H38E 3
2023 4 6 H

oA s Mo (RS0
NEW CARBON MATERIALS

Vol. 38 No. 3
Jun. 2023

Flexible and lightweight graphene grown by rapid thermal processing
chemical vapor deposition for thermal management in
consumer electronics

Netrapal Singh'?,  Uday Deshpande’,
Surender Kumar'**,  N. Sathish'**
(1. Academy of Scientific and Innovative Research (AcSIR), Ghaziabad 201002, India;
2. CSIR - Advanced Materials and Processes Research Institute (AMPRI), Bhopal 462026, India;

3. UGC-DAE Consortium for Scientific Research, University Campus, Indore 452001, India )

Satendra Kumar'”, Manoj Goswami'?,

Abstract:
thermal conductivity is 13 times that of copper. Single-, bi- and few-layer graphene (SLG, BLG, FLG) with large sp’ domains were

Next-generation consumer electronics require excellent thermal management. Graphene is a good choice because its

grown by rapid thermal processing chemical vapor deposition (RTP-CVD) from CH, and H, using Ar as the diluting gas. The quality
of graphene was investigated by Raman spectroscopy and TEM. To demonstrate the heat dissipation capability of RTP-CVD-grown
graphene, a 2 TB solid state drive was used and the temperature was measured by a FLIR thermal camera. Results indicate that high
thermal conductivity graphene was prepared by diluting the precursor gas with Ar. SLG was prepared at a growth temperature of
1 000 °C and a time of 25 min. A transition from FLG to high-quality BLG was observed at low H, concentrations. Using SLG, there
was a 5 °C lower temperature rise than using a commercial copper heat dissipator. The heat dissipation ability of SLG was approxim-

ately 200 times that of commercial copper heat dissipators.
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1 Introduction

Innovation in thermal management technologies
is driven by the continual downsizing and rising
power density of electronic devices. Due to their hefty
mass, such as metal heat sinks, conventional heat re-
moval solutions, can not satisfy the needs of portable
electronic devices' ). In the realm of electronic pack-
aging, composites of a metal matrix with excellent
thermal conductivity and adjustable coefficients of
thermal expansion have attracted particular interest.
Due to its excellent thermal conductivity, copper is
widely used to spread heat in electronic devices'™. Be-
cause of its exceptional thermal conductivity (5300
W/mK), high flexibility, and lightweight, graphene
has been regarded as a superior thermal interface ma-
terial”> . Rapid phonon group velocity (23.6 m/s for
LA branch) and a lengthy phonon mean free path
(240 nm) combine to give graphene its extremely high
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thermal conductivity™. The thermal conductivity of
graphene is decreased by defects including vacancies,
isotopic doping, and chemical functional groups. Sev-
eral ways of graphene synthesis methods have been
reported such as chemical and electrochemical exfoli-
ation, epitaxial growth on the SiC crystal'”, and
growth through CVD!"'". Chemically synthesized
graphene oxide (GO) has been used to prepare metal
composite for heat dissipation. It enhances the thermal
conductivity (260 W/mK or 15%) of Aluminum but
not up to the mark'”. Because chemically synthes-
ized graphene has several defects and remaining func-
tional groups which reduce the thermal conductivity.
Chae et al. reported enhanced heat dissipation by heal-
ing the defects in reduced-GO'". In comparison to the
thermal conductivity of GO (1.92 W/mK), the thermal
conductivity of reduced-GO was
9.90 W/mK. Additionally, the defect-healed reduced-

increased to
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GO was successfully used as a heat-dissipating mater-
ial, causing it to cool down swiftly by 36 °C. Rho et
al. demonstrated porous copper/SLG/reduced-GO
composite for a fanless heat dissipator'*. With a 9 °C
lower peak temperature, the porous copper/SLG/re-
duced-GO composite dissipated heat more quickly
than copper.

However, CVD-grown graphene with a large
area, defects-free, and self-limiting to a single or few
layers, is very suitable for mass production with eas-
ily transferrable!"”. RTP-CVD is different from con-
ventional CVD due to rapid thermal ramping and
cooling. The conventional CVD setups require high
temperatures to grow either semiconductor or 2D ma-
terials such as graphene. On the other hand, RTP-
CVD requires comparatively low temperatures with
fast ramping and cooling up to 15 °C/s. To obtain de-
fects-free and high-quality graphene through RTP-
CVD, still there is a requirement to optimize various
parameters like growth temperature, time, chamber at-
mosphere, precursor gases and substrates'®. Raman
spectroscopy is a promising technique for the invest-
igation of graphene quality!'”'®. Raman spectroscopy
along with high-resolution TEM can distinguish the
number of layers, defect, and doping level in
graphene!"” ",

Herein, we have reported the effect of growth
parameters in RTP-CVD to engineer the defects in
graphene. With a one-step growth parameter,
graphene sheets were investigated by Raman spectro-
scopy and high-resolution TEM. The high-quality
graphene is demonstrated as a flexible and light-

weight heat dissipator for consumer electronics.

2 Experimental section

2.1 Growth of graphene

An RTP-CVD (APT-TF200) based bottom-up
approach is used to grow graphene recipes on a 25 pm
thick copper foil. Initially, the copper foil was an-
nealed under H, at 100 standard cubic centimeters per
minute (mL/min) for 30 min. During the growth of
10 min, the precursor (CH, and H,) ratio of 12 : 4

mL/min was maintained, with chamber pressure in the
range of 2.5-4.0 Mbar. The substrate temperature was
maintained at 1 000 °C throughout the annealing and
growth processes. Ar concentration was varied for H,
dilution. The sample designation for 70, 80 and
100 mL/min of Ar concentration is Ar-70, Ar-80 and
Ar-100, respectively. Pristine SLG is prepared at
growth temperature and time of 1 000 °C and 25 min,
respectively. Graphene transfer on the copper grid for
the TEM study was done with a wet chemical method
as shown schematically in Fig. 1 and is explained in
the supplementary information (SI) section.
2.2 Growth mechanism of graphene
For the removal of the native oxide layer and
smoothening of the copper surface, a 30 min anneal-
ing was done in the presence of molecular H, (100
mL min"). Due to annealing, some H, is diffused in-
side the copper foil. This atomic H,, impurity oxides,
defects, and grain boundaries over/inside the copper
foil are the basic building blocks for graphene nucle-
ation on Cu (111)*". Due to the catalytic decomposi-
tion of CH, over the surface of the copper possible di-
mers, trimers, and adatoms are generated as equations
(1) & (2) and schematically shown in Fig. 2(a):
CH.(g) — CHa(s) €]
CH,(s) + (s) = CH,_(s) + H(s) 2)
The equation (2) continues until the whole CH, is
converted into C(s) and H(s)****. A large concentra-
tion of H, blocks the graphene nucleation sites on cop-
per foil. Because of that, at a lower argon amount (Ar-
70), a large number of point-defected graphene sheets
were grown. The increment of argon concentration
(dilution of H,) is responsible for the activation of
large catalytic site(s) on copper to grow high-quality
and defects-free BLG and SLG. For Ar-100, graphene
growth continues to form large four-armed dendritic
structures and tries to cover a large portion of the cop-
per foil. As the chamber is more diluted with H, gas,
the precursor is also getting diluted which leads to the
termination of graphene growth. The general equation

(3) of graphene growth can be written as:
Graphene + C,H,(s) & (Graphene - C,) +yH(s) (3)
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Fig.2 (a) The schematic representation of chemisorption/deposition of graphene on copper foil. Stage-I: dissociative dehydrogenation of CH,, Stage-II: dimer-

ization, Stage-IIT & Stage-IV: trimerization and migration, and Stage-V: growth of graphene. FE-SEM images of (b) Ar-70, (c¢) Ar-80 and (d) Ar-100 samples

It means pristine SLG require more growth time
to cover the whole substrate. Inspired by the above
discussions, SLG is also grown only by increasing

growth time to 25 min (discussed later).

3 Results and discussion

Field-emission scanning electron microscopy
(FE-SEM) images in Fig. 2(b-d) show a close rela-
tionship between the number of nuclei per unit area
and the percentage area covered with H, dilution (in-
creasing Ar concentration). Randomly shaped
graphene flakes to four-armed large dendritic flakes
are grown by H, dilution. The copper surface is etched

properly upon H, dilution which results in large crys-

tallite and defects-free BLG. For Ar-100, dendritic
flakes are very organized and grown in a matrix fash-
ion. Fig. S1 shows that the number of nuclei per unit
area falls drastically from 3 200 (Ar-70) to 2 000 (Ar-
100) in a concave-down fashion. At low Ar flow, the
copper surface was not etched and smoothed properly
due to which more nucleation sites were garnered
which results in defective FLG (Ar-70 and Ar-80).
Raman spectroscopy is used to confirm the
graphene growth, quality, and etching of the native
oxide layer. A full-range Raman spectrum of Ar-100
sample in the range of 1 100-3 000 cm ™' is provided in
Fig. S2. Here, it is very clear that there is no such D-
peak observed that corresponds to structural defects in
RTP-CVD graphene sheets. On the other hand, a weak
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peak at 2450 cm' is attributed to both a D phonon
and acoustic longitudinal phonon (D), hence the
combination is denoted by the notation G¥*-band.
Stacked Raman spectra of as-grown graphene are
shown in Fig. 3(a). With the absence of defect band
(wp), graphitic (w;) and double resonance signature
(w,p) are obtained in each case. The graphene quality
is monitored with 7,,/I; ratio, and FLG to BLG qual-
ity is improved upon the H, dilution. The large full
width at half maxima (FWHM) is found for the
sample Ar-70 (23 and 61 cm™' for w; and w,;,) due to
improper etching and defects (Fig. 3(b, c¢)). The G-
and 2D-peaks
1607 cm™) and two (2659 and 2720 cm') sub-

peaks, respectively. The improper etching and native

are deconvoluted with one (at

copper oxides are also monitored in different loca-
tions of Ar-70 (Fig. 3(d)). Four different native oxide
peaks of CuO (at 215 and 632 cm™') and Cu,O (at 148
and 412 cm™') are found which resulted in a defective
and small domain FLG®". As the H, concentration
was diluted more (Ar-80 and Ar-100), G-peak is blue-
shifted with narrow FWHM while 2D-peak shifted to
the pristine BLG’s position, shown in Fig. 3(e-h). The
2D-peak of Ar-100 is further deconvoluted with four
Lorentzian peaks (2 673, 2 685, 2 693 and 2 714 cm™")
which is the strong signature of BLG.

The graphene qualities mentioned above are also
confirmed with Raman mapping which gives a clear
picture. A 20.50 pm x 20.50 um area was selected for
the mapping of each sample. Fig. 4(a, d, g) represents
the wg mapping of Ar-70, Ar-80 and Ar-100, respect-
ively. The w; of Ar-70 (~1590 cm™) and Ar-80
(~1590 cm™) is somewhat red-shifted (green region:
low wavenumber) from the nanocrystalline graphene
position ~ 1600 cm . The red-shifting of e in Ar-
70 and Ar-80 is due to tension that can be seen in the
FWHM mapping in Fig. S3(a, e). Since G-peak is un-
der tension due to the distorted honeycomb structure,
which leads to the widening of Raman spectra of the
2D band in Fig. S3(b, f). The CuO is also mapped
around 632 cm ™' in Fig. S3(c). Fig. S3(d) shows clear
picture of CuO intensity variation. The w,;, mapping
of Ar-70, Ar-80 and Ar-100 can be seen in Fig. 4(b, e,
h). However, in the mapping of w,,, most of the re-
gion is red-shifted in Ar-70. The further dilution of H,
leads to the blue-shifting of the 2D-band in the case of
Ar-80 and Ar-100. Almost every dendrite of graphene
is covered with nanocrystalline BLG in Ar-100 and
narrow FWHM from 40-80 cm™' in Fig. S3 (h). The
above behaviour more clearly can be seen in Fig. S4
(a, b, d, e, g, h), zoomed area (red circles) of particu-

lar interest in Fig. 4. Fig. 4 (¢, f, 1) represents the qual-
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(a) Stacked Raman spectra of Ar-70, Ar-80 and Ar-100 with the ,,/I; ratio. (b, ¢, d) G-band (@), 2D-band (w,,), and native oxide Raman spectra for

Ar-70. (e, g) and (f, h) is the G- and 2D-band spectra for Ar-80 and Ar-100, respectively. The G-band position,
2D-band position, and FWHM (@pyy) are in cm ™'
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Fig. 4 Two-dimensional plots of Raman mapping of (a, d, g) G-band, (b, e, h) 2D-band, and (c, f, i) I,,/I; ratio for Ar-70, Ar-80 and Ar-100, respectively

ity distribution (Z,p/1; ratio) of as-grown graphene for
Ar-70, Ar-80 and Ar-100, respectively. This discus-
sion is clearer in Fig. S4 (c, {, i) for Ar-70, Ar-80 and
Ar-100, respectively. The central region of two-di-
mensional images is mostly covered with respective
graphene layers but the edges have 7,;//; ratio greater
than 4 which may lead to the turbostraticity which
will be discussed later.

Vacancy defects, edges, linear chains, bond rota-
tions, and layer numbers are investigated by high-res-
olution TEM for a better understanding of as-pre-
pared graphene. High-resolution TEM images of the
Ar-70 sample are shown in Fig. 5(a, b) and a range of
point defects are present. The mono- and multi-vacan-
cies are directly observable including an extended zig-

zag monovacancies chain (blue highlight). A schemat-

ic representation of point defects is shown in Fig. 5 (c).
Fig. S5(a-c) shows different types of defects such as
point, line and vacancy defects in Ar-70. FLG edges
are shown in Fig. S5 (d, e) between the dashed yel-
low lines. The sextet of the SAED pattern has a differ-
ent brightness and shows a non-AB-stacked graphene
layer having a range of twist angles, shown in
Fig. 5 (d). As H, is diluted (Ar-80), the etching of
copper foil was enhanced which leads to the AB-
stacked (Bernal Stacking) FLG with layer numbers
and fewer defects, shown in Fig. 5(e-g). The SAED
pattern in Fig. 5(h) shows an AB-stacked FLG with
rotational angles between 2° and 40°. The layer num-
bers are reduced from ~ 10 (Ar-70) to 6 (Ar-80) due
to the proper etching. Further dilution of H, (Ar-100)
produces BLG with lesser defects, shown in Fig. 5(i,



Fig. 5 (a, b) High-resolution TEM images, (c) schematic of graphene lattice with defects, and (d) SAED pattern of Ar-70. (e, f) High-resolution TEM images,

(g) schematic of graphene lattice with defects, and (h) SAED pattern of Ar-80. (i, j) High-resolution TEM images,
(k) BLG edges, and (1) SAED pattern of Ar-100

j)- The inset of Fig. 5(k) shows the high-resolution
TEM image of 2 atomic-carbon layers. The SAED
pattern in Fig. 5(I) shows the non-Bernal stacked or
twisted BLG with a twist angle of 21.5°. The Ar-100
sample also shows some traces of SLG that confirm
the proper etching of copper foil with H, dilution,
shown in Fig. S5(f). As the defects are healing with
H, dilution, turbostratic factor (F) is approaching
pristine SLG (1°). Turbostraticity is calculated with
the help of the SAED pattern (Fig. S6) from equation
S1, and the results are summarized in Table S1.

The above discussions are also confirmed by X-
ray photoelectron spectroscopy (XPS). The Cls result
of Ar-100 is found to be similar to those for the
pristine BLG (Fig. 6(a)). The sp’ carbon peak
(284.84 eV) is symmetrical with fewer functional
groups. Additional spectral peaks were assigned to al-
cohol (—COH) and ester (O=C—0) at 285-286 and
~ 288 eV. The Ols spectrum in Fig. 6(b) is deconvo-
luted into 4 major peaks at 529.95, 530.68, 531.62 and
532.87 eV labelled as metal oxides (Me-0O,), O=C,

O—C and H,0, respectively. An additional impurity
(Si0,) appeared due to the oxide formation inside the
quartz chamber or from environmental exposure.

XPS results in Fig. 6(c) are interesting and show
a trend between carbon, copper and oxygen amount.
The sp® content in the samples increased from 5%
(Ar-70) to 28% (Ar-100), on the other hand copper
content got reduced from 77% (Ar-70) to 61% (Ar-
100), calculated from equation(S2). The Ols pres-
ence is also suppressed at 18% (Ar-70), 14% (Ar-80),
and 11% (Ar-100). Fig. 6(d) shows the XPS depth
profile of Cu2p of Ar-100. A thin layer of CuO pro-
moted and formed on the top of Cu and Cu,0% % that

can be understood by equation (4):
Cu,0+0 — 2Cu0O “)

Finally, from the above optimizations, SLG is
grown by increasing the growth time (25 min) only. A
high-quality SLG (Z,p/1; = 4) is obtained (Fig. 7(a)).
Fig. 7(b, ¢) shows high-resolution TEM images of
SLG. A single crystalline SAED pattern of SLG is
shown in Fig. 7(d) which is further used for the
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Fig. 6 High-resolution XPS spectra of (a) Cls, (b) Ols of Ar-100 sample, (c) atomic percentage comparison of Cls, Ols, and Cu2p, and (d) spectra of Cu2p

demonstration of flexible and lightweight RTP-CVD-
grown graphene for thermal management consumer
electronics.

We demonstrated a feasible heat sink installed on
a2TB SSD (NVMe M.2 TCM2-C3) with a transmis-
sion rate of 10 Gbps using RTP-CVD-grown graphene
(Fig. 8(a)). To generate heat for the temperature meas-
uring method, 40 GB of data were transmitted from
the laptop to the 2TB SSD for 3 min before the data

flow was stopped. Fig. 8(b) illustrates the measured
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Fig. 7 (a) Raman spectrum, (b, ¢) high-resolution TEM, and (c) SAED
pattern of SLG

temperatures of the 2TB SSD after 3 min for the com-
mercial copper, commercial aluminium, Ar-70, Ar-
100 and SLG heat sinks, respectively. SLG is advant-
ageous for heat dissipation since it offers a high sur-
face area where heat exchange can take place. The
2TB SSD that was mounted via SLG thus had the
lowest temperature. SLG is capable of dissipating heat
200 times more quickly than conventional copper heat
dissipators. High-temperature stability is achieved by
the SLG heat sink’s fast dissipation of heat from the
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Fig. 8 (a) Photographs of 2 TB SSD (108 (L) mmx34 (w) mmx
11.5 (H) mm) with RTP-CVD graphene and commercial aluminium
heat sink. (b) Temperature versus time profile of various heat sinks.

Demonstration photographs of (c) a thermal IR camera with
SLG and (d) commercial copper heat sink
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2TB SSD so that it does not build up. The obtained
results are compared with published works in
Table S2.

4  Conclusions

In this study, RTP-CVD-grown graphene was
used to demonstrate heat dissipation with excellent
properties. The quality of graphene was optimized and
monitored with Raman spectroscopy and high-resolu-
tion TEM to get SLG on the copper substrate. High
thermal conducting graphene recipes were prepared
by diluting H, concentration. At a growth temperature
of 1 000 °C and growth time of 25 min, respectively,
pure SLG was prepared. The RTP-CVD-grown SLG
was confirmed to have a good heat dissipation capab-
ility owing to its wide surface area. To demonstrate
the heat dissipation capability of graphene, a 2TB
SSD was used and the temperature was measured by
FLIR IR-thermal camera. The SLG mounted on the
2TB SSD exhibited the lowest temperature of 40.7 °C.
Compared to commercial copper heat dissipators, the
heat spreading capacity of SLG is found to be around
200 times faster. Consumer devices like laptops, tab-
lets and cell phones are anticipated to include RTP-

CVD-grown SLG for thermal management.
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