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Copper is an important interconnect material in integrated circuits (IC) due to its outstanding electrical and
thermal properties. However, the development of the IC industry requires novel interconnect materials with
higher conductivity. Here, uniform graphene oxide (GO) is deposited on copper by electrophoretic
deposition (EPD) to obtain a GO-Cu bilayer structure at room temperature. (3-Mercaptopropyl)
trimethoxysilane (MPTS) is self-assembled on the Cu anode surface, which protects the anode from
oxidation during the EPD process. We find that the in situ hydrolysis of methoxy under the promotion of
EPD voltage can facilitate the uniform deposition of GO and enhance the interface bonding force. In
order to achieve better electrical performance, different reduction methods are conducted to reduce
the structural disorder of GO. ERGO-Cu reduced by the electrochemical reduction method at —0.75 V
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ecelve ovemoer for 1 min shows the lowest square resistance with a 16% resistance decrease compared with the GO-Cu
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structure and a 4.5% decrease compared with Cu substrate, due to the proper adjustment of the GO
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1 Introduction

From the Damascus technology to chip packaging, copper is the
main interconnect material in the integrated circuit (IC)
industry due to its outstanding electrical and thermal proper-
ties." For achieving better performance in electronic devices,
new interconnect materials with improved conductivity are
required to lower the resistance. Graphene, which is a two-
dimensional array of sp>bonded carbon atoms, is known to
have extraordinary electrical and mechanical properties. The
carrier mobility of graphene is 2.5 x 10* em® (V™' s7") and the
maximum current-carrying capacity is up to 10° A em 223
Therefore, graphene-based materials show great potential for
future interconnect, such as composite made of copper and
graphene,* graphene-Cu bilayer structure,” and pure graphene
interconnect.®

In these structures, graphene-Cu bilayer has been proposed
to be highly conductive and therefore has an extensive inter-
connect application.? Few-layers graphene can be deposited on
the upper layer of the copper by chemical vapour deposition
(CVD) to form a graphene-Cu bilayer interconnect structure.’
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future interconnects with improved conductivity.

However, the devices in the IC cannot withstand the high
preparation temperature of CVD. Great efforts have been made
to solve this problem. Kang et al.” prepared multi-layer gra-
phene on Ni foil by CVD at 900 °C, and then transferred it to the
surface of the target substrate to form the graphene-Cu bilayer
interconnect structure. Yeh et al® used electron cyclotron
resonance CVD to lower the preparation temperature of
graphene-Cu bilayer interconnect to 400 °C. The deposited
bilayer interconnect showed a ~10% decrease in the resistivity
of fine test lines. Furthermore, Li et al® used the inductively
coupled plasma CVD to further reduce the preparation
temperature of graphene-Cu structure to below 400 °C. This
bilayer structure also exhibits low resistivity, half that of as-
fabricated Cu wire. Nevertheless, realizing room temperature
fabrication of graphene-Cu bilayer structure for IC application
remains challenging.

Electrophoretic deposition (EPD) exhibits many advantages,
such as high deposition rate, possibility of deposition on
substrates of complex shape and capability of composite film
formation." Stable graphene dispersion needed for EPD can be
easily prepared by the Hummers' method (named GO
colloidal)."* Graphene film formed by the EPD method has
already been explored in some fields, such as corrosion resis-
tance," lithium-ion battery electrodes,*® and supercapacitors.*
However, most of these works focused on improving the specific
surface area and pay little attention to surface roughness, which
is an important factor in reducing electrical resistance. In
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addition, there are also many lattice defects caused by the
Hummers' etching process in the carbon skeleton of GO flakes.
These two problems lead to a significant increase in the overall
resistance of the graphene-Cu bilayers prepared by EPD.

Herein, we report a surface modification method to lower the
surface roughness of GO-Cu fabricated by EPD method at room
temperature. In addition, electrochemical reduction is used to
reduce the GO film to further increase the conductivity of the
fabricated GO-Cu structure. The (3-mercaptopropyl) trimethox-
ysilane (MPTS) molecules are selected to act as a modification
layer to protect the Cu from being oxidized. In addition, the in
situ hydrolysis of MPTS can form hydroxyl on the substrate
surface. The chemical bond between the terminal group and the
hydroxyl group in the GO sheets greatly enhances the bonding
force of graphene-Cu and reduces the surface roughness by
25%. Finally, we study the impacts of electrochemical reduc-
tion, chemical reduction and low-temperature thermal reduc-
tion on the structure and resistivity of GO film under the
consideration of IC manufacturing compatibility. After an
electrochemical reduction process with adjustment of reduc-
tion condition, the square resistance of ERGO-Cu structure is
reduced by 16% compared with original GO-Cu structure and
4.5% compared with Cu substrate.

2 Experimental section
2.1 Preparation

2.1.1 Preparation of GO with Hummers' method. GO was
prepared by the oxidation of nano graphite powders (thickness
< 40 nm and the diameter of graphite sheet is around 5 pm)
purchased from Nanjing China XFNANO Tech. Co. Ltd. Typi-
cally, graphite powder (0.5 g), NaNO; (0.5 g), and concentrated
H,S0, (40 mL) were put into a 500 mL flask under mechanical
stirring in an ice bath followed by adding of KMnO, (3.0 g)
slowly to keep the temperature of the suspension lower than
20 °C. Successively, the reaction system was transferred to a 40 °
C oil bath and vigorously stirred for about 1.5 h. Then, 30 mL
water was added, and the solution was stirred for another
30 min at the same temperature. Additional 100 mL water was
added and followed by a dropwise addition of 3 mL H,O, (30%),
turning the colour of the solution from dark brown to yellow.
The mixture was first centrifuged at 2000 rpm for 2 min to
separate the unetched graphite flakes. The resulting superna-
tant is then cleaned with deionized water (centrifuged at
8000 rpm for 15 min 4 times). After the last centrifugation, all
the GO solids in the centrifuge tubes were transferred together
to form a 20 mL GO dispersion. GO powder was obtained by
freeze-drying and stored at —4 °C. 200 mg GO powder was dis-
solved in 200 mL deionized water and ultrasonic for 90 min to
form 1 mg mL ™" GO colloid for EPD.

2.1.2 MPTS modification of copper. MPTS was bought from
Titan Company (China, Shanghai). Its purity is greater than
95%, and it is not purified when used. The substrate was
a square (20 mm x 20 mm) silicon wafer with a copper seed
layer (thickness ~1 pm). They were ultrasonically cleaned
through three consecutive steps of 5 min each (respectively in
acetone, ethanol, and deionized water) to remove all
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physisorbed contaminants before modification. MPTS films
were formed on these cleaned Cu seed layers by immersion into
a solution of 10 mM MPTS in absolute ethanol for 2 h. After the
film's formation, the surfaces were abundantly rinsed with
ethanol, blown dry in a stream of argon, and stored under
a vacuum atmosphere before EPD.

2.1.3 EPD of GO. GO was deposited onto the modified Cu
surface by EPD method. The MPTS-modified Cu was used as the
working electrode and 304 stainless steel was used as a counter
electrode for the EPD. The two electrodes were immersed in the
prepared EPD colloid and connected to a DC power supply. The
working and counter electrodes were then used as the anode
and cathode, respectively. EPD was performed under different
voltages. The deposition time was fixed at 5 min. The working
distance between the cathode and anode was fixed at 10 mm
(the schematic diagram of EPD device is shown as ESI Fig. S1t).
For comparison, the wafers without SAM modification were
conducted in the same steps. The deposited specimens were
dried at 40 °C in a vacuum chamber for 12 h and stored under
a vacuum atmosphere.

2.1.4 Reduction of GO. GO was reduced by three methods
and each method was conducted at four conditions to get
different reduction levels. Low-temperature thermal reduction:
four prepared samples were heat treated in a vacuum tube
furnace for 1 h, 2 h, 3 h, and 5 h, respectively. The heating rate
was controlled at 10 °C min " and the temperature was fixed at
200 °C. Chemical reduction: GO-wafer held by tweezer was
immersed in 0.1 M NaBH, solution for 1 min, 2 min, 3 min, and
5 min, respectively. After the reaction, the surfaces were rinsed
with deionized water carefully. Electrochemical reduction: the
electrochemical reduction of GO was carried out on Modulab
XM PhotoEchem with cyclic voltammetry (CV, —0.8-0 V vs.
reference electrode, 10 mV s ') in phosphate buffer solution
(PBS, pH = 3) in a standard three-electrode cell with the Hg/
HgCl and Pt foil as the reference and counter electrode,
respectively. The reduction potential was measured to be
—0.75 V, which was applied to the GO-wafer specimens for 5 s,
15 s, 1 min, and 3 min.

2.1.5 Adhesion tape test. The adhesion tape test was used
to characterize the bonding force of the GO film on the copper.
A grid was drawn on the surface of the GO-wafer and GO-MPTS-
wafer specimens. Then, the 3 M Scotch pressure-sensitive tape
was applied to the grid, and air bubbles were removed to ensure
good contact between the tape and the GO layer. The tape was
pulled quickly in a vertical 90° direction and repeated for three
times to obtain the adhesion level between the GO layer and the
copper surface.

2.2 Characterization

Dynamic light scattering (DLS) measurement was performed on
a Zetasizer (BIC Omni) to determine the zeta potential of
synthesized GO in the solution. The surface morphology of the
deposited sample was observed by scanning electron micros-
copy (SEM, MIRA3 TESCA). The X-ray photoelectron spectra
(XPS) were obtained on Nexsa ThermoFisher scientific using
a focused monochromatic aluminium Ko X-ray (1486.6 €V)
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source and a spherical section analyzer. The X-ray beam used
was 150 W and the sample area was 300 pm x 700 um. Wide-
scan data were collected using a pass energy of 160 eV. The
infrared spectrum was performed using iN10 MX (Thermo
Fisher) and GO film was tested by ATR-FTIR (Zr single crystal).
Raman spectrum was obtained with a confocal Raman micro-
scope (Renishaw inVia Qontor, England). Materials were irra-
diated with light from a solid-state laser at 532 nm and the
power of the excitation laser is 10 mW to avoid lase-induced
heating. The surface roughness was measured by atomic force
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Fig. 1 (a) Raman spectrum of pristine GO prepared by Hummers'
method. (b) FTIR spectrum of pristine GO. (c) SEM of GO was diluted
into 1 mg mL™* and dropped on Si. (d) Tyndall effect of GO colloid.

Fig. 2
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microscope (AFM, FastScan Bio Bruker America tip is AC240,
160). Contact angle test was performed by using diluted GO
colloidal to detect the change of surface affinity by digital
camera. Finally, the square resistance was measured by
a multifunction digital four-probe tester (ST2258C, Suzhou
Jingge, China). Detailed steps are listed in the ESL¥

3 Results and discussion

Fig. 1a shows that the Raman spectrum of the prepared GO
presented D and G bands centred at 1370 and 1583 cm ™’
respectively. The defects of GO can be observed from the Raman
spectrum, in which the ratio of the D and G band intensity (I/
I, nearly 0.95) is an evaluation of the degree of crystal dis-
ordering.”® The average crystallite size of GO sheets is nearly
20 nm calculated by L, = 2.4 x 107" x 2* x (Ip/Ig) ".** The
FTIR spectrum shown in Fig. 1b consists of oxygen-containing
functional groups that include C=0 (1711 ecm '), C-O-C
(1050 em™") and O-H (3200-3500 cm™'). These functional
groups give GO more properties than graphene such as hydro-
philicity and water solubility."” Fig. 1c is the SEM of GO sheets
which clearly shows the intrinsic wrinkles of graphene oxide
after drying. The zeta potential of GO dispersion is —49.2 mV,
whose absolute value is much larger than 30 mV. This indicates
that the as-prepared GO colloid has long-term stability.*® Tyn-
dall effect shown in Fig. 1d can prove that GO disperses evenly
in water and forms a stable colloid that can be used for EPD.
Copper is an easily oxidized metal, especially as an anode in
the EPD process. Therefore, MPTS is self-assembled on the Cu
surface as a protection layer. After MPTS was grafted onto

S2p

190 168 166 lé4 162
Binding Energy (eV)

160

(a) Schematic illustration of the mechanism of MPTS facilitated GO deposition during EPD process. After the specimen was electrolyzed at

6 V for 5 min, the contact angle of MPTS surface changed from 79.81° to 44.46°. (b) XPS sulfur S 2p spectrum of MPTS-modified Cu. The
observation of copper surface by SEM and optical microscope after conducting the water electrolyzed experiment at 6.0 V for 5 min (c) without

(d) with the protection of MPTS.
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copper substrates, the terminal group was easily in situ hydro-
lyzed to hydroxyl (-OH) in GO dispersion.” The effects of MPTS
layer can be concluded into two aspects as shown in Fig. 2a.
Apart from protecting copper from being oxidized, the hydroxyl
groups can react with GO sheets as shown in schematic
detailly.”® The hydrolysis process of MPTS is confirmed by the
change of contact angle after the water electrolyzed experiments
in which the MPTS-modified surface state changes to hydro-
philic from hydrophobic. In the S 2p XPS spectrum shown in
Fig. 2b, the S 2p peak show four typical components: thiol
bounds to Cu (Cu-S, 162.7 €V), unreacted -SH (164 eV), RSO;>~
(167.2 V), RSO,>~ (168.4 eV) (data analysis according to Ther-
moFisher SCIENTIFIC, XPS full spectrum in ESI Fig. S27).
Fig. 2c and d present the surface morphology images of the
specimens according to the anti-oxidization test in water by
SEM and photographing methods. Without MPTS protection,
large areas of dark red oxidation can be seen in the photos and
many uneven oxides can be observed on the surface from the
SEM. While under the protection of the MPTS modification
layer, the formation of poorly conductive copper oxides can be

View Article Online
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avoided, and the quality of the graphene-Cu interface can be
improved.

In addition, GO deposited by EPD can barely fully cover the
Cu surface without MPTS modification due to the poor interface
interaction between GO and Cu, as shown in Fig. 3a and b. The
SEM of GO film deposited on Cu and MPTS-modified Cu surface
after the adhesion tape test is shown in Fig. 3d and e, respec-
tively. From the comparison of these two SEM images, GO film
shows large area shedding without modification but exhibits
the same morphology as the original sample with MPTS
modification. The chemical bonding formed between MPTS-
modified Cu surface and GO film can effectively improve the
interface binding force.** Therefore, GO film on MPTS-modified
Cu has lower surface roughness and fewer wrinkles. From the
AFM test shown in Fig. 3c, the roughness of GO film is
decreased by 25% with the modification of MPTS. The increased
roughness will cause exacerbated surface electron scattering,
leading to poorer conductivity of GO film. In addition, the
stacking of GO wrinkles is not conducive to the subsequent
reduction process. The residual unreduced oxygen-containing
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Fig. 3 SEM of GO film microstructure deposited on (a) bare copper surface and (b) MPTS-modified copper surface at 6 V for 5 min. (c) AFM line
scan of roughness of deposited GO film with or without MPTS modification (three-dimensional AFM images are shown in ESI Fig. S37). (d) GO-Cu
surface and (e) GO-MPTS-Cu surface after adhesion tape test. (f) Histogram of variation of coverage and thickness with deposition voltage. The
thickness was tested by a step profiler (DektakXT, Bruker) and the coverage is calculated roughly by the GO and bare copper area ratio in optical
microscopies. The optical microscopy (x1000) of GO film deposited at (g) 4 V, (h) 6 V, (i) 8 V.
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functional groups will further decrease conductivity of GO film.
Thus, combining the protection effect and in situ hydrolysis
property of the assembled MPTS, improved binding force and
flatness of deposited GO film can be achieved. We also explored
the influence of EPD voltage on GO deposition. As the optical
microscopies embedded in Fig. 3f shown, when the voltage was
4V, large area of copper was uncovered. While the voltage was
8V, GO sheets started to overlap unevenly and the thickness was
too thick. Uniform and fully covered GO film could be deposited
at 6 V with nearly 100 nm thickness.

Fig. 4 shows the cross-sectional SEM images of the GO-Cu
bilayer structure fabricated by EPD with the modification of
MPTS at 6 V. As shown in Fig. 4a, GO film deposited on Cu
shows a compact stacked structure with few wrinkles or swell-
ings. From the other image shown in Fig. 4b, the layer-by-layer
structure of GO can be observed clearly, and the thickness is
estimated to be about 100 nm. The EDS mapping of C, Cu, and
Si elements shown in Fig. 4d-f displays the sandwich structure
of GO-Cu on Si wafer.

In order to improve the conductivity of deposited GO film,
electrochemical reduction at room temperature was employed
to reduce the GO film. In addition, this reduction method was
compared with chemical reduction using NaBH, reductant and
thermal reduction at 200 °C. Fig. 5a shows the Raman spectrum
of three specimens reduced in different methods: chemically
reduced GO (CRGO), thermally reduced GO (TRGO), and ERGO,
respectively. However, reduction temperature is the most
important factor affecting the reduction effect of TRGO. At low
temperature, only a small amount of oxygen-containing func-
tional groups can be removed. The reduction degree cannot be
further improved only by prolonging the reduction time.*
When the GO film was reduced by NaBH, reducing agent,
a large number of bubbles appeared on the surface which
destroyed the binding quality of the interface between copper
and GO, and even resulted in the fall off of GO film. In addition,
the violent reaction breaks the regular structure of the film and
introduces additional structural defects. Fig. 5b illustrates the
trend of Ip/I; at different reduction levels under three reduction
methods. As discussed above, the I/Ig value of CRGO is much
higher than the pristine GO (0.95) shown by the black dashed
line in the graph. TRGO has the lowest Ip/Ig value because
multilayer GO oxidized by the Hummers' method is structurally

Fig. 4 (a) and (b) Cross-sectional SEM image of GO film deposited on
MPTS-modified copper at 6 V. (c) EDS mapping image of element (d) C
(e) Cu and (f) Si.
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Fig. 5 (a) Raman spectrum of GO, TRGO, CRGO, and ERGO. (b) Ip/Ig
of three kinds of RGO, each with four reduction levels (the reduction
levels are corresponding to four different specimens in the Experi-
mental section, respectively). The Ip/lg of pristine GO is marked as
a dotted line in the graph.

and chemically metastable. High temperature promotes the
spontaneous reduction of GO to graphene.” But thermal
reduction under higher temperature is not studied due to the
consideration of practical application scenarios. For ERGO,
although electrochemical reduction can reduce the content of
oxygen functional groups contained in GO, with the extension
of reduction time, the sp” lattice clusters generated by reduction
will lead to the increase of Ip/Ig value.”* Therefore, the Ip/Ig
value of ERGO decreases first and then increases. According to
the variation trend in Fig. 5b, ERGO has the lowest I/l value
when the reduction time was 1 min.

ATR-FTIR spectrum of GO and ERGO are shown in Fig. 6a
and b. The spectrum shown in Fig. 6a consists of vibratory
groups of GO film, including C-O-C (1050 cm '), Si-O-C
(1090 em™ 1), C=0 (1700 cm™ '), O-H (~3200 cm '),>* and Cu
(1250 ecm ').>° After reduction, only few C=0 and C=C
(1544 cm™ ") were detected and O-H, C-O-C, Si-O-C almost
disappeared. The Si-O-C group indicates that some hydroxyl
groups on the GO sheets have formed chemical bonds with the
hydrolyzed MPTS. The disappearance of oxygen-containing
function groups shows that electrochemical reduction method
can effectively remove these groups. Furthermore, the peak at
~3200 cm ™" corresponds to the carboxyl groups (O-H) formed
by water molecules.?” The decrease of this peak intensity implies
the release of intercalated water which results in a more com-
pacted layer structure than GO."7*®* There are still some

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.6 ATR-FTIR of (a) GO and (b) ERGO. The wavenumber is from 800 cm~* to 4000 cm™. (c) The first three loops of CV curve scanning from
0 to —0.8 V (vs. reference electrode, 10 mV s~ ). (d) /-t curve under —0.75 V (vs. reference electrode) voltage.

remaining groups that haven't been reduced (such as C=0)
because the reduction of them requires a more negative
potential.*® But more negative reduction potential may cause
hydrogen evolution on the surface of the working electrode.
Hydrogen bubbles can destroy the binding between ERGO and
substrate, which is harmful to the quality of ERGO film.
Therefore, the scanning voltage of CV analysis is controlled at
—0.8-0 V. Fig. 6¢ and d are the electrochemical test results
which exhibit the details during electrochemical reduction
process. According to the CV curve, there are two reduction
peaks at —0.2 Vand —0.75 V, which correspond to the release of
intercalated water and the gradual reduction of C-O-C,
respectively.”?® Consistent with the variation trend of CV
results, the I-¢ curve at —0.75 V separated by reduction time
indicates that the reduction of C-O is a continuous process
because the reduction velocity drops as time extension, espe-
cially between the first and the second minute.

The variation of the square resistance of ERGO-Cu, TRGO-Cu
and CRGO-Cu with the reduction degree is shown in Fig. 7. The
four reduction degrees of all RGO-Cu specimens are corre-
sponding to the experimental conditions in the Experimental
section. The square resistance of CRGO-Cu increases signifi-
cantly with the extension of reduction time because the violent
chemical reaction destroys the film quality. As for TRGO-Cu, the
removal of oxygen-containing groups is not as good as expected
due to the reduction temperature is not high enough. Therefore,
it is difficult to achieve a further decrease in square resistance

© 2023 The Author(s). Published by the Royal Society of Chemistry

by thermal reduction in this work. The square resistance of
ERGO-Cu decreases first and then increase with the extension of
the reduction time. The decline of the square resistance corre-
sponds to the removal of some oxygen-containing groups (-OH,
C-0-C) and the reduction of structural disorder, while the rise
is due to the defects introduced in the electrochemical process.
By adjusting the electrochemical reduction time, ERGO-Cu can
show optimized square resistance with a 16% decrease

1.00
==a=— Electrochemical reduction
=== Thermal reduction
0.95} === Chemical reduction
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— 0.90¢F / Cu0
m N P N ——
0.85} \\/

08—

Reduction Level

Fig. 7 R/Rq of three kinds of RGO under different reduction levels. Rq
is the resistance of GO deposited on MPTS-modified Cu without
reduction. The square resistance of Cu substrate is marked as a green
dash line (Rcu/Ro = 0.88).
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compared to the original GO-Cu structure and a 4.5% decrease
compared with Cu substrate.

4 Conclusions

In this work, we realize the room temperature preparation of
ERGO-Gu interconnect structure through EPD and electro-
chemical reduction methods. With the protection of MPTS
modification layer, we can obtain a flatter and condense GO-Cu
structure in EPD process, with a thickness of nearly 100 nm and
a roughness of 13.7 nm. And the chemical bond of GO with
hydrolysed MPTS improves the interfacial binding force.
Compared with chemical reduction and thermal reduction at
200 °C, electrochemical reduction can realize effective reduc-
tion of GO film at room temperature. By adjusting the electro-
chemical conditions, ERGO-Cu shows a better reduction effect
than CRGO-Cu and TRGO-Cu. The optimized ERGO-Cu has 16%
lower square resistance than the original GO-Cu structure and
4.5% lower square resistance than the Cu substrate. This
research shows the possibility for realizing low-temperature
fabrication of graphene-Cu bilayer interconnect structure.
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