensively explore
more applications, it is essential to achieve rapid growth of VG.
In this section, we focus on the morphology and growth rate of
VG in PECVD.

Table 1 lists some typical experimental conditions and corre-
sponding growth results®!35738414647,52,54=63,65°69] iy, dicating
that diverse morphologies of graphene in different plasma sys-
tems were grown with various growth velocities. The diverse
morphologies of VG can be simply classified into “random” type
and “vertical” type, which are related to the plasma types, plasma
power, and carbon sources. The typical morphology of the
so-called random type of VG appears petal-like?®® and forest-
like,1°® while the height and thickness of the so-called vertical
type of VG are always uneven and various.”-¢%%!

There are two important factors affecting VG alignment, i.e.,
plasma type and vertical force. When the energy of the plasma is
not high enough to decompose the carbon source sufficiently, it
is easy to generate amorphous carbon to prevent the graphene
from growing vertically. In addition, when the vertical force is
insufficient for carbon atoms to migrate and diffuse on the gra-
phene sheets, the vertical growth of the graphene sheets will also
be inhibited. As shown in Table 1, CCP alone as a plasma for VG
growth is commonly insufficient due to the relatively low elec-
tron density and electron energy. As an alternative, CCP together
with other high-density plasma, such as CCP + ICP, benefits
both the growth rate and the alignment of VG sheets during
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growth.*! Similarly, when using MW plasma or DC plasma sep-
arately, it is difficult to achieve fully vertical growth of graphene,
while graphene can be grown perpendicular to the substrate
using coupled MW and DC plasma.®>=”) The MW plasma yields
a strong energy for decomposition of the carbon source, and
simultaneously the DC plasma generator induces a vertical
electric field when a voltage is applied. Therefore, the hybrid
MW + DC plasma can naturally promote the rapid growth of ori-
ented VG. However, in addition to generating the electric field by
the plasma generator itself, establishing an electric field in the
reaction system artificially could also create the force in the
growth direction of VG.">”! Zhang and coworkers introduced
a built-in electric field in a PECVD system for the alignment
of the graphene sheets."? Their results proved that 3D staggered
graphene nanowalls were synthesized when no electric field was
exerted, while VG arrays perpendicular to the substrates were
grown when applying an in-built vertical electric field. This study
convincingly demonstrated the important role of the electric field
for alignment of VG.

Compared to the factors affecting the morphology of VG, there
are more factors influencing the growth rate of VG, including the
type of plasma, the power of the plasma generator, the tempera-
ture and pressure of the system, the type of carbon source, the
strength of the electric field force, and the catalyst.

The type of plasma determines the density of high-energy elec-
trons, which are used for excitation and ionization of carbon
sources. The typical electron density of CCP (10°-10"°cm™)
is obviously lower than those of MW and ICP plasmas
(10"°-10"* cm ™), which is the main reason why VG grown in
MW-PECVD and IC-PECVD has a higher growth rate.*”! The
operating power of PECVD directly influences the concentration
and energy of the plasma, which is used to produce high-energy
electrons and active species. The higher the power of the plasma
generator, the higher the energetic electrons and higher the
concentrations of the carbon active species that can be produced,
which will eventually accelerate the growth of VG.¥
Furthermore, VG growth in a PECVD process usually can be
operated at a temperature of several hundred degrees. In addi-
tion to assisting in the decomposition of carbon sources, the heat
energy is more beneficial to heat the substrate.**”? The sub-
strate temperature is of great importance for the PECVD process
as it strongly affects the surface reaction kinetics. Therefore, a
relatively high temperature determines faster growth of VG.
Another important parameter that significantly influences the
plasma properties and growth rate is the operating pressure,
which is inversely proportional to the mean free path of
electrons.**72731 A high pressure means a short mean free
path of electrons and subsequent inhibition of the ionization
of carbon sources. However, a higher reaction pressure accom-
modates a larger volume of feedstock gas, which could realize the
growth of vertically oriented graphene at a relatively high growth
rate.

The selection of the carbon source is critical, especially for the
growth rate of VG. Hydrocarbon (C,H, or CHy) is the most pop-
ular choice of carbon source for PECVD systems, in which C,
dimers play a key role in the growth rate.”*! Compared with
CH,, which produces C, through radical dissociation and subse-
quent recombination, C,H, is able to produce C, through direct
dissociation due to the strong C=C bond. Zhu et al. compared
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Figure 5. Schematic diagrams of various PECVD systems for VG growth. a) TM mode MW-PECVD. Reproduced with permission.*?! Copyright 2006,
Elsevier. b) TE mode MW-PECVD. Reproduced with permission.” Copyright 2010, American Institute of Physics. c) MW-PECVD. Reproduced with
permission.*"] Copyright 2011, Elsevier. d) Pin-plate DC-PECVD. Reproduced with permission.?) Copyright 2011, Springer. e) Parallel-plate

DC-PECVD. Reproduced with permission.!'’]

Copyright 2019, Wiley-VCH. f) Coil-equipped IC-PECVD. Reproduced with permission.**! Copyright

2015, American Chemical Society. g) Helicon IC-PECVD. Reproduced with permission.*!l Copyright 2006, Japan Society of Applied Physics.
h) Expanding CC-PECVD. Reproduced with permission.**! Copyright 2010, Institute of Physics Publishing. i) ICP + CCP. Reproduced with permission.!“¢!
Copyright 2005, Elsevier. j) CCP + MW. Reproduced with permission.”*”! Copyright 2008, American Institute of Physics. k) DC 4+ MW. Reproduced with

permission.l®! Copyright 2008, Elsevier.

the growth of VG in IC-PECVD using CH4 and C,H, precur-
sors.®* They found that VG grown with C,H, had a smoother
surface, more uniform distribution, better ordered vertical orien-
tation, and about eight times higher growth rate, in comparison
with VG prepared with CH,. In addition, fluorocarbons (CF,,
CHF;, and C,Fg) have also been used to prepare VG. Hori
and coworkers conducted a comparative work on VG synthesis
using a series of fluorocarbons; then they found that the growth
rate decreased in the order of C,F > CHF; > CF,.*) CF; radi-
cals are important species responsible for the formation of VG,
and the concentration of CF; radicals determines the growth rate
of VG. C,F was expected to yield CF; radicals most effectively;
therefore, C,F yielded a relatively more rapid growth of VG. In
addition to the active carbon species decomposed from carbon
sources, species that can etch amorphous carbon also have an
effect on the growth rate. Zhang and coworkers compared as-
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grown VG using CH4 and CH3;OH, then they concluded that
OH radicals have a stronger ability to etch amorphous carbon
to promote rapid growth of VG.['?!

As an indispensable force for the growth of VG, the electric
field force can not only control the direction of the graphene
sheets mentioned previously,'>”%7%7 but also accelerate the
diffusion and migration of carbocations on the graphene sheet,
thus promoting the rapid growth of VG. Ostrikov and coworkers
achieved the transformation from a horizontal graphene layer
to a directed individual graphene sheet by reorienting the
direction of the built-in plasma electric field.”* They found that
when the angle between the electric field and the substrate was
90°, the as-grown VG was the highest, indicating that the verti-
cal electric field forces accelerated the growth of graphene.
Zhang and coworkers used electric-field-assisted PECVD to sig-
nificantly accelerate the growth rate of VG by introducing a
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Table 1. Overview of PECVD processes for VG synthesis.

www.small-structures.com

Plasma source Power/voltage Precursor Growth time [h] Height [um] Growth rate [pum h"] Vertical/random
pch2 50-250V CH, - 0.5-3 - Vertical
DCBY 250V CH, 0.75 4 5.33 Random
plalee! 750-800 V CH, 1 - - Random
DCh¥ 150 W CHa, 0.25 0.09 0.36 Random
DC + MW 200V + 500 W CH, 1 38 38 Vertical
DC + MW 185V + 500 W CH, 0.25 2.5 10 Vertical
DC + MW7 200V 4 500 W CH, 0.33 - - Vertical
M8l 1500 W CH,4 0.5 - 96 Random
MW 2000 W CH,4 0.83 - - Random
MW/l 800 W CH,/CoH, 0.5 30 60 Vertical
Mw4 60 W co 0.025 1.5 60 Both
MW/ 500 W C,H, 0.17 - - Random
MW + CCPleTl 270 W + 250 W C,Fe - 0.72 - Random
MW + CCPA7! 250 W + 300 W C,Fe 0.5-2 - - Vertical
ccpled 400 W CoH, - 12 - Vertical
CCP + ICP®3! 100 W + 400 W CoFe 8 <16 <0.2 Vertical
CCP + ICPi! 100 W + 400 W CH,4\CF, 8 <1.6 <0.2 Vertical
Icpte4! 900 W CH, - - <4.5 Random
|CPI63] 1000 W C,H, 0.17 2.72 16 Vertical
1CpB3! 1000 W CH,4 0.67 3.1 45 Both
|Ccpleel 300 W CH, 1 0.13 0.13 Random
ICPB7 500 W CHy, 0.5 1.5 3 Vertical
|Cple7] 280 W C,H, 0.2 0.27 1.35 Vertical
|CPple8] 280 W C,H, 2 7 35 Random
|CPB8 300 W C,HsOH 0.5 0.07 0.14 Random

built-in electric field into the reaction system.!) Moreover, they
also found that the growth rate of VG increased with the electric
field intensity.

Surprisingly, the catalyst also promoted the growth of VG.
Catalysts are widely used in the growth of carbon materials
because they can reduce the dissociation energy barrier of the
carbon source. PECVD is well known as a catalyst-independent
process. However, when a catalyst is introduced into the system,
it also accelerates VG growth.”®! Chae and coworkers directly
prepared VG on glass substrates by a one-step copper-assisted
PECVD process.'””) The growth rate of the VG was enhanced
by a factor of 5.6 when a piece of copper foil was located around
a glass substrate as a catalyst in the system.

Although the morphology and growth rate of VG are
affected by many factors, it does not hinder the wide application
of VG in many fields such as electrocatalysis and energy
because of its excellent and unique properties. These properties
are closely related to the wvertical structure of graphene
sheets. Obviously, controlling the preparation of VG is critical
to expanding the applications of VG. Therefore, only by
continuously optimizing the growth conditions and regulating
the growth factors can VG be prepared with application
value.
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3. VG in TIM Applications

VG structures have some unique morphological and structural
features, such as vertical orientation and high specific surface area,
which make them significantly different in many aspects from
the conventional horizontally or randomly oriented graphene.
Combined with the intrinsic overwhelming electrical, chemical,
and mechanical properties of graphene, VG shows great potential
in emerging applications ranging from energy and environmental
applications to electrocatalytic applications.”®***”7”#! For exam.-
ples, the large specific surface area and high electrical conductivity
can promote VG use in electrochemical capacitors and solar
cells;PO°15877-82 the high density of open edges can enhance
the chemical and electrochemical activity in sensors;**#? and
the high aspect ratio and electrical conductivity can facilitate gen-
eration of atmospheric corona discharges.®*** It is worth noting
that in addition to the unique electrical, mechanical, and chemical
properties of graphene, its excellent thermal properties make it
widely used for heat dissipation.®#®”! To satisfy the require-
ments of high vertical thermal conductivity of TIMs, a successful
approach that erects graphene sheets for construction of a vertical-
structured graphene-based TIM has been widely demonstrated to
increase the thermal conductivity in the vertical direction.

© 2020 Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.small-structures.com

ADVANCED
SCIENCE NEWS

small

structures

www.advancedsciencenews.com

3.1. Metal and Ceramic for TIMs

In fact, before graphene-based materials were used as TIMs,
metal and ceramic materials had been explored to build
TIMs.®¥ The metal acted as a TIM in the form of a solder or
thermal conduction additive. Solders can provide a continuous
metal phase for heat transfer. Alloy solders were investigated
as TIMs, in which the metals partly diffused into each other, lead-
ing to the formation of intermetallic compounds. Li and cow-
orkers investigated the contact thermal resistance of a Sn-Bi
solder paste between two Cu plates and demonstrated the feasi-
bility of the Sn—Bi solder paste in TIM applications.®*~*% Tts ther-
mal interface resistance was less than 10 K mm® W after thermal
cycling, indicating that the Sn—Bi solder paste with high thermal
conductivity could be a promising candidate for TIM application
in power electronics devices. Similar to metal particles, ceramics
with high thermal conductivity were used as additives in polymer
resins or metal solders to construct TIMs. Guo and coworkers
synthesized an epoxy matrix composite adhesive containing alu-
minum nitride (AIN) ceramic powder.”® This epoxy-ceramic
based TIM obtained excellent thermal conductivity, which was
~13 times larger than that of pure epoxy. Mustafa et al. developed
a new TIM that covalently connected functionalized BN and a
copper-solder matrix by soft organic ligands.®"! The metal—
inorganic—organic hybrid nanocomposite demonstrated high
bulk thermal conductivities ranging from 211 to 277 Wm "K',

3.2. Different Structure of Graphene Materials for TIMs

It is well known that metals and ceramics have high thermal con-
ductivity and therefore can be used as suitable candidate materials
for construction of TIMs. However, with electronic devices mov-
ing toward miniaturization and light weight, graphene with ultra-
high thermal conductivity exceeding 5000 W m™' K™ is attracting
a lot of attention and seems to be the best building material for the
development of new flexible, lightweight TIMs. Recently, numer-
ous graphene-based TIMs have been explored, including planarly
oriented graphene paper, randomly arranged graphene compo-
sites, and vertically aligned graphene materials. Graphene-based
TIMs with different structures exhibit different thermal conduc-
tivity; especially TIMs composed of vertical graphene structures
exhibit the best thermal conductivity.

3.2.1. Planarly Oriented Graphene Film for TIMs

Flexible graphene paper/film assembled from graphene sheets
has been fabricated by solution-based methods, such as direct
evaporation,”® vacuum filtration,* direct electro-spray deposi-
tion,®® and scanning centrifugal casting.””’ Planar graphene
paper has been commonly used as an in-plane thermal spreading
material, due to its excellent in-plane thermal conductivity.*®*°!
Recently, some research effort has been devoted to explore the
vertical thermal conductivity of graphene paper. As shown in
Figure 6a, Drzal and coworkers fabricated large-area freestand-
ing graphene paper by vacuum filtration of graphene nanoplate-
lets.'% The vacuum filtration and thermal annealing process
could finely control the assembly and alignment of graphene
nanosheets inside the paper structure (Figure 6b). The graphene
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paper exhibited a vertical thermal conductivity of
1.28Wm "K', which was much lower than its in-plane heat
conductivity (Figure 6¢). As shown in Figure 6d,e, functionalized
multilayer GO sheets were directionally and densely packed in
graphene paper. As demonstrated in Figure 6f, this graphene
paper prepared by vacuum filtration exhibited a distinct contrast
between in-plane thermal conductivity and cross-plane thermal
conductivity.'*" The former was up to 123 Wm ™' K ', whereas
the latter was only 1.81 Wm ' K™'. In addition, as shown in
Figure 6g—i, Li et al. successfully devised a lightweight and flexi-
ble composite paper by incorporating cellulose with GNPs.["*%
The in-plane and cross-plane thermal conductivity of the robust
composite paper with 75 wt% GNPs also showed significant dif-
ferences; they were 59.46 and 0.64 Wm 'K ', respectively.
Balandin and coworkers found that annealing of the free-
standing GO paper at high temperature resulted in increasing
the in-plane thermal conductivity and simultaneously reducing
the cross-plane thermal conductivity.'®® In general, high-
temperature annealing was an essential step in the preparation
of graphene paper from GO, conducing the rearrangement of
sp’carbon and the removal of oxygen-containing functional
groups, which further reduced the phonon scattering at the
defects and functional groups, and finally resulted in the increase
of in-plane thermal conductivity."*” However, the decrease of
the cross-plane thermal conductivity was attributed to the appear-
ance of “air pockets” after high-temperature annealing, which
induced a gap between the graphene layers, and further hindered
smooth transmission of phonons in the vertical direction. All in
all, relatively low thermal conductivity of graphene paper in the
through-plane direction prevented its usage in high-performance
TIMs. Thus, it can be seen that graphene paper may not be the
best choice for direct construction of TIMs.

3.2.2. Randomly Arranged Graphene Composites for TIMs

In addition to graphene paper prepared from graphene sheet, a
large amount of research has focused on the use of graphene-
based composites for TIMs. Unlike the planar graphene paper,
the graphene in the composite connected with each other to
form a thermal conductive network in the vertical direction,
thus improving the vertical thermal conductivity of composites.
Significant effort was devoted to designing graphene-based com-
posites for next-generation TIMs, including graphene-organic
polymer resin composites (such as epoxies, urethanes, and sili-
cones) %1%l and graphene-inorganic thermal conductive filler
composites (such as metals and ceramics).”**'%""! It should be
noted that the former composite contained only graphene and the
polymer, while the latter was a binary-filler hybrid resin
composition.

Polymer resins exhibited good processability and deformation,
but unfortunately yielded an extremely low pristine thermal con-
ductivity. Generally, graphene with high thermal conductivity
was added into polymer resins to create composites with
improved thermal conductivity."*>~'%”) Balandin and coworkers
fabricated a dual-functional epoxy-based composite with the load-
ing of 50 wt% of few-layer graphene fillers with a thickness of
12nm."" Figure 7a,b is the photograph and SEM image of
the composite, respectively. By finely regulating the thickness,
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Figure 6. Planarly oriented graphene film for TIMs. a—c) Graphene paper fabricated by vacuum filtration of graphene nanoplatelets for TIMs, whose
vertical thermal conductivity reached 1.28 W m™' K™'. Reproduced with permission."® Copyright 2011, Elsevier. d—f) Graphene paper prepared by
vacuum filtration of functionalized multilayer GO sheets exhibiting a cross-plane thermal conductivity of 1.81W m™' K. Reproduced with permis-
sion."" Copyright 2011, American Chemical Society. g-i) A composite paper successfully fabricated by mixing cellulose and GNPs yielded a cross-
plane thermal conductivity of 0.64 W m ™' K™'. Reproduced with permission." Copyright 2017, Elsevier.

lateral dimensions, aspect ratio, and concentration of the
graphene fillers, a dual-function composite with strong electro-
magnetic interference shielding and high vertical thermal con-
ductivity properties was prepared. As shown in Figure 7c, the
thermal conductivity of the composites increased as a function
of the graphene fillers, reaching the value of 8 W m™' K" when
graphene filler loading was up to 55 wt%.

In addition to graphene being added as a filler into the resin,
other inorganic materials with high thermal conductivity, such as
graphite sheets, metals, and ceramics, have all been added as
additives into the resin to enhance the vertical thermal conduc-
tivity of the resin matrix. As shown in Figure 7d,e, Lin et al.
designed a porous graphene/ceramic composite by directly grow-
ing a graphene film on a porous ceramic for vertical heat transfer.
The porous graphene/Al,0; composite showed an intercon-
nected framework and resulted in a thermal conductivity of
828 Wm ' K (Figure 7f)."% In addition, Goyal and Balandin
studied the thermal properties of TIMs constructed by silver
resin with hybrid graphene—-metal particles as fillers. The vertical
thermal conductivity of the TIMs reached 9.9 Wm™' K™! at the
small 5vol% of graphene sheet loading in the silver resin.''"
Subsequently, they found that when the filler of graphene
and multilayer graphene in the resin achieved a small loading
of 2vol%, the vertical thermal conductivity of the graphene-
composite TIM reached 14 Wm ™' K.’ A binary carbon filler
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is also a good choice to improve the vertical thermal conductivity
of the polymer matrix. Yang and coworkers!''? and Yu and
coworkers!''?! fabricated graphene hybrid TIMs by self-assembly
GO and high-quality graphene nanoplatelets. A low filler loading
of graphene results in an unprecedented improvement in ther-
mal conductivity of epoxy composites. To improve the insuffi-
cient conductive pathways and inefficient filler—filler contact,
Fu and coworkers proposed to design a unique aggregated filler
network by wusing graphene nanoplates and MWCNTs
together."'”! Figure 7g,i shows a schematic diagram and a
SEM image of a carbon nanotube (CNT)-graphene network,
respectively. In this novel structure, filler—filler overlap can
largely reduce the contact resistance, and MWCNTs embedded
within the segregated graphene network increase the network
density and improve the conductive pathways, and furthermore
can enhance the thermal conductivity of this hybrid network.
Balandin and coworkers put forward a statement of “synergistic
filler effect.”!*® The thermal properties of epoxy-based hybrid
composites with graphene and CuNP fillers have been signifi-
cantly improved to 13.54+ 1.6 Wm 'K ' (Figure 71), which is
attributed to the highly thermally conductive network formed
by intercalation of spherical copper nanoparticles between the
large graphene sheets (Figure 7jk). This result demonstrates
the potential of such hybrid epoxy composites for practical appli-
cation in TIMs.
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Figure 7. Randomly arranged graphene composites for TIMs. a—c) Graphene/resin composites for TIMs exhibited a vertical thermal conductivity of
8Wm~' K. Reproduced with permission.'"! Copyright 2019, Wiley-VCH. d—f) Porous graphene/ceramic composites for TIMs had a vertical thermal
conductivity of 8.28 Wm™' K. Reproduced with permission.['® Copyright 2013, Wiley-VCH. g—i) A hybrid network was fabricated by mixing graphene
nanoplates and multiwalled carbon nanotubes (MWCNTs) for TIMs. Reproduced with permission.!''™ Copyright 2017, American Chemical Society. j—I) A
“synergistic filler effect” statement was put forward. Graphene and copper nanoplates were synergistically added into the resin to increase thermal
conductivity to 14 W m™' K™'. Reproduced with permission.l"*! Copyright 2019, Wiley-VCH.

Although the thermal conductivity of graphene-based compo-
sites has been improved, the random alignment of graphene
inevitably results in an increase in thermal contact resistance
due to the loose contact between the graphene and resin surfaces.
Therefore, vertical alignment of graphene sheets with thermal
anisotropy is conducive to the vertical thermal conductivity of
graphene-based TIMs.

3.2.3. Vertically Aligned Graphene Structure for TIMs
With the increasing demand for graphene-based TIMs with high

thermal conductivity, compared with the random orientation of
the graphene sheet, formation of a vertically aligned architecture
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of graphene is highly desirable to be achieved to break through
the performance bottleneck of current TIMs. Recently, methods
of preparing graphene materials with a vertical structure have
been proposed gradually, which can be summarized as the
top-down method and the bottom-up method. In the top-down
method, TIMs are fabricated of VG structure by self-assembly
GO or rGO sheets, whereas TIMs are directly constructed by
as-grown VG in the bottom-up method. Subsequently, important
advances in the preparation of TIMs by these two methods will
be discussed in detail, respectively.

In the top-down method, the raw material for the preparation
of TIMs is GO or rGO. To fully take advantage of the high
in-plane thermal conductivity of graphene, GO or rGO sheets
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should be vertically aligned to form an efficient thermal conduc-
tance network along the vertical direction of TIMs. Park et al.
demonstrated a high-performance polymer composite fabricated
by melt compression of poly (vinylidene fluoride) (PVDF)
and graphene nanoplates in an L-shape kinked tube.'**
Graphene fillers dispersed and directionally aligned in a polymer
matrix, giving rise to a vertical thermal conductivity of
~10Wm 'K ' when the composite contained 25vol% gra-
phene nanoplates. Yu and coworkers demonstrated a highly effi-
cient approach for improving the vertical thermal conductivity of
polymer composites. Figure 8a,b shows highly anisotropic
graphene aerogels (AGAs) with a vertically aligned graphene net-
work, which were synthesized by directional freezing and freeze
drying followed by high-temperature graphitization of the GO
suspension.?”) Thermally annealed AGA (TAGA)/epoxy was fab-
ricated using a vacuum-assisted impregnation method to mix
TAGA with epoxy (Figure 8c). Due to the highly vertically ori-
ented graphene structure, the TAGA/epoxy composite exhibited
high vertical thermal conductivity of 6.57 Wm ™' K~' with only
1.5wt% TAGA (Figure 8d). Further research results showed
that the thermal conductivity was linearly correlated with
the directional-freezing rate. Low freezing rates during the
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freeze-drying process resulted in large pore structure, which
in turn reduced the thermal conductivity of the composite struc-
ture. In addition, as shown in Figure 8e,f, Yu and coworkers
devised vertically aligned graphene/GNP hybrid foams (GHFs)
by hydrothermally treating a suspension of GO sheets in the
presence of high-quality GNPs followed by air drying**
Figure 8g displays that the GHFs/epoxy composite exhibited
the highest thermal conductivity when GNPs were added into
the vertical thermal conductive network constructed by GO
sheets. Moreover, the thermal conductivity of the GHF/epoxy
composites increased with the annealing temperature. The ther-
mal conductivity reached 35.5W m ™' K" when the annealing
temperature was 2800°C. The vertical thermal conductivity
was signally improved when the graphene was aligned vertically
even in polymer resins. However, the presence of a polymer
resin can only increase the contact interface between the gra-
phene powder and resin, so the phonon scattering was increased
and the thermal conductivity was reduced. Instead of graphene
powder dispersed in a polymer resin, Bai and coworkers pro-
posed a novel method to fabricate graphene film-based resin
composites, which combined a thermally reduced vertically
aligned reduced graphene oxide (VArGO) film with epoxy resin.
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Figure 8. Vertically aligned graphene structure synthesized by top-down method for TIMs. a—d) Vertically aligned graphene aerogels synthesized by
directional freezing for TIMs. Reproduced with permission.’>! Copyright 2018, Elsevier. e-h) Vertically aligned graphene/graphene nanoplatelet hybrid
aerogels prepared by hydrothermal reaction followed by air drying for TIMs. Reproduced with permission.?*! Copyright 2018, American Chemical Society.
i~l) Vertically aligned graphene films rolled up the tailored GO films for TIMs. Reproduced with permission.?"! Copyright 2016, Elsevier. m—p) VG mono-
liths formed by shrinking-compressing graphene paper for TIMs. Reproduced with permission.'® Copyright 2019, American Chemical Society.
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This method mainly involved the fabrication of an rGO/polyvinyl
alcohol (PVA) composite film and fabrication of a thermally
reduced VArGO/PVA composite. A well-dispersed GO aqueous
solution was coated on zinc foil surface and then thermally
reduced to form the rGO film, which was then impregnated into
the PVA solution and dried to obtain the rGO/PVA composite
film. The composite film was cut into strips, which were then
rolled up to form a graphene-based TIM with a vertical structure.
The thermal conductivity of the vertical tGO was up to
2.645Wm 'K and the thermal conductivity enhancement
was as high as 887%.% Later, as shown in Figure 8i, they tai-
lored purchased graphene films with thickness of 25 mm into
narrow strips, which were rolled to form a cylinder with a diam-
eter of about 12.7 mm. After dipping into polydimethylsiloxane
(PDMS) and vacuum drying, the cylinder was cut into desired
thickness for construction of TIMs. PDMS serves as the adhesive
to keep graphene films tightly stacked together, while vertically
aligned graphene films (VAGFs) provide enough mechanical
strength to the composite, which endows the VAGF/PDMS com-
posite with excellent mechanical properties and ultrahigh ther-
mal conductivity of 614.85Wm 'K (Figure 8k,1).*" Using
the same physical-mechanical machining method on graphene
paper, Lin and coworkers designed a honeycomb panel-like
graphene pad (HLGP) with a vertical structure by shrinking—
compressing graphene paper for TIM application (Figure 8m).®!
When applying a specific lateral mechanical force to the planarly
stacked graphene paper, a vertically aligned graphene architec-
ture could be obtained, as shown in Figure 8n. As demonstrated
in Figure 80, after the graphene structural transformation from
horizontal to vertical orientation, the VG monoliths still exhibited
a high outof-plane thermal conductivity of 143 Wm 'K .
Subsequently, comparative tests between graphene and molybde-
num proved that HLPG had better vertical thermal conductivity,
suggesting that HLPG has more potential to be used for TIMs.

In the top-down method, GO dispersion or graphene paper is
used to construct TIMs, while in the bottom-up method, TIM is
prepared by directly growing VG. The synergy of the superior
inherent properties of graphene and the special structural
endows vertical attractive thermal properties. As shown in
Figure 9a, Liu and coworkers used DC-PECVD to grow VG at
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a height of several tens of nanometers directly on a sapphire sub-
strate, which acts as a nucleation site for the growth of
aluminum nitride (AIN)."”) Standing between the sapphire
and the aluminum nitride interface, the VG can be regarded
as a TIM to transfer heat. The vertical thermal conductivity of
the VG buffer layer measured with the traditional Raman
method was up to 680 Wm ™' K™, which is the highest vertical
thermal conductivity so far. Excellent thermal conductivity of VG
promoted heat dissipation between the AIN film and a sapphire
substrate in the vertical direction (Figure 9b). Benefiting from the
excellent thermal conductivity of VG for effective heat dissipa-
tion, high-performance InGaN-based ultraviolet light-emitting
diodes devices exhibit high brightness and high efficiency. For
rapid growth of higher VG, whose thermal conductivity may
be accurately tested without the substrate interference, Zhang
et al. adopted an alcohol-based electric-field-assisted PECVD
method (Figure 9c) to prepare VG arrays with a height of
18.7 pm, which were completely perpendicular to the substrates
(Figure 9d). The orderly arrangement of the fully erected sheets
endowed the VG arrays with excellent thermal properties,
and they exhibited a high vertical thermal conductivity of
535Wm 'K ! and a low contact thermal resistance of
11.8 Kmm?® W™, which were measured by the time-domain
thermoreflectance method and steady-state thermal flow meth-
ods, respectively."? To evaluate the potential of the VG arrays
as TIMs in electronic devices, a test system was designed to sim-
ulate heat dissipation in electronic components. The
VG-based TIM is displayed in Figure 9e; it can significantly
reduce the operating temperature of power devices compared
with thermal conductive tape and graphene nanowall-based
TIMs, as shown in Figure 9f. Higher VG is not only beneficial
for more accurate measurement of vertical thermal conductivity,
but also promotes more efficient interfacial heat transfer. In addi-
tion, it is noteworthy that Cen and coworkers proposed to
construct tree-inspired radially aligned, bimodal graphene frame-
works for highly efficient thermal transport.’**! Although
a radially aligned graphene skeleton serves as the primary path-
way for heat conduction, tree-leaf-like graphene vertically grown
on the graphene skeleton plays a crucial role in providing addi-
tional thermal pathways for phonon transportation, which can

M DOEA

Figure 9. VG prepared by bottom-up method for TIMs. a,b) VG grown by DC-PECVD for heat dissipation of LED. Reproduced with permission.['”]
Copyright 2019, Wiley-VCH. c—f) VG arrays grown with AEF-PECVD for TIM application. Reproduced with permission.' Copyright 2020, Wiley-VCH.
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promote the heat dissipation of the whole radial skeleton. These
innovative works suggest that preparing aligned and erect gra-
phene is of crucial importance for realizing efficient heat transfer
in TIMs, which is of great promise for the practical thermal man-
agement of electronic and energy storage devices.

3.3. The Evolution of Graphene-Based TIMs

As mentioned previously, graphene and graphene derivatives
have been widely investigated for building graphene-based
TIMs over recent years. Originally, the unique graphene paper
assembled of microscopic graphene sheet building blocks
was regarded as alternate material for TIM application. Soon
after, the well-developed graphene-resin composites were widely
adopted in TIMs. Especially, graphene-metal or graphene—
ceramic as synergetic fillers have endowed newly designed
resin-based TIMs with excellent thermal conductivity. Recently,
emerging physical mechanical machining techniques and chemi-
cal vapor deposition have been explored to prepare VG with high
thermal conductivity for applications of TIMs in multifunctional
power devices.

As shown in Figure 10, from 2011 up to the present, consid-
erable effort has been devoted to preparing graphene-based TIMs
with high thermal conductivity. At the early stage, people tried
using graphene paper to transfer heat vertically. The graphene
paper prepared by vacuum filtration or the dip-coating method
yielded excellent in-plane thermal conductivity, due to the forma-
tion of a continuous planar thermal conductive network by tightly
self-assembling layers of GO sheets. However, functional groups
or defects present on the graphene surface, together with the
weak Van der Waals force and n—n interactions between layer
and layer, frustrate phonon transport in the vertical direction,
eventually leading to low vertical thermal conductivity of

750 =
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- 90 Ref.108
'M 60 - A @ Ref.107
. 30 v * Ref.114
— graphene composites ® Ref112
'E 14 4 * \ * | @ Ref.113
b * Refll
g 12 4 b Ref.106]
2 10 o * Ref.12
Ref.20

=4 8 4 < PY Ref21
6 4 & B Ref.23

Ref.25

4 - ¥ Ref.24

* Ref.15

04 « graphene paper A Re17

L]
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
Date (year)

Figure 10. The development of graphene-based TIMs and their vertical
thermal conductivity. By designing different structures of graphene-based
TIMs, different thermal conductivities could be obtained. After all, the
assembly method decides the specific structure of graphene-based
TIMs, and the special design of TIMs’ structure determines their excellent
thermal property.
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graphene paper. Figure 10 (in gray) shows some typical works
of graphene paper used for TIMs. The vertical thermal conduc-
tivity of graphene paper could reach up to 1.81Wm K™},
which is difficult to satisfy the requirements of TIMs.["!)

Meanwhile, with an increasing concern on improvement of
the vertical thermal conductivity of TIMs, it occurred to research-
ers that directly forming a VG-based network would be beneficial
for vertical heat transfer. As shown in Figure 10 (in blue), a great
deal of attention were paid to building graphene-resin compo-
sites by mixing graphene powder with a polymer resin for
TIM applications. This method was widely used in industry
and laboratories due to its relatively simple experimental process,
combined with a large variety of potential filler candidates.
Graphene sheets could couple with the matrix material as a sep-
arate filler, due to their high thermal conductivity and mechani-
cal flexibility. Below the thermal percolation threshold, the
thermal conductivity of the graphene-resin composites was pos-
itively correlated with the loading capacity of the graphene fillers.
However, excessive graphene fillers induced the agglomeration
of graphene powder, resulting in viscosity and uniformity of the
graphene-resin composites. By fine-tuning the size distribution
and dispersion of the graphene sheets, the vertical thermal con-
ductivity of a graphene-resin composite was effectively increased
to ~10 W-m™ K 1" To further improve the thermal conduc-
tivity of composites, fillers with high thermal conductivity, such
as metals, ceramics, graphite plate, and CNTs, together with gra-
phene were added into the polymer resin matrix. Synergistic
size-dissimilar fillers provide efficient filler—filler contact and
sufficient conductive pathways for a strong enhancement of
the thermal conductivity of composites, which could reach
~15Wm™' K 1" In graphene-resin composites, fillers con-
tact with each other in small areas, which reduces the interfacial
thermal resistance to some extent and further results in the rela-
tively finite enhancement of thermal conductivity, because a
large interfacial thermal resistance still exists between synergistic
fillers. Moreover, the random alignment of graphene sheets in a
polymer matrix, together with loose contact between graphene
and the resin or additives, tends to restrain the excellent thermal
conductance of a hybrid graphene network. Therefore, only lim-
ited enhancement of thermal conductivity has been observed in
graphene-resin composites composed of a randomly dispersed
graphene-resin hybrid network, which indicates that it is not
only the type and amount of fillers but also the orientation of
the conductive network that matters.

In recent years, some research has gradually explored verti-
cally erect graphene sheets to form an efficient thermal conduc-
tance network along the vertical direction of TIMs, fully taking
advantage of the high in-plane thermal conductivity of graphene.
In terms of the preparation method, it could be classified into a
top-down method and a bottom-up method. The top-down
approach involves two different strategies. One strategy is deal-
ing with the dispersion solution of GO and resin, which plays an
important role in constructing a vertically aligned interconnec-
tion network. Directional freezing followed by freeze drying
and hydrothermal reduction followed by air drying both have
been widely used to construct anisotropic graphene foams with
GO liquid crystals as building blocks. The directional arrange-
ment of GO sheets gave the as-prepared graphene foams a verti-
cal thermal conductive network, thus endowing the vertically
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oriented graphene foams with high vertical thermal conductivity.
The thermal conductivity of the VG structure prepared with this
strategy was increased to 35.5 W m™" K~1.1** The other strategy
is to manipulate graphene paper. Rolling—cutting and shrinking—
compressing are typical methods for building VG structures
using graphene paper. In general, graphene paper was formed
by self-assembly of graphene sheets. In the process of erecting
graphene paper into a VG structure, the in-plane thermal con-
ductivity effectively reserved in graphene paper was transformed
into the vertical thermal conductivity of a VG structure.
Therefore, whether the VG films were constructed by rolling
up cut graphene strips or the VG monolith was prepared by
applying a horizontal mechanical force to stacked graphene
paper, both showed excellent vertical thermal properties. In par-
ticular, the thermal conductivity of VG prepared by the rolling—
cutting method reached 614.85 W m™! K™!, which is the highest
vertical thermal conductivity of graphene prepared by the top-
down method®" In addition to the mechanical methods, VG
can also be grown directly by PECVD, which is a typical bottom-
up method to prepare graphene-based TIMs. By changing the
growth conditions, the layer number and height of graphene
can be controlled so that the thermal properties of as-grown
VG are closer to the intrinsic properties of graphene. Thus,
TIMs directly constructed by as-grown VG exhibited remarkable
thermal properties. The highest point in Figure 10 is the thermal
conductivity of VG prepared by the PECVD method, which could
reach up to 680 W m ™ K~ This unprecedented result is also
the highest reported thermal conductivity for a graphene mate-
rial so far.

From planar graphene paper with no vertical orientation to VG
with a specially designed structure, graphene-based TIMs are
constantly being updated. In Figure 10, with the continuous
breakthrough in the vertical thermal conductivity of graphene
materials, we can notice the development trend of graphene-
based TIMs. Two important conclusions can be drawn from this
development process. One is that the vertical alignment of gra-
phene is crucial for improving the vertical thermal conductivity
of graphene-based TIMs. From 2011 to 2020, the vertical thermal
conductivity of graphene materials appeared as an upward trend,
accompanied by the random orientation of graphene composites
replacing the planar graphene films and then being replaced by
the vertical structure of graphene. The other is that direct growth
of VG with PECVD has great potential in the preparation of
graphene-based TIMs, which is yielding the highest vertical
thermal conductivity now. Growing graphene by PECVD is a
one-step process compared to other preparation methods. In
other methods, GO is used as the raw material. The dry prepa-
ration process involves the formation of a GO dispersion solu-
tion, obtainment of GO films, erection of GO paper, together
with reduction and annealing of vertical rGO structure, while
the wet process involves the formation of a GO dispersion solu-
tion, mixing of graphene and polymers or other fillers, curing
and molding of graphene composites, as well as reduction
and annealing of the VG structure. However, the VG can be
grown directly after the instrument procedures and reaction con-
ditions are accurately set when using PECVD. In addition, the
morphology and growth rate of VG can be precisely controlled
by reaction parameters in PECVD. More importantly, as-grown
VG can be directly used as TIM without any aid of polymers or
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other fillers. Phonons can spread directly along the graphene
sheets, avoiding phonon scattering at the interface between gra-
phene and the polymer. In other methods, graphene powders
were overlapped with each other to form a thermal conductive net-
work, requiring a polymer or other fillers to fill the graphene skel-
eton and consolidate the graphene structure. Phonon scattering at
the boundary of the graphene sheets and the contact interfaces
between graphene and the polymer seriously hinder the smooth
transmission of phonons in the graphene structure, so there is
only limited thermal conductivity in these composite VG materi-
als. Compared with graphene self-assembly, the properties of
directly grown VG are closer to the intrinsic properties of gra-
phene; therefore, it exhibits higher thermal properties. In short,
Figure 10 shows us the direction for the preparation of high-
performance TIMs. The construction of a VG structure is crucial
for the improvement of the vertical thermal conductivity of gra-
phene materials. In particular, VG grown through PECVD is
the best choice for the construction of graphene-based TIMs.

4, Conclusion

This review serves as a critical analysis and summary of the state
of the art of the VG from fabrication to final TIMs applications.
With the demand for high-performance TIMs in electronic devi-
ces, planarly oriented graphene paper, randomly arranged gra-
phene composites, and vertically aligned graphene materials
have been gradually developed. Graphene materials with a vertical
structure have been proven to act as the most efficient TIMs, as
the VG structure effectively accelerates phonon transport in the
vertical direction, naturally increasing the vertical thermal conduc-
tivity of the VG-based TIMs. Nevertheless, to transfer the intrinsic
properties of graphene to the macroscopic VG-based TIMs, the
graphene assembly methods are very critical. Based on this,
the top-down method represented by physical-mechanical method
and the bottom-up method represented by PECVD method have
been rapidly developed. At the same time, VG materials such as
VG aerogels, VG monoliths, and VG arrays have been increasingly
used as TIMs. By comparing the thermal conductivity of VG struc-
tures prepared by different methods, it can be found that the VG
prepared by PECVD as TIM yields the highest thermal conductiv-
ity at present, showing great heat dissipation potential.

By using PECVD, VG can be grown on a wide range of sub-
strates at low temperatures without using catalysts. The morphol-
ogy and properties of VG can be controlled by changing PECVD
parameters during growth. However, different types of PECVD
exhibit different characteristics to prepare VG with different
growth rates and morphologies. In this review, we summarize
and analyze some typical reported works on the morphology
and growth rate of graphene. In the process of growing VG with
PECVD, the growth rate and morphology of VG are affected by
many factors, which makes the growth process of VG very com-
plicated. Although the interpretation of the controllable growth
process of VG remains elusive and puzzling, a consistent and
widely accepted mechanism for nucleation and growth is exten-
sively studied. Further study of the growth mechanism will not
only help explain the experimental results in the complex plasma
growth reaction, but also hopefully guide us to accurately control
the morphology and properties of VG.
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Table 2. Key parameters to evaluate TIMs.
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Method Material Thermal conductivity Thermal resistance Young's modulus Compression strength Cost
Wm™ K] [Kmm*W™] [MPa] [MPa
Top-down graphene nanoflakes!"'") 10 - - - -
rGO/epoxy composite[m] 2.65 - - - -
VAGFP!! 614.36 - 86.023 2.255 -
GF/E-40% 384.9 - 910.77 12.33 -
AGAs?! 6.57 - 20/150 -
GHF-28001 355 - 406 - -
HLGPI'® 143 5.8-22.5 - 0.87 -
Bottom-up VG arrays!'? 53.5 1.8 - - -
vat! 630 - - - -

Direct growth of VG by PECVD has been demonstrated to be
the best strategy to extend the intrinsic properties of graphene to
macro graphene-based TIMs. In VG arrays grown by PECVD, the
graphene sheets are neatly arranged and completely perpendic-
ular to the growth substrates, which is conducive to a significant
increase in vertical thermal conductivity. Although as-grown VG
with high thermal conductivity has shown distinct advantages in
TIMs, only limited works have been reported on growing VG for
TIM applications. Therefore, more effort needs to be devoted for
the growth of VG with excellent thermal properties. The research
would have been more persuasive if more VG-array-based TIMs
had been explored. Structure determines properties. More spe-
cifically, the morphology and height of VG are bound to affect
the thermal properties of graphene-based TIMs. However, the
effect of VG structure on the thermal properties of TIMs has
not been thoroughly studied. A large number of experiments
are needed to investigate the effect of the morphology of VG
on the properties of TIMs, such as thermal conductivity and con-
tact thermal resistance.

When it comes to interfacial contact thermal resistance, as
one of the evaluation criteria for the thermal properties of
graphene-based TIMs, it has not been taken into account in
plenty of works. As shown in Table 2, when making a general
survey of the current studies on graphene-based TIMs, we can
find that thermal conductivity was studied in each work, while a
limited number of works focused on contact thermal resistance
and only a small number of works focused on the mechanical
properties of TIMs. However, in addition to thermal conductiv-
ity, interface contact thermal resistance is equally critical to
evaluate the performance of TIMs. As the vertical thermal con-
ductivity of the VG structure reaches a certain high value, the
thermal resistance of TIMs will mainly be produced from the
contact interface. Naturally, in this case, the interface thermal
resistance has a huge impact on the performance of TIMs.
Thus, it can be seen that TIMs with excellent performance
not only need to transfer heat effectively, but also need to be
in good contact with the heater and the heat sink. In future
studies, the thermal properties of TIMs, including thermal con-
ductivity and thermal resistance, should be evaluated more
comprehensively. In addition to the thermal properties, all
key parameters such as the mechanical behavior, adaptability,
and even the cost should be evaluated.
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Of course, in addition to considering the relationship between
the preparation method and the thermal properties of VG, the
feasibility of the preparation method for mass production of
VG should also be seriously considered. Currently, commercial
graphene-based TIMs are actually graphene-resin composites.
Mixing graphene and a polymer resin enables the mass produc-
tion of graphene-based TIMs, which is attributed to the rapid
mass production of graphene. However, the vertical thermal con-
ductivity of graphene composites has maintained at only
~10Wm™ ' K™, with which it is difficult to meet the current
demands of integrated high-power devices. PECVD can directly
grow VG with high thermal conductivity, but the inevitable prob-
lem is mass production. We know that over the past decade, mass
production of graphene films through roll-to-roll CVD has been
realized. Therefore, we can learn from the mature growth meth-
ods of graphene films, optimize the growth process, improve the
growth equipment, and create possibilities for the mass growth
of VG.

All in all, graphene’s excellent thermal conductivity makes
it a promising candidate for thermal management. In particular,
VG with special morphology can be used as a high-performance
TIM, which is expected to effectively solve the heat dissipation
problem of electronic devices. The outstanding thermal proper-
ties of VG will encourage and inspire additional studies on the
design and preparation of VG-based TIMs. In the process of
assembling nanoscale graphene sheets into macro thermal
conductive materials, maintaining and extending the excellent
thermal properties of graphene is the core problem facing the
large-scale preparation and application of graphene in the field
of thermal management. Only through continuous innovation
of assembly strategy and optimization of the preparation process
can graphene materials become practical TIMs that can be widely
used.
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