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ARTICLE INFO ABSTRACT

Keywords: Copper (Cu) has been widely used in thermal management, but the thermal conductivity is limited to ~387 W
Graphene m~! K1, Highly ordered graphene films (GFs) demonstrate a thermal conductivity of ~1800 W m~! K™ in the
Copper ) plane, but the structural reliability and the machinability remain challenges due to the weak interface interaction
x?fl:zzr:n sputtering between graphene layers. Herein, we report a cost-effective yet readily scalable preparation of inch-scale copper/

graphene film/copper (Cu/GF/Cu) sandwich composites for efficient heat dissipation. The optimized thermal
interface between Cu and graphene is achieved by magnetron sputtering a thin Cu layer on GF, followed by a hot
compression of the Cu-coated GF in the middle with two Cu foils in vacuum to densify the sandwich structure.
Owing to the atomically compact interfacial thermal coupling between Cu and graphene, the in-plane thermal
conductivity (k,,) of the Cu/GF/Cu composite approaches theoretical values as predicted by the linear combi-
nation of GF and Cu. The resultant Cu/GF/Cu composite with 66.7 % volumetric fraction of GFs has a remarkable
k,, of 805.8 W m~! K™}, more than double the value of Cu, demonstrating superior thermal spreading ability
than the bare Cu plate on a simulated heating source. This work proposes a practical strategy towards the
preparation of high thermal conductivity Cu/GF composite materials for efficient thermal management.

Thermal management

1. Introduction expansion [9]. However, it is difficult to finely control the distribution

uniformity of diamond particles in the Cu matrix, leading to the locally

The miniaturization and integration of communication chips and
energy devices yield ultrahigh local heat flux that may exceed 1000 W
em ™2, requiring advanced thermal management materials with high
thermal conductivity and durable structural reliability [1-4]. Widely
used in heat dissipation, copper (Cu) possesses a thermal conductivity of
~387 W m~! K! which however is insufficient to dissipate the
extremely high heat flux generated by next-generation electronic de-
vices [5,6]. Novel Cu-based composites prepared by incorporating
highly thermally conductive nanomaterials such as carbon nanotubes,
graphene and diamond into the Cu matrix have attracted broad research
attention [7,8]. For instance, Chang et al. prepared a Ti-coated dia-
mond/Cu composite exhibiting k,, of 763 W m™' K! by
pressure-assisted spark plasma sintering, in which the interfacial Ti layer
effectively relieves the thermal stress due to the mismatch in thermal
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enhanced spots instead of interconnected network, while the modula-
tion of orientation of carbon nanotubes in bulk Cu remains a challenge
[10-12].

Among various carbon fillers, graphene related materials have been
highlighted as an ideal component because of the high thermal con-
ductivity (up to ~ 5000 W m ! K !in the plane) [13,14]. Graphene
powders composed of graphene platelets are commonly used in the
powder metallurgy towards high thermal conductivity Cu/graphene
composites. Zhang et al. utilized the sucrose-derived-graphene coated
Cu powder as raw material in hot press to prepare the Cu/graphene
composite with k,, of 413 W m™! K! [15]. Although graphene
pre-deposited on Cu can hinder the oxidation of Cu [16], the residual
pores in the composite cause the densification problem and thus
significantly deteriorate the thermal conductivity [17,18]. In another
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work, a Cu/graphene composite was prepared using spark plasma sin-
tering, demonstrating a thermal conductivity of 525 W m 'K [19].In
the power metallurgy preparation the structural defects in graphene
inevitably cause much phonon scattering, limiting its function in ther-
mal transport [20]. In addition, the surficial Cu oxide is often formed in
the surficial deposition and co-deposition in electrochemical plating
[21,22], raising the interfacial thermal resistance [23]. Considering the
fractions of nanocarbons in the composite, the thermal conductivities of
composites mentioned above are far from the desired performance.

To demonstrate the superior thermal conductivity of intrinsic gra-
phene, utilizing well-graphitized films could be a favorable strategy for
the preparation of Cu composites. In fact, highly ordered graphene films
(GFs) obtained through assembly and graphitization of graphene oxide
(GO) platelets gain a high thermal conductivity of 1800 W m~! K1,
justifying their wide use in thermal management of electronic devices
and aerospace equipment [24-27]. To combine GFs with Cu, a variety of
methods including hot press [28], chemical vapor deposition (CVD)
[29], and electrochemical deposition [10], have been developed to
prepare Cu/GF composites. However, since Cu is non-wetting on gra-
phene (the contact angle of Cu on graphene is about 140°) [15] and the
Cu layer would shrink during cooling, the graphene/Cu interface re-
mains a hamper for the efficient thermal transport of Cu/GF composites
[30,31]. Creating numerous defects on graphene can improve the
interfacial affiliation between graphene and Cu, due to the enhanced
interaction between d orbitals of Cu atoms and suspended p orbitals of C
atoms [32], yet probably resulting in the deterioration of thermal con-
ductivity of graphene [33].

On the other hand, a metal transition layer, e.g., nickel (Ni), titanium
(Ti), silver (Ag) or Cu, as a welding reagent may improve the interfacial
bonding between Cu and graphene [24,34-36]. For instance, Hao et al.
utilized Ti ionic implantation to boost reactivity of GFs and deposit
seamless bonded Cu nanolayers, exhibiting a strong joint strength of
180 kPa and stable heat resistance in a temperature range of 77-573 K
[37]. Zhan et al. constructed a Ni-Ag transition layer at the Cu/GO
interface via electrodeposition combined with ultrasonic spraying to
enhance the interfacial bonding, achieving k,, of 790.36 W m™! K~}
[10]. In another study, Zhan et al. prepared a laminated composite of
Cu/GO/Cu by introducing C-O-Cu covalent bonds at the interface using
electrodeposited Cu foils and the ultrasonic sprayed GO film [38]. The
composite foils possessed k,, of 416.7 W m~* K2, a tensile strength of
295.1 MPa and an elongation of 20.7 %. In the attempts of electrically
plating Cu transition layer on GF, dendrite growth, agglomeration and
oxidation often cause an uncontrollable interface [39,40]. Synergisti-
cally enhancing Cu/graphene interfacial bonding and thermal conduc-
tivity of composites obtained is still an urgent requirement for the
development of highly efficient thermal management components.

Herein we combine magnetron sputtering and vacuum hot press to
improve the Cu/graphene interface for fabricating copper/graphene
film/copper (Cu/GF/Cu) sandwich composites. The magnetron sput-
tering results in a continuous and uniform Cu transitional layer on GF,
featured by a seamless thermal interface. After hot press, the robust and
highly dense structure promotes k,, of Cu/GF/Cu close to the theoretical
value as calculated by the linear combination of GF and Cu. Typically,
Cu/GF/Cu-66.7 % (with a GF volume content of 66.7 %) exhibits k,, of
805.8 Wm™! K_l, more than double that of the bare Cu. At the same
time, the fracture toughness of Cu/GF/Cu-66.7 % reaches 6.45 MJ m~3,
9.0 times that of bare GFs.

2. Experimental section
2.1. Materials

Pure Cu foils were purchased from Shenzhen Huateng New Material
Technology Co., Ltd., China. Graphene films (GFs) were obtained from

Changzhou Fuxi Technology Co., Ltd., China. H,SO4 (98 %), NH3-H20
(28 %), CuS0O4-5H20 (98 %) and CH3CH20H (99.5 %) were purchased
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from China National Pharmaceutical Group Chemical Reagents Co., Ltd.
2.2. Preparation of Cu-GF

The raw GF with a thickness of ~41 pm was cut into squares with a
size of 40 mm x 40 mm and placed into the magnetron sputtering
chamber (EXWELL, China) for a surface treatment at Ar atmosphere (20
sccm, <1 Pa) with a plasma current of 40 mA for 20 min. Then the
treated GFs were coated with Cu on both sides with magnetron sput-
tering (25 °C, 20 sccm, Ar < 1 Pa) with a DC power of 200 W for 80 min,
resulting in samples named as Cu-GF. For comparison, GFs were also
coated with electrochemical plating by using raw GF as the cathode and
pure Cu foils as the anode, resulting in samples denoted as Cu-GF-EP. For
the electrochemical plating, 1.07 mol L™} CuSO4 electrolyte was pre-
pared by dissolving 800 g CuSO4-5H50 in a mixture of 2.9 L deionized
water and 0.1 L concentrated HySO4. The electrochemical plating of Cu
was carried out by applying a constant current of 5 A for 10 min, while
maintaining the temperature at 45 °C. The obtained Cu-GF-EP samples
were repeatedly washed with deionized water and ethanol, and dried at
60 °C for 2 h in a vacuum.

2.3. Preparation of Cu/GF/Cu

To remove the oxide layer, raw Cu foils were ultrasonically treated
with 2 M HySO4 for 10 min with a power of 120 W and then immersed in
the mixture of 1 mL NH3-H,0/100 mL deionized water for 10 min. The
obtained Cu foils were repeatedly washed with deionized water and
ethanol, dried and preserved in a sealed container filled with nitrogen.

Before hot press, the Cu-GFs and pre-cleaned Cu foils were cut into
round disks with a diameter of 38 mm. Then the Cu-GF was placed be-
tween two slices of Cu foils and moved into a graphite mold in a vacuum
hot press furnace (OTF-1200X-VHP4, MTI Co., China). The hot press
was performed in a vacuum at 650 °C and 40 MPa for 25 min unless
otherwise specified, with a heating rate of 10 °C min'. After natural
cooling to the room temperature and depressurization, Cu/GF/Cu
composites were obtained.

The volume content (vol%) of GF in Cu/GF/Cu composites was
controlled by fixing the thickness of GF (~41 pm) while changing the
thickness of the Cu foils on both sides, i.e., 10 pm/10 pm, 30 pm/30 pm,
30 pm/50 pm, 50 pm/50 pm and 100 pm/100 pm, corresponding to GF
content of 66.7 %, 40.0 %, 33.3 %, 28.6 % and 16.7 %, respectively. The
content of GF was used to name samples. For instance, Cu/GF/Cu
composite with 66.7 vol% of GF is denoted as Cu/GF/Cu-66.7 %. In
addition, the Cu/GF/Cu-D denotes a double-layer sandwich composite
constructed by hot pressing two Cu/GF/Cu-66.7 % disks (Cu/GF/Cu/
Cu/GF/Cu).

2.4. Characterizations

Surface morphology of GF and Cu-GF was characterized with an
atomic force microscope (AFM, Bruker Dimension Icon, USA), and the
surface roughness (R,) before and after Cu deposition was quantitatively
analyzed. The interfacial morphology of Cu/GF/Cu was examined via a
field emission scanning electron microscope (SEM, Oxford X-Max80,
UK) coupled with an energy dispersive spectrometer (EDS, Aztec X-Max
80T, UK). The atomic-level interfacial structure of Cu/GF/Cu was
characterized by a field emission transmission electron microscope
(TEM, JEOL JEM-F200, Japan, accelerating voltage 200 kV), in which
the cross-section of the sample was prepared via ion beam polishing
(Leica EM TIC 3X, Germany) to minimize the mechanical deformation.
X-ray diffraction (XRD) was performed using an X’Pert Pro (PANalytical,
Holland) diffractometer with Cu K,; monochromatic radiation (A =
1.5406 A) at a voltage of 40 kV. The structure of GF was analyzed by a
Raman spectrometer (Renishaw inVia Reflex, UK, 532 nm). Mechanical
properties of Cu/GF/Cu were measured with a micro-force testing sys-
tem performed at a constant strain rate of 4 pm s, using I-shaped
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specimens, total length of 35 mm and gauge area of 15 mm x 3 mm.

2.5. Measurement of thermal conductivity

The in-plane and out-of-plane thermal diffusivities (« in mm? s’l) of
the composites were measured at 25 °C with a NETZSCH LFA 467 Hyper-
Flash instrument (Germany). Before measurement, a thin layer of carbon
was sprayed on both sides of the sample to ensure identical and uniform
infrared emissivity. The specific heat capacity (Cp in J g 1K™ of the
composite was determined by differential scanning calorimeter at a ni-
trogen atmosphere using a NETZSCH DSC 204 F1 Phoenix instrument
(Germany). The density (p) was measured by the Archimedean method
at 25 °C. The thermal conductivities (k in W m ! K_l) were calculated
according to the equation:

k=axpxcp,
3. Results and discussion
3.1. Preparation of Cu/GF/Cu composites

A two-step process involving magnetron sputtering and vacuum hot
press was employed to combine Cu and GF, as illustrated in Fig. 1a. The
plasma cleaning of raw GF at Ar atmosphere is able to remove the sur-
face contamination but the low plasma power has not significantly
affected the surface texture of GFs which was created in the preparation
process (Fig. 1b). After magnetron coating of Cu, Cu-GF precisely
inherited the surface morphology of GF (Fig. 1¢). The cross-section SEM
images in Fig. S1 show a uniform and continuous Cu coating on both
sides of GF each with a thickness of ~1.5 pm. To eliminate the interfacial
cavity and densify the stacked slices, hot press was performed for the
assembly of sandwiched Cu/GF/Cu in vacuum, leading to smooth Cu/
GF/Cu lamellar composite with a metallic luster (Fig. 1d). The com-
posite is flexible yet without interlayer breakage during bending. The
density of Cu/GF/Cu composites, as listed in Table S1, approaches the
theoretical value as calculated based on the combination of Cu foils and

Carbon 244 (2025) 120695

GF, suggesting the high densification degree of Cu/GF/Cu without
macroscopic cavities. In this way, stacking GF/Cu with different thick-
nesses or multiple Cu/GF/Cu sandwich units can achieve thickness or
fraction tunable composite disks, which is crucial for accurate design
and customized applications of heat dissipation scenarios.

3.2. Microstructure characterization of Cu-GF and Cu/GF/Cu

The surface morphology of raw GF and Cu-GF was compared to
determine the effect of the Cu coating. SEM images in Fig. 2a and
Fig. S2a show the surface of raw GF decorated with abundant wrinkles.
The surface roughness is further confirmed by AFM (Fig. 2b) as ~36.6
nm. The cross-section SEM image in Fig. S1a demonstrates the dense
layered assembly of raw GF. Raman spectrum in Fig. 2¢ shows G mode
(1578 cm™ 1) and 2D mode (2718 cm™!) of raw GF, with a barely visible
D mode (1350 cm™Y), indicating the high graphitization quality. After Ar
plasma cleaning, the D peak is significantly increased, indicating the
formation of defects by the ion bombardment. The controllable intro-
duction of suitable amount of defects is considered as an efficient way to
enhance the heterogeneous adhesion between Cu and carbon [32,41].
The SEM images in Fig. 2d and Fig. S2b show that the obtained Cu-GF
well preserves the wrinkled features. The EDS images (Fig. S3) show
the full coverage of Cu by magnetron sputtering. A lower roughness has
been observed for Cu-GF (Fig. 2e) compared with the raw GF, which
might due to the partial mitigation of wrinkles by the deposition of Cu.
For comparison, the electrochemical deposition of Cu on GF was per-
formed, which however demonstrates a rougher surface morphology of
Cu-GF-EP (Fig. S4). The Raman spectrum in Fig. 2f confirms that the
surface of Cu-GF-EP present signals of CuO (620.3 cm™ ) and Cu,0
(146.1, 217.3,526.9 and 633.5 cm’l) [42,43], due to the Cu oxidization
after wet-chemistry deposition. In contrast, the Raman spectrum taken
from Cu-GF indicates the absence of oxide, suggesting the Cu layer ob-
tained by magnetron sputtering is not readily oxidized even in ambi-
ence. Copper oxides may act as thermal barriers due to the low thermal
conductivity of 5-40 W m ! K [23,44], also hindering the formation
of seamless Cu/graphene interface by blocking the diffusion of Cu atoms
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layer in the middle of Cu/GF/Cu.

during the hot press [45]. The cross-section of Cu/GF/Cu processed by
focused ion beam (FIB) exhibits a cavity-free sandwich structure with a
distinct Cu/carbon boundary, as presented in Fig. 2g and Fig. S5, indi-
cating the efficient densification and bonding during the hot press. The
clear Cu/GF/Cu boundary from the enlarged view SEM (Fig. 2h) further
demonstrates a robust heterogeneous interface. By exfoliating
Cu/GF/Cu in the middle of lamellar, the Raman spectrum taken from the
exfoliated interface (Fig. 2i) shows that the sandwiched graphene
maintains a highly crystalline feature, ensuring the thermal conduction
through the composite.

Characterizing the interfacial microstructure of Cu/GF/Cu is critical
to determine the interfacial bonding between GF and Cu. The cross-
section of Cu/GF/Cu was fabricated with FIB to acquire the high-
quality interfacial morphology (Fig. S6). TEM images in Fig. 3a and S7
further prove the seamless bonding at the Cu/GF interface at the sub-
micron scale. From the high-resolution TEM image in Fig. 3b, it can be
observed that nanoscale fluctuation of Cu and graphene surface leads to
the formation of interlocked heterogeneous interface at the nanoscale.
The enlarged views of TEM images at the interface region are presented
in Fig. 3c. The GF region nearby the interface shows continuous yet
slightly tortuous carbon layers, in which the interlayer spacing of
~0.454 nm is probably caused by Ar ion bombardment (Fig. 2c) [35,46].
In addition, a small fraction of amorphous and discontinuous carbon
layer is observed as well in this region, potentially attributed to the
alleviation of local strain arising from the lattice mismatching between
Cu and graphene. Concurrently, the bulk Cu region proximate to the
interface has a lattice spacing of 0.202 nm, corresponding to the Cu
(111) crystal plane (JCPDS 04-0836). Selected area electron diffraction
(SAED) in Fig. 3d confirms that the (111) plane of Cu dominates at the

Cu/GF interface in the focus, coupled with the existence of (002) plane
of graphene on the cross-section [47,48]. The prominent (200) plane of
Cu in XRD patterns (Fig. 3e) suggests an alternative orientation of Cu
atoms at the interface, which may be attributed to the release of inter-
facial stress of Cu and carbon lattices [49,50]. Consistent with the
aforementioned Raman spectra in Fig. 2f, no signals of copper oxides are
observed in the TEM images or XRD patterns. The strong bonding be-
tween carbon lattice and tuned interfacial crystal of Cu from magnetron
sputtering facilitates the formation of a robust thermal interface, which
is the essential for the efficient interfacial thermal conduction of such
composites.

3.3. Mechanical and thermal properties of Cu/GF/Cu

The mechanical properties of Cu/GF/Cu composites are crucial to its
suitability in practical thermal applications, especially for resisting the
violent deformation arising from mechanical or thermal stress. The
typical stress-strain curves in Fig. 4a show that both raw GF and Cu foil
exhibit near-linear deformation with elongations of 5.16 % and 5.66 %,
respectively. In contrast, the tensile curve of Cu/GF/Cu shows a decline
in slope starting at a strain of approximately 1.5 %, after which the stress
slowly increases with enlarged strain, likely due to the unfolding of
graphene wrinkles and interfacial slipping between graphene and Cu
[51]. The synergetic deformation of Cu/GF/Cu achieves a remarkable
fracture elongation of 12.4 %, approximately 2.2 or 2.4 times greater
than that of Cu foil or raw GF, respectively. The tensile strength of GF
was 27.0 MPa, due to the weak interlayer van der Waals interaction [52,
53]. In contrast, Cu/GF/Cu-66.7 % is significantly reinforced by the
integration of Cu, exhibiting a tensile strength of 84.6 MPa, as shown in
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Fig. 4b. In addition, the Young’s modulus of Cu/GF/Cu-66.7 % com-
posite reaches 2.15 GPa, 4.4 times that of GF. The Cu/GF/Cu-66.7 %
exhibits a toughness of 6.45 MJ m ™2, approximately 9.0 times that of GF
and reasonably lower than 9.18 MJ m ™ of bare Cu foil, which enhances
the interfacial bonding and thereby improves the tensile properties of
the whole lamellar structure [24,32,35].

The thermal transport properties of Cu/GF/Cu composites are
characterized in detail to verify the potential for thermal applications.
As illustrated in Fig. 5a, the sandwiched GF determines the anisotropic
thermal conductance of Cu/GF/Cu, denoted with in-plane (k,,) and out-
of-plane (k, ) conductivities. Fig. S8 and Fig. S9 show the variation of k,,
and k; of Cu/GF/Cu versus hot press duration in the range of 5-45 min.
An optimized condition has been reached at 25 min hot press for both k,,
and k, (683.7 and 13.9 W m™! K™', for Cu/GF/Cu-33.3 %), without
insufficient densification or residual stress accumulation [9,35]. Fig. 5b

shows that k,, of Cu/GF/Cu spans in a range from 554.4 to 805.8 W m
K ! under optimized hot press parameters, which is well located be-
tween those values of bare GF (1073.0 W m~! K1) and Cu (368.6 W
m! K’l), for the volume content of GF increased from 16.7 % to 66.7 %.
It is noteworthy that a nearly linear variation of k,, is obtained by
varying GF content, and the corresponding fitting closely aligns with the
theoretical thermal conductivity estimated from the linear combination
of GF and Cu. Furthermore, the thermal conductivity of Cu/GF/Cu-D
with two Cu/GF/Cu stacks slightly increases k/, to 816.1 W m™! K7},
with no loss in performance despite the increased thickness (Fig. 5¢). In
line with expectation, Fig. 5d shows that k, of Cu/GF/Cu is increased
from 8.2 to 26.7 W m ™' K~! as the graphene content decreases due to its
anisotropic thermal conductivity, significantly surpassing that of pure
GF (7.4 W m! K [54,55]. From Fig. 5e and Table S2, we can see that
k,; of Cu/GF/Cu is higher than those of Cu/graphene composites
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(inset) infrared images of Cu/GF/Cu-66.7 %, Cu/GF/Cu-D and Cu foil during heating/cooling.

reported in previous studies, attributed to the optimized thermal inter-
face and high densification of Cu/GF/Cu in this work. Cu/GF/Cu can be
potentially produced in larger scale with the roll-to-roll magnetron
sputtering and large vacuum hot pressing facility.

To visually compare the thermal transfer capacities, Cu/GF/Cu and
Cu foil were simultaneously placed on and removed from a hot plate
working at 80 °C, with their temperatures recorded by an infrared (IR)
camera (Fig. 5f). Fig. 5g shows that the surface temperature of Cu/GF/
Cu-66.7 % rapidly increases to 71.7 °C within 4 s, 16.7 °C higher than
that of bare Cu foil (10 s), coupled with a faster decline than bare Cu
during the cooling. Even with a thickness twice as Cu/GF/Cu-66.7 %,
Cu/GF/Cu-D again exhibits a faster heating rate and higher surface
temperature than the bare Cu foil, verifying the efficient thermal
transfer of Cu/GF/Cu in practical thermal conduction.

4. Conclusions

We report the fabrication of Cu/GF/Cu composites using magnetron
sputtering and vacuum hot press to construct a strong Cu/C interfacial
bonding. In this way the interface between Cu foil and GF exhibits a
uniform and continuous interlocked features at the nanoscale. Conse-
quently, the in-plane thermal conductivity of Cu/GF/Cu approaches the
theoretical value as calculated by volume-weighted summation of GF
and Cu, which can be finely controlled from 554.4 to 805.8 W m™* K™*

by adjusting the graphene volume content from 16.7 to 66.7 vol%.
Moreover, the fracture strain and toughness of Cu/GF/Cu reach 12.4 %
and 6.45 MJ m~3, which are 2.4 times and 9.0 times those of bare GF,
respectively. The multi-stacked composite does not show decline in
thermal conductivity, highlighting the great potential of such Cu/gra-
phene composites for highly efficient thermal management.
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