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Figure S1. Comparison of VG grown w/o chloroform. (a) TEM images of VG
grown with mixture of methanol and chloroform. (b) TEM images of VG grown with
methanol. Graphene sheets grown with mixture of methanol and chloroform shows

bigger aspect ratio.
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Figure S2. High-resolution TEM images of few-layer graphene sheets.
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To pursuit vertical growth of graphene, we introduced a built-in electric field into the
traditional RF-PECVD system by two electrodes connecting to the external DC power
supply. The growth results show that both the direction and the intensity of electric
field affect the growth rate of VG. In order to explore the influence of electric field
distribution, we use high-frequency structure simulator to simulate electric field

distribution in the system.

Figure S3. Sectional SEM images of VG grown assisted by electric field. (a) The
bottom electrode is negative, the voltage is 60 V. (b-d) The bottom electrode is
positive. The DC voltages applied to the electrodes are 60 V, 100 V and 150 V,

respectively
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Figure S4. Vector diagrams of electric field distribution induced by two

electrodes applied by DC voltages. (a) The bottom electrode is negative. (b) The

bottom electrode is positive.
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Figure S5. Vector diagrams of electric field distribution induced by RF coil.

E=Eotsin (0 + ¢) (a) ¢=0, (b) ¢=180.
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Carbon sources are always the key parameter for carbon material growth. In this part,
we mainly discuss the effects of chloroform on growth, including the concentration
and volume ratio of chloroform to methanol on VG growth. Finally, compared with
VG grown by tradition RF-PECVD method Considering the growth rate, height, and
morphology, the VG grown by electric-filed-assisted RF-PECVD using mixed carbon
source of methanol and chloroform has absolute advantages in growth rate, height,

and morphology.

=8.5 pm

o e T T | e s e )

Figure S6. Sectional SEM images of VG grown with different carbon sources. (a)
Methanol. (b)Methanol and dichloromethane. (c)Methanol and chloroform.

(d)Methanol and tetrachloromethane.
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Figure S7. Sectional SEM images of VG grown with different chloroform
concentration. Ratio of methanol to chloroform is (a) 1:1, (b) 5:1, (c) 20:1, (d) 50:1,

respectively.
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Figure S8. Sectional SEM images and Raman spectra of VG grown with
different carbon concentration. The total pressures of carbon sources are (a, b) 60
Pa, (c, d) 130 Pa, and (e, f) 180 Pa, respectively. The growth result means that
moderate chlorine atoms facilitate the decomposition of methanol, while excess active

carbon species inhibit the rapid growth of high-quality VG.
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Table 1. VG grown with RF-PECVD.

Plasma Carbon Growth Height(um) Growth vertical/ Ref.
power source time(h) rate(um/h) random
280W CoH; 0.2 0.27 1.35 vertical 1
500W CoH, 12 80 6.7 random 2
280W CzoH; 2 7 35 random 3
300W C,HsOH 0.5 0.07 0.14 random 4
1000W CoH; 1/6 2.72 16 vertical 5
900W CH, 1/3 1 3 random 6
400W CH4 0.5 0.6 1.2 random 7
300W CH, 1 0.13 0.13 random 8
100W+400W CsFs 8 1.4 0.175 vertical 9
100W+400W CH4/\CFx 8 1.5 0.1875 vertical 10
250W+300W  CyFg 0.5 0.8 1.6 vertical 11
250W methane 6 4.2 0.7 random 12
250W ethanol 6 6.5 1.1 random 12
250W methanol 6 10 1.67 random 12
250W methanol 6 18.7 3.1 vertical 12
250W methanol 9 97.5 11.5 vertical  this
chloroform work

10
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Given the introduction of heteroatoms into the system, it is critical to determine
whether the graphene sheet is doped with heteroatoms. Both X-ray photoelectron
spectroscopy and selected area electron diffraction show that there is no chlorine was

doped into the graphene, even though the graphene was grown with chloroform.

a' ) b sp* earbon
—C-0-C

-~ -~ — C=0

= = C-H

~ < Background
o S .

. >, Fit
h—1 = * Raw date

@ @

= =

W ="

- =

= " =
] — oy

S._.—.-W
1000 800 600 400 200 0O 294 292 290 288 286 284 282
Binding Energy (eV) Binding Energy (eV)
C — =0
[E— C] c.0 R On f

— - Background o ° N

=' ='. Fit 0‘. o g

Cﬁ. &' 9 Raw data )

S’ e’ ]

£ = N

7 i) °/e @

= =

2 S . .
iEl p—=| o LI L o°

[ >
%
206 204 202 200 198 196 194 538 5:;6 51;:4 5322 550
Binding Energy (eV) Binding Energy (eV)

Figure S9. X-ray photoelectron spectroscopy (XPS) of the VG grown with
chloroform and methanol. (a) XPS spectra of VG arrays shows that no impurity
atoms are introduced into the VG arrays. (b) Cls spectrum. The C 1s spectrum
contains a predominant sp2 carbon peak (284.6 eV), a C-H peak (285.2 eV), as well

as a broad C=0 peak and C-O peak. (c) Cl1ls spectrum. No chlorine signal except

noise signal. (d) O1s spectrum.
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Figure S10. High-resolution TEM image and SAED image of VG arrays. The
right pictures are EDS elemental mapping images of C, Cu, O, and Si in the VG

arrays. No chlorine was detected.

12
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Initial State Final State

Figure S11. The relaxed geometry for the reaction of *CCl; and *Cl radical. (a)
*CCl; radical reacts with the graphene edge. (b) *Cl radical reacts with H* in the gas

phase.
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Table 2. Thermal conductivity of graphene composite-based TIM.

Plomer TC of TC of Content of Specific Ref.
resin plomer composite  graphene TCE

Rubber 0.2 2.9 27.8 49 13
Epoxy 0.2 1.53 10 67 14
Epoxy 0.2 5.8 20 140 15
Epoxy 0.2 5.1 15 163 16
PVDF 0.19 10.19 24 219 17
PDMS 0.175 2.19 4.82 239 18
Epoxy 0.21 355 33 509 19
Epoxy 0.23 2.69 1.55 690 20
Epoxy 0.16 2.13 1.5 821 21
PDMS 0.19 0.56 0.7 278 22
Epoxy 0.2 8.8 8.3 518 23
Rubber 0.13 10.64 13.9 582 24
PDMS 0.19 28.12 12 1225 25
PDMS 0.18 28.77 11.62 1367 26
PDMS 0.18 20.4 5.6 2006 27
PDMS 0.18 34.2 8.6 2210 This work

14



WILEY-VCH

92F & Without TIM

5000835
o VGA-TIM

74}

56

38t

Heater temperature (°C)

20 Ls : : : : :
0 6 12 18 24 30
Power density (W cm™)

Figure S12. Surface temperature evolution of the heater as a function of applied

power density.

15



WILEY-VCH

100 a7
—_PDMS ;
< — VGATIM| ¢
e 8op Mr 38.5 wi%
~ ;
n 2
ke ;
= 60l o 32.7 wit%
=)
a0l 29}
. B
125 325 525 725 925 955 965 975 985

Temperature (°C)
Figure S13. TGA curves of different samples. Considering that the residual mass of
PDMS is 32.7% and the residual mass of the VGA/PDMS is 38.5%, the content of
VG in the VGA /PDMS composite is calculated to be 8.6 wt%.?’

Note that the VGA /PDMS composite is composed by that of the PDMS and VGA,

namely:

Mppms + Myca = Mycarboms (1)

Mvecarpms 1S the mass of the VGA/PDMS, and the mppms as well as the myga are
that of the PDMS and VGA in the composite. The residual fraction of the
VGA/PDMS composite (32.7 wt%) includes the VGA and the residual PDMS, which

can be written as the following equation:
0.327mppms + Myca = 0.385Mycarpms (2)

Thus, combining the equation 1 and 2, the content of VGA in the VGA/PDMS

composite is calculated to be 8.6 wt%.

16
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Table S3. The detailed parameters for calculations and the corresponding results.

BLT Kpulk Rbulk Keff Rinterface Re
Sample
(um)  Wm'KhH  (Kmm*W?h)  (Wm'KY) (K mm2w?) (K mm2w?)
VGA-TIM 60 34.2 1.8 3.0 20.0 18.2
5000S35 60 5.0 12 0.81 74.1 62.1

17



Table S4. The all detailed statistical analysis of this work.

Figurein  Xaxis  Sample Mean + SD
manuscript size
Figure3a CHsOH 5 5.5+0.2 um
Figure3a n=2 5 8.4+0.2 um
Figure3a n=3 5 10.5+0.2 um
Figure3a n=4 5 6.6+0.2 um
Figure3b 1.0 5 5.5+0.2 um
Figure3b  50:1 5 6.0+£0.1 um
Figure3b  20:1 10 10.5+£0.3 um
Figure3b  10:1 5 7.1+0.2 pm
Figure3b  5:1 5 5.3+0.1 um
Figure3b 1.1 5 3.84+0.2 um
Figure3c 1 (red) 15 10.5£0.3 um
Figure3c 3(red) 5 31+1 um
Figure3c 5(red) 5 50+1 um
Figure3c  10(red) 5 98+1.5um
Figure3c 1 (blue) 5 5.1+0.5 pm
Figure3c 1 (blue) 5 1740.5 pm
Figure3c 1 (blue) 5 21+1 pm
Figure3c 1 (blue) 5 43+2 um
Figure4db  CH30OH 3 0.1321+0.0081

(blue)
Figure 4b  CH30H+ 3 0.3125+0.0103

CHCI3

(blue)

18
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